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Highlights

Green synthesis of iron-based nanoparticles using scrap iron (waste material) and pomegranate peel extract as a reduc-
ing agent.

This method has many advantages as it can be synthesized in a very short period, low cost of production, environmen-
tally friendly, and easy as single-step reaction is required for the synthesis of iron oxide nanoparticle.

The sorption mechanism follows the Langmuir isotherm model and the reaction rate best fitted by pseudo second order
model.

Abstract. In the present study, low-cost, environmentally friendly, single-step, high productive novel Iron-oxide nanopar-
ticles (NPs) were prepared from scrap iron using a green synthesis method to remove Pb (II) from aqueous solution. The
characterization of synthesized nanoparticles was conducted by UV-vis spectroscopy. The crystalline structure and the
phase change were clarified by XRD. FE-SEM was done to know the morphology of iron oxide nanoparticles, and the aver-
age surface area of 46.856 m?/g was found by the BET surface area analyzer. The XRD plot shows that the obtained mag-
netite Fe;O4 combines FeO and Fe,0j; as the synthesis was conducted in the open atmosphere. The SEM images confirm
the formation of iron oxide nanoparticles with a size of 31 nm. The removal efficiency of the adsorbent was carried out by
optimizing the different operational parameters like pH, time, adsorbent dosage, initial concentration of metal ion, contact
time by batch studies. The obtained pHzpc (pH 5.7) value indicates that the adsorption process will be favorable at higher
pH. The maximum removal efficiency and uptake capacity of lead were 98% and 68.07 mg/g, respectively. Adsorption data
obtained were analyzed with Langmuir and Freundlich isotherm equations. The equilibrium data are fitted by Langmuir
isotherm in a superior way than that of Freundlich isotherm. The results show that homogeneous adsorption of the metal
ion favors heterogeneous adsorption. The maximum adsorption capacity of iron oxide NPs was calculated through Lang-
muir isotherm was Q,,,, (68.07) mg/g. Moreover, the adsorption of metal ions with time was also analyzed with the pseudo
Ist and pseudo 2nd kinetic equations. The kinetic data are fitted more in the pseudo 2nd order reaction. Adsorption capac-
ity calculated through pseudo 2nd order equation was qe (51.81) mg/g. This literature verifies that NPs synthesized from
scrap iron as precursors prove to be an attractive option for removing heavy metals.

Keywords: nanoparticles, green synthesis of nanoparticles, kinetic study, isotherm study, scrap iron precursors, heavy met-
als removal.

Introduction

As human population increases, the rapid growth of in-
dustries and agricultural activities contribute to serious
pollution in the environment that is mainly in the water
bodies, as an enormous volume of wastewater polluted
with several heavy toxic metals are let off daily into the

environment through various industrial operations. Con-
sidering the elimination of these contaminated heavy met-
als continuous studies and research has been going on for
adsorbents that are efficient and eco-friendly. Mercury,
cadmium, lead, arsenic, and chromium are considered to
be significant to public health-inducing collective dam-
age to the parts of the body, even at an inconsiderable
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magnitude of revelation (Zeng et al., 2021). Natural water
is polluted via means of toxic heavy metals through hu-
man activities and various industrial applications (Neyaz
et al., 2014). Lead (II) is one of the non-essential and
most toxic heavy metals which can cause health problem,
exposure is detrimental to several organs of the human
body viz, gastrointestinal tract, nervous system, liver, kid-
ney, reproductive system and brain (Anayurt et al., 2009;
Jumina et al., 2020). It can also cause some other acute
and chronic disorders like anemia, encephalopathy, hepa-
titis, nephritic syndrome, sterility, abortion, stillbirths, and
neonatal deaths (He et al., 2020; Thsanullah et al., 2016).
Most of the water streams that are contaminated by lead
Pb (II) come from the discharge of industrial wastewater
related to mining, electroplating, metal processing, paint-
ing, textile production, batteries manufacturing, pesti-
cides, and fertilizers (Sarkar & Sarkar, 2013). Numerous
treatment approaches have been enforced to treat the wa-
ter and wastewater incorporating heavy metals, includ-
ing chemical precipitation, exchange of ions, chemical
oxidation, reverse osmosis, ultrafiltration, electrodialysis
(Gunatilake, 2015; Kumar & Mondal, 2020; Mahurpawar,
2015). Among all these, adsorption is one of the most ef-
ficient methods. The quality and effectiveness of the ad-
sorbents decide the efficiency and performance of the ad-
sorbents in removing heavy metals. The maximum type
of adsorbents is ineffective either due to their diffusion
limitation or insufficient active sites available. Due to the
difficulty in separation of adsorbent from water makes
the adsorbents expensive (Kataria & Garg, 2018). A next
generation of nanoadsorbent has been created with recent
advance in nanotechnology. Several adsorbents including
xanthate-modified magnetic chitosan (Zhu et al., 2012),
Fe;O,4 nanoparticles loaded saw dust carbon (Kataria &
Garg, 2018), tea extracts are being used for green synthesis
of iron nanoparticles (Huang et al., 2014), functionalized
carboxylate ferroxane nanoparticles (Moattari et al., 2015),
macrofungus (Lactarius scrobiculatus) biomass (Anayurt
et al., 2009). Magnetic activated carbon loaded with tung-
sten oxide nanoparticles (Saleh et al., 2017), polyamide
graphene composite as a novel adsorbent (Saleh et al.,,
2017) are few examples. Nanoadsorbents having charac-
teristics like surface modification, environment friendly,
low-cost production, and the magnetic property have
gained a lot of interest. Small size magnetic nanoparti-
cles have a larger surface area, high magnetic property,
easy synthesis, low toxicity, reusable efficiency, low cost,
and easy to separate from aqueous medium. Magnetic na-
noadsorbent have been developed from various methods,
but these conventional approaches have many drawbacks
such as high cost of production, large energy requirement,
low production, use of toxic chemicals, and creation of
hazardous by-products (Huang et al., 2014; Martinez-
Cabanas et al., 2016). Therefore, there is a need for an
economical, ecological and viable way for the synthesis
of the nanoadsorbent. Recently green synthesizing, i.e.,
plant extracts and biowastes of the nanoparticles has been

