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Abstract

This research article presents the current challenges faced by our ecosystem due to depletion and insufficient fresh water
bodies. In this current work, a novel holistic approach for the removal of toxic cadmium heavy metal ion from water using
yttrium iron garnet is demonstrated. The impact of annealing temperature on the formation of garnet ferrite phase was
investigated. The crystal structure analysis was investigated using X-ray diffraction (XRD) and further analyzed using Riet-
veld refinement technique. The surface morphology and functional groups were analyzed using high-resolution scanning
emission microscopy (HR-SEM), Fourier transform infrared spectroscopy (FTIR), and Raman spectroscopy in detail. The
magnetic property variation with respect to annealing temperatures was assessed from the data acquired from vibrating
sample magnetometer (VSM) studies done at room temperature. X-ray photoelectron spectroscopy (XPS) chemical analysis
technique was used to study the oxidation states of cations in the sample. To our knowledge, the utilization of yttrium iron
garnet (YIG) as a magnetic adsorbent is extremely rare. So, in this article, we report the nature, important characteristics,
and advantages of utilizing YIG nanoparticles for the eradication of cadmium for the treatment of water using atomic adsorp-
tion spectroscopy (AAS) technique. The experimental data was interpreted using adsorption isotherm modelling such as
Langmuir and Freundlich isotherms.
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1 Introduction and long-chained polymers. These non-biodegradable pol-

lutants promote bioaccumulation inside living beings and

Fast industrialization and urbanization are the most signifi-
cant reasons for the depletion and contamination of fresh
water resources. Waste water from several industries such as
leather tanning, battery manufacturing, metal coating, dye,
and pigment production factories is discharged directly into
water reservoirs without any treatment. They may contain
organic or inorganic pollutants like hair, fertilizer, blood,
heavy metals, synthetic dyes, pharmaceutical chemicals,
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cause major health issues to the environment [1]. In particu-
lar, heavy metal ions are cytotoxic, genotoxic, mobile, and
soluble in nature. The World Health Organization (WHO)
has elucidated various adverse effects in humans due to
the presence of heavy metals such as lead (Pb), chromium
(Cr), copper (Cu), nickel (Ni), manganese (Mn), silver (Ag),
and cadmium (Cd). It has proposed maximum contaminant
limit (MCL) for the use of heavy metals in water and found
that excessive exposure to certain metal ions can inactivate
enzymes, replace phosphate ions, oxidize biological mol-
ecules, and cause diffusion through cell membranes to dete-
riorate health completely [2]. It has also reported cadmium
Cd(m1) as the most life-threatening element among heavy
metals. Official statistics reveal that the maximum limit of
cadmium in drinking water specified as 0.005 mg/L is found
to cause major destruction in human body even at less con-
sumption [3]. For instance, Muibat et al. (2016) [4] reported
that the impact of toxic heavy metals in living system has
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caused adenocarcinoma, dyspepsia, skin dermatitis, ulcera-
tion, hemorrhaging, and tissue gangrene, and also affects
the kidney, liver, brain, genital system, and nervous system
eventually leading to death. So, the scientific community
constantly proposed several advanced techniques such as
photocatalysis [5], solvent extraction [6], filtration processes
[7], adsorption [8], and ion exchange [9] methods to com-
bat this global issue. Among them, adsorption technique is
the most significant method which allows easy operation,
economical, and reliable abilities. Specifically, nanosized
adsorbents are found play typical role in purifying water
from unwanted pollutants for their promising features [10].
Harikishore et al. [11] also explain that a perfect adsorbent
should possess (i) speedy adsorption, (ii) cost-efficiency,
(iii) reusability, (iv) non-toxicity, and (v) effective dissocia-
tion. In recent times, magnetic nanoparticles have reached
pinnacle in the field of research to solve numerous environ-
mental problems. Nonetheless, magnetic nanoparticles are
recognized as potential candidates for the promising adsorp-
tion technique [12]. An overview on the advancement of the
functionalization of ferrite nanoparticles employed