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ABSTRACT: Water is crucial for life. Being the world’s third-largest
industry, the textile industry pollutes 93 billion cubic meters of water
each year. Only 28% of textile wastewater is treated by lower- to
middle-income countries due to the costly treatment methods. The
present work demonstrates the utilization of surface oxygen defects
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visible spectroscopy. The oxygen defects on Li-MgF surface and

nanopores were confirmed by X-ray photoelectron spectroscopy and Brunauer—Emmett—Teller (BET) measurements, respectively.
To analyze the adsorption mechanism, three known organic water-soluble dyes, brilliant green, crystal violet, and congo red, were
treated with nanoporous Li-MgF. The dye decolorization efficiency of Li-MgF was recorded to be 99.84, 99.27, and 99.31% at 250
UM concentrations of brilliant green, congo red, and crystal violet, respectively. The results of Fourier transform infrared (FTIR)
spectroscopy confirmed the presence of dyes on the material surface attached through hydroxyl groups generated by water splitting
on the surface of the material. Total organic carbon analysis confirmed the removal of organic carbon from the dye solutions by 82.8,
77.0, and 46.5% for brilliant green, Congo red, and crystal violet, respectively. Based on the kinetic and isotherm models, the
presence of a large number of surface hydroxyl groups on the surface of the material and OH™ ions in solutions generated by water
splitting was found to be responsible for the complete decolorization of all of the dyes. Adsorption of chemically diverse dyes by the
nanoporous, eco-friendly, ferromagnetic, economic, and reusable Li-MgF provides a sustainable and easy way to treat textile industry
effluents in large amounts.

1. INTRODUCTION synthetic textile dyes will further increase globally. However,
Dyes are the basic ingredients of the textile, food, paper, the xenotoxins from organic dyes are of great concern due to
printing, product manufacturing, and processing industries."” their silent and easy entry into the food chain through water
Such industries in fact leave behind poison in the form of bodies. Most of them are carcinogenic and present a serious
untreated wastewater worldwide, which is severely affecting the threat to human beings. In reality, the wastewater not only
environment and life. Among them, the textile industry is a contains a variety of dyes but other pollutants such as
major contributor to highly colored wastewater. According to a suspended solids, toxic metals, free ammonia, chlorine, oil,
recent study, around 7 X 107 tons of dye is synthesized grease, phosphates, carbonates, nitrates salts, and many other

globally, and 10,000 tons of it is utilized by the textile industry
alone;” globally, an estimated 2,80,000 tons of textile dyes are
discharged annually as wastewater from this industry.” This
industry is responsible for polluting 20% of the global clean
water.” After China, India is the second largest producer and
exporter of textile dyes, followed by the United States, Brazil,
the United Kingdom, and Germany. India consumes around
80% of its production due to high demand in the sector.’ It is
expected that with the growing population, the demand for
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organic and inorganic components.” These toxic dyes have
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adverse impacts on human beings and the flora and fauna that
come in contact with them through water, soil, or the food
chain.* 7' There is a wide variety of dyes based on their
structure, group, and chemistry, and they differ in their levels
of toxicity.''~'* Such dyes not only cause toxicity but also
reduce the penetration of sunlight into water due to their
intense colors, resulting in decreased photosynthesis and
confs(llélently dissolved oxygen, which is crucial for aquatic
life."”

In some countries, due to strict environmental legislations,
industries are required to treat such dye-polluted wastewater
before disposal into water bodies."”'® The biodegradation of
these dyes has been explored as a remedial measure for several
decades, but it is a very sluggish process and has not been
successful at a commercial scale. Second, the process does not
ensure the complete removal of toxicants. It may be completely
detoxified or may be converted to less harmful secondary
metabolite.'”*® To date, researchers have reported many
materials as adsorbents or photocatalysts for the remediation
of dyes. Most of the materials reported for the degradation of
dyes are based on photocatalytic degradation, in which the dye
dissociates into smaller fragments.21 Further, modification of
these materials for more efficient degradation employs
expensive compounds or metals, which make their application
uneconomical, especially at a large scale. The main drawback
of photocatalytic degradation is that the fragmented molecule
still persists and cannot be recovered. They may have reduced
toxicity, but due to their persistence in the environment, their
eco-hazard and bioaccumulation cannot be overlooked.
However, some studies have reported close to or complete
mineralization of dyes by the photocatalytic process,””™>" but
the viability of the photocatalytic process on a large scale is
impractical. The commercially viable adsorbent should be
inexpensive, nontoxic, efficient, recoverable, and reusable.

