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ABSTRACT: The goal of this study is to fabricate bioinspired metal oxide ‘

nanocubes from lemon peel extract in an environmentally friendly manner and . . ﬁ e .J

evaluate its impact on environmental remediation. In neutral pH, the g

degradation kinetics of methylene blue dye (MB) in the aqueous phase was : Lomonpest o om0 -‘ -‘
Lemon peel errous salt

investigated using iron oxide nanoparticles as a catalyst. The obtained results extract B Eeologcalasessment of
revealed that under optimum conditions, synthesized Fe,O; nanoparticles 4 1
(IONPs) offered ultrafast dark Fenton-like reaction to degrade MB. The size, ’ ;
morphological structures, and stability were confirmed through dynamic light 1 4 b2
scattering, field emission scanning electron microscopy, X-ray diffraction, and @@ - anmm .
Anti bacterial uunnull Dye degradation
activity analysis

{ potential analysis. The overall environmental impact of the process was
Antifungal activity

assessed by growing wheat plants with treated wastewater and evaluating their
biochemical attributes. Antibacterial activity was investigated against Gram-
positive (Bacillus megaterium, Bacillus subtilis) and Gram-negative (Escherichia
coli, Salmonella typhimurium) aerobics and Gram-positive cocci (Staphylococcus aureus). The antifungal activity was measured against
Fusarium solani by spore germination inhibition and zone inhibition of fungal pathogens for different nanocube concentrations.

1. INTRODUCTION

With the rapid advancement of the textile industry, water
pollution caused by the discharge of large volumes of industrial
wastewater causes a significant environmental threat through-
out the country.' A greater emphasis should be ascribed to
textile dyes, chemicals, and huge amounts of water. Methylene
blue dye (MB) is one of the cationic dyes, used primarily in the
textile, rubber, paper, cosmetic, and printing industries. It can
be also used for pharmaceutical purposes. Because of its
carcinogenic, mutagenic, and non-biodegradable properties, it
is designated as a hazardous dye. Its indirect effects on human
health include hyperactivity in children, bladder cancer, and

constraints, such as metal leaching and sludge formation, while
advocating for green and sustainable environmental aspects.
Previous reports had also agreed on this point.”~” Yang et al.
investigated the degradation of MB in the presence of magnetic
nanoparticles in acidic pH using the Fenton reaction.'
Therefore, this research work has focused on developing a
Fenton reagent that works in neutral pH to overcome the
aforementioned drawbacks. Another significant issue is that the
textile industry consumes a large amount of water; as a result,
the amount of wastewater (containing organic pollutants)
generated in the dyeing and finishing processes is also large

allergic reactions and may be responsible for eye burn.” The
aromatic rings and polar groups of the dye structure resist
complete degradation of the dye. The most commonly used
technique for degrading these dyes is oxidation.” Several
environmentally friendly and cost-effective oxidants, such as
manganese oxide, ozone, and hydrogen peroxide, can be used
for the dye degradation.’ The Fenton reaction system
combines ferrous ions and hydrogen peroxide, whereas the
Fenton-like reaction system combines hydrogen peroxide and
iron species but does not include ferrous ions. Because they
require iron species rather than ferrous ions, Fenton- hke
reactions have several advantages over Fenton reactions.’ In
addition, Fenton reaction systems require an acidic medium.
So, their operation in an acidic medium imposed certain
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and should be recycled. Detoxification of organic contaminants
such as textile dyes is critical for both water purification and
reusability. In this regard, we examined the growth of wheat
plants before and after degradation of dye-contaminated water,
and to ensure the quality of degraded wastewater, the
biochemical quality of the wheat plant was monitored.
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Green chemistry has yielded a range of nanomaterials that
may be better alternatives for traditional antibacterial and
antifungal agents. Phytosynthesis of Fe,O; nanoparticles
(IONPs) from Avicennia marina," Ficus carica,'*Sapindus
mukorossi,*Lagenaria siceraria,"*"Kappaphycus alvarezii,'> Amar-
anthus spinosus,"°Daphne mezereum,"” Citrus maxima,'® and
Cymbopogon citratu'” have been mentioned in the previous
works. Commercially, 34% of lemons produced each year are
ingested for juice production, resulting in about 44% of peel
waste, causing a huge issue for processing industries.”’ As
lemon peel contains a high concentration of active
phytochemicals, it may be a better alternative for IONPs
synthesis.”' Previous research has discovered that biomediated
IONPs have bactericidal effects against both Gram-positive
and Gram-negative bacteria.”””’ In addition to bactericidal
effects, hematite NPs also exhibit notable antifungal proper-
ties.”*"*° In the present study, antifungal activity was analyzed
against Fusarium solani (F. solani) by both qualitative and
quantitative methods.

