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Abstract

In current study environment benign silver-iron oxide (Ag-
Fe203) nanohybrid structures are fabricated as catalyst for
CR dye decolorization. Industrial wastewater stream
possesses several toxic dyes which are toxic carcinogen
pollutants cause severe environmental disorders.
Detoxification of Congo Red dye is carried out by silver-
iron oxide nanohybrid structures having latent catalytic
efficiency for dye decolorization. Silver iron oxide
nanohybrid materials are fabricated from AgNOs, FeSOa/
FeCls and Citrus limon aqueous extract by doping AgNPs
on Fe203 materials. For characterization of Ag-Fe.03
nanostructures, UV-Visible, X-ray diffraction (XRD),
Scanning electron microscope (SEM) and Fourier
transform infrared (FT-IR) techniques are used. The
crystallite size is measured from Debye Scherer equation
and average size calculated is 54.3 nm. Furthermore, UV-
Visible spectrophotometer is used to study the catalytic
efficiency of Ag-Fe203 nanohybrid material which is
observed to be >80% within 10 minutes. Moreover,
parameters like contact time, dosage of -catalyst,
temperature and pH are measured to optimize reaction

conditions for the dye degradation by adding prepared
nanohybrids. The kinetic studies were performed for the
degradation reaction and were originate to follow first
order kinetics. Reusability test is also applied to check the
stability of nanohybrid catalyst that affirmed it to be as
highly stable nanomaterial.

Keywords: Fabrication, Ag-Fe20s, Citrus limon, Congo Red
dye, Detoxification, Kinetics, Reusability test

1. Introduction

Nanomaterials (NMs) are known from decades for their
ecosafe application regarding water and waste water
treatments. Metal nanoparticles (MNPs) are widely used
for the decontaminations of toxic organic pollutants like
dyes from water system but the efficiency of hybrid NMs
to degrade toxicants is found much greater than single
metallic nanoparticles (Abu-Saeda et al. 2022) MNPs.
Approximately 0.7 million tons of dyes are discharged by
textile industries into the water bodies annually across the
world (Heidarpour et al. 2020). Dyes have found potential
application in a wide range of fields, such as coloring the
textile apparels, foods materials, paints, printing inks,
paper and leathers etc. As a consequence of flow of
industrial effluents into the water bodies without any
preliminary treatment, water is getting contaminated with
a number of toxic coloring materials. Industrial waste
water contaminated with such toxic dyes is an alarming
threat for the ecosystem. Due to rapid industrialization
caused by growth in population, transportation and
increasing demand for advanced life style, the release of
these pollutants level has been enhanced in aquatic
system (Nishida et al. 2017; Mahalingam and Ahn. 2018;
Marimuthu et al. 2020; Muraro et al. 2020).

The pollution caused by dyes mostly contain highly stable
polycyclic aromatic complex compounds (PACC), being
non-biodegradable in nature hence leading to severe
environmental issues (Dong et al. 2017; Cuerda-Correa et
al. 2020). In order to ensure the preservation of aquatic
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life and other related organisms, these organic dyes are
needed to be treated (Kulkarni et al. 2017). Hence keeping
in view hazardous impacts of these coloring compounds,
number of dyes abatement strategies have been
employed for dyes degradation (Zhang et al. 2014; Zhan et
al. 2019; Kiran et al. 2020; Panda et al. 2023).

Among the available synthetic strategies, catalytic
reduction following green chemistry principle and
sustainable development is considered as a potential
technique for the effective detoxification of these organic
pollutants. Conventionally catalytic degradation involves
the reduction of dyes in the presence of reducing agent
such as NaBHs4, but in green synthetic methods plant/
plant parts aqueous extract act as reducing and stabilizing
agent (Dong et al. 2017; Liu and Corma. 2018; Huston et
al. 2021). Investigations made so few had disclosed
various techniques for dye degradation, whereas MNPs
have found potential applications in heterogeneous
catalysis owed by their high surface area and fine tunable
porosities (Khan et al. 2020; Shen et al. 2020; Xu et al.
2021). To further increase the catalytic efficiency,
metal/metal oxide nanoparticles are modified into
nanocomposites and nanohybrid materials. The
fabrication of nano-sized metal nanoparticles into metal
oxide nano-matrix, maximize the mechanical strength,
surface area, conductivity and hence the catalytic
efficiency of the nanocatalyst (Feng et al. 2017; Sallam et
al. 2018, Rasool et al. 2023).