Ferrites have been used for a wide variety of applications,
such as separation of magnetic materials, humidity sensing,
green and clean energy, and hydrogen generation. Besides,
ferrites have also been explored for toxic dye adsorption and
their removal from the wastewater. They are preferred
adsorbents for toxic pollutants because they are easier and
cheaper to synthesize as environmentally friendly ceramic
materials, and most importantly, their magnetic nature helps in
the easy separation of adsorbents from water bodies.”>™>” The
most recent revolutionary application of ferrites is in the
meticulously engineered hydroelectric cell invention based on
water splitting via a nonphotocatalytic process through oxygen
vacancies and nanopores created in the ferrite.”® The
hydroelectric cell device generates green electricity along
with zinc hydroxide nanoparticles and hydrogen, in turn, as cell
byproducts using a few drops of water only.””*" In the present
work, a new dimension has been added to the nanoporous,
oxygen-deficient Li-MgF by an inexpensive, scalable method to
explore the adsorption of dyes in textile wastewater. So far,
very few studies have been reported on the defect-mediated
adsorption of dyes.””*” The results are very encouraging as the
study reveals that Li-MgF is able to decolorize a wide variety of
dyes, such as dyes from triarylmethane (crystal violet, brilliant
green), the azo (congo red) family, and unknown dyes in
industrial wastewater, without the use of any radiation,
expensive catalyst, acid, alkali, or deliberate alteration in pH.
In our process, the ferrite was recovered by magnetic
separation, and further, it was investigated for dye recovery.
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A possible mechanism for the adsorption of dyes has been
proposed based on our experimental results.

2. MATERIALS AND METHODS

2.1. Materials. Analytical-grade precursor oxide/carbonate
powders were used for the synthesis of lithium-substituted
magnesium ferrite. The precursor powders of iron(III) oxide,
magnesium carbonate, and lithium carbonate in the mole ratio
of 1:0.8:0.1 were ball-milled in acetone according to the
stoichiometric formula Mg ¢Li,,Fe,O, for 8 h. The obtained
powder was calcined at 800 °C for 8 h, followed by
pelletization into 1 X 1 square inch pellets. The calcined
pellets were sintered at 970 °C for 4 h to obtain the final
adsorbent material for dye removal. X-ray diffraction (XRD) of
the synthesized sample was performed by a Rigaku P-E941
diffractometer using Cu Ka radiation to determine the phase
purity. The surface morphology and microstructure of the
sample were analyzed by scanning electron microscopy (SEM)
(Zeiss Evo MA-10). Photoluminescence spectroscopy (PL)
was performed to detect the presence of oxygen-related defects
with a photoluminescence spectrometer (Edinburgh Instru-
ments, FLSP 900) at an excitation wavelength of 370 nm.
Defects and the chemical environment of the elements in the
synthesized ferrite were investigated by performing X-ray
photoelectron spectroscopy at room temperature using an Al
Ka X-ray beam by the Scienta Omicron ultrahigh vacuum
system as the excitation source. The Brunauer—Emmett—
Teller (BET) surface area and pore size distribution of Li-MgF
were quantified using nitrogen adsorption data obtained using
the Quanta Chrome instrument (NOVA 2000e). The charge
on the surface of the finely powdered sample in water as a
dispersion medium was determined by performing {-potential
measurements on Zetasizer-Dynamic Light Scattering (M/s
Malvern Instruments, UK.). To investigate the magnetic
characteristics of the adsorbent, a magnetic hysteresis loop was
used with a vibrating sample magnetometer (Lakeshore 7304).
High-purity brilliant green, congo red, and crystal violet dyes
were procured from CDH. All of the solutions were prepared
in Ultrapure Milli-Q water.

2.2. Experimental and Analytical Procedure. Textile
industry wastewater was collected from a textile dying plant; 10
mL of each textile effluent was treated with 2 g of Li-MgF at
the same pH at which it was received. The pH of the samples
was measured using Eutech pH 700 m. To investigate the
adsorption mechanism, a standard solution of 25 mM was
prepared for three known dyes, brilliant green, crystal violet,
and congo red, in Millipore water, and it was used throughout
the study as the stock solution. Working solutions of 250, 200,
150, 100, and 50 uM were prepared by the dilution method
from the stock solution. Simultaneously, an artificial mixture of
the dyes of an amount of 100 yuM each was also prepared to
test the adsorption capability in a dye mixture. For the dye
removal studies, 10 mL of the dye solution at each
concentration was treated with 2 g of the Li-MgF in a vial.
Intermediate shaking of the vials was performed to ensure
proper contact of the dye molecules with the adsorbent at
room temperature. Dye solutions with no adsorbent were used
as control samples. The removal of dye from the solution was
continuously monitored by performing UV—visible spectros-
copy on a Shimadzu UV-1800 spectrophotometer at regular
intervals. After 48 h, the Li-MgF was recovered from the
solution. The total organic carbon (TOC) of the control and
treated dye solution was performed with a Shimadzu TOC L
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Figure 1. (a) XRD spectra of the synthesized Li-magnesium ferrite; (b) Li-MgF scanning electron micrograph; (c) Photoluminescence spectra of
Li-MgF; and (d) magnetic moment of Li-MgF with respect to the applied magnetic field.