The main objectives of our recent work are (a) to synthesize
IONDPs in an environmentally friendly manner, (b) to evaluate
the antimicrobial activity of green-mediated NPs against
biological pollutants, (c) to assess antioxidant activity, (d) to
assess catalytic activity via a Fenton-like process at neutral pH,
and (e) to assess the efficacy of dye-degraded water for seed
germination studies. For the first time, the efficiency of
hematite nanocubes as heterogeneous Fenton-like catalysts for
MB dye degradation has been studied at neutral pH and in
dark conditions.

2. MATERIALS AND METHODS

2.1. Materials. Ferrous sulfate (FeSO,, 7H,0) salt
(99.99%), hydrogen peroxide (H,0,) (99.99%), and MB dye
(99.99%) were procured from Himedia, India. The aqueous
solution of MB was considered as model wastewater. The
Sonalika cultivar of wheat was collected from the National
Seed Corporation of India, Pvt. Ltd.

2.2. Preparation of Citrus limon Peel Extract. Citrus
limon was first collected from the campus of North Bengal
University in West Bengal, India. Manually removed peels were
washed and chopped into homogeneous species (length: 0.5 +
0.04 cm, thickness: 4 = 0.05 cm). S0 g of peel was sonicated in
250 mL of water and heated for 1 h at 70 °C. The peel extract
was refrigerated after being filtered through Whatman 40 filter
paper (Merck, Germany).

2.3. Biosynthesis of IONPs. The standard procedure was
developed by previous authors for the biosynthesis of metal
oxide nanoparticles used with minor modifications.”” § g of
ferrous sulfate salt was added to 100 mL of peel extract, and
pH was maintained at 11 by using 2 N NaOH solution. The
mixture was heated for 2 h at 75 °C under stirring conditions.
The solution changed its color from light green to dark brown.
To collect the pallet of IONPs, the solution was centrifuged at
10,000 rpm for 10 min. The pallet was then washed and dried
at 70 °C. The obtained product was annealed at 400 °C and
stored in a glass vial.

2.4. Phytochemical Screening of Citrus limon Peel
Extract. Citrus limon peel extract (LPE) was phytochemically
analyzed to confirm the active constituents responsible for NPs
formation. It was carried out following a standard method.”®
These phytoconstituents act as reducing and stabilizing agents
during the synthesis of IONPs (Table S1).

2.5. Determination of Optimum Conditions for the
Removal of Organic Dyestuff by Fenton-like Reaction.
The Fenton-like oxidation process is advantageous over the
other techniques to degrade the organic contaminants, and it is
also cost-effective. At room temperature, the catalytic activity
of IONPs was measured against MB dye (10 mg/L) in the
dark. In this Fenton-like reaction, pH, nanocatalyst amount,
and H,0, concentration were investigated to determine the
optimum conditions. The reaction mixture was exposed to UV
light to measure the absorbance at 664 nm. Similarly, 665 nm
is considered as an absorbance peak for MB in another work.”’
After specific time intervals, the sample (2 mL) was withdrawn
and the percentage of degradation was calculated using eq 1:

C,—-C
% degradation = [¥] X 100
Co (1)

where C, and C, are the actual concentration of MB in mg/L
and the remaining concentration of MB after time t,
respectively.

The rate of degradation of MB dye was monitored by the
pseudo-first-order reaction model (eq 2):

In(C,/Cy) = —kit (2)

where k; is the pseudo-first-order rate constant (min~"). The
slope of the plot yields the rate constant value of respective
reactions.”

2.6. Analysis of Effect of the Treated Wastewater on
Plant Growth. Wheat seed germination time and seedling
vigor index were determined to investigate the effect of
degraded wastewater on plant growth. For the experiment,
healthy seeds of uniform size were chosen. Seeds were
thoroughly washed with distilled water before being sown
into Petri plates containing 100 g of sand mixed with the
required samples. Each plate contained 10 seeds. The NPs
solution (control), distilled water (control), treated waste-
water, and dye solution were used to treat the seeds. Seedlings
were left to grow for 10 days and regularly watered (Figure
Sa—d). The following germination parameters were evaluated
(eqs 3—6):

germination index = Z (G/T)) (3)

where G, is the number of seeds germinated on the tth day and
T, is the number of days up to the tth day;

> (d x n)
n )
where n is the number of seeds germinated on day d and d is

the number of days counted from the beginning of
germination;

mean germination time =

N
YNT, (3)

where N is the number of seeds germinated on day i and T is
the number of days from sowing; and

coefficient of velocity = ( ] X 100

promptness index = (N;2 X 1) + (N,3 X 0.67)
+ (N4 X 0.33) (6)

where N, is the number of seeds germinated on the t th day.
2.7. Evaluation of Biochemical Attributes of Treated
Wheat Seedlings. 2.7.1. Estimation of Total Phenol. Total
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phenols were extracted from 1 g of fresh tissue homogenized in
2 mL of 90% methanol. The extract was centrifuged at room
temperature for 8 min at 10,000 rpm. Then the supernatant
was collected and used for estimation. 1 mL of methanolic
extract was mixed with the same amount of 95% ethanol. 0.5
mL of 50% Folin-Ciocalteu was added and incubated at room
temperature for 5 min. After incubation, 1 mL of 5% Na,COj;
was added to the reaction mixture and incubated for another
hour. The absorbance of the navy-blue reaction mixture was
measured on a spectrophotometer at 725 nm (Systronics 169).
Gallic acid was used as a standard to calculate the total phenol.

