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ARTICLE INFO ABSTRACT

Keywords: In this work, zinc-doped lithium manganese oxide (LiMnyO4: Zn) nanosorbent was synthesized by simple
Adsorption calcination technique, and the protonated H/LiMnyO4: Zn was explored to resolve the environmental issues such
Nanosorbents as removing organic molecules from wastewater. The crystalline size of 26 nm of cubic HMny04: Zn (space
Ig[;tg:lzzies group: Fd-3m) by the X-ray Diffraction while the TEM sizes were obtained 14.3 and 13 nm for LiMnO4: Zn and

HMnyO4: Zn. The chemical states of the structurally modified HMn3O4: Zn were determined by X-ray Photo-
electron Spectroscopy. The surface area of 84.98 (mz/g) along with a total pore volume of 0.2061 (cmg’/g) was
examined by BET, respectively. The results demonstrated that Nanosorbent effectively adsorbs methyl orange in
an acidic solution (pH = 3) during the course of 180 min of contact time. The adsorption efficiency of HMnyO4:
Zn nanosorbents for methyl orange was evaluated by applying Langmuir and Freundlich isotherm. However, the
HMn;04: Zn nanosorbents showed efficient adsorption towards methyl orange dye which may be further applied
to remove the different organic dye molecules from wastewater.

Langmuir and Freundlich isotherm
Methyl orange

pesticides, benzene, carbon tetrachloride, toluene, and volatile organic
chemicals which are responsible for the contamination of water [2-4].

1. Introduction

Water is an absolute necessity in our daily lives therefore it is
necessary to preserve water and prevent contamination of water via
different pollutants. Water contamination has become a significant issue
in recent years as a result of human activities. Sewage, industry, and
agriculture have all been blamed for water contamination in the past.
There is a severe water shortage, stressing the urgent need for year-
round food production to combat hunger, poverty, and malnutrition,
necessitating wastewater reuse for irrigation [1]. Therefore, effective
wastewater treatment is required.

An Industrial discharge contains huge numbers of heavy metals and
chemicals like Sulphur, asbestos, noxious solvents, polychlorinated bi-
phenyls, lead, mercury, nitrates, phosphates, acids, alkali, dyes,

A dye is a colored material that binds to the substrate it is applied on
chemically. Dyes are conjugated molecules that are made up of aromatic
and/or unsaturated chemicals that are derived from natural sources or
synthesized. Both synthetic and natural colors have their uses in day-to-
day living. Dyes containing wastewater comprise a huge amount of
toxic, carcinogenic, mutagenic, and teratogenic elements which can
cause serious damage to biological organisms and many others due to
their potential toxicity of dyes [5]. Water-soluble azo dye methyl orange
is widely utilized in research labs as well as the textile, printing, paper,
culinary, and pharmaceutical industries. Since the dye’s aqueous solu-
tion has a pH of roughly 6.5, it can act as a weak acid, which is why it is
mostly utilized as an acid-base indicator in analytical chemistry
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Fig. 1. Systematic representation for the synthesis of LiMn,O4 Zn
nano sorbent.
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laboratories. Aquatic life is poisoned by this dye. Acute exposure to this
hazardous dye can result in tissue necrosis, an increase in heart rate,
vomiting, shock, cyanosis, and jaundice in humans. Although the dye’s
toxicity has not yet been fully measured, its high concentration in bio-
logical systems may be detrimental[6]. Hence, before the wastewater
generated by different industries is released into the environment, it is
crucial to remove this dye from it [7,8].

There are several methods for wastewater treatment which can be
mainly classified as physical, chemical, and biological. The physical
method includes coagulation, membrane separation, adsorption, filtra-
tion, flotation, etc. The chemical method includes oxidation, reduction,
and electrochemical methods. While the biological method includes
aerobic and anaerobic degradation [9]. Previously coagulation process
for dye removal was performed by Lau et al. [10]. Wensong et al. pre-
pared a biomimetic dynamic membrane for the removal of aquatic dye
[11]. Chemical oxidation method for methylene blue removal done by
Dutta et al. [12]. Noxious pollutant removal made by TiO5 nanoparticles
with activated carbon [13]. Among all these physical adsorption is one
of the best method for wastewater treatment due to its low cost and good
efficiency [14].