showing a very promising solution for the synthesis of
magnetic nanoparticles such as rice casing, pine fragment,
pomegranate peel, sawdust, etc. (Fahmy et al., 2018). The
metal ions get reduced more readily by the reducing and
stabilizing agents in the extracts of plants. The strong an-
tioxidants such as polyphenols, amino acids, nitrogenous
bases obtained from various plants, herbs, and spices
act as reducing and capping agents for the nanoparticles
(Herlekar et al., 2014). Two main challenges that has to be
overcome while synthesizing super magnetic iron oxide
nanoparticle. One is defined as an experimental condition
that should be there so that size can be controlled, and
the second is to select that process so that synthesis can
be done at an industrial level. Synthesis of nanoparticles
are governed by many processes that are co-precipitation,
reactions in a constrained environment, polyol methods,
flow injection synthesis, aerosol/vapor methods (Wu et al.,
2008). Co-precipitation is recognized as more feasible
method as it comprises of mixing ferric and ferrous ions
in 1:2 molar ratios in extreme basic solutions at room tem-
perature or at elevated temperature (Hasany et al., 2013).

In this study, a low-cost green synthesis method was
achieved for the synthesis of magnetite nanoparticles by
using scrap iron as a precursor with a high yield and pro-
duction rate of nanoadsorbent. Scrap iron is a waste ma-
terial, and the first time it is used for the green synthesis
of NPs successfully. Magnetite nanoparticles were synthe-
sized by implementing the co-precipitation method, and
pomegranate peel extracts were used as a reducing and
capping agent of the same. The potentiality of the nano-
particles to separate lead from the aqueous medium was
observed, and the regeneration and reusability of the syn-
thesized nanoparticles were also explored.

1. Methodology and materials
1.1. Materials

Pomegranate peel used in this study was collected from
the local market Durgapur city. The scrap iron that was
used for the synthesis of iron oxide NPs was collected
from the workshop of NIT Durgapur (India). Chemicals
of analytical grade and deionized water were used in the
study.

1.2. Preparation of iron solution from scrap iron

For the synthesis of magnetite nanoparticle, a mixture of
FeCl; and FeCl, with a volume ratio of 1.7:1 was used as
a precursor. Initially, 1 M of FeCl, was prepared by dis-
solving 6 gm of scrap iron in 2 M 100 ml HCI and FeCl,
were obtained by adding 1.68 gm of KMnO, in 50 ml of
already prepared FeCl, solution.

1.3. Preparation of pomegranate peel extracts

Deionized water was used to eliminate the dust particles
from the collected pomegranate peel pulp and was dehy-
drated for 15 days at room temperature under dust-free
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surroundings. The dehydrated peel was then crushed by
using a pestle and mortar and sieved by using a 400-mi-
cron sieve. From the obtained dry peel 20 gm of peel, the
powder is introduced in 500 ml of distilled water, and it is
kept for three hours and then sonicated by using a probe
sonicator for ten minutes. The obtained mixture was then
filtered by using Whatman filter paper no 41 and centri-
fuged at 5000 rpm for 20 minutes to eliminate the sus-
pended pomegranate particles and kept in the fridge at
4 °C for usage in the further process to synthesize iron
oxide nanoparticle (Whatman filter paper no 42).

