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ABSTRACT

Heavy metals are known to be toxic for living organisms even if they are present at low levels. Water
pollution by heavy metals from industries is a dangerous environmental problem. Due to the ease,
flexibility, and cost-effectiveness of the remediation process, adsorption has been widely implemented
in heavy metal wastewater treatment. In the present study, nanostructured manganese oxide was used
for the removal of the heavy metal ions from aqueous solutions by a batch adsorption method and
has been modeled using classical Langmuir and Freundlich adsorption isotherms. we have successfully
synthesized an efficient adsorbent through a cost-effective and eco-friendly method. Biosynthesis is
widely applied for the synthesis of nanomaterials. Various techniques such as XRD, FTIR, SEM EDX, TEM,
and UV-VIS spectroscopy have been used to characterize the nano metal oxide. The obtained nano
manganese oxide rods have very good adsorption efficiency due to the presence of some functionalities
associated with the oxide material
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INTRODUCTION

The green method of synthesis of nanoparticles
has been noticed due to cost-effectiveness,
environmental benefits, and less time duration
compared with conventional physical, chemical,
and hybrid methods. Biosynthesized nanoparticles
especially metal oxides show catalysis, optics,
magnetic,photo-electrochemical, and magnetic
properties [1],[2]. Green synthesis of metal
oxide nanoparticles using plant extract has been
reported by several workers. Shende A reported
biosynthesized iron oxide nanoparticle from
plant-based bio flocculant extracted from the
fruits of Okra(Abelmoschus esculentus) was used
for lead adsorption [3]. In addition, Sindhudevi
et al synthesized Selenium/Zirconium bimetallic
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nanoparticles using Cinnamomum camphora
leaf extract and studied the photocatalyst and
anticancer activity [4].

In the past years, the removal of heavy metals
from wastewater streams has been widely studied
due to the hazard of such pollutants to public
health and the environment. The contamination
of divalent metal ions is a major problem in many
industrial areas, such as fertilizer industries,
tanneries, metal plating facilities, batteries,
paper industries, and pesticides. Heavy metal
wastewaters are directly or indirectly discharged
into the environment increasingly, remarkably
in developing countries. Since heavy metal ions
threaten both human health and the ecosystem their
removal from water is highly desirable [5]. With
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the development of stringent ecological standards,
these industries must reduce the amount of heavy
metal ions in their effluents to an acceptable level
before discharging into municipal sewers. Various
methods have been developed to remove lead and
chromium from industrial wastewater, such as ion
exchange and reverse osmosis. However, these
methods have many drawbacks. Both ion exchange
and reverse osmosis methods are not economically
attractive because of their high operating costs.
Recently, adsorption has been recognized as one
of the best techniques for this purpose. [6-9].
Manganese oxides are largely used in adsorption
of removing Pb( II ) from aqueous solutions.
However, according to some

recent studies, the adsorption affinity of MnO,
towards Pb( II ) was highly related to the structures
and surface properties of MnO,. Zhang et al studied
the adsorptive removal of Pb (II) using various
crystalline structures of manganese oxide and
found the following order of §-MnO, >a-MnO, >
A-MnO, >ynO, > -MnO, [10].

Huang et al studied Pb(ii) adsorption by
MnO,/MgFe-layered double hydroxide (MnO,/
MgFe-LDH) and MnO,/MgFe-layered metal oxide
(MnO,/MgFe-LDO) and found that the optimum
adsorption capacity for Pb(II) was achieved at
the calcination temperature of 400 °C for MnO,/
MgFe-LDH. Langmuir and Freundlich adsorption
isotherm models, pseudo-first-order and pseudo-
second-order kinetics, Elovich model, and
thermodynamic studies were used for exploring
the Pb(I) adsorption mechanism of the two
composites. Through characterization analysis,
they found the main mechanisms involved in
the adsorption process were precipitation action,
complexation with functional groups, electrostatic
attraction, cation exchange and isomorphic
replacement, and memory effect [11].

In this study biosynthesised aMnO, was used
as an adsorbent material for the removal of Pb(II)
which is commonly present in industrial effluents.
Synthesised material was well characterized by
different experimental techniques like XRD, FTIR,
UV Visible Spectroscopy, SEM, and TEM. The
adsorption efficiency of the material was studied
using Atomic Absorption Spectroscopy (AAS) [12-
18].