Iron oxide nanoparticles are recognized as efficient
catalysts because of their excellent redox ability between
Fe?*and Fe* ions. Moreover, the magnetic properties of
iron based oxides enhance its reusability (Subha et al.
2018). In literature, doping of noble metal on Fe203
nanostructure surface has been reported for generation
of upto the mark properties. Silver nanoparticles (Ag NPs)
have attained considerable attention due their non-toxic
nature, and unique optical characteristics. Further Ag-NPs
have diverse range of applications such as safe inorganic
antibacterial agent, chemical, electronic, photo
electrochemical, magnetic, antibacterial and biological
labeling characteristics, catalytic, chemical sensor, food
industries, agriculture, drug delivery, water treatment,
textile industries etc. (Li and Yang. 2016; Liu et al. 2016;
Nguyen et al. 2019). Preparation of Ag-NPs involves the
reduction of silver ions into the corresponding zero valent
atoms, whether in solution or gaseous environment in the
presence of reducing agents. However, the reducing
agents may secondarily lead to environmental and
biological toxicity (Pillarisiti et al. 2019). Numerous studies
have been focused on biosynthesis of Ag-NPs with
potential applications in antimicrobial activities. In order
to avoid the above mentioned issues, an environmentally
benign green synthesis of Ag-Fe203 nanohybrids has been
introduced. This strategy involves the use of plant extract
as a reductant and capping agents for the formulation of
MNPs (Kiran et al. 2018; Chand et al. 2020; Gaur et al.
2023).

This current research is focused on the synthesis of Ag-
Fe203 nanohybrid structures by green method using Citrus
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limon aqueous extract (Figure 1), their characterization
followed by determination of catalytic efficiency of Ag-
Fe203 nanohybrid catalyst for the detoxification of Congo
Red dye (Figure 2) under optimum environmental reaction
conditions (Panda et al. 2023).
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Figure 2. Structure of Congo Red dye
2. Materials and methods

2.1. Materials collection

Citrus limon (lemon) was purchased from local market of
Faisalabad, Punjab, Pakistan. Ferrous sulphate
heptahydrate (FeS04.7H20), ferric chloride (FeCls.4H20)
and sodium hydroxide (NaOH) were obtained from Sigma
Aldrich, Germany. Silver nitrate and sodium borohydride
(NaBH4) were purchased from Merck, USA. Congo red dye
(Figure 2) was received from BDH chemicals, China. All the
listed chemicals were pure, guaranteed and of analytical
grades so used without any purification. Deionized water
was used as a solvent throughout this work.

2.2. Synthesis of iron oxide nanoparticles

Fe203 nanomaterials were prepared according to the
method described by Sallam et al. (2018) with some
modifications according to requirement. In this method
FeSO4 and FeCls salts solutions were used as precursor for
the synthesis of Fe,0s nanoparticles. For this purpose 0.8
g FeS04 and 1.45 g FeCls were dissolved separately in 60
mL of the water at ambient atmospheric conditions. These
two solutions were mixed and allowed to stir for 90
minutes. Then 20 mL aqueous extract of C. limon was
added dropwise followed by swirling the mixture at
moderate rate. Furthermore, few drops of 0.1 M NaOH
were added slowly, followed by shaking for 30 minutes to
maintain the pH upto 9.0. Appearance of black
precipitates indicated the formation of Fe;03
nanoparticles. The resultant iron oxide nanoparticles were
further stirred for 120 minutes, collected, dried at 80°C for
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120 minutes and then calcined at 300°C for 30 minutes
using heat resistance muffle furnace. The product
obtained was stored for further process (Ruiz-Baltazar et
al. 2019; Kiran et al. 2020).