L (a) s~ LiZn/MnO, (b) HZn/MnO
=5 4
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Fig. 2. X-ray Diffraction pattern of LiMnO4: Zn and HMnyO4: Zn.
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Fig. 3. HRTEM analysis: (a) Monograph of LiMn,O4: Zn (b) HR image of LiMn,O4: Zn (c) Histogram of LiMn,04: Zn (d) Monograph of HMn»O4: Zn (e) HR image of

HMn,04: Zn (f) Histogram of HMn,O4: Zn.
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Fig. 4. XPS Studies: (a) General survey scan of LiMn,O4: Zn (b) Cls spectra (c) High resolution spectra Li 1s & Mn 3p (d) Mn 2p spectra (e) Zn 2p spectra, (f) XPS
general survey for protonated HMn,O4: Zn, No Li identified at around 55 eV (see inset).

Adsorption is regarded as one of the most effective, economical,
adaptable, and simple-to-control techniques for water and wastewater
purification among all of the approaches mentioned above. In many
instances, the adsorbent is inexpensive and doesn’t require preparation
before use. Hence, ecologists throughout the world frequently use the
adsorption technique to remove harmful and poisonous inorganic and
organic contaminants from water. It is frequently the finest option for
wastewater treatment. Like other treatment methods, Adsorption does
create a substance that can be difficult to dispose of properly. Adsorption
is one of the most effective techniques among all the traditional ways
since it has the potential for regeneration, recovery, and recycling of
adsorbents in addition to being environmentally benign, economical,
and effective at removing dyes on a big scale. It is often used to extract
pollutants by causing them to be attached to adsorbents. Many kinds of
adsorbents were reported for the consecutive removal of dyes from
wastewater earlier, For example, Modified clay as adsorbent for the
removal of basic red 46 and reactive yellow 181 [15], Chitosan-derived
adsorbent reported for the removal of Methylene blue [16], biosorbent
derived from Malaysian durian seeds for the removal of a Crystal violet

[17], biosorbent derived from Hyacinth and Tinospora cordifolia plants
for removal of Methyl red from wastewater [18], Microalgae for the
removal of Crystal violet and Methylene blue [19], Zeolites synthesized
from fly ash as an effective adsorbent for the removal of Methylene blue
[20], ZnAl/NiAl-Magnetite humic acid for adsorption of Congo red from
aqueous solution [21], Charcoal activated as template Mg/Al layered
double hydroxide for selective adsorption of Direct yellow [22]. Metal
oxides, among the different adsorbents available, have potential appli-
cations in water treatment due to their large surface area and inexpen-
sive production and regeneration costs [23]. Various metal oxides have
been already reported for the removal of different sorts of dyes [24-26].
Due to interesting properties like recyclability, meticulous morphology,
structure stability, plentiful availability, and flexible surface chemistry
along with outstanding mechanical, thermal, and optical properties of
transition metal doped metal oxides make them supreme adsorbents for
dye degradation [27-30]. Previously Protonated forms of Lithium
manganese oxides have been reported for wastewater treatment [31].
Due to the greater solubility of manganese from lithium manganese
oxide after acid treatment, long-term lithium extraction/insertion cycles
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Fig. 5. FTIR of LiMny0O4: Zn and HMnyO4: Zn.
Table 1
CHNS analysis of LiMn,04: Zn and HMn,O4: Zn.
Elements LiMn,Oy4: Zn HMn,04: Zn
C 0.000 0.000
H 0.057 0.246
N 0.000 0.000
S 0.000 0.000
Table 2
BET surface analysis of HMn,O4: Zn.
BET surface area (mz/g) 85.000
Total pore volume (cm®/g) 0.206
Pore diameter (nm) 8.748
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Fig. 6. BET Analysis HMn,04: Zn.

may be reduced. Following a thorough review of the literature, it can be
determined that metal-doped lithium manganese oxide can increase
structural stability by establishing a strong bond between the doped
metal and oxygen, preventing manganese from dissolving in the solution
[32]. Many different types of transition metal doped metal oxides have
been proven to degrade dyes [33-35].

Several methods can be used to make metal-doped metal oxides with
various combinations. Copper-doped manganese oxides by the sol-
vothermal method [36], cobalt-doped manganese oxides by the facile
inverse micelle sol-gel method [37], iron-doped manganese oxides by
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Fig. 8. Effect of solution pH on methyl orange adsorption by HMn,;O4: Zn
nano sorbent.

the solid-state method [38]. For the effective removal of various con-
taminants, the use of nano-adsorbents in wastewater treatment is a good
strategy. Researchers have recently looked into the possibility of nano-
adsorbents. The efficacy of NPs used as adsorbents is influenced by a
variety of parameters, including surface chemistry, size, shape, fractal
dimension, solubility, chemical content, and structure. Due to small
particle size, their chemical activity and adsorption capacity increase
[39]. magnesium doped lithium manganese oxides nanosorbent by
single-step synthesis previously reported for removal of heavy metals
[40].