1.4. Synthesis of iron oxide nanoparticles with
coating of pomegranate peel extract

The co-precipitation method was used to modify the syn-
thesis of magnetic nanoparticles (Hariani et al., 2013).
Pomegranate peel extract was used, which acts as an anti-
oxidizing and reducing agent that inhibits the oxidation
of Fe?* by the air in the co-precipitation method, thus
eliminating the use of inert atmosphere, which is typical-
ly required to prevent the oxidation of ferrous ions. Syn-
thesis was done in the open atmosphere to compensate
for the oxidation of Fe?* to Fe>* with a mixture of FeCl,
(63 ml) and FeCl, (38 ml) volume ratio of (1.7:1). The
obtained iron mixture solution was mixed with pome-
granate peel extracts (100 ml) in a volumetric ratio of
1:1, and the solution was then heated at a temperature of
80 °C using a hot air oven (Labard Instruchem Pvt. Ltd).
The pH was adjusted to 12 by adding 1.0 M of NaOH
drop-wise to the solution. The solution mixture was then
stirred using a magnetic stirrer continuously for 30 min-
utes to homogenize it and complete the reaction process.
After this, the gained precipitate was composed via mag-
net and washed numerous times by using distilled water
and ethanol to remove the impurities and kept drying in
an incubator for two days at a temperature of 50 °C. The
obtained NPs were then crushed using pastel and mor-
tar and sieved using a 75 pum sieve and stored in closed
containers for further use. Uncoated nanoparticles were
also synthesized under similar conditions for the com-
parative study.

1.5. Characterization of obtained nanoparticles

The phase purity and crystalline nature of synthesized na-
noadsorbent were done by using an X-ray diffractometer
(PANalytical XPert Pro Basic X-ray Powder Diffraction,
U.K) with Cuk-kalpha radiation source were used in the
20 range between 20° to 70°, with a scan speed of 2°/min,
and scan step of 0.025°. Dynamic light scattering tech-
nique (DLS) was used. The particle size distribution of the
synthesized nanoparticles and the particle size distribution
curve was obtained by using (Zetasizer, Malvern U.K). The
morphology and the size of nanoparticles were analyzed
by FESEM using (Sigma Carl Zeiss, U.K.). UV-vis spectra
Shimadzu (2450 SHIMADZU Corporation, Japan) spec-
trometer recorded the synthesized iron nanoparticles. BET

surface area, pore volumes, and pore size distribution of
the synthesized nanoparticles were determined by using
a computer-controlled automated porosimeter (NOVA
1000e Quantachrome Instrument, USA).

1.6. Batch adsorption experiments

A Pb (II) stock solution of 1000 mg/l was prepared by
dissolving 1.614 g of lead nitrate Pb(NO3), in 1 liter of
distilled water. Batch adsorption was used to analyze the
effect of various operating conditions on the adsorption
process. Various adsorption experiments were carried out
in this study to examine the outcome of the experimental
condition on achieving the maximum amount of Pb (II)
removal. For an effective method of removing Pb (II),
different parameters such as the effects of pH, the dos-
age of adsorbent, initial concentration of Pb (II), contact
time, and temperature have been considered. In this ex-
periment, 0.05 gm of magnetic nanoadsorbent was added
in 50 ml of the Pb (II) solution with a concentration of
50 mg/l in 250 ml of a flask, and the pH was adjusted to
6 by means of 1 M of NaOH and 1 M of HCL. Then it was
kept in a BOD shaker at an agitation rate of 120 rpm for
1 hour 30 minutes. After that, clear supernatant solutions
were collected by using a permanent magnet and analyzed
for metal concentration using AAS for respective dosage,
and equilibrium concentration was measured. The remov-
al percentages were calculated by using Equation (1).

Removal efficiency R% =

€ —C. x100 , (1)
CO

where C, is the initial concentration of Pb (II) ions in
(mg/1), C, is the residual concentration of Pb (II) ions in
solution after equilibrium (mg/l). The metal adsorption
capacity q, = mg/g of each combination for adsorption of
Pb (II) ions at equilibrium was determined using Equa-
tion (2) (Guler, 2017).

_C,-C,

m

9. xV, (2)
where V indicates the volume of solution (L), and m rep-
resents the mass of the adsorbent in (g).