2.3. Fabrication of Ag-Fe203 nanohybrid

0.3 mg of previously prepared Fe:03 nanoparticles were
well-dispersed in 40 mL de-ionized water under ultrasonic
treatment, then aqueous solution of AgNOs (0.04 g/15
mL) was added drop-wise into the dispersed nanoparticles
suspension. The mixture formed was stirred for 45
minutes at 40°C, and then sonicated for 90 minutes. The
resultant greenish black color Ag-Fe.0s3 nanohybrids thus
obtained, were washed thrice times with deionized water,
and then dried in oven at 75°C for 24 hr as given in Figure
3 (Wang et al. 2020).
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Figure 3. Scheme for the synthesis of Ag-Fe;03 nanohybrids
2.4. Characterizations of Ag- Fe203 Nanohybrid materials

FTIR analysis is carried out using FTIR spectrum (Perkin
Elmer, Germany) with resolution 0.5 cm™using KBr pellet
having frequency range of 400-4000 cm™ to analyze the
functional groups present in the nanohybrid sample. The
crystalline phase of nanohybrids and size are measured by
X-ray diffractometer (XRD Bruker D8 advance Cu target
Germany) functioning with CuKa radiation source (A= 1.54
/&) produced at 40 KV and 40 mA. Scans are executed
between 26 values ranged from 20°- 80° at the rate of 0.4
s per point. Morphology and average size of IONs, and
nanohybrids are observed using scanning electron
microscope (SEMCube Il EmCraft, South Korea) having
resolution of 5.0 nm using SE detectors. CHNS analysis of
the iron oxide nanoparticles and Ag-Fe:03 nanohybrids
are also performed for the detection of contaminants
present in the sample using elemental analyzer 2400
(Perkin Elmer Germany), UV-Visible spectrophotometer
(UV-Vis 2800, Cole Parmer USA).

2.5. Optimization of  reaction
decolorization of Congo Red dye

parameters  for

For the decolorization of Congo Red dye solution, the
reaction conditions of Congo Red dye concentration
(0.01% to 0.05% with 20 time dilution), Ag-Fe20s
nanohybrids (0.001-0.01 g), pH (3- 8) and temperature
(30- 80°C) were optimized. Only one experimental

parameter was varied by keeping other parameters
constant.

2.6. Chemical Analysis

All experimental reactions were carried out in triplicate.
The absorbance was measured at Amax (497 nm). The %
Decolorization was measured by the given formula

Co—C,
0

Decolorization (%)= Lx100 (1)
Where Coand Ctcorresponds to the CR dye concentration
at zero time and any time t, respectively, obtained from
UV-Visible absorption peaks (Kiran et al. 2020; Rasool et
al. 2023).

2.7. Mineralization Study

The treated and untreated Congo Red dye solution
samples were subjected for water quality parameters like
COD and TOC (Curic et al. 2021).

2.8. Dye degradation study

In catalytic degradation experiment of Congo Red dye, 5
mL of freshly prepared aqueous extract of C. limon (0.5 M)
was added to 10 mL Congo Red dye solution (0.02 M).
Now Ag-Fe>03 nanohybrid (1 mM/10 mL) was added into
the reaction mixture. The process of the reaction was
continuously monitored with the help of UV-Visible
spectrophotometer, until the complete de-colorization of
the colored solution was achieved. Reduction reaction
was performed in triplicate (Kiran et al. 2020; Ahmed et
al. 2022). The Congo Red dye degradation was checked at
different steps with bond breakage and newly formation
of different bonds (Asses et al. 2018; Nadeem et al. 2022).

2.9. Statistical Analysis
All experimental parameters were checked in triplicate.
Mean of triplicates were calculated and results computed

using standard deviation and standard error (Al-Kordy et
al. 2021).

3. Results and Discussion
3.1. Characterization of IONs and Ag-Fe203 nanohybrids

3.1.1. Scanning  Electron Ag-Fe203

nanohybrids

Microscopy  for

The surface structure of the prepared pure Fe203 NPs and
Ag-Fe203 nanohybrids have been determined using SEM.
Figure 4a & b represents the image of Fe;03
nanomaterials. It is evident that Fe20s is composed on the
rough but compact spongy surfaces with irregular grain
size. Ag-Fe203 nanohybrid possesses more spongy
surfaces than Fe203 nanomaterials with reduced
compactness. These porous surfaces enhance the active
site and increase surface area of the silver coated iron
oxide nanomaterials (IONs). Figure 4c & d expressed the
SEM images of Ag-Fe:03 nanohybrid material structures
(Khan et al. 2020). It is depicted from the image that Ag is
variably distributed at the IONs spongy surface hence
exhibiting a good correlation that causes the formation of
nanostructures. This interaction denotes compact
structures, spongy structure and high energy materials.
This random distribution of Ag over Fe,0s3 nanoparticles is
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considered to be responsible for the increase in the
catalytic efficiency of the nanomaterial by increasing
active sites. These sites are highly active for the