2.7.2. Estimation of Ortho-Dihydric Phenol. The extract
was made exactly as described in the phenol estimation. The
total phenol content was estimated by following Malick and
Singh.”" 0.5 mL of methanolic extract was mixed with 0.5 mL
of 0.5 N HCL The reaction mixture was vortexed after the
addition of Arnow’s reagent. Then 1 mL of 1 N NaOH was
added to it and thoroughly mixed until a pink color appeared.
On a spectrophotometer, the absorbance of the reaction
mixture was measured at S15 nm. Catechol (1000 pg/mL) was
used as a standard.

2.7.3. Estimation of Flavonoid Content. 0.1 mL of
methanolic extract was combined with 0.3 mL of 5%
NaNO,. After 5 min, 0.3 mL of 10% AICl; was added and
incubated for another 6 min. After that, 2 mL of 1 N NaOH
was added to the prior solution. A light-orange color appeared,
with an absorbance of 510 nm. For the estimation of flavonoid
content, quercetin was used as a standard.

2.7.4. Estimation of Total Reducing Sugar. Reducing sugar
was calculated by employing the Miller method (1972). The
laboratory-prepared methanolic extract (1 mL) of the seedling
was evaporated and reconstituted with the same amount of
water. 1 mL of dinitro salicylic acid (DNSA) reagent was
added. The solution was incubated in a water bath for 5 min.
Then 1 mL of 40% Rochelle salt solution was added and a
deep reddish yellow color developed. The absorbance was
measured at 510 nm. The maltose standard curve was used to
estimate the total reducing sugar.

2.7.5. Estimation of Total Chlorophyll. 1 g of fresh tissue
was weighed and crushed in a mortar and pestle with 20 mL of
80% acetone. The extract was centrifuged at room temperature
for 8 min at 10,000 rpm. Then the supernatant was collected
and the absorbance was measured (Arnon, 1949).

2.8. Antioxidant Activity. The DPPH free-radical
scavenging assay was used to assess the antioxidant activity,
which was expressed in terms of ICy, value. It is the theoretical
concentration of samples where 50% of the radical is
scavenged. Various concentrations of tested samples were
reacted with DPPH solutions (500 uL). For the reference
standard, ascorbic acid was used in the same concentration.
The solution was kept in the dark. After incubation for 30 min,
absorbance was measured at 517 nm using a UV-—vis
spectrophotometer and % of inhibition was measured
according to eq 7:

I Ao B Al
% inhibition = | —— | X 100
Ao )

where A; and A, are the absorbances of control and tested
samples, respectively.

2.9. Antibacterial Activity. The target microorganisms
chosen for the antibacterial activity were Bacillus megaterium
(B. megaterium) ATCC 14,581; Bacillus Subtilis (B. subtilis)

ATCC 11,774; Staphylococcus aureus (S. aureus) ATCC
11,632; Escherichia coli (E. coli) ATCC 11,229; and Salmonella
typhimurium ATCC 25241.°" An actively dividing test
organism (300 uL) was then added to the nutrient agar
plate. The plates were allowed to solidify, and after that,
different concentrations of IONPs-soaked paper discs were
placed on the plate surface. The bactericidal activity of the
studied sample was evaluated in terms of zone of inhibition
(measured around the disc using the mm scale) and minimum
inhibitory concentration (MIC). For that, 100 uL of the
studied microorganism was added to 30 mL of sterilized
nutrient broth and maintained at 10° CFU/mL. After 24 h of
incubation, microbial growth was evaluated by taking
absorbance at 600 nm using a Systronics Spectrophotometer-
2201.

2.10. Antifungal Activity. 2.70.1. Antifungal Activity of
IONPs on Fusarium solani Radial Mycelium Growth. The
antifungal activity of IONPs was investigated by the poisoned
food assay.’” Different concentration ranges of NPs were
prepared and sterilized at 121 °C and 15 Ib/inch? pressure for
15 min. NPs were mixed up with sterilized potato dextrose agar
(PDA) media and poured into a 90 mm Petri dish. A 0.5 cm
mycelium disc, excised from 7 days old culture, was placed at
the center of each plate. A plate without any NPs treatment
was prepared for comparison. Treatment plates were incubated
for 7 days at 27 °C. The efficiency of the NPs against fungal
mycelium growth was calculated by percentage inhibition of
radial growth (PIRG) (eq 8):