2. Results and discussions

2.1. Characterizations of nanoparticles

2.1.1. XRD analysis

The coated and uncoated nanoadsorbent underwent XRD
analysis to know the crystalline structure and phase pu-
rity of the coated and uncoated nanoparticles. The XRD
pattern of the pomegranate peel (PoP’s) coated nanopar-
ticles is shown in Figure la. The X-ray diffraction pattern
of PoP’s coated nanoparticles displays six relative peaks
in the 20 region of 20-70°. The prominent peak of the
powdered nanoparticle was at the 20 value of 35.60 is
the attribute to the crystalline plane with Miller indices
value of 311. The other peaks are observed 30.23°(202),
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43.24°(400), 53.59°(422), 57.10°(333), 63.79 reflection
planes of PoP’s coat, which is matched well with the typi-
cal diffraction data of cubic inverse spinel Fe;O,. The peak
(20) of the nanoparticle which is located at 26°= 22°, and
25° may relate to the amorphous organic compounds ad-
sorbed from the pomegranate peel extracts as a capping
agent/stabilizing agent by the iron oxide nanoparticles
similar pattern was found when green tea waste used as a
capping agent (Fan et al., 2017). While the uncoated na-
noparticle shows the formation of goethite may be due to
oxidation of ferrous ion in the open atmosphere, as shown
in Figure 1b. The obtained magnetite Fe;O, is a combina-
tion of FeO and Fe,0;. The uncoated iron oxide nano-
particle may undergo oxidation as the synthesis has been
performed in the open atmosphere. FeO can be oxidized

Irel.

311

to Fe,0; or Fe(OH), according to the reaction given be-
low (Sulistyaningsih et al., 2017).

1
2(FeO - Fe,0, +502 — 3Fe,05; (3)

Fe,0, Jrio2 +41H,0 - 3Fe(OH). @)

2.1.2. Particle size distribution

The particle size distribution and the average size of the
PoP’s coated and uncoated nanoparticles were compared
using the particle size distribution curve obtained by the
DLS method. Figure 2a clearly shows that the calculated
mean size of the PoP’s coated NPs is 36.5 nm while the
uncoated NP’s in Figure 2b mean size is 66.6 nm. The size
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Figure 1. XRD pattern of (a) coated (Fe;O,) nanoparticles, (b) uncoated (Fe;0,) nanoparticle
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distribution obtained by DLS for the particles synthesized
without using PoP’s extract may be due to particle ag-
glomeration of the iron oxide nanoparticles.
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2.1.3. FE-SEM analysis

The morphology and the size of the synthesized iron oxide
nanoparticle were a confirmation to be almost spherical
shaped in nature and uniform in size and as in Figure 3.
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Figure 2. Particle size distributions curve of synthesized nanoparticles determined by DLS analysis (a) coated NPs, (b) uncoated NPs
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Figure 3. FE-SEM image of iron oxide (Fe;O,) NP’ at different magnification scale (a), (b), (c) and
(d) before adsorption, (e) and (f) after adsorption
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Presence of microspores and mesopores in Figure 3 in-
dicates that the pore diffusion is a rate-limiting step.
Non-uniform distribution of nanoparticles indicates the
enhancement of the surface area, which again increases
the uptake capacity of the adsorbent. It can be seen that
the particle size distribution curve of Fe;O, NP’s indicates
that the diameter of synthesized Fe;0, NP’s ranges from
15 to 31 nm. The SEM image of post adsorption (Figure 3:
(e) and (f)) indicated that the pores of the adsorbent were
saturated due to the adsorption process.

2.1.4. BET analysis

The specific surface area of the particles is the summation
of the areas of the exposed surfaces of the particles per
unit mass. There is an inverse relationship between par-
ticle size and surface area. Nitrogen adsorption is used to
measure the specific surface area of a powder. The method
of Brunauer-Emmett-Teller (BET) is commonly used to
determine the total surface area the specific surface area
of iron oxide nanopowder calculated by using the mul-
tipoint BET equation. The specific surface area obtained
is 46.856 m?/g. Based on the BJH academic model, the
property of the cumulative pore specific surface area,
cumulative pore volume, average pore diameter, and the
probability pore size of pores were calculated summarized
in Table 1. It was found that the average pore volume was
0.2113 cm?/gm and the average pore width was 9.019 nm,
which represents that the synthesis material has a good
pours structure with more surface area for adsorption
(Prathna et al., 2017).