In the present work, a single-step calcination method for the prepa-
ration of zinc-doped lithium manganese oxides nano sorbent is reported.
The further protonated form of zinc-doped lithium manganese oxides
prepared for superior performance in the adsorption of methyl orange
dye. The Effect of different parameters like pH, contact time, and dosage
were analyzed on the adsorption of methyl orange. Langmuir and
Freundlich adsorption models as well as Pseudo first order, Pseudo
second order, and intra-particle diffusion kinetic models were applied to
evaluate the adsorption efficiency and process.
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2. Methods and material
2.1. Materials

For the synthesis of zinc-doped lithium manganese oxides Sdfine
analytical reagent grade extra pure lithium chloride (99 %), lithium
carbonate (99 %), and zinc acetate dihydrate (98 %) were bought and
utilized as it is. Manganese acetate tetrahydrate (99 %) was purchased
from Finar Chemical AR grade. Hydrochloric acid (95 %) and Methyl
orange were procured from Merck chemicals.

2.2. Synthesis of novel zinc-doped lithium manganese oxides nano sorbent

Zinc-doped Lithium manganese oxide (0.4/1.6 M ratio of Zn/Mn)
was prepared by making a eutectic mixture of 447 mg Lithium carbon-
ate, 342 mg Lithium chloride, 6931 mg Manganese acetate tetrahydrate,
and 2687 mg of Zinc acetate dihydrate by grinding them in Mortar pestle
for 30 min. This fine mixture was placed in an Alumina crucible and
dried the mixture for 8 h in the oven (Yorco) at 100 °C. After that, the
mixture was calcined in a muffle furnace at 500 °C for 5 h. The product
was washed 4-5 times with double distilled water and dried at 90 °C.

2.3. Protonation of zinc-doped lithium manganese oxides nano sorbent

Add 150 mL of 0.5 M HCl to 2.0 gm fine powder of Zn-doped Lithium
manganese oxide. The HMn,04: Zn sample combination was allowed to
stand for 24 h in a stirring condition for protonation. After agitating the
mixture for 24 h, the sample particles settled down, the HCI was dec-
anted, and the sample was thoroughly washed with double distilled
water for 3-4 times. The sample was then dried in an oven at 80 °C for
7-8 h.

The possible reaction under temperature-induced chemical synthesis
is given as follows,

Inorganic Chemistry Communications 161 (2024) 112016
2.5. Adsorption studies

The adsorption study was carried out by preparing a 1000 mg/L
stock solution of standard methyl orange in deionized water. The further
diluted solution was directly used for the same. The whole study was
performed at room temperature. The effect of contact time was per-
formed by adding 5 mg of adsorbent in 25 mL of methyl orange. Measure
the absorbance of filtrate at 0-6 h of stirring in UV at 461 nm. The effect
of pH on MO adsorption was investigated using a pH range of 3-11 and a
starting concentration of 1 mg/L methyl orange. 0.1 M HCI and NaOH
were used to alter the pH of the solution.

The effect of dosage was tested using different amounts of adsorbent
(1-4 gm/L) in a 10 ppm methyl orange solution. The content was filtered
after 6 h of continuous stirring, and the absorbance was measured in UV
at 461 nm. The amount of MO adsorbed on the adsorbents was calcu-
lated by the following equation (1).

(Ci - Ce)V

W @

Q0. =
C; = Initial concentration MO
C, = final concentration MO
V = Volume of solution

W = Weight of adsrobent

2.6. Reusability of nanosorbents

To evaluate the reusability of the nanosorbent, the adsorbed methyl
orange was removed from the nanosorbent by dissolving it in a methanol
solution. Then nanosorbent was washed with plenty of deionized water
and charged the nanosorbent by using 0.5 M HCI. Adsorption- desorp-
tion cycle was performed four times to study the influence of recycla-
bility. Recycled nanosorbent are utilized for different studies.