RZ
PIRG = |1 — —2| X 100
1

(8)

where R, represents colony growth in the control plate and R,
represents radial growth of the colony in the treated plate.
2.10.2. Effect of IONPs on F. solani Spore Germination
Inhibition. F. solani spore suspension was made by pouring 10
mL of sterilized distilled water into sporulated culture tubes
that had been incubated for 7 days. The tubes were shaken
gently and scratched with a sterilized needle. 1 X 10° conidia/
mL were present in the spore suspension. 10 L of the spore
suspension was mixed with equal parts of various concen-
trations of IONPs. The hybrid was incubated at 27 °C for 6 h.
After incubation, the hybrid was treated with cotton blue and
viewed under a light microscope. The total number of
germinated spores was counted in microscopic fields that
were chosen at random. The percentage of spore germination
inhibition (% SGI) was calculated as follows (eq 9):*

N GS,control N GS,treatment

% SGI = X 100

NGS,control (9)

3. PHYSICAL CHARACTERIZATION

The pure phase of Fe,O; nanocube was revealed using various
characterization techniques such as Fourier transform infrared
spectroscopy (FTIR), FE-SEM, X-ray diffraction (XRD), and
UV—vis spectroscopy. A Perkin Elmer Spectrum 2 was used to
detect the role of phytochemicals in metal ion reduction and
stabilization. The purity and size of NPs were determined
using an X-ray diffractometer (Bruker D8 Advance). UV—vis
spectroscopy was used to identify the characteristic surface
plasma resonance (Perkin Elmer Lamba 35). The morpho-
logical data were collected by FE-SEM (JEOL JSM-7610F
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Figure 1. DLS study IONPs (a) after synthesis and (b) 200 days.
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Figure 2. { potential of synthesized IONPs.

Plus) analysis, and the various morphological changes on the
fungal conidia as a result of different treatments were observed
using SEM (JSM-IT 100; JEOL). ¢ potential analyzer

confirmed the stability of bioinspired IONPs (Malvern
Zetasizer Nano Z590).

4. RESULTS AND DISCUSSION

4.1. Dynamic Light Scattering. Dynamic light scattering
(DLS) was used to determine the size of the NPs (Figure 1a).
The polydispersity index of the synthesized nanocubes was
found to be 0.332, indicating their monodisperse nature. The
sharpness of the peak also reflected the cubical shape of NPs.
DLS study was repeated after 200 days, and it was found that
the size and polydispersity index (0.334) did not deviate much,
reflecting their stability (Figure 1b). The size determined by

DLS is larger than the size determined by FE-SEM, caused by
cluster formation.”*

44701

4.2. ¢ Potential Analysis. { potential analysis was used to
determine the stability and surface charge of biosynthesized
NPs (Figure 2). A lower { potential value implies that the NPs
are more stable as they repel each other when attempting to
aggregate. The slightly negative charge on the surface of the
NPs provides stability when stored for more than a month.
The threshold value of electrostatic stabilization is —19.6 mV,
which can be attributed to the —COOH and —OH groups of
LPE. Higher ionization in an alkaline medium leads to ionized
species and, as a result, increased repulsion from negatively
charged species, resulting in colloidal stability.***°

4.3. UV-Vis Spectroscopy. Different spectroscopic
techniques were used to describe the nanocubes’ formation
(Figure 3). Table 1 compares the UV absorption data of
synthesized NPs with the previous works. UV-—uvisible
spectroscopy is the most reliable technique to establish the
fact of the formation of NPs. The transition of valance bond

https://doi.org/10.1021/acsomega.2c03798
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Figure 3. (a) ATR-FTIR spectra, (b) UV—visible optical absorption maximum, (c) XRD spectra, (d) morphology picture (FESEM), and (e)
particle size distribution histogram of IONPs.

Table 1. UV Absorption Statistics of Iron Oxide
Nanoparticles Compared to the Literature

UV absorption (nm)

synthesis methods

272 precipitation?'9
250 sol—gel*

459 Moringa oleifera*'
238 sol—gel

390 co-precipitation*’
380—540 microemulsion**
292 this work

electrons to the conduction band causes surface plasma
resonance at 292 nm’  (Figure 3b). The broadening of the
peak indicates the polydispersed nature of NPs.”*Figure 3b
represents the UV—vis spectra of synthesized NPs.