CPH/CPN analyzer to determine the total organic carbon
before and after the treatment of the dye solutions. FTIR
spectra of the adsorbent were recorded in the 400—3600 cm™
range before and after the dye adsorption process by mixing
the finely powdered Li-MgF and freshly dehydrated KBr at a
ratio of 1:50, and they were pressed into pellets. All
experiments were performed without any alteration in the
pH of the solution. However, the pH of water, when
supplemented with Li-MgF, naturally reaches 8 to 10 because
of the splitting of water molecules in the physisorbed layers by
a high electric field generated in the nanopores of the material.
The adsorption capacity q.(#mol/g) at equilibrium and the
removal efficiency of the adsorbent were calculated as follows:

q, = (Cp— CIV/m (1)

100

Co (2)

where C; and C, are the initial and equilibrium concentrations
of the dye solution, respectively. V is the volume of dye
solution in liters, and m is the mass of the adsorbent in grams.

Kinetic modeling of the adsorption of dyes on Li-MgF was
performed by adopting four models as follows:

% removal efficiency = (C, — C,) X

(1) Pseudo-first-order adsorption model: This model
assumes that the rate of adsorption depends on the
concentration of a single component that is present in
excess and indicates physical interaction/physisorption
as the dominant phenomenon and thus the rate-limiting
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step. The equilibrium condition for the pseudo-first-
order kinetics is represented by g, = g, [1 — "], where
g, and g, are the adsorption capacities (umol/g) at
equilibrium and time f, respectively. k; is the rate
constant for the pseudo-first-order reaction.
(2) Pseudo-second-order adsorption model: This model
assumes that the adsorption is driven by some
physicochemical processes and depends on the
adsorption sites available on the adsorbent surface.
Here, the adsorption capacity of the adsorbent is the
rate-limiting step. The pseudo-second-order adsorption
process at time t is given by the expression
t_ 1
4 kg’
rate constant.

e

+ (qi)t, where k, is a pseudo-second-order

3)

Elovich Model: This model provides more insights into
the nature of chemisorption. The model is expressed by

the equation g, = %ln(aﬁ) + %ln t, where a is the

initial adsorption rate, and f is the desorption constant.
(4) Intraparticle diffusion model: This model examines
whether the adsorption of the adsorbate is driven by
the surface or pore diffusion and is expressed by the
equation q, = Kp\/ t + C, where K, is the rate constant,

and C is the boundary layer thickness.>

Kinetic modeling was performed for the experimental data
obtained at a concentration of 250 yM. Further, to identify the
type of interaction between the adsorbent and the adsorbate,

https://doi.org/10.1021/acsomega.3c09773
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Figure 2. XPS (a) survey spectrum, (b) Mg 2p and Li 1s, (c) Fe 2p, and (d) O 1s.

the Langmuir, Freundlich, and Sips models were explored to fit
the experimental adsorption isotherm data at equilibrium. The
isotherm studies for all dyes were performed at room
temperature i.e., 27 °C and at dye concentrations of 50, 100,
150, 200, and 250 pM. For assessing the economic viability of
the process, regeneration studies of the adsorbent were
performed. Initially, 10 mL of methanol was added to the
recovered adsorbent and extracted with continuous shaking for
2 h at room temperature. Then, the adsorbent was rinsed with
water, followed by heat treatment at 500 °C. The recovered
adsorbent was again used for dye adsorption, and the same
process was repeated for up to three cycles.

3. RESULTS AND DISCUSSION

The X-ray diffraction of the synthesized Li-MgF pellet was
performed to confirm the formation of a spinel structure
(Figure 1a). No other impurity peaks were detected in the
XRD spectra, confirming the formation of a pure spinel ferrite
phase with the crystal planes (220), (331), (400), (422),
(511), and (440) matching well with the JCPDS card no. 73-
2211. The average crystallite size of the synthesized sample was
calculated to be 26.6 nm with the XRD peak (331) using the
Debye—Scherrer’s equation of D = kA/f cos 8, where D is
the average crystallite size, k is the shape factor (0.89), 4 is the
wavelength of Cu Ka radiation, € is the Bragg’s angle, and S
is the full width at half-maximum of the diffraction peak.
Figure 1b exhibits a scanning electron micrograph of Li-
MgF. A highly porous microstructure, along with irregularly
shaped nanoparticles, is clearly visible in the image of the
sintered Li-MgF. The nanoscale size and porous micro-
structure of the material expose a large surface area for the
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maximum interaction with the dye to adsorb it rapidly from the
dye effluent.”**> To gain insights into the surface defects,
photoluminescence (PL) spectra were recorded with a laser
excitation wavelength of 370 nm. The PL data revealed the
presence of oxygen defects in the as-synthesized Li-MgF
(Figure 1c). Two emission peaks were observed in the visible
spectrum at 504 and 554 nm. The blue emission at 504 nm
was assigned to band-to-band transitions in the material
corresponding to a bandgap energy of 2.46 eV. The green
emission at 554 nm was ascribed to the defect states within the
band gap due to oxygen vacancies.’® Oxygen vacancies are
crucial defect centers that act as redox-active sites and promote
the chemisorption of foreign molecules on the surface of a
material.*”*® Further, Wu et al. also demonstrated in their
study that defective magnesium ferrite effectively removed the
toxic arsenic(V) ions from contaminated water through the
hydroxyl groups formed on the surface of the material in excess
due to the presence of surface defects hydroxyl ions.”” The
substitution of magnesium by lithium atoms enhanced the
oxygen vacancies in the synthesized Li-doped magnesium
ferrite, and these oxygen vacancies in the material were found
to be responsible for the dissociative adsorption of water
molecules to generate green electricity by hydroelectric cells.”®
Hence, they can act as active agents for the adsorption of dye
molecules from contaminated water. The magnetic character of
the adsorbent helps in the easy separation of the adsorbent
from the effluent or water bodies after treatment. Figure 1d
exhibits the magnetization loop of the synthesized Li-MgF at
room temperature. The saturation magnetization value
obtained was 28.9 emu/g at an applied magnetic field of
5000 G. The coercivity value was obtained at 82.7 G, which