LiCl + Li,CO; + Mn(C0O0),.4H,0 + Zn(CO0),.2H,0 —— 3

Molten salt

Lianan_xO4 + Hzo + C02 +CO + CH3COCH3

(X = 0.4)

LiZn Mn,_ O, + HCl ——3» HZnMn, O, + LiCl

2.4. Characterization

Powder X-ray Diffraction was performed for phase identification and
indexing of the product by BRUKER D8 diffractometer using Cu Ka
irradiation (A = 1.54060 \AA). FTIR was made using a Perkin Elmer
Spectrum FTIR spectrometer by the KBr pellet method. Elemental
analysis was done by using ELEMENTAR MODEL VARIO MICRO TUBE
to identify that protonation was done successfully. BET analysis was
executed to determine the surface Area, pore size, and pore volume from
nitrogen adsorption/desorption isotherm at —195 °C by using a
MICROMERITICS 3Flex Version 4.03. HRTEM images were attained by
JEOL JEM 2100. XPS analysis made by thermo-scientific NEXSA by
using low energy (1486.6 eV) X-rays (Al K-a). pH adjustment was done
with EUTECH instruments pH tutor. The adsorption study was per-
formed at 461 nm by using SYSTRONICS DOUBLE BEAM UV-VIS
SPECTROPHOTOMETER 2201 having a 3 nm bandwidth.

3. Result and discussion
3.1. Characterization

3.1.1. Crystal structure by using X-ray diffraction

The Crystalline structure of Zinc doped lithium manganese oxides
was identified by appeared diffraction peaks at (111), (200), (112),
(031),(311),(211),(140), (012),(212),(222), (160), (331), (340),
(400) crystallographic plans with the space group of Fd-3m (JCPDS no.
33-0803) which shows in Fig. 1. The observed high intense peak in-
dicates a well-crystalline phase of lithium manganese oxides followed by
thermally induced synthesis [41,42]. However, Fig. 2b shows a
diffraction profile for the HMn,04: Zn. Some of the peaks that disappear
in the protonated sample may be due to the dissolution of metal oxides
during the protonation mechanism. Both materials were synchronized
with a cubic structure having Fd-3m space group, in which tetrahedral
sites occupied lithium ions and octahedral sites occupied for manganese
ions. The average crystalline size was calculated a 26 nm for zinc-doped
lithium manganese oxides and 25 nm for protonated by using the
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Fig. 9. Effect of contact time on Methyl Orange adsorption by HMn,O4: Zn
nano sorbent. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Scherrer equation.

3.1.2. Morphological studies: High-resolution transmission electron
microscope analysis

The morphological investigations of the LiMny04: Zn and HMnyO4:
Zn nanostructures were analyzed by HR-TEM, Fig. 3a—f. The samples
were dispersed in ethanol and carbon carbon-coated grid was used to
analyze the samples. The fine spherical shaped nanomaterials were
observed in the case of LiMny04: Zn sample with 14.3 nm average sizes
Fig. 3a—c. However, the aggregated nanostructures appeared in the case
of HMn04: Zn which has 13 nm of average size Fig. 3d-f.

3.1.3. X-ray photoelectron spectroscopy analysis

XPS analysis of the as-prepared samples has been done to investigate
the oxidation states of the expected elements such as Li, Zn, and Mn into
the LiMny04: Zn compound. The charge of the carbon peak has been -
corrected to the standard value of 284.8 eV binding energy. Fig. 4 shows
the XPS spectra of the Zn-doped Lithium manganese oxides. [43]. The
XPS survey scan displays all the expected peaks like C, N, Li, Mn, and Zn
with correspond to their binding energies (Fig. 4a). The peak at 55.6 eV
indicates the presence of Li metal while the Mn 3p showed a clear peak
at 49.8 eV binding energy (Fig. 4c). Again a high resolution of Mn
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spectra was analyzed to confirm the oxide state of the Mn. The peak at
around 642.2 eV indicates that Mn is present in the form of Mny04 as it
has 11.6 eV differences between splitting states of Mn 2p (Fig. 4d). [44].
Furthermore, the metallic Zn element confirmed in LiMny04: Zn by the
presence of Zn 2p peak at 1021.9 eV binding energy. So, by the XPS
analysis, the oxidation states of the metals and metal-oxides have been
confirmed in LiMnyO4: Zn while there is no evidence of Li in protonated
sample around 55.6 €V binding energy (Fig. 4f).