4.4. Fourier Transform Infrared Spectroscopy. FTIR
spectra revealed that the functional groups were responsible for
the stabilization and reduction of IONPs (Figure 3a). The
absorption bands near 588, 455, and 967 cm™! indicate the
clear formation of IONPs.”**>** The wide range of bands
corresponding to 3300—3400 cm™' stand for O—H groups
coming from polyphenolic compounds.””** The amplitude of
the peak at 967 cm™ corresponds to the bending vibration of
alkenes. Carbonyl stretching mode was reflected by the band at
1631 cm™.* The bands at 2965 cm™ can be considered for
carboxylic acid. Bands corresponding to 1119 cm™ appear for
C—O stretching of alcoholic comspounds.50 O-H bending
vibration is reflected by 1631 cm™.>" Bands at 1242 and 1631
cm™! showed absorption stretch of COO— and amide I bonds,
respectively.”” The vibrational bands corresponding to 577
cm™' appeared due to intrinsic stretching vibrations of the

44702

metal at the tetrahedral site, whereas 455 cm™' appeared for
vibrations of the metal at an octahedral site.””** The bands
corresponding to —C—0—C, C=C, O—H, and —C—O appear
from flavonoids, polyphenols, and alkaloids present in
LPE.*”’Figure S1 explains the role of phytochemicals in LPE
as reducing and stabilizing agents. These phytochemicals
remain attached to the synthesized NPs even after high
thermal annealing at 400 °C."’

4.5. Morphological Characterization of IONPs. FE-
SEM provides a clearer picture than conventional SEM with
3-S5 times better resolution.” Figure 3d reflected the cubical
shape of synthesized IONPs with an average size in the range
of 40—70 nm (Figure 3e). In previous research work, cubical
iron oxide NPs were prepared by the sonochemical method
with sizes in the micrometer range.

4.6. X-Ray Diffraction. The XRD pattern of biosynthe-
sized nanocubes is depicted in Figure 3c. The primary peaks
were seen at 24.49°, 33.22°, 35.71°, 40.93°, 49.55°, and 54.14°
with the miller indices of (012), (104), (110), (113), (024),
and (116), respectively. These data are also in agreement with
the literature (JCPDS no: 33-0664).°”°% The peaks at 33.22°
(104) and 40.93° (113) are solely of Fe,Oj structure. The
sharp peaks also indicate the high crystallinity of NPs. The
crystal size (D), dislocation density (§), and microstrain (¢)
were calculated using eqs 10—12:

094
P cos @ (10)
1
e (1)
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Figure 4. Fenton-like reactions of MB dye in the presence of the nanocatalyst: (a) UV—vis absorption spectra of MB degrading using IONPs, (b)
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where D is the size of the particle, 4 is the wavelength of X-rays
(1.5406 A), 6 is the Bragg angle for the peak, and pure
diffraction broadening is designated by f. The value of k is
taken as 0.9. The average crystalline size was found to be 42
nm. Table S2 reflects the XRD data of synthesized NPs.
However, the previous research found that the average crystal
size was 24 nm,”” 60 nm,*” 41.5 nm,60 21 nm, and 39 nm.%!
Smaller crystallite sizes result in larger dislocation densities,
indicating an inverse relationship between size and density.
The data table shows that the synthesized NPs have
compressive strain (all values are positive), which can be
attributed to the oxygen vacancies.”” Previous research
reported a value of 2.011 for microstrain.*®

4.7. Removal of Methylene Blue. The finest wavelength
for dyestuffs was determined at 664 nm, and this wavelength
was used for optimization studies at room temperature. Prior
work also found the optical density at 664 nm for the
photocatalytic reaction.* pH plays a crucial role in this
heterogeneous Fenton-like reaction. Temperature also plays a
vital role as a small change in temperature can change the
equilibrium position of this chemical process.”> Here, 97% of
the dye is degraded in 10 min (Figure 4a).

44703

4.7.1. Method Optimization for Dye Removal via Fenton-
like Reaction. 4.7.1.1. Determination of Optimal Nano-bio-
catalyst Amount. To evaluate the influence of the catalyst
concentration on Fenton-like reactions, different concentra-
tions of the biocatalyst were utilized. The dosage ranged from
0.06 to 0.22 g/L (Figure 4e). The various amounts of
nanocatalyst were weighed in an analytical balance before
being placed in 30 mL of 10 mg/L MB solution at constant pH
7 and a fixed amount of 22 mM H,0,. The rate of degradation
increases with increasing nano-bio-catalyst concentration and
reaches the peak efficiency at 0.22 g/L (degradation
percentage = 97.5) in 10 min (Figure 4e). Other studies
showed that IONPs with a concentration of 1 and 2.5 mg/L
have the highest degradation efficiency.>®” The number of
active sites increases as the catalyst dose increases, resulting in
a significant number of hydroxyl radicals attacking the
methylene blue chromophore groups. The oxidation reaction
is also aided by the catalyst’s high surface contact
availability.*Figures S2c and S3a show that the value of the
rate constant increases as the amount of nanocatalyst increases
and that under optimum conditions, it has the highest rate
constant value (R* = 0.95).