Table 1. BET measurement results

BET surface area (m?/g) 46.856
Surface BJH adsozr/ption cumulative surface area of 33.63
area pores (m*/g)
BJH desorption cumulative surface area of
) 41.73
pores (m?/g)
Single point adsorption total pore volume
g 02113
of pores (cm?¥/g)
Pore BJH adsorption cumulative volume of
] 0.203
volume | pores (cm°/g)
BJH desorption cumulative volume of
] 0.210
pores (cm’/g)
Adsorption average pore width (nm) 9.019
Pore BJH adsorption average pore radius (nm) 1.599
sue BJH desorption average pore diameter
. 7.291
radius (nm)

The N, absorption-desorption isotherms of iron-oxide
nanoparticles were measured by using the static volumet-
ric adsorption analyzer. Figure 4 shows the typical nitro-
gen sorption isotherms of iron-oxide nanoparticles. It
shows that the sample shows distinctive IV adsorption in
the low-pressure region (P/P; < 0.8). The graph shows that
the isotherms are comparatively flat where the adsorp-
tion and desorption isotherms completely superposition,

which indicates that the adsorption of the samples mostly
occurs in the micropores. At the relative high-pressure
region (P/P, > 0.8), due to the capillary agglomeration
phenomenon, the isotherms increase rapidly and form a
lag loop which can be seen in Figure 4.
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Figure 4. N, gas adsorption-desorption isotherm for magnetic
ironoxide nanoparticle

The point of zero charges (ZPC) of Fe;O, nanoparti-
cles, obtained from Figure 8a of initial (pH-final pH) vs.
initial pH and the value of (pHzpc) was found to be pH
(5.7). Moreover, the adsorption of Pb (II) in highly basic
solution is more than in acidic solution because the sur-
face of the adsorbent becomes negative at pH < pHzpc,
and also in the basic solution, the deportation of ~-OH
group happens at the surface of the nanoparticle employ-
ing rise in pH of the solution.

2.1.5. Analysis of synthesized Fe;0, by UV-vis
spectrophotometer

As in the green synthesis of iron oxide nanoparticles,
plant biomolecules are involved in synthesizing and sta-
bilizing nanoparticles (Yew et al., 2020). In this study,
Fe;0, NPs were green synthesized using the pomegranate
peel extracts with precursor molecules FeCl, and FeCls.
The bioreduction of Ferric ions in aqueous solution was
measured using Visible Spectroscopy in the range of 190-
700 nm. The peak was obtained at 258 nm, which con-
firms the formation of iron oxide nanoparticles. Figure 5
similar peak has been observed by (Das & Rebecca, 2018).
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1T ® 6B00| 0762
] | 2 @® 437.00 0.635
‘ 3 @ 25800 1012
2.000H 1
1.000~ -
028l L .
190.00 400.00 600.00 700.00

nm.

Figure 5. The UV-vis spectra of synthesized Fe;O, NPs

2.2. Adsorption mechanism

A possible mechanism for forming the magnetite NPs by
using PoP’s extract and scrap iron is represented in Fig-
ure 6. Figuer 6 showing the synthesis of magnetite FeCl,
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Figure 6. Representation of the formation mechanism of magnetite NPs by means of PoP’s peel extract and scrap iron precursors
along with the synthesis of magnetite iron oxide NPs by using scrap iron in PoP’s extract

and FeCl, using PoP’s extracts. Approximately 48 phenolic
compounds (anthocyanins, gallotannins, hydroxycinnam-
ic acids, hydroxybenzoic acids, hydrolysable tannins i.e.
ellagitannins, and gallagyl esters) have been recognized in
pomegranate covering and further anatomical portions of
the fruit (Akhtar et al., 2015). The peel of the pomegran-
ate compromises about 50% of fruit weight, characterized
by the existing high molecular weight phenolics, complex
polysaccharides, flavonoids, and considerable quantities of
microelements that on the entire reveal strong anti-muta-
genic, antioxidant, antimicrobial features. The compounds
like Ellagic acid and Gallic acid are the major photochemi-
cal existing in aqueous pomegranate peel extract. The syn-
thesis of Fe;0, was carried out at a temperature of 80 °C.
At this temperature, the carbon C of polyphenol and OH
of NaOH would be included in the reaction process and,
hence, strife in forming bonds between COO...Fe** and
COO- R...Fe?* forming bond between OH"...Fe3* and
OH~...Fe?*, which results in the development of ferrous
hydroxide [FeOH,] and ferric hydroxide [Fe(OH);].

Lastly, due to dehydration (-H,O) magnetite NPs were
formed from ferric hydroxide and ferrous hydroxide in the
reaction mixture as by the given equation.