https://doi.org/10.1021/acsomega.3c09773
ACS Omega 2024, 9, 8490—-8502


https://pubs.acs.org/doi/10.1021/acsomega.3c09773?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09773?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09773?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09773?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
0.01;
1204 ... (@)
1 guu & Hyd i I 7 8,
ydronium lons
_ 1004F
) L Water Molecules '
B L § 0004 0/
5 804 e & / /o/ o/ \Hydroxlde lons
0,000 S @ o/
l T »  » 4 /’b/o/ o/ @ Hydrogen lon
g 60 Pore Diameter (nm) & /0/
. Py y
1 N, Desorption — 5~ /o’° \
g o P
% 404 o o/°/° N, Adsorption
7 0
> /°//o o ' Physisorbed
20 «° (
T T T T T - T r T RN
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/Pg)

Figure 3. (a) BET surface area and pore volume distribution (inset). (b) Water physi-dissociation due to the electric field created in nanopores.

shows the soft magnetic character of the synthesized
nanoferrite. Therefore, it can be easily recovered by magnetic
separation after the adsorption of the pollutant.”* X-ray
photoelectron spectroscopy (XPS) was performed to charac-
terize the chemical composition and oxidation state of the
elements in the synthesized sample. The survey spectrum
confirmed the presence of elements Li, Mg, Fe, and O in the
sample (Figure 2a). All of the peaks were corrected for the
charging factor with reference to the C 1s peak for adventitious
carbon. Peak Fit software 4.2 was used to fit the obtained XPS
peaks. The deconvoluted peaks centered at binding energies of
53.3 and 55.25 eV were attributed to Mg 2p and Li Is,
respectively. the core level XPS 2p peak positioned at 53.25 eV
represents the magnesium in the ferrite lattice."’

The peak at 55.25 eV is attributed to the hydroxylated
lithium/lithium oxide on the surface of the material (Figure
2b).*" Two peaks located at 714 and 727.82 eV were
associated with Fe 2p;,, and Fe 2p;/,, respectively, with a
separation of 13.82 €V indicative of the presence of the Fe®*
state of iron in the synthesized sample (Figure 2c).* The peak
at 722.6 eV is a satellite peak characteristic of the core level
XPS of Fe-Ill. The O 1s peak was deconvoluted into four
peaks centered at 529.47, 531.79, 533.18, and 534.7 eV (Figure
2d). The peak at 529.47 eV was assigned to the lattice oxygen,
while the peak at a binding energy of 531.92 was attributed to
the chemisorbed layer of hydroxyl groups on the surface due to
the chemi-dissociation of water near vacancy centers.*”** The
peak centered at 533.18 eV was assigned to the water layer
strongly bound to the chemisorbed hydroxyl monolayer. The
peak centered at a high binding energy of ~534.7 eV was
attributed to the strongly bound physisorbed water layers.*
The presence of strongly bound water species on the
environment exposed ferrite surface confirmed the highly
reactive surface of the sample due to the presence of oxygen
defects and nanopores deliberately created by the substitution
of magnesium with lithium. Monovalent lithium substitution at
divalent magnesium sites activated the removal of excess
oxygen at high temperatures in the form of O, molecules to
compensate for the charge. The insertion of two lithium ions
creates one oxygen vacancy in the lattice according to the
reaction Li,O + MgF — 2Liy, + OX + v2*.* Lithium doping
disturbed the stoichiometry of the sample due to specific
processing conditions.
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Li-MgF displayed a type III adsorption—desorption isotherm
according to the IUPAC convention. The BET surface area of
the nanoporous material was determined to be 175 m*/g, with
a wide distribution of pore sizes and an average pore diameter
of 3.8 nm (Figure 3a). The high active surface area is one of
the most important properties essential for effective
adsorption. The small particle size also contributed to the
reactivity of the sample surface, providing a large number of
binding sites on the surface, as analyzed by BET. It helps
enhance the adsorbent—adsorbate interaction and conse-
quently a rapid adsorption process.”’ A large volume of
nanopores is also beneficial, as it accelerates the dissociation of
physisorbed water layers by creating a self-sustained high
electric field inside the pores by trapping hydronium ions that
accumulate a large concentration of hydroxide ions.