adsorption of different dyes (Khan et al. 2020; Aragaw et
al. 2021).

ey

Figure 4. SEM micrograph for Fe,0s (a,b) and Ag-Fe,03
nanostructures (c,d)
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Figure 5. FTIR images of Fe,Os (a) and Ag-Fe>O3
nanostructures (b)

3.1.2. FTIR Analysis

FTIR spectra of IONs and silver iron oxide nanoparticles
nanostructures are shown in the Figure 5. Figure 5a
represents the spectrum of IONs while Fig. 5b showed
spectrum of nanohybrid structure also evident from
literature reports (Uma et al. 2018). The iron oxide
nanoparticles spectrum showed a broad band at 3317 cm”
! due to -OH functional group, a medium peak at 1636 cm"
! due to CO stretching vibration. A sharp peak at 1079 cm™
and medium to sharp peak at 974 cm™ were assigned to
the C-O bond and due to C=C bond bending (Mahdavi et
al. 2013). Ag-Fe203 nanomaterial showed a weak
absorption band at 2107 cm? is due to aromatics
overtone appeared in spectrum. A weak band absorption
peak at 1774 cm™® was due to C=0 stretching. A strong
FTIR absorption band appeared at 1407 cm™%, attributed to

AHMED et al.

CH2 asymmetric stretching. Another medium to strong
peak appeared at 1149 cm? and 610 cm? for C-O
stretching and for Ag-Fe203 nanohybrids (Javed et al.
2016; Khan et al. 2020; Nasiri K. 2023).

From spectra, it was observed that some new peaks
appeared in the Ag-Fe:03 nanostructures that were not
present in IONs spectrum indicated the formation of
nanostructures. Another —OH  absorption  peak
disappeared in Ag-Fe203 nanostructures shown in Figure
5b indicated that product was completely moisture free.
Another peak shifting is bserved from 1653 cm™ to 1774
cm™? and 1079 cm™ to 1149 cm™ was due to C-O out of
plane vibrational mode while absorption at 700 cm
indicated the formation of Ag-Fe;Os; nanostructures (Al-
Zahrani et al. 2022).

3.1.3. X-Ray Diffraction (XRD) analysis

XRD analyses were performed for both IONs and Ag-Fe203
nanostructures as given in Figure 6 to check the
crystallanity in the nanohybrid material. Figure 6 showed
the spectrum of Fe20s3 NPs exhibiting characteristic
diffraction peaks at 19.7°, 24.7°, 38.4°, 45.6°,56.1° and
62.3°. Similarly Figure 5 also displayed Ag-Fe20s
nanostructure XRD pattern with some new peaks at 12.9°,
23.2°,33.4°,52.1°, 60.9° and 69.3° that were absent in the
iron oxide nanoparticles pattern convincing the formation
of nanostructure hybrid material and were according to
the XRD pattern found in the previous studies (Sallam et
al. 2018; Feng et al. 2019). It should also be noted that
some peaks have been attributed to both Ag and Fe203
produce similar peaks at same 20 values, thus cannot be
detected easily. The size of nanohybrid crystallite was
calculated by Debye Scherer equation (1)

D= k\/Bcosd (2)

where A is the X-ray wavelength, Bis the full width at half
maximum (FWHM) height of a x-ray diffraction peak, 0 is
the diffraction angle while K is Scherer’s equation
constant which is equal to 0.9. The crystallite size
obtained for the prepared Ag-Fe20s nanohybrids were
found in the range 48.6 nm - 60.3 nm and average
crystallite size was measured to be 54.3 nm which was in
according to literature reports (Hosseinidoust et al. 2016;
Abu-Saeda et al. 2022, Panda et al. 2022).
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Figure 6. XRD pattern of a) IONs b) Ag-Fe,03; nanohybrids
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3.1.4. Measurements of Amax for Congo Red dye