2Fe** +Fe?* +80H™ —
2Fe(OH);Fe(OH), — Fe;0, (S) +4H,0. (5)

2.3. Lead removal process

2.3.1. Effect of initial concentration on the removal of
Pb (II)

The removal efficiency was high (>97.7%) through the ini-
tial concentration of 50 mg/l, but the efficiency declines
from 97.7% at 50 mg/I to 91% at 70 mg/l in IONP-C (iron
oxide NPs coated). In Figure 7a, FeHO, efficiency was
80%. This is because the available surface of the adsor-
bent is satisfactory to adsorb maximum Pb (II) ions at

low initial concentration, which results in filling the avail-
able sites IONP-U (iron oxide NPs uncoated). Therefore,
the adsorption is more up to a definite extent. Suppose
there is further addition in the initial concentration of the
available sites, in that case, it becomes scarce to adsorb ad-
ditional metal ions, resulting in suspension of these ions,
and no more metal ions possibly will be adsorbed. Vari-
ous studies revealed that Pb (II) ions removal efficiency
depends on initial concentration, and with an increase in
initial concentration, there is a decreasing trend in ad-
sorption (Ahmad & Mirza, 2018).

2.3.2. Effect of contact time

The period for the adsorption of lead ions was conducted
on Fe;O, nanoparticles in an aqueous solution. It can be
distinguished that when the equilibrium reached 45 min,
the removal of the Pb (II) ions was improved with the rise
of the contact time from Figure 7b. More than 55% of the
lead gets absorbed in the first 3 min of contact time, and
after 35 min of contact, the removal percentage was more
than 90%. The removal was seen 98% when the equilib-
rium time reached 45 min. After that, adsorption remains
the same with a slight decrease at 90 min. Similar results
were obtained by (Nassar, 2010) as the equilibrium was
achieved very quickly as a result of the compact size of the
nanoparticles (Nassar, 2010). This condition is favorable
for the diffusion of metal ions from the solution into the
active sites of the adsorbent, and the adsorption is domi-
nated by external adsorption as no pore’s dissemination
was monitored to slow down the adsorption.

2.3.3. Adsorbent dosage effects

The adsorbent quantity stands as one of the significant op-
erational parameters as it governs the adsorption capacity
of the adsorbent meant for a given initial concentration of
adsorbate. The result of adsorbent dose on Pb (II) adsorp-
tion is demonstrated in Figure 7c. The result shows that
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as the dose was increased from 0.02 g to 0.05 g (IONP-C
(iron oxide NPs coated)), the adsorption efficiency in-
creased up to 98.434%. This shows that an increase in ad-
sorption is majorly achieved due to an increase in surface
area and the available adsorption site of the adsorbent.
The removal efficiency of FeHO, remained 78.92% which
was lesser than the adsorption capacity of the coated nano
adsorbent IONP-U (iron oxide NPs uncoated).

2.3.4. Effect of pH

Different pH was maintained to study the adsorption of
Pb (II) ions, as the pH of the solution plays a vital role in
the adsorption of various metal ions. Surface chemistry
and metal ions solution chemistry changes significantly
with a change in pH. The pH value ranging from 2 to 6
for Pb (II) solution was adjusted. Figure 7d shows that the
removal percentage of Pb (II) by Fe;O, follows a sharp
increase from 4% to 97.8% at pH 2 to 6, respectively. The
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occurrence of the metal hydrolysis precipitation leads to
lead removal. pH > 6 introduces uncertainty concern-
ing adsorption versus precipitation of lead (Rajput et al.,
2016). The electrostatic attraction between the charged ad-
sorbent surface presides over the process of Pb (II) ions on
the Fe;O4 nanoparticles.

2.3.5. Effect of Co-existing cation

As groundwater comprises more than one cation and the
occurrence of other cation might interfere with the removal
efficiency of the Pb (II) metal ions, to check this, following
co-existing metal ions on Pb?* adsorption was studied. Co-
existing cations Ni*, Mn?*, and Cr** were no considerable
effect on the removal of Pb shown in Figure 8b. Heavy met-
als Cr > Mn > Ni were removed up to 93%, 31.3%, 22.15%
respectively. The adsorption variability varies with the metal
ions, and it depends on several factors: molecular mass,
charge, and hydrated ionic radius (Shi et al., 2018).
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Figure 7. (a) Effect of adsorbent dose, (b) Effect of initial concentration, (c) Effect of pH, (d) Effect of contact time
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2.4. Kinetics and Adsorption Isotherm Studies
2.4.1. Kinetic adsorption

To determine the rate constant and evaluate the diffusion
process, a kinetic study was performed by pseudo Ist. The
pseudo 2nd order was applied to experimental data via
fluctuating the contact time among the adsorbate (Pb) and
adsorbent. Pseudo 1% order and pseudo 24 order (Fierro
et al., 2008; Mondal & Mahanta, 2017) in the linear form
expressed as

k

1 —gq,)=loggq, ——24_; 6
og(q, —4;) =logg, 3303 (6)
t_r.1, 7)
9 h q

where g, and g, (mg/g) are the adsorption of Pb at the
equilibrium time and contact time respectively, k_; (min~!)
is the pseudo 1% order rate constant and h (g-mg~'min~!)
is the 2"d pseudo rate constant.