The mechanism of dissociation of water by nanopores is
briefly illustrated in Figure 3b. Detailed calculations may be
found in earlier studies.”® When water approaches close to the
nanoporous defective material, it gets chemi-dissociated on the
material surface. There are multiple physisorbed water layers
on the surface, and protons start hopping on the surface of
physisorbed layers, popularly known as the Grothuss
mechanism.*® When these hopping protons get trapped inside
a nanoconfined region due to the concentration of charge in
the nanopores, a high electric field is created of the order of
10* V/cm.”® This electric field is sufficient to dissociate water
in the physisorbed layers. The protons are immediately trapped
by available water or the material surface, leaving behind the
OH" ions in the solution, which also contributes to an increase
in the pH locally.

The surface charge of the adsorbent material plays a crucial
role in determining the type and extent of interaction between
the material and the dye. The {-potential on Li-MgF was found
to be —11.5 mV, which confirmed the negative charge on
ferrite particles in water (Figure S2). The negative charge is
due to metal hydroxide formation on the ferrite surface, which
is responsible for exerting the electrostatic force of attraction
on the cationic dyes."’

3.1. Adsorption of Textile Industry Wastewater. The
pH of the three effluents was measured using a benchtop pH
meter before adsorption studies. The measured pH values were
7.0, 8.1, and 8.8 for the orange, blue, and brown samples,
respectively. Figure 4a—c displays the UV—visible absorption
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Figure 4. UV—visible spectra of unknown textile dyes contaminating wastewater before and after 48 h of treatment with (a—c) defective Li-MgF
and (d) 100 M mixture of methylene blue, congo red, brilliant green, and crystal violet.

spectra of unknown dyes in textile wastewater and a mixture of
known dye concentrations (Figure 4d) after 2 days of ferrite
treatment. The orange textile dye showed broad absorption
peak maxima at around 494 nm, and the blue textile dye at 613
nm with a shoulder at around 661 nm. The absorption peaks
observed for the blue dye are characteristic of methylene blue;
however, the shoulder found at around 613 nm became a peak
indicating the existence of a significant dimeric form.>® The
brown textile dye showed the absorption maxima at around
512 nm, while the known dye mixture showed three prominent
absorption peaks at 439, 524, and 644 nm, confirming the
presence of multiple dyes. The adsorbent was able to
decolorize the dye-contaminated wastewater completely or at
least partially within 2 days. The UV absorption intensity of
the orange dye decreased to 73%, while a more than 90%
decrease in the UV absorption intensity was recorded for the
brown dye, the blue dye, and the mixture of dyes. The known
dye mixture became decolorized the same day within 6 h. A
slight precipitation was observed in the mixture, which may be
due to the presence of cationic as well as anionic dyes.

The presence of opposite charges led to attractive forces
between dyes, and hence, their coprecipitation in the form of
black suspended particles occurred. The treated known dye
mixture was completely decolorized, which shows the
enhanced synergistic removal of the dyes in a mixture. Li et
al. also reported similar findings for a mixture of cationic and
anionic dyes, for which they proposed a push and pull
mechanism. The dimerized or trimerized dye molecule clusters
already adsorbed on the adsorbent surface can act as effective

8495

secondary sites to attract molecules of opposite charge. Hence,
the enhanced removal of the coexisting dyes could be due to
the multiple phenomena taking place simultaneously, for
example, agglomeration due to the repulsion from the same
type of charge, precipitation due to the interaction between
opposite charges, and the availability of secondary sites
(opposite charge) to easily adsorb on the adsorbent.*

3.2. Dye Adsorption Measurements. To investigate the
mechanism of dye removal from the solution, UV—visible
spectroscopy of the known dye solution was performed after
regular intervals of 0,2, 4,6, 24, and 48 h, respectively, in the
wavelength range of 200—800 nm. Figure Sa—c displays the
UV—visible spectra of brilliant green (BG), crystal violet (CV),
and congo red (CR) at 250 pM concentration. The
concentration of dyes in the solutions decreased with time,
and the solution pH was measured at equilibrium for each dye.
The pH values of the solutions of brilliant green, crystal violet,
and congo red were measured to be 8.3, 8.3, and 8.1,
respectively. Brilliant green showed the absorption maximum
at 624 nm, with a sharp decrease in peak intensity within 2 h.
Crystal violet shows the main absorption peak with a high-
energy shoulder peak between 550 and 600 nm.”"** A sharp
decrease in the intensity of the peak maxima after 2 h was
observed. The interfacial interaction of crystal violet at the
silica—water interface was measured in real time,”> which
suggested that CV can behave in the solution in two ways.
First, it can be adsorbed on Li-MgF by electrostatic
interactions due to the opposite polarity and removed from
the solution. Second, it can undergo hydrolysis by the available
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Figure S. UV—visible spectra of (a) BG, (b) CV, and (c) CR. (d) Removal efficiency at varying concentrations.

OH' ions and get decolorized in the solution. The same
phenomenon is also applicable to BG.”* Congo red dye
showed a slight different behavior. The maximum absorbance
was observed at 497 nm, and a reduction in peak intensity with
a small hypsochromic shift to 489 nm was evident in the UV—
visible spectrum of congo red.