The absorbance of the Congo Red dye was monitored
from 400- 780 nm, with the interims of 20 nm to find the
wavelength exhibiting maximum absorbance. The Amax was
measured to be 497 nm (Figure 7).
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Figure 7. Measurement of Anax of Congo Red dye
3.1.5. Catalyst efficacy for Congo Red dye decolorization

Ag-Fe203 nanohybrid materials are highly efficient against
pollutants sensing and degradation so help in keeping
ecosystem clean and safe. The production and inherit use
of such nanohybrid materials using greener approach are
the concern of today’s environmental scientists. Such
method helps to open new doors to obtain
multifunctionality and generate opportunity to study
novel environmental physiochemical properties for next
generation hybrid materials (Biswal et al. 2020; Hitkari et
al. 2023).

The proposed dye degradation mechanism was presented
in Figure 8. Figure 8 clearly depicts that dye might be
degraded through several transition stated prior its

conversion into final product.
Ag-Fei0y Ag-Fes0,
nanohvbrid nanohybrid
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Figure 8. Proposed dye degradation mechanism

The catalyst efficiency of IONs and Ag-Fe20s3 nanohybrids
were measured against Congo Red dye reduction using

spectrophotometer. For this purpose 10 mL of Congo Red
dye solution was taken from stock solution to which 5 mL
of freshly prepared C. limon aqueous extract solution was
added. Further 0.01g of IONs was added to the above
reaction mixture. Figure 9 expressed the UV-Visible
spectrum of Congo Red dye at regular time interval of 2
minutes. By the addition of nanohybrids, the dye
concentration was decreased that ultimately increase the
% age degradation. The reduction property of IONs was
observed in terms of decrease in absorption intensity at
Amax (497 nm) characteristics of Congo Red direct dye was
shown in Figure 9. This decrease in the concentration of
dye is attributed to the transformation and decolorization
of the Congo Red dye due to its adsorption on the surface
of catalyst. Initially a decrease in absorption peak was
observed up to 10 min., after which no further change in
peak height was noticed. In a second batch of reaction,
0.01g of Ag-Fe203 was added to Congo Red and C. limon
aqueous extract to the reaction mixture. As in the earlier
case, the reduction in peak intensity at 497 nm was
regularly observed with the help of UV-Visible
spectrophotometer exhibited in Figure 9a (Chand et al.
2020; Rasool et al. 2023).

Congo Red dye decolorization was comparatively robust
when Ag-Fe203 nanohybrid catalyst was used, as given in
Figure 9b. In the presence Ag-Fe20s nanohybrids, the
complete disappearance of Congo Red absorption peak is
achieved after 10 minutes. Thus, it can be concluded that
catalytic efficiency of Ag-Fe:0s for Congo Red dye
reduction was greater than that of Fe;0s, which has been
attributed to the high conductivity of earlier one, achieved
as a result of doping of Ag onto the surface of IONs matrix
(Kiran et al. 2020; Gaur et al. 2023).
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Figure 9. UV-Visible analysis Congo Red dye with time (a)

presence of Fe;03, (b) in presence of Ag-Fe,O3 nanohybrid
structures

3.2. Optimization of reaction conditions for CR direct dye
decolorization

Different physiochemical conditions were optimized for
Congo Red dye decolorization (Figure 10) under study.

3.2.1. Effect of dye dose

Dye decolorization is an essential criterion for catalytic
treatment of Congo Red dye. The effect of different dye
concentration was measured (0.01%-0.05%) on
decolorization of Congo Red dye. Dye decolorization was
elevated from 65.6 % to > 80 % in 10 minutes as
concentration was raised from 0.01% to 0.02% shown in
Figure 10a. It is because of the adsorption of the dye on
surface of catalyst increases as concentration increases
upto optimum level. As catalyst concentration is increased
further from 0.02%, decreased the dye decolorization was
noticed. The raised dye concentration may cause