EXPERIMENTAL METHOD
Materials
Fresh leaves of Coleus amboinicus were
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collected from Nilamel, Kollam district, Kerala,
India. The plant material was examined for
infections and insect damage and washed at room
temperature. All the chemicals and reagents used
were of analytical grade. Potassium permanganate
(Emplura, Merck Life Science Pvt. Limited),
Lead nitrate Hexahydrate purchased from NICE
chemicals without any other prior treatment is
used for preparing the stock.

Synthesis of nanoparticles

The leaf extract was prepared by boiling 200
g of fresh leaf of Coleus amboinicus in 200 mL
of distilled water and the boiling was continued
to obtain a dark brown colour extract solution.
The filtered plant extract was made up to 500 mL
with distilled water, then 20 mL of 0.1 M KMnO,
solution was added and stirred for two hours
using a magnetic stirrer [19,20]. A brown-colored
precipitate was obtained. The reaction mixture was
filtered, and washed with deionized water to obtain
pure manganese oxide nanoparticles dried at 400°C
for 2 h and used for further characterization.

Characterization of MnO, nanoparticles

The synthesized MnO, nanoparticles were
subjected to various spectral studies such as
particle size analyzer, FT-IR, XRD, SEM, and
TEM analyses. Fourier transform measurements
were taken by using a Fourier transform infrared
spectrophotometer (Thermo Scientific, Nicolet
iS50). Powder X-ray diffraction measurements
were taken using an X-ray diffractometer (DST-
SAIF Cochin). TEM images were recorded by
using a JEOL/JEM 2100 (DST-SAIF Cochin).
UV-visible absorption measurements were taken
by a UV-VIS-NIR spectrophotometer (Agilent
Technologies, Cary 5000). Adsorption studies were
carried out using Atomic Absorption Spectroscopy
(AAS).

Adsorption study

The adsorption batch experiments were
conducted using a rotary shaker in the absence
of sunlight to avoid the degradation of pollutants
and to ensure the conditions to attain Adsorption-
Desorption equilibria. For a better understanding
of the adsorption affinity of adsorbent adsorption
media is decanted in the form of small aliquots
and the concentrations of adsorbate in the
same are determined by an instrument called
Atomic Absorption Spectrometer. (GBC-AAS
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spectrometer). The mass balance equation can be
used for calculating the adsorption efficiency of
adsorbate towards the presence of Pb** ions in the
aqueous phase. The mass balance equation for the
same can be represented as
_ (co-cCelV
1™ a M
Where ge is called the amount of adsorbed Lead
ions such as Pb2+ on the surface sites of adsorbent
per mg/g. m is the total amount of adsorbent used
for the analysis, m is the total amount of absorbent
taken for the study, V is the total volume of solution
taken as a platform for the adsorption experiments
is called equilibrium concentration and Co is called
initial concentration of Metal ions present in the
solution.
Adsorption Efficiency can be calculated in
percentage by the equation.
0—Ce

Removal efficiency = X100  (2)

Here C jand C___, for theinitial and equilibrium
concentrations of the heavy metal ion such as Lead
in water media.[12]

For a better understanding of the kinetic
mechanism that affects the adsorption of heavy
metal ions, and to understand the practical utility
of adsorbent synthesized different adsorption
models were employed. Kinetic models practiced
for the same purpose are pseudo-first-order and
pseudo-second-order kinetics. The Curve fitting
studies are used for the understanding of the rate
of the reaction. The rate expression represents
pseudo first order kinetics and the linear equation
of pseudo second order kinetics is.

q; = q.(1- e7"¥) 3)

t 1 1
= +—=1
qe K2ge "2 K2

(4)

q,and gare the amount of adsorbed metal
ions adsorbed at a given time t and at equilibrium
conditions. The rate constant for the pseudo-
first-order kinetic model is k1. K, and K are rate
constants for pseudo-first-order and second-order
kinetic models [13-14].

For a better understanding of the nature
of adsorption, different isotherm models are
also suggested. Freundlich isotherm, Langmuir
isotherm, and Sips isotherm models were employed
for this purpose. The Freundlich adsorption
isotherm can be represented by the equation.

1
q.= KpC (5)

Here C represents the concentration of heavy
metal ions present in the solution taken for
analysis. 1/n is called heterogeneity constant, and
its value varies between zero to a maximum value
of one. K, is generally a function that depends on
the temperature and energy changes during the
adsorption process [15-16].

Langmuir accounts for the unimolecular
adsorption and considers each surface site of
adsorbent to be independent and they are not
interacting with each other. Kinetic expression for
drawing the Langmuir model is
_ _AmbC
9e = 1ise, (6)

here b corresponds to the Langmuir constant
for the unimolecular process.