In the literature, studies on the blue shift during the
adsorption process are rare. Kuan et al. observed a blue shift
during the oxidative degradation of methylene blue by
tunneled manganese oxide pyrolusite without usinég any
radiation, where pyrolusite served as the oxidant.” The
hypsochromic shift occurs because the polar adsorbent
molecule reduces the energy of ground state n orbital by
forming hydrogen bond.*® Therefore, in the case of congo red,
this may be due to amino group participation in the
attachment to the polar heterogeneous surface of Li-MgF—
OH through hydrogen bonding, leading to a hypsochromic
shift of the maxima peak. Figure 5d depicts the effect of dye
concentration on the removal efficiency of Li-MgF after 48 h.
It is evident from the graph that the percentage removal of dye
from the solution remained almost constant at all varying
ranges of concentrations, indicative of the abundant adsorption
sites and strong adsorbate—adsorbent interaction. The
decolorization efficiency for all dyes ranged from 98 to 99%,
except for congo red at 50 yM, which was 96%.

The loading capacity plotted as a function of time is shown
in Figure 6a—c for brilliant green, crystal violet, and congo red.
Brilliant green and crystal violet reached equilibrium after 5—6
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h of contact time with a sharp reduction in color intensity at all
concentrations. The adsorption rate increased with an increase
in the initial dye concentration for all dyes due to the
decreased mass transfer resistance for dye molecules at higher
concentrations.”’ However, congo red showed a slow
adsorption process reaching equilibrium after 10—1S5 h, almost
at all concentrations. Figure 6d exhibits the percent total
organic carbon removal from the solution after 48 h at 250 uM
concentration. It is clearly visible that Li-MgF could effectively
remove the organic carbon content from the solutions up to
46.46, 76.97, and 82.79% for crystal violet, congo red, and
brilliant green, respectively. The TOC removal was com-
paratively low for CV, which further confirmed that some of
the dye molecules remained in solution after hydrolysis;
however, BG was removed from the solution to a large extent,
which confirmed its adsorption on Li-MgF.

FTIR spectra of Li-MgF before and after the adsorption of
the dyes congo red, crystal violet, and brilliant green are
displayed in Figure 7a—d. In bare magnesium ferrite (Figure
7a), two characteristic peaks at 423 and 577 cm™" attributed to
octahedral and tetrahedral metal—oxygen bond stretching in
spinel ferrites are observed. The peaks at 1635 and 3451 cm™
were attributed to the —OH bending of water molecules and
stretching vibrations of hydroxyls on ferrite, respectively, due
to the adsorbed water molecules.”®*” However, after dye
adsorption, some other characteristic peaks ascribed to dye
molecules appeared in the spectra, which confirmed the
adsorption of dyes on Li-MgF. The peak in the range of 1400—
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1500 cm™ is common to all dye adsorption spectra and
corresponds to the C=C stretching of aromatic rings in the
dye.”” The other common peak for all dye-adsorbed samples
was observed in the region between 3000 and 3500 cm™!
ascribed to the =C—H stretching of aromatic rings and
between 3400 and 3500 cm™' corresponding to overlapped
N—H and O—H stretching. However, except for crystal violet,
a slight shift toward lower frequencies is evident in the OH
stretching peak, which may be due to the hydrogen bonding
between dye molecules and hydroxyl groups on the ferrite
surface.”!

3.3. Adsorption Kinetics of Dyes on Li-MgF. To
understand the mechanism of decolorization of the dyes by
Li-MgF, the experimental known dye adsorption values
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obtained were theoretically fitted on the four models
frequently used for adsorption studies. The experimental data
were fitted in the respective equations of pseudo-first-order
and pseudo-second-order kinetic models, along with the
Elovich and intraparticle diffusion models. The correlation
coeflicient for the fitted value and obtained parameters are
shown in Table S1, and the respective fitting curves are
presented in Figure 8. From Table S1, it is evident that the
adsorption of brilliant green and crystal violet on Li-MgF
follows pseudo-first-order kinetics with r* (coefficient of
determination) values of 0.98401 and 0.98762, respectively.
Conformity to the pseudo-first-order kinetic model indicated
that, most likely, the dye adsorbed by Van der Waals forces on
Li-MgF. As both the dyes are cationic and the hydroxylated
material surface is negatively charged, the {-potential signifies
electrostatic interaction among dye molecules and the
adsorbent. The adsorption of cationic dyes on negatively
charged particles, which is the most common phenomenon
taking place during adsorption between ionic species, has been
well studied by many researchers.”®* It is important to note
that TOC removal for brilliant green was around 83%, which
indicated that Li-MgF was effective not only in the
decolorization of the dye but also in removing the dye from
the solution. However, crystal violet showed TOC removal up
to 46.46%, which signifies that in addition to adsorption on the
material, crystal violet decolorized in the solution. It is well
reported in the literature that triarylmethane dyes can easily
react with the available OH™ ions at high pH values due to the
electrophilic nature of central carbon atoms in these dyes.’*
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Table 1. Fitted Isotherm Model Constants and Correlation Coeflicient Values Obtained in Each Case for Adsorption on Li-
MgF