agglomeration hence reduced decolorization (Ghaffar et
al. 2021; Kiran et al. 2021). At elevated concentration the
dye molecules might cause inhibition due to poisoning of
catalyst for the occupation of active sites. Hence may
decrease the effectiveness of Ag-Fe:03 nanohybrid
structures (Ali et al. 2018; Al-Zahrani et al. 2023). Rasool
et al. (2023) has also reported the similar investigation for
the dye decolorization. Actually Congo Red dye molecules
get adsorbed on the surface Ag-Fe:0s3 nanohybrids. After
that dye molecules acted as electrophilic reagent while
nanohybrids act as relay system for the electron transfer
and reducing agent act as nucleophillic reagent. This
electron transfer because dye transformation and
decolorization so converted into simpler byproducts (Gola
et al. 2021; Huang Mu et al. 2023).

3.2.2. Effect of Ag-Fe203nanohybrids catalyst dose

The amount of catalyst is a key factor for the dye
decolorization. The enhanced catalyst has higher number
of active sites which influence decolorization of dye in
solution (Rafique et al. 2021). A number of tests were
performed by changing the concentration of Ag-Fe203
nanohybrid catalyst from 1 mg/L to 10 mg/L. As catalyst
quantity was enhancement from 0.001 to 0.005 g/L,
Congo Red dye decolorization was amplified from about
12% to 89% and beyond this concentration no appreciable
change in dye concentration was noted (Ghaffar et al.
2021). So Ag-Fe203 nanohybrid concentration (0.05%) was
found to be optimal catalyst dose for Congo Red dye
decolorization. The increase in catalyst dose enhances the
number of active sites upto optimum concentration
(Figure 10b). As catalytic site are functional upto certain
limits which is evident from the catalyst efficacy for CR
dye decolorization (Ahmed et al. 2022). It was also
investigated that by increasing doped nanomaterials
concentration the rate of dye degradation due to
increasing the number of sites available on the catalyst
behalf has also been reported (Chan et al. 2019; Hitkari et
al. 2022). It was reported that the Congo Red dye
degradation was accompanied by dissociation of
chromophoric groups and transformation of the dye into
low molecular mass products. As the results are in
consistence with literature reviewed for dye degradation.
The mechanism of Congo Red dye decolorization might be
due to the creation of surface plasmonic resonance
excitation within the molecular environment (Jiang et al.
2021; Dharshini et al. 2023).

3.2.3. Effect of pH

pH has significant action on the decolorization of Congo
Red dye in solution. The reaction under investigation is
largely dependent on the pH of dye solution. The changes
in the pH of solution cause the charging of Ag-Fe:0Os
nanohybrids and shift the probabilities of the reaction
under investigation (Kiran et al. 2018). The Congo Red dye
reduction was observed to be increased upto 86.3% by
varying pH from 1-5. When pH increased from 6 to 8 the
direct Congo Red dye reduction was decreased. So pH 6 is
considered as optimum pH for the reduction of Congo Red
dye given in Figure 10c. It is revealed from literature
studies that the dye decolorization is unfit in basic
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medium and in higher acidic medium and lower acidic
medium favors the Congo Red dye decolorization. Hence
catalytic efficacy of mix metal and metal oxide largely
affected by the pH of the dye solution under observation
(Azeez et al. 2018). In comparison with literature Ali et al.
(2022) found that the production of -OH free radical at pH
>7 enhances the degradation of Congo Red molecules.
Hence, the obvious inclined in the process at higher pH > 9
is credited to the negatively charged surface of the
nanohybrid catalyst due to OH aggregation in solution.
Therefore, an electrostatic repugnance force was
developed between the negatively charged Congo Red
molecules and the negatively charged surfaces catalyst
(Kiran et al. 2020; Rasool et al. 2023).