Value of k,; and ¢, in pseudo 1st order was calculated
from the pseudo first-order kinetic Equation (6), and R?
was determined from the slope of log (g,—q,) vs t as shown
in Figure 9a. The kinetic model calculated the values of h
and g, by using Equation (7). In Figure 9b, the slope of the
pseudo 2nd order reaction shows good linearity with the
co-relation coefficient value R%. This indicates that the re-
moval of Pb follows the pseudo 2nd order kinetics and the
maximum removal efficiency obtained q,,,, = 51.81 mg/g.
The kinetic model and parameters are mentioned in Ta-
ble 2. The whole adsorption process supports the assump-
tion chemisorption process by the exchange of ions.

2.4.2. Adsorption isotherm

In order to analyse the experimental sorption equilibrium
data and to attain some substantial evidence of the surface
properties and its affinity for the examined metal ions,
Langmuir and Freundlich isotherm models were applied.
For determining the adsorption isotherms of Pb (II), dif-
ferent initial concentration of adsorbate ranging from 20
to 70 mg/l and adsorbent 0.05 g at 100 rpm at 298K for
90 min was studied. The uptake capacity qe of the adsor-
bent was calculated by using Equation (8) (Kamilya et al.,
2021).

@ 5
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where g, is the amount of adsorbed (mg/g), C, is the equi-
librium concentration of the adsorbate in the solution
(mg/1) constant, g, is the maximum adsorption capac-
ity in (mg/g) under the experimental condition, b is the
constant related to the affinity of the binding sites (L/mg).
A straight line is obtained when 1/g, was plotted against
1/C,. Figure 11a shows the adsorption of Pb (II) followed
the Langmuir isotherm. g, and b were calculated from
the slope and intercept of the linear plots by using Equa-
tion (8). Langmuir parameters determine the affinity be-
tween the adsorbate and adsorbent by using dimensionless
separation factor (R).

1

R, =— 9
S he ©)

where C, is the initial concentration of metal ion and b
is Langmuir constant value, implies the nature of the iso-
therm four possibilities for the R; value (1) unfavourable
adsorption (R} > 1), (2) favourable adsorption (0 < R; < 1),
(3) linear adsorption (R; = 1), (4) irreversible (R; = 0).

The linear form of Freundlich isotherm was calculated
by following Equation (10) for the experimental data.

logg, =logKp +%logCe, (10)

where Ky and n are the constants of Freundlich adsorp-
tion isotherm, which signifies heterogeneous adsorption
capacity (mg/g) and adsorption intensity (L/mg). The plot
of the log of ge against log C, is employed to find the
value of K and the value of n from the intercept and slope
the value of n, Kg, and R? (regression coefficient) were
calculated in Figure 10b. It can be perceived from Figure
10a that the experimental data fit the Langmuir adsorp-
tion isotherm well. The maximum adsorption capacity of
Pb (II) was found to be 68.07 mg/g. The value of R* = 0.97
suggests the homogenous adsorption of Pb (II) on the sur-
face of magnetic nanoparticles. R; value obtained (0.0034)
shows that R; (mentioned in Table 3) is less than 1 for
adsorption of Pb (II) onto Fe;0, nanoparticles; therefore,
the process is favorable.
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Figure 9. The plots showing Kinetic adsorption of lead (II) by Fe;0, (a) Pseudo first order, (b) Pseudo second order
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Table 2. Kinetic model and parameter values for the lead (II)
adsorption on the magnetic NPs

Kinetic models Parameters Fe;O4 NPs
q. (cal) 26.06
k_; (min! 0.057
Pseudo 1%t order ad )
R? 0.9035
Adjusted R? 0.8713
q. (cal) 52.81
K (g-mg 'min~! 0.043
Pseudo 214 order (gmg )
R? 0.9956
Adjusted R? 0.9944

Table 3. Langmuir and Freundlich isotherm values for lead (II)
adsorption on magnetic NPs

Isotherm Parameters Fe;O4 NPs

Qpax (Mg/g) 68.07
b (L/mg) 1.63

Langmuir isotherm | Ry, 0.0034
R? 0.975
Adjusted R? 0.966
Kr (mg/g) 41.6

Freundlich n (L/mg) 5.67

isotherm R2 0.898
Adjusted R? 0.8724

2.5. Adsorption mechanism of lead (II) ions

The Pb (II) ions endure association and hydrolysis in
aqueous solution, as per the subsequent reactions

Pb%* (S)+nH,0 <> Pb(H,0),* (s) ; (11)
Pb(H,0)**,, (s) «> Pb(H,0)"! + H*; (12)
b>* +mH,0 <> Pb(OH)"! +mH?*. (13)

In many studies, it's been observed that at pH > 6.5
Pb gets precipitated in Pb(OH), and at pH < 6.5 Pb**
and Pb(OH)* are present in the aqueous solution (Nassar,

2010). Also, the surface of the Fe;0, nanoparticle can go
protonation and deprotonation as per the reaction.