Freundlich isotherm model Langmuir—Freundlich isotherm model

Langmuir isotherm model
dye Qn K R? ke, 1/n R? Qunax K, n R?
brilliant green 2.668 523 0917 4.31 0.689 0.892 1.584 55.17 1.55 0.8998
crystal violet 1.99 1.196 0.76 1.03 0.544 0.68 1.259 19.077 3.048 091
Congo red 2.844 0.130 0.84 0.352 0.712 0.8 1.296 0.139 2.601 0.905

Congo red showed the best fit with the pseudo-second-order
kinetic model, indicating that the adsorption kinetics of congo
red on Li-MgF is controlled by the chemisorption process,
with an #* value of 0.98985 (Table S1). The absorbance vs
time graph also indicated the slow initial adsorption of congo

Their central carbon atom reacts with the OH  ion and
undergoes hydrolysis, which disrupts its conjugation. It may be
possible that the OH’ ions generated by the dissociation of
water in solution and on the adsorbent surface hydrolyzed BG

and CV, hence limiting the conjugation to the isolated benzene
rings and resulting in the disappearance of the color. The FTIR
results clearly indicated the adsorption of the dyes on the
material surface. TOC results showed that brilliant green has
been removed from the solution to a greater extent in
comparison to crystal violet. This may be due to the presence
of nitrogen-alkyl chains on all three benzene rings of crystal
violet, making its center more nucleophilic and active toward
OH" ions, simultaneously restricting the easy approach of the
dye molecules to the material surface. Brilliant green has an
amino-alkyl group on two benzene rings, and therefore, the less
nucleophilic nature of the central carbon and less hindrance in
comparison to crystal violet leads to a more facile approach

toward the adsorbent surface.
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red; this may be due to the fact that it is an anionic dye and
adsorbent particles are also negatively charged; therefore, the
repulsive force may be a limiting factor while approaching
closer to the adsorbent.”” TOC analysis showed that most of
the dye was removed from the solution, implying that the dye
molecules were adsorbed on the material surface. The blue
shift in the UV-—visible spectra of the dye indicated an
exchange of electrons between them. The dye molecules were
attached to the material surface through strong hydrogen
bonds between the amino groups on the dye and the hydrogen
atom of the surface hydroxyl groups. The first layer of
adsorbed molecules may act as secondary adsorption sites,
leading to the stacking of molecules. This phenomenon was
further supported by the high pH (pH 8.1) of the solution due
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to the dissociation of water molecules. FTIR spectra of Congo
red also indicated the strong hydrogen bonding of Congo red
with the surface of the material.*®

3.4. Adsorption Isotherm Studies. For isotherm studies,
the experimental data were fitted for the Langmuir, Freundlich,
and Sips models (Figure 9). All of the parameters derived from
the isotherm fitting are given in Table 1. The Langmuir model
is a two-parameter model that assumes the monolayer
adsorption of the adsorbate on the homogeneously distributed
specific sites on the adsorbent surface.*®

The Langmuir equation in a nonlinear form is given as Q, =
Quax X K X C,/(1 + K X C,), where Q, is the adsorption
capacity at equilibrium, Q,, is the maximum theoretical
adsorption capacity of the adsorbent, K is the Langmuir
constant related to the adsorption equilibrium, and C, is the
equilibrium concentration of the dye in solution. On the other
hand, the Freundlich model, which is also a two-parameter
model, applies to monolayer as well as multilayer adsorption
on a heterogeneous surface. The nonlinear form of the model
is given by the expression Q, = Kg X CY" where Q, is the
adsorption capacity at equilibrium, Kg is the Freundlich
constant related to the adsorption affinity and maximum
adsorption, and 1/n is the heteroégeneity factor, which
describes the intensity of adsorption.”” However, similar to
the Freundlich model, a model was proposed by Sips, which is
a three-parameter model and is a combination of the Langmuir
and Freundlich models. This model was proposed to overcome
the limitation associated with the Freundlich model at
sufficiently high concentrations. The nonlinear form of the
model is given by the expression g, = (QuaK X C)/(1 + K X
C:), where Q. is the theoretical maximum loading capacity,
and K, is the equilibrium constant.”® From the fitting
parameters, it was observed that the Sips model fits well for
all dyes. Brilliant green showed a close fit to the Langmuir
model, with the highest correlation coefficient (R*) value of
0.917. The Sips model was also relatively successful in
describing the adsorption mechanism, with an R* value of
0.8998. This shows that the adsorption process is accompanied
by both homogeneous and heterogeneous sites on the
adsorbent.”” The role of defects in adsorbents is to increase
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the affinity of the adsorption sites toward the pollutant and
other gases and induce strong interactions between them.”””"
Interestingly, the crystal violet and congo red adsorption
isotherms fitted well with the Sips model, with n > 1
confirming the heterogeneity on the ferrite surface with
variable adsorption energy sites and cooperative interaction
between the sorbate and the adsorbent site.”®

Obviously, defective Li-MgF consists of various surface
defects such as unsaturated metal cations, oxygen vacancies,
and a varying distribution of metal cations in sublattice sites.’”
The maximum adsorption capacity for BG was found to be
2.668 pmol/g from the Langmuir fitting parameters, while the
adsorption capacities for CV and CR were calculated to be
1.259 and 1.295 pmol/g, respectively, from the parameters
obtained by the Sips model. The isotherm model, indicating
cooperative sorption, further supports the findings discussed
above that crystal violet was decolorized by two mechanisms:
first, due to the electrostatic interaction with the ferrite surface,
and second, by the attack of OH™ ions at the central carbon
atom of the dye generated due to the electric field in
nanopores. The proposed mechanism for the interaction of
brilliant green, crystal violet, and Congo red is displayed in
Figure 10.