3.2.4. Effect of Temperature

Temperature is a crucial parameter that can affect the
decolorization of dyes. The present work was studied
under the optimized conditions of dye concentration,
catalyst dose and pH. The decolorization of Congo Red
was studied under temperature ranges from 30°C to 80°C.
Optimum Congo Red direct dye decolorization (89.5%)
was achieved at 40°C and at higher temperatures
decolorization of Congo Red dye was reduced. The direct
dye decolorization was first increased and then decreased
(Figure 10d). The decreased concentration of Congo Red
dye at higher than 40°C can be considered due to loss of
catalytic active sites on Ag-Fe203 nanohybrid structures
(Rafique et al. 2021). Debnath and Mondal (2020) have
also studied the outcome of temperature on the removal
of Congo Red dye by nanoparticles and reported similar
results. It was also investigated that by increasing
temperature the dye decolorization also increased due to
increase in the mesoporous nature that destroyed at
elevated temperature (Chan et al. 2019; Dharshini et al.
2023).
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Figure 10. Optimization of reaction parameters a) Dye dose
concentration b) Dose of catalyst c) reaction pH d) optimization
of Temperature

3.2.5. Mineralization Study

Mineralization efficacy is estimated using quality
parameters like TOC and COD. Percent reduction in COD
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and TOC is measured through contact time from two to
fifteen minutes as illustrated in Figure 11. As contact time
is increased, % reduction of the Congo Red dye also
enhanced. % Removal of Congo Red dye is amplified from
8 to 10 minutes and then decrease is observed upto 15
minutes as shown in Figure 11. It may be due to the
inhibition factor caused by side products formed that
slower the process. Larger values of COD and TOC
illustrated that Ag-Fe203 nanohybrid has reduced the dye
through various intermediates during reaction (Debnath
and Mondal. 2020; Nadeem et al. 2022). The % reduction
of the target Congo Red dye in COD and TOC was
monitored by changing time from 10-70 mints. It was
noticed that the dye reduction was increased from 10-50
mints evident from the Figure 11. Further increase in time
decreased % reduction of COD and TOC. The percentage
dye reduction in COD and TOC was achieved by 80% and
90% that degraded by nanohybrids materials synthesized
from C.limon (Dharshini et al. 2023; Rasool et al. 2023). It
is due to the conversion of dye molecules from complex to
simpler and less toxic products thus leading to the
mineralization of dye upto maximum extent (Sumi et al.
2016; Kishore et al. 2021; Shokoohi et al. 2021).
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Figure 11. Quality parameter study for COD and TOC
3.2.6. Kinetics  Interpretation for Red dye

decolorization

Congo

Kinetic studies for the Congo Red dye degradation by Ag-
Fe203 nanohybrid structures as catalyst have been
performed on the data obtained through experiment. The
experimental data of Congo Red degradation is received
by spectrophotometric measurements and is treated to
find order of the Congo Red degradation reaction using
different equations. Figure 12 shows Congo Red dye
concentration at various time interval using Ag-Fe:0s3
nanostructures as catalyst. As the line denotes to linearly
fits to the absorption experimental data. It is observed
from the Figure 12a that the data does not properly follow
the fitted line, exhibiting that reaction does not follow
kinetics for zero order. Figure 12b plotted In[dye] against
time for Congo Red dye reduction in the solution using
nanostructure as active catalyst. Similarly, Figure 14 c
shows the data between 1/[dye] versus time for Congo

red dye degradation using nanocatalyst. The slope values
for zero, 1% and 2" order reactions are 0.372, 0.399 and
0.162, respectively. The greatest value of regression
constant R?is 0.399 in Figure 12b, representing that the
CR decolorization reaction has followed first order
reaction kinetics. Therefore, the highest reduction
reaction rate k for Congo Red decolorization reaction
using Ag-Fe203 nanohybrid structure as catalyst is 0.3993
min(Khan et al. 2020; Kamal et al. 2021)

= ;
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05 -y=-0.0017x + 1.9336 02 009,
R? = 0372 = -0.001x + 0.6432
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Figure 12. Absorbance linear data fitting of CR reduction by Ag-
Fe;03 nanostructure catalyst to the (a) zero order (b) first order
and (c) second order kinetics

3.2.7. Reusability test for Ag-Fe203 nanohybrid catalyst

Catalyst reusability is a vital parameter to check catalytic
efficiency and stability of a catalyst. As Ag-Fe20s
nanohybrid has expressed good catalytic functionality but
along with it, it is essential to check stability and efficiency
of Ag-Fe203 nanohybrid structures as well. Hence catalyst
is separated, washed and reused for Congo Red dye
decomposition upto five cycles as displayed in Figure 13. It
is cleared that Ag-Fe:03 nanohybrid exhibited more than
80 % detoxification in all experimental series that showing
chemical inertness and stability of catalyst in aqueous
solution also reported previously (Anjum et al. 2021; Khalil
etal. 2021; Ahmed et al. 2022).
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Figure 13. Catalyst Stability test
3.2.8. Toxicity Analysis