4.7.1.2. Determination of Optimal pH. The pH was varied
from 1 to 11 to see how it affected the dark Fenton-like system
at a fixed amount of H,0, (22 mM) and nanocatalyst (0.22 g/
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L). The conclusion was that pH 7 provided the best result for
maximum dye degradation from wastewater and thereby solved
the problem of the higher acidic medium of Fenton reaction
systems. After pH 7, degradation becomes slow. This is due to
the fact that at higher pH levels, the Fe3* ions react with
peroxide to produce H,O and O, rather than active OH®
radicals. Abhilasha et al.”” showed that the optimum pH for
dye removal is 3. However, Ayodamope proposed that a
suitable pH range is 2—4.°° In the low pH range (pH < 2), the
degradation process becomes slow due to rapid corrosion of
IONPs (Figure 4d). The linear plot indicates that MB dye
degradation follows pseudo-first-order kinetics (Figure S2b).
Figure S3b shows that the value of the pseudo-first-order rate
constant was maximum at pH 7 (R* = 0.9872) and shows a
decreasing trend in an alkaline medium.

4.7.1.3. Determination of Optimum Peroxide Concen-
tration. The effect of hydrogen peroxide on dye degradation
was investigated at different concentrations ranging from 20
mM to 28 mM while keeping the amount of nanocatalyst (0.22
g/L) and pH (pH = 7) constant (Figure 4c). When 20 mM
peroxide was added to the reaction medium, 89% of the dye
was degraded, and when 22 mM peroxide was used, 93% of the
dye was degraded. For the highest concentration of peroxide,
the degradation percentage is 57%. Therefore, the maximum
efficiency was found at 22 mM concentration of H,O,. In the
previous work, 130 uL (30%) of hydrogen peroxide was used
for the degradation of MB dye.”” The determination of the
optimum peroxide concentration is required from a
commercial standpoint as well as to avoid toxicity. At low
concentrations, peroxide attacks the aromatic ring of organic
pollutants, whereas at high concentrations, peroxide acts as a
scavenger for highly potent OH® radical, producing HO,*
radical with a lower oxidation potential E, (HO,*/H,0) = 1.7
V and E; HO®*/H,0 = 2.8 V and decreasing the efficiency of
the Fe**/H,0, moiety to perform the catalytic reaction.®®’®”"
HO,® combines with HO® causing the destruction of HO® as
shown in egs 13 and 14

H,0, + HO® =2 HO,® + H,0 (13)

HO®* + HO,® =2 H,0 + O, (14)

The value of the pseudo-first-order rate constant first
increases up to 22 mM H,0, and then decreases. A linear
plot was made to eq 2. These plots are demonstrated in Figure
S2a, and this first-order plot illustrates good linearity. The R*
value of the first-order rate equation is 0.9703 and the
degradation constant is 0.3387 min~' at an optimum
concentration of H,0, (Figure S3c).

4.7.1.4. Regeneration Recycling Study. Aside from
degradation efficiency, the recycling ability of the nanocatalyst
was investigated to determine the long-term viability of the
proposed process. The reusability was tested up to three cycles,
as shown in Figure 4b. An external magnetic field was used to
recover IONPs, which were then washed with water and
ethanol.”” The washed NPs were then dried at 80 °C for future
use. After the third cycle, recovered NPs have nearly the same
size (as measured by DLS in Figure S11) and stability (¢
Potential as shown in Figure S12). There is only a ~24%
reduction in degradation efficiency after the third cycle, which
may be due to material loss during recycling.”> The same
conditions were maintained for all the cycles.

4.7.1.5. Possible Mechanism of Methylene Blue Dye
Degradation via Fenton-like Reaction. The rapidity of the

degradation process can be claimed by Fe®" of Fe,0;. In this
catalytic degradation process, Fe'* forms OH® by surface
absorption of H,0, and degrades into ferrous ions, hydro-
peroxyl radicals, and hydrogen ions according to eqs 15—19.
Then ferrous ions are converted into ferric ions along with
generation of OH™ and OH®. This OH" plays the main role in
degradation of MB to give non-toxic products. A similar
mechanism is also demonstrated by previous work for

degradation of crystal violet dye by Fe,O, nanocubes”””*
Fe(Ill) + H,0, — Fe(Il) + HO," + H' (15)
Fe(1l) + H,0, — Fe(Ill) + OH® + OH™ (16)
HO,® + Fe(Ill) — Fe(Il) + O, + H* (17)
OOH® + Fe(1l) - Fe(Ill) + HO,~ (18)
H,0, + OH®* - HO,® + H,0 (19)

4.7.2. Comparison with the Literature. Table 2 compares
the catalytic performance of Fe,O; NPs to the literature in

Table 2. Comparative Study of Catalytic Activity of Fe,O;
NPs against Degradation

MB
degradation reaction
catalyst (%) time ref
Fe,O; NPs 97 10 min  this
work

iron-oxide-containing 99 60 min 7S

graphene/carbon nanotube
PB-modified iron oxide NPs 100 120 min 76
carbon-doped Fe,O; NPs 96 420 min 77
Ba—Cu-based M-hexaferrite NPs 98-99 120 min 78
cobalt ferrite magnetic NPs 80 140 min 79
FeO—Fe;0,-RGO 98 60 min 80
iron oxide/graphene hybrid >99 60 min 81

nanomaterials
henna leaf-mediated iron oxide NPs 95 S0 min 82
Fe,O; NPs 97 30 min 83
iron NPs synthesized using Galinsoga 92 40 min 84

parviflora
leaf-assisted Fe,O; NPs 69 2h 41

order to assess the relevance of the current work. In terms of
catalytic dosage, reaction conditions, and reaction time, our
synthesized NPs have a higher degradation efficiency than
previous work. In 10 min, 97% of the dye is degraded (Figure
4a). This catalyst is completely environmentally friendly and
operates in the dark at neutral pH, overcoming the dependency
of UV light and the acidic medium to simplify the complexities
of the photo Fenton reaction.