3.1.4. Bonding characteristics and elemental analysis by FTIR and CHNS
analyzer

Fourier-transform infrared (FT-IR) spectra for LiMnyO4: Zn and
HMn,04: Zn samples are shown in Fig. 5. The FTIR bands at about 615
and 513 cm™! can be attributed to the asymmetric stretching of the
Mn—O [45]. IR frequencies 458, 508, and 574 cm ! are ascribed to the
Zn—O0 bond [46]. IR band at 908 cm ! assigned to Zn-OH bond [47]. IR
band at 3409 cm™! indicates O—H stretching of the hydroxyl group due
to bounded water [33]. IR band observed at 1484 is accredited to the
characteristic stretching band of a carbonate attached to the nano-
structure [48].

Protonation was made successfully, which was confirmed from the
elemental (C, H, N, S) analysis. Zero results for carbon, nitrogen, and
sulphur, before and after acid wash which confirmed that there are no
impurities present in products (Table 1).

3.1.5. Surface area measurement by using BET analysis

BET analysis plays a vital part in the material’s photocatalytic per-
formance. Indeed, the adsorption of organic pollutants in wastewater on
the photo catalyst’s surface is an important stage in the remediation of
organic pollutants. Table 2 shows various parameters related to the BET
analysis. Moderate surface area of the synthesized nanocatalysts which
is higher than the typical threshold for low surface area and it is may be
due to the unique porous networks and complex structure of material
[45]. Ny adsorption—desorption isotherms with corresponding surface
area and pore size of the protonated form of Zn doped lithium manga-
nese oxides were investigated and type II isotherms were presented in

Table 3
Langmuir and Freundlich isotherm parameters of nanosorbents.
Isotherm Parameter Value
Langmuir Qmax 312.500 mg/g
K 0.091 L/mg
r? 0.957
Ry 0.099-0.354
Freundlich Ky 37.150 mg/g
n 1.792
r? 0.926
25 = .
Freundlich Isotherm °
24 =
<
23 =
o -
O 22«
o0
=) -
= 21a o
-
20= )
L R =0.926 b
19« ) ( )
LB EEm s ma o e man o o
04 0.6 0.8 1.0 1.2 14 1.6

Fig. 10. (a) Langmuir and (b) Freundlich Isotherms.



P.R. Popat et al.

3.6
Pseudo First Order

3.3 4

3.0 4

2.7 4

2.4+

In (QE-QI)

2.1 4

1.8 -

1‘2 L) L) L) [] Ll L) L]

30 60 90 120 150 180
Time (min)

Inorganic Chemistry Communications 161 (2024) 112016

h

Pseudo second order o

t/Q,
A
h S T <O
L] -

> b~ &
= n o
L]

35

30 60 90 120 150
Time (min)

25 Intra Particle Diffusion

9,

tl/Z

Fig. 11. Kinetic study of nano sorbent (a) Pseudo first order (b) Pseudo second order (c) Intra particle diffusion.

Table 4
Kinetics parameter of nano sorbent.
Kinetic Parameter MO
Pseudo First Order Q.(mg/g) 30.147
ki (min ™) 5.833 % 10°°
R? 0.986
Pseudo Second order Q.(mg/g) 43.859
k2(g/mg. Min) 0.184 ¥ 1073
R? 0.974
Intra Particle diffusion kiq(mg/g. min®?) 0.493
C(mg/g) 0.474
R? 0.984

Fig. 6 which represents monolayer—-multilayer adsorption obtained with
macroporous adsorbent.

3.2. Adsorption studies

Fig. 7 shows the adsorption capacity of nano sorbent doses (10, 20,
30, 40 mg/L) was observed for the removal of methyl orange with an
initial concentration of 10 ppm. The % removal of methyl orange is
found to increase with the increase in adsorbent amount due to
increased sites of nano sorbent. Almost 40.48, 72.02, 87.05, and 94.16 %
removal of methyl orange was achieved with 0.1, 0.2, 0.3, and 0.4 gm/L
dose of nano sorbent respectively.

The pH of the solution plays a significant role in the adsorption study
of dyes as adsorptive capacity and ionization or dissociation of adsorbate
molecules as well as influence on the surface properties of the adsorbent.
The effect of pH on adsorption was examined in the pH range from 3 to

11. Fig. 8 shows that MO adsorption ability decreases with an increase
(3-11) in the pH of a solution. Improved adsorption ability is assumed
due to strong electrostatic attraction between positively charged sur-
faces and anionic MO species at lower pH, the surfaces of adsorbent
materials were positively charged due to protonation. The coulomb
repulsion between the negatively charged surfaces and the dye mole-
cules increased as the pH value (basic conditions) increased. Lower
adsorption of MO at high pH may be due to the presence of hydroxide
ions in the solution [49-51].