Brilliant green and crystal violet being positively charged
adsorbed on the surface of negatively charged Li-MgF—OH by
electrostatic interaction, although the presence of OH ions in
the solution also contributed to the disappearance of the color
of the dyes. Congo red bound to the surface of Li-MgF
preferably by hydrogen bonding through interactions between
the hydrogen atoms of hydroxyl groups formed on the surface
of the material due to water dissociation and the azo bonds of
the dye and those between the oxygen atom of the hydroxyl
group and the hydrogen atom of the amine in congo red. The
presence of charge generated by the electric field in nanopores
facilitated van der Waals interactions for the adsorption of
various dyes by multiple mechanisms.”

3.5. Adsorbent Regeneration Studies. The adsorbent
regeneration process and economy play major roles in the
industrial-scale application of an adsorbent. For example, the
high regeneration cost of the most versatile adsorbent activated
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carbon restricts its application in the industry.”” Therefore,
adsorbent regeneration and its efficiencies were further
explored to determine the economic and large-scale viability
of the process. The recovered Li-MgF from known as well as
industrial wastewater samples was extracted with 10 mL of
methanol for dye recovery, and then, the adsorbent was
washed with DI water, followed by heat treatment at 500 °C
for 2 h. Dyes at 250 yM concentration and the industrial
wastewater were again treated with the regenerated adsorbent.
This regeneration process was repeated for up to three cycles.
The adsorption efliciency of the regenerated Li-MgF after
multiple cycles with respect to the original adsorbent was
calculated by measuring the absorbance of the treated dye
wastewater after 48 h as follows

efficiency % of regenerated adsorbant with respect to fresh

AReg - AOrig

sample = 100 — l X 100

Orig

Apeg is the absorbance of the dye wastewater treated with the
regenerated adsorbent, and A_,, is the absorbance of the
wastewater treated with a fresh sample while the primary
efficiency of the adsorbent was considered 100%.

BG and CV were recoverable from the adsorbent by
methanol extraction, while CR could not be recovered,
possibly due to the strong chemical binding with the Li-MgF
surface. All industrial dyes were also recoverable; however, the
extent of percent recovery was not part of this study. The
efficiencies of the regenerated adsorbent with respect to
adsorption by the fresh sample for the 250 #M dye solutions
and industrial dye wastewater are shown in Figures S4 and SS,
respectively. The efficacy of regenerated Li-MgF decreased to
98% for BG and CV, while it decreased to 95% for CR at the
end of the third cycle. The adsorption efficiency decreased to
79.12, 88.3, and 89.47%, respectively, for orange, blue, and
brown industrial dye wastewater at the end of the third
regenerative cycle. This decrease in the adsorption efficiency of
industrial dyes may be due to the presence of other chemicals
and salts in the wastewater adsorbed on the surface of the
material, which could not be removed by heating at low
temperatures. The encouraging results obtained for the
regenerated adsorbent show the facile recovery by low-
temperature treatment and indicate the industrial-scale viability
of the adsorbent in an economical and sustainable way, which
is the foremost requirement in today’s scenario.

4. CONCLUSIONS

The cleaning of textile industry wastewater has been carried
out effectively by nonphotocatalytic treatment using oxygen-
deficient nanoporous Li-MgF. It has been systematically
explored for the removal of known hazardous dyes emanating
from the effluents of the textile industry. The presence of
defects on the nanoporous material provides surface hydroxyl
groups, and the electric field produced by nanopores facilitates
the van der Waal force of attraction between the adsorbate and
dye molecules by producing OH™ ions. The abundance of
hydroxyl groups and hydroxide ions increases the adsorption/
decolorization efficiency of the material toward a variety of
hazardous dyes. The type of interaction between the dye and
the adsorbent, its decolorization, and the percent removal
depends on the structure and chemistry of the dye molecule. It
was observed that the synthesized Li-MgF responded quickly
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and efficiently toward cationic triarylmethane-type dyes by
electrostatic interaction as well as through OH’ ion attack at
the central carbon atom. This study showed that the oxygen
defects and nanopores in Li-MgF activated the adsorption of
cationic and anionic dyes. Li-MgF was found to be effective in
decolorizing wastewater polluted with textile industry dye as
well as a mixture of multiple known dyes with promising
regeneration efficiency. The removal of the adsorbent (Li-
MgF) is simple and easy with the use of a magnet. Thus, the
use of the reusable, oxygen-deficient, ferromagnetic, nano-
porous Li-MgF provides a highly scalable process to treat
textile industry wastewater in an economical way to allow the
reuse of the precious resource of water.
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