H* H*
H,0+M-0~ < M-OH < M-OH*, (14)
OH~ OH~

where H* and OH~ are the acidic and basic determining
factors of the solution.

The electrostatic attraction caused is the primary rea-
son behind adsorption. When the solution is highly ba-
sic, a strong electrostatic attraction occurs amongst the
negatively surface of magnetite nanoparticle and positive
lead (Pb?") ions. The proposed mechanism is presented
in Figure 11. As the solution becomes more and more
acidic, the surface of the adsorbent becomes more and
more positive, and the number of negatively charge site
decreases. The adsorption is not favorable for Pb (II) ions
as the surface of the nano adsorbent is positively charged.
And also, at higher pH, H" ions strive with the Pb (II) ion
for the adsorption site, which results in lowering of the
adsorption. A comprehensive study of removal efficiency
and maximum adsorption have been mentioned in Table 4
(present study and literature survey).

Figure 11. Proposed mechanism of lead (II) removal by using
Fe;0, NPs as adsorbent

2.6. Desorption and reusability of nanoadsorbent

At lower pH, i.e., in an acidic medium, the Pb removal is
low due to interference of H* with Pb ions. The Pb ions
could be replaced by H* ions present in solution by the
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Table 4. Comparative table showing Pb removal using different

adsorbents
SL 4 | Removal
No. Adsorbent (mg/g) | Efficiency Reference
Fe,0, - (POPy)
1. | coated NP 51.81 97.7% | Present Study
Fe;0,@chitosan
2. nanocomposites 31.6 94.6% Liu et al. (2009)
L-Cysteine .
3. |Functionalized | 188 | 97% ?za()gf;)et al.
(Fe;0,4) NP
Magnesium .
4. | Oxide 2178 | 94.78 % g%r%h‘ etal.
Nanoparticles
Novel-modified -
afarinejad et al.
5. magnetic 14.03 76.72 % {2017) )
Homogenous
6. g;;g;te ; 64.77 | 97.8% |He etal. (2020)
ferrihydrite
Reusable gel
cation exchange
7. |resin containing| 22.5 87% ih;ngglig;l
nano-scale zero :
valent iron
Iron Oxide
8. | Nanoparticles 21 97.5% | Ali et al. (2021)
(a-Fe,03)
Iron oxide
nanomaterials o Chen et al.
S with cobalt and 19:3 94.5% (2019)
nickel doping
PAN nanofibers o, |Moradi et al.
10. 13.96 97.89% (2018)

ion exchange process to know the desorption capacity of
nanoadsorbent. 1 M of 50 ml HCL as given by Xu et al.
(2012) was added for 45 min, and the desorbed amount
of Pb was obtained by using AAS. The amount of Pb re-
covered was 91%, with no substantial lessening in the ad-
sorption capacity of Fe;0, NPs observed after two cycles
of desorption. The reusability of the nanoadsorbent was
also observed, and an adsorption efficiency of 90.02% was
found after two cycles.

Conclusions

In the present study, magnetite (Fe;O4) NPs were synthe-
sized through the green route by co-precipitation method
using scrap iron as salt precursors and pomegranate peel
extract as the reducing and capping agent. The synthesis
of nanoparticles was done at an elevated temperature of
80 °C in an open atmosphere. The obtained nanoadsor-
bents were employed for the removal of lead from the
aqueous medium. Kinetic study revealed that 98% of re-
moval efficiency was obtained at the equilibrium time of

45 minutes. The batch experimental results show that the
removal efficiency of Pb (II) from the aqueous solution was
pH dependable, initial Pb (II) concentration, contact time,
and dose of adsorbent. The sorption is favourable in basic
solution as the electrostatic attraction between the charged
adsorbent surfaces presides over the process of Pb (II) ions
on the Fe;0, nanoparticles. The maximum uptake capacity
of 68.07 mg/g was obtained from the Langmuir isotherm
model (R? = 0.97). Pseudo Second Order Reaction Model is
found to be best fit model to delineate the sorption process.
91% of Pb was recovered using 1 M of 50 ml HCL with no
substantial lessening in the adsorption capacity of Fe;O,
NPs observed after two cycles of desorption. The obtained
results corroborate that synthesis of iron oxide nanoparti-
cles process is simple and can be used as promising adsor-
bent for the removal of lead from wastewater.
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