4.8. Treated Wastewater for the Growth of Seed
Germination. A simple bioassay was performed to ensure the
practicability and viability of degraded wastewater for reuse.*’
Because the quality of treated wastewater is thought to be
lower than that of standard irrigation water, it is thought to
inhibit wheat seed growth, but the reality is different.®® Wheat
seeds were fed with distilled water (control), the NP solution
(control), treated wastewater, and the dye solution in a
separate manner.”” The germination index of seedlings treated
with NPs was found to be higher than that of seedlings treated
with treated wastewater and distilled water. The seedlings
treated with MB had a low germination rate, resulting in the
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Figure 5. (a) Seeds treated with dye water; (b) seeds treated with distilled water (control); (c) seeds treated with IONP solution (control); (d)
seeds treated with degraded wastewater; (e) enhanced antibacterial activity of IONPs synthesized form LPE; (f) antifungal activity of IONPs at
different concentrations against F. solani after 10 days of incubation; (g) ultrastructural changes of fungal conidia observed under a scanning
electron microscope: untreated conidia and (h) NPs (3000 ug/mL)-treated conidia.

lowest germination index. The mean germination time of NP-
treated seedlings was found to be the shortest of all treatments,
while seedlings treated with treated wastewater had a slightly
higher mean germination time than NDPs-treated seedlings.
Seedlings treated with distilled water and MB, on the other
hand, had the shortest mean germination time. Similarly, the
coefficient of the velocity of germination was found to be the
highest in the NPs-treated seedlings and the lowest in the MB-
treated seedlings (Figure S4). These results show that treated
wastewater can be used safely for plant growth. However, more
research is required for edible plants. This technique can help
to limit the overuse of natural water and promote the reuse of
treated wastewater for non-edible irrigation.73

4.9. Evaluation of Biochemical Attributes of Wheat
Seedlings Treated with Degraded Wastewater. The
results inform us that treated wastewater has a higher potential
to improve physiological parameters as compared to distilled
water (control) and non-degraded water. The phenol content

was found to be higher in the case of NPs-treated seedlings.
Seedlings that were treated with wastewater also showed
elevated phenol content next to NPs-treated seedlings.
Distilled water-treated seedlings showed moderate phenol
content in them. The phenol level of seedlings treated with MB
dye was insignificant. Similar results were obtained in the case
of ortho-dihydric phenol, flavonoid, total chlorophyll, and
reducing sugar content estimation (Figure SS). Therefore, it
can be concluded that degraded water after centrifugation
maintains the ecological balance.

4.10. In Vitro Antioxidant Activity. Figure S8 depicts the
antioxidant activity of IONPs. The surface reaction between
IONPs and 1,1-diphenyl-2-picrylhydrazyl radicals (generated
by the transfer of electrons) is responsible for antioxidant
activity.”® In this case, the concentration of the antioxidant
ranged from 50 to 800 pg/mL. The highest level of radical
inhibition (72.73%) was observed at the highest concentration
of NPs (800 pg/mL), with an ICs, value of 421.03 pug/mL.
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Table 3. Zone of Inhibition of the IONPs against Gram-Positive and Gram-Negative Bacterial Strains

zone of inhibition (in mm)

microbes tested S0 pg/mL 100 pg/mL 250 pug/mL 500 pug/mL

B. subtilis 6.333 + 0.577 8+1 9.333 + 0.577 10.667 + 0.577
B. megaterium 5.667 + 0.577 7.667 + 115§ 12+1 13.667 + 0.577
S. aureus 8.667 + 0.577 9+1 11.667 + 0.577 14333 £ 0.577
S. typhimurium 11.333 + 0.577 14.667 + 0.577 17+ 1 18.667 + 0.577

E. coli 10.333 £ 0.577

13.667 + 0.577

13.667 + 0.577 15 + 0.577

Therefore, the ICy, value admitted that IONPs showed dose-
dependent antioxidant activity. Previous research has yielded
similar results.”” There is some disagreement in the literature
regarding the antioxidant activity of IONPs; in some cases,
NPs outperformed ascorbic acid, while in others, ascorbic acid
outperformed NPs.