The Sips Isotherm model is a three-parameter
model suggested by the combination of the rules
of Langmuir and Freundlich adsorption isotherms.
Sips isotherm fitting is done according to the
expression,

_ (K Ce)™n
qe - an * [1+ I:KXCE:"*“] (7)

Here qe is the number of adsorbed molecules
at equilibrium condition, qm is the Maximum
adsorption capacity, K is called the sips isotherm
constant, and n is the sips model exponential [17-
18].

RESULTS AND DISCUSSION

Fig. 1 shows the XRD pattern of the prepared
a- MnO, nanorods. All the peaks can be indexed
to the pure tetragonal phase of a-MnO, (JCPDS
No. 44-0141) with lattice constants of a = 0.982
nm and ¢ = 0.286 nm. No peaks for other types
of manganese oxides are observed, indicating that
the as-prepared products are phase-pure a-MnO2
nanorods. The sharp diffraction peaks at 13°, 18°,
29° 380 42° 50° 57% and 61° are characteristic ones
for the a-MnO2 phase and no other impurity peak
was observed to reveal that the products are well
crystalline. In addition, it is worth noting that the
relative intensity of the (110) peak and (220) are
much stronger than that of the standard JCPDS
card. However, the relative intensities of other
diffraction peaks are comparable to those of the
standard JCPDS card [21-24]. The crystallite size
of particles was deduced from the Debye— Scherrer
equation:
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Fig. 1. XRD pattern of the as-prepared a MnO, nanorods
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Fig. 2. (a) SEM images of the as-prepared a-MnO, nanorods;(b) HRTEM images of the a-MnO, nanorods the inset shows images of
2nm; (c) corresponding SAED pattern of the a-MnO, nanorods. (d) an individual rod demonstrates that the nanorod has uniform

lattice fringes.

D = 0.9\/B cos 0 (8)

where A is the wavelength of the X-ray used
for the analysis, D is the crystalline size, p is the
full width at half-maximum of each peak for
calculation, and 0 is the Bragg’s angle in radians.
The average crystallite size obtained is 14.83nm.

The morphology of a-MnO, nanorods was
examined by SEM images, given in Fig. 2(a).
The image shows the formation of agglomerated
nanorods that are densely and randomly aligned.
For a more clear understanding, TEM images were
also obtained. Fig. 2(b) The insets show the TEM
image of a single nanorod structure with 2 nm
length Fig. 2(c) which reveals the SAED pattern
which also suggests that the nanorods grow along
the (001) direction (c axis). The TEM image of part
of an individual rod demonstrates that the nanorod
has uniform lattice fringes as shown in Fig. 2(d).
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The lattice spacing is calculated to be 0.28 nm (Fig.
2(d)), which corresponds to the (110) plane of
a-MnO, (JCPDS No. 44-0141) [21-24]

The result of the FTIR Spectrum of leaf
extract shows several absorption bands at 540
cm,1006 cm™,1230 cm',1382 cm™,1584 cm”
1,2846 cm,2917 cm',3272cm™ respectively (Fig.
3). The band at 540cm™ is due to the C-H bond
in aliphatic compounds,1006cm-1 is attributed
to C-O stretching vibrations in alcohols ethers
or esters,1230cm™ indicates the presence of C-O
stretching vibrations,1382cm™ is often associated
with C-H bending vibrations. C=C stretching
indicated by 1584cm™,2846cm™” and 2917cm™
are characteristic of C-H stretching vibrations-H
stretching vibrations are indicated by 3272cm.
All these point out the occurrence of various
functional groups in the extract such as O-H,
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Fig. 3. The FT-IR spectrum of (a) Coleus amboinicus leaf extract (b)a MnO2 nanorod.
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Fig. 5. Effect of adsorbent dose on adsorption of Pb(II) on
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Fig. 7. Adsorption isotherm models of aMnO2 for Pb(II) ions

C-H, CO, C=0, C=C, N-H, and C-O. On the
other hand, green-synthesized MnO, nanorod
not only presented the characteristic FTIR signal
for Mn-O at about 522 cm™ and 1020cm™ arises
due to metal oxygen stretching vibrations but
also showed other FTIR signals for O-H, C=0,
C-0O. Hence, these observations demonstrated
that green-synthesizeda -MnO2 nanorods are
entirely capped with the biologically active
Phyto molecules of plant leaf extract having such
functional groups [25].