The equilibrium time of adsorbent with pollutants is a key parameter
in the progression of dye adsorption from wastewater. The study was
carried out with an Initial concentration of 10 mg/L of methyl orange by
keeping an identical amount of adsorbents at room temperature. From
the study, it was found that 3 h of contact time is sufficient to achieve
equilibrium. The effect of the contact time of adsorbent with methyl
orange is shown in Fig. 9. This shows that the adsorption of methyl
orange at the initial time interval was found rapid due to having a large
number of vacant sites on the surface of the adsorbent. Conversely, a
plateau is constant after a certain interval of time, which shows that the
adsorption of methyl orange by Nanosorbent has reached its equilibrium
stage due to less number of vacant sites remaining for adsorption and
repulsive forces between MO and adsorbent increases [6].

3.2.1. Adsorption isotherm- Langmuir and Freundlich isotherm

Isotherm models were used to assess the maximum adsorptive ca-
pacity of the adsorbent as well as the nature of the interactions between
the nanosorbent and dye species[52]. There are two most useful
isotherm models Langmuir and Freundlich, were applied for the expla-
nation of the solid-liquid adsorption system. Langmuir model is
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HZn/MnO,

Fig. 12. Feasible electrostatic interaction between positively charged nanosorbent and negatively charged MO.

Table 5
Comparison of methyl orange adsorption efficiency on synthesized nanosorbent
with other adsorbents.

Method for Ref.
evaluation of

Quax
Langmuir [60]

Adsorbents Quax(mg/  pH T

g) (V]

AC from sugarcane 161.80 50 250
mills boiler residue

Coffee waste/cetyl 62.50 35 250
pyridinium chloride ~ 58.82 35 250
and
Coffee waste/cetyl
trimethyl
ammonium
bromide

Activated biochar
from pomelo peel
waste

Cd-zeolite
imidazolate
framework (Cd-ZIF-
8)

Polyvinylidene
fluoride/PEDOT
mats

p-CNTs/N, N-diethyl
ethanol ammonium
chloride

Mesoporous MCM-
41/microfiltration
membrane

ZIF-67 nanostructure

Chitosan/H»0,
activated anthracite

Polydopamine/
polyethylene mine/
graphene oxide

La/Co modified
sugar-based carbon

Zinc-doped lithium 312.50 3.0 25.0 Langmuir Existent
manganese oxides study
nano sorbent

Langmuir [61]

163.10 3.0 25.0 Langmuir [62]

145.50 2.0 50.0 Langmuir [63]

146.20 3.0 20.0 Langmuir [64]

263.10 2.0 — Langmuir [65]
151.50 40 250

Langmuir [66]

75.59 - -
297.30 3.0 250

Langmuir [67]
Langmuir [68]

237.50 - 40.0 Langmuir [69]

285.10 6.5 - Langmuir [54]

validated for mono-layer adsorption on effortlessly homogeneous and
smooth surfaces. Conversely, the Freundlich model is validated for
Multilayer adsorption on heterogeneous surfaces [53,54].

Langmuir adsorption can be expressed by the following equation.

1 1 1 1
R o —+ ,
Qe KL Qmax Ce Qmax

Where Qe (mg/g) is the amount of dye adsorbed per unit mass of the
adsorbent at the equilibrium point, C, (mg/L) is the concentration of dye
after equilibrium, Qme (mg/g) is the maximum amount of adsorbate
and K; (L/mg) is the Langmuir constant. The value of Q. and K; can be
determined from the slope and intercept value of the graph é Vs. Ci
presented in Fig. 10(a). The parameter that defines the adsorption sys-
tem is favorable or not i.e. R; is called the separation factor or equilib-
rium parameter. It can be used to describe the efficiency of the
adsorption R, = ,R; indicate the isotherm shapes which can be

(2)

1
T+CK;,
unfavorable (R; > 1), linear (R, = 1), favorable (0 < R; < 1), or irre-
versible (R; = 0). As shown in (Table 3), the R; values were found to be
in the 0.099-0.354 range, indicating that the adsorption of MO is
favorable.