The biological
hydrophobic

membrane is majorly stabilized by
force that holds lipid bilayer and



hydrophobic tail of phospholipids jointly. Further polar
heads of phospholipids, water molecule and weekly
attractive forces are responsible to sustain the subunits of
the membrane in vivo and in vitro. The best way to
determine lysis of a cell is by in vitro study. It is well-
known facts that cell lysis occurs as a result of local vermin
and microbial substances that attacks on the red blood
cells effectively in contagious conditions. The erythrocytic
covering is a dynamic configuration in and its own which
can grasp critical variations at the interface, well
established by green nanomaterial. The hemolysis rate is
the observation of toxicity of different amounts of
synthesized compounds on human red blood cells. The
sample under investigation is taken on the x-axis along
with positive control having lysis 100% and lysis of red
blood cells on the y-axis. The hemolysis rate of the
required dye sample by Ag-Fe203 nanohybrid was
measured in present study to find toxicity of the
nanohybrid material. Triton X-100 was used as positive
control and PBS was taken as negative control depicting
degradation 91.15% and 0% respectively. From Figure 14.
It is cleared that there was an observable decrease in the
toxicity of material as compared to positive and negative
control samples that were successfully decomposed by
silver iron oxide nanohybrids being as environmental
benign and cleaning method (Jiang et al. 2021; Rasool et
al. 2023).
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Figure 14. Toxicity test for the synthesized Ag-Fe,03; nanohybrid
catalyst

4, Conclusion

The development of eco-friendly, biodegradable, cost-
efficient nanohybrids are gaining attention to remove
hazardous environmental pollutants. Ag-
Fe203snanohybrids have been successfully fabricated by
green method for environmental remediation. IONs and
Ag-Fe203 nanohybrid catalyst were formulated by simple
and green chemical method using aqueous extract of
Citrus limon. The SEM images of Ag-Fe:0s3 revealed the
preparation of irregular spongy surface nanohybrids
having 54.3 nm average particle size. The SEM image of Ag
coated IONs depicted the smooth Ag distribution over the
porous surface of IONs that enhance the active sites.
Further it is evident that Ag distributed and studded in the
porous spongy IONs surfaces hence enhancing catalytic
efficiency of synthesized nanomaterial. The shift in the
position of the peaks in FTIR spectrum at 610.3 cm™ from
710.1 cm? indicates the formulation of Ag-Fe:0s

AHMED et al.

nanostructures. The appearance of new peaks at 23.2°,
33.4°, 52.1°, 60.9° and 69.3° in XRD depicted the
formation of hybrid nanomaterials. So it is clear from all
analytical techniques that green Ag-Fe;0s nanohybrids
were successfully fabricated. Ag-Fe203 nanohybrid
materials were successfully used for the removal of Congo
Red dye from aqueous solution under optimal reaction
conditions. Hence Ag-Fe203 nanohybrid materials are
playing the crucial role in the waste water purifications for
environment remediation. The tailored designing of
nanohybrids are constructed with physicochemical
alteration and enables the nano-bioadsorbent with high
dye removal specificity and efficiency. In present work the
results indicate that Ag-Fe2O3 nanohybrid materials are
more efficient (> 85 %) than simple Fe.03 nanoparticles
for degradation of textile Congo Red carcinogenic dye (>
65 %) hence helps in environmental remediation’s. The
current work proved to be an environmental benign
approach for the reduction of toxicants in main water
stream. This work suggests the environmental
remediation from dyes for clean environment. It can be
measured that nanohybrids can be employed for dyes
remediation. Phytogenic synthesis of nanohybrid is eco-
friendly approaches as higher surface area increase its
potential work for wastewater treatment. The green
synthesis of metal oxide nanomaterials and their
application for dye degradation attracting great interest
due to minimal waste and sustainable approach.
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