4.11. Antimicrobial Activity. Significant growth inhib-
ition by the disc diffusion method was found for the lowest (50
pug/mL) and highest concentrations (500 pug/mL) of IONPs,
as shown in Figure Se and Table 3. However, B. subtilis growth
inhibition is insignificant at lower (6.33 + 0.58 mm) and
higher (10.67 + 0.58 mm) IONPs concentrations. B.
megaterium, S. aureus, and E. coli yielded inconclusive results.
The data are shown in Figure S6. Growth inhibitory activity of
synthesized NPs is found to be lower for Gram-positive
bacteria, resulting in higher MIC values for Gram-positive
bacteria.”” The MIC value for Gram-positive cocci like S.
aureus was 160 pg/mL, and that for Gram-negative bacteria
like E. coli was found to be 140 pg/mL (Table 4). The possible

Table 4. MIC Values of Biosynthesized IONPs against
Gram-Negative and Gram-Positive Bacterial Strains

minimum inhibitory concentration (yg/mL)
B. subtilis
280

E. coli
140

S. aureus

160

B. megaterium

200

S. typhimurium
120

mechanism of antibacterial activity was demonstrated in Figure
S7. Previous studies have shown that chemically synthesized
Fe,O; NPs have better antibacterial activity against Shigella
dysenteriae (inhibition zone 11 mm, at a concentration of 150
g/mL).”" IONPs synthesized by the co-precipitation method
showed good antibacterial activity at a low concentration
against B. subtilis and E. coli,”> and green synthesized IONPs
showed antibacterial activity at a concentration of 30 ug/mL.”

4.12. Antifungal Activity. Figure 5f shows the antifungal
activity of the synthesized NPs. A concentration of 3000 g/
mL results in complete inhibition. Khatami et al. admitted that
at a concentration of 25 ug/mL, Rhizoctonia solani growth
inhibition was 83%,”" whereas biomediated silver NPs showed
83% growth inhibition against F. solani.”> Also, silver-doped
TiO, NPs showed a good performance against these fungi.”®
Scientists believe that NPs work by inhibiting replication and
growth of fungi by deactivating the DNA enzyme. However,
the complete mechanism is still unknown.

4.12.1. Antifungal Activity of IONPs on F. solani Radial
Mycelium Growth. The antifungal activity of NPs was
determined by measuring the colony diameter and the
percentage of inhibition of F. solani (Figure S9). It was
found that as the concentration of NPs increases, the fungi’s
colony diameter decreased. This method allows us to
determine the NP concentration at which the fungal mycelia
are completely inhibited from growing. The fungal colony was
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completely inhibited at 3000 yg/mL. The mycelium diameter
of the colony cultured on the plate containing 100, 250, 500,
1000, and 2000 pg/mL of NPs was 7.6, 6.8, 5.5, 4.8, and 2.5
cm, respectively. The results of the experiment support the
dose-dependent action of the produced NPs. In 7 days, the
untreated plate showed full colony growth to a diameter of 9
cm. The NPs have severely harmed the ultrastructural
morphology of the fungal conidia. When fungal spores were
exposed to NPs, membrane destabilization occurred due to
proteolytic leakage of fungal conidia. The use of NPs result in
non-viable spores (Figure Sh). The spores that were not
treated, on the other hand, displayed no morphological
abnormalities (Figure Sg).

4.12.2. Effect of NPs on F. solani Spore Germination
Inhibition. The spore’s germination is sensitive to environ-
mental changes as well as abiotic and biotic stress exposure.
These stressors have an effect on the cellular integrity of the
spores and cause morphological changes that sometimes
prevent them from germinating. Our findings indicate that
spore germination is completely inhibited at the highest tested
concentration of NPs. When spores are treated with 3000 pg/
mL of biosynthesized NPs, spore germination is completely
inhibited (Figure S10).

5. CONCLUSIONS

In conclusion, green-mediated IONPs were synthesized from
the biowaste of the juice processing industry. The synthesis
procedure is both economical and environmentally beneficial.
Catalysis reaction parameters (neutral pH, absence of photo
radiation/ultrasonication, contact time, catalyst amount,
peroxide amount) improve the overall scenario of this
Fenton-like reaction. The current work’s overall output allows
for the use of nanocatalysts in wastewater remediation in
neutral pH and other practical uses of treated wastewater, such
as plant growth. Also, treated wastewater has a positive effect
on the biochemical properties of the wheat plant. Physical
characterization revealed that cubical shaped Fe,O; NPs with
an average size of 42 nm were synthesized. According to FTIR
analysis, phytochemicals of LPE play a significant role in the
synthesis procedure. According to DLS and { potential
analysis, NPs are very stable. Synthesized NPs have strong
antimicrobial activities and demonstrated significant free-
radical scavenging activity against DPPH, which can be
attributed to LPE phytochemicals. We believe that our findings
will pique people’s interest in using high-performance
nanocatalysts to reduce pollution. Future work will focus on
evaluating this system by employing the real water sample of
dye-contaminated areas and detecting the actual intermediates
formed during the oxidation process.
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