And Freundlich adsorption can be explained by the following equa-
tion.

1
LogQe = LogK; + ;LogCe 3

Where Qe (mg/g) is the amount of dye adsorbed per unit mass of the
adsorbent at the equilibrium point, C, (mg/L) is the concentration of dye
after equilibrium, Ky represents adsorption capacity, and n represents
the adsorption efficiency are the Freundlich constant which can be
calculated from the slope and intercept value of Linear plot LogQe vs.
LogCe presented in Fig. 10(b). Adsorption is favorable if the value of n
lies between the ranges of 1-10 (see Fig. 11).

In adsorption studies, R? values are a useful tool for evaluating the
goodness of fit between experimental data and isotherm models[55].
The monolayer adsorption process on a positively charged homogenous
surface is attributed to the Langmuir isotherm, which is closely matched
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with good correlation coefficients (near 1) compared to the Freundlich
isotherm according to the characteristics presented in (Table 3).

3.2.2. Adsorption kinetics

Kinetic studies are indispensable for unraveling the adsorption
mechanism by providing valuable information about the rate of
adsorption, mechanisms, controlling steps, and the interactions involved
[56,57]. Three kinetics models i.e. Pseudo first order, Pseudo second
order, and intra-particle diffusion were applied to understand the
adsorption process of nano sorbent. Equations (4)-(6), which represent
the linear equation forms of the PFO, PSO, and IPD, respectively, are
used to compute the kinetic parameters[58].
n(Q. ~0) = In0. 5o @
Where Q. and Q; are the amounts of MO adsorbed (mg/g) at equilibrium
and at time t (min), respectively, k; (min~1) is the rate constant of the
pseudo-first-order kinetic model

AN
o k2 Q)]

(5)

Where k; is the rate constant (g/mg. min) of the pseudo-second-order
kinetic model for adsorption.

0, = kutt +C, )

Where k;q is the intra-particle diffusion rate constant (mg/g. min®2) and
the values of C (mg/g) depict the boundary thickness.

Table 4 shows the kinetic parameters of the nano sorbent for methyl
orange. The highest R? value correlated with PFO is closer to unity over
the PSO and IPD model (Fig. 12). The findings presented here provide
evidence that the MO adsorb on nanosorbent through physisorption as a
rate-limiting step, which includes electrostatic attraction[59].

To understand the interaction between positively charged nano-
sorbent and negatively charged MO, an electrostatic interaction is
shown in Fig. 12. Structurally negative sites of the dye molecules
interact with the positive groups of the synthesized absorbent (HZn/
Mny04) which enhances the adsorption strength on the surface of the
used catalysts.

Positively charged zinc-doped lithium manganese oxides are
attained by modifying the surface of zinc-doped lithium manganese
oxide using a protonation mechanism with hydrochloric acid, which is
established by elemental analysis, XRD, and FTIR. Electrostatic forces,
which are produced by the attraction between the positively charged
surface of nanosorbent and the negatively charged MO is the main
mechanism causing the adsorption of MO on it, as illustrated in Fig. 12.

(Table 5) shows a comparison of methyl orange adsorption efficiency
on synthesized nano sorbent with other adsorbents.

4. Conclusion

In this work, a Zinc-doped lithium manganese oxides (LiZnyMnj 4O4,
where x = 0.4) nanosorbents have been synthesized by using an opti-
mized calcination method. Structural characterization made with XRD,
TEM, XPS, FTIR, and the protonation was confirmed by the CHNS
analyzer. The 14.3 and 13 nm particle sizes for LiMnyO4: Zn and
HMny04: Zn were confirmed by TEM analysis. Metallic Zn element
confirmed in LiMnyO4: Zn by the presence of Zn 2p peak at 1021.9 eV
binding energy. The experimental data of adsorption isotherm are found
to be best fitted to the Langmuir model compared to the Freundlich
model, and its correlation coefficient is relatively close to unity. The
highest R? value correlated with PFO is closer to unity over PSO and IPD
models. The findings presented here provide evidence that the MO
adsorb on nanosorbent through physisorption as a rate-limiting step,
which includes electrostatic attraction. Kinetic data attributes that MO

Inorganic Chemistry Communications 161 (2024) 112016

adsorption follows Pseudo-first-order adsorption. HMnyO4: Zn showed
good adsorption capacities of 312 mg/g and showed almost 94.16 %
removal of dye (methyl orange).
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