The optical absorption spectra of MnO,
nanoparticles in the range of 200-800nm are
shown in Fig. 4. The value of band gap energy (Eg)
was estimated by the method proposed by Wood
and Tauc, according to the following equation

(ahv) a (hv-Eg) ® 9)

Where Eg is the band gap energy, a is the
absorption coefficient, n = ¥ for direct transition,
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and n = 2 for indirect transition. The MnO,
shows absorption at wavelengths of 330 nm with
bandgap values of 3.36eV [26-28].

Adsorption Study.

The as-synthesized manganese oxide was used
as an adsorbent for Pb (II) removal. Fig. 6 shows
the effect of contact time on the adsorption of Pb
(IT). The effect of the adsorbent dose on adsorption
was carried out by various doses of the a MnO, the
results are shown in Fig 5. The adsorption efficiency
of Pb (II) increased gradually with increasing of
the adsorbent dose from 0.02 to 0.1 gm. Moreover,
it was found that when the adsorbent dose was
further increased by 0.10mg, the adsorption
efficiency was almost unchanged [29]. From this
when the adsorbent dose is more than 0.10gm,
the adsorption equilibrium is reached, and the
adsorption trend to stabilization. Therefore, the
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Table. 1 The adsorption parameters for Pseudo first-order and second-order kinetics of Pb(II) on MnO:

Metalion  qe(mg/g) Pseudo-first-order Pseudo-second-order
Exp Qe(mg/g)  ki/min R? X qe(mg/g) kemin'  R? X
90.23 81.25 0.01 0.96 0.27 91.87 0.6x10" 0.97 0.88
Pb(ll) 139.85 105.45 0.01 0.98 0.14 138.28 0.2x10" 0.99 0.74

Table. 2 Isotherm parameters for the adsorption of Pb(ll) on aMnOa.

Isotherm Parameters

Pb(II)

Langmuir

R? 0.979
2 1.2
Freundlich

R? 0.981

XZ 1.8
Sips

R? 0.99

xz 0.1

optimum dose of the nano aMnO, was 0.01gm in
this study [27], [30].

The kinetics of the adsorption study was done
for different time intervals. As expected, the ion
removal increased linearly with the contact time,
and the adsorption efficiency for Pb (II) was 90%
at time 120 min was observed. The fitting of the
experimental kinetic data to the pseudo-first- and
pseudo-second-order models is presented in Fig.
6 and the Correlation between the experimental
data and the linear behavior is described by Table
1. These observations were in accord with the
kinetic data described for inorganic adsorbents
(61, (71, [31].

Even when the R? values for the adsorption
kinetics of Pb (II) are lower in the pseudo-first-
order model than in the pseudo-second-order
model. The closeness of qe values might suggest
that the kinetic of these metallic ions can be better
described by a non-linear process. The calculated
correlation coefficients are less than 0.963 for the
first-order kinetic model, whereas the values of
the correlation coefficient are greater than 0.996
for the pseudo-second-order kinetic model.
Therefore, the adsorption kinetics could be well
explained by the pseudo-second-order kinetic
model for the prepared nano aMnO,.

Adsorption isotherms

Three kinds of isotherms’ equations were tested
to fit the experimental data such as Langmuir,
Freundlich, and Sips isotherm equations shown

in Fig. 7.: The isotherm constants were calculated
using nonlinear regression analysis. The values
are summerised in Table 2 of R?* and x* showed
that the adsorption of Pb(ll) was best fitted
with the Sips isotherm model over the various
concentrations studied. Sips isotherm model is
a blend of Langmuir and Freundlich adsorption
isotherm models. The higher q __value obtained
for Sips is attributed to the fact that at higher
concentrations Sips favors the Langmuir model
while at lower concentrations it favors the
Freundlich model [32], [33].

CONCLUSION

In this work, we investigated the adsorption
behavior of the biosynthesized nano metal
oxide aMnO, Which is a better candidate for
the efficient sequestration of pollutants such as
lead from the aqueous media. 0.1 g of adsorbent
called aMnO, was used for the purpose.
Adsorption kinetic measurements showed that
the adsorption procedure follows a pseudo-
second-order kinetics. Isotherm analyses were
also carried out using three different isotherm
models through suitable fitting equations. Out
of all Sips fit better than other isotherms which
is clear from the regression analysis performed.
The same further suggests the homogeneous
monolayer adsorption of Pb?* ions on the surface
of the adsorbent. aMnO, is then considered a
better catalyst for the treatment of wastewater
containing lead.

J. Water Environ. Nanotechnol., 9(1): 90-98 Winter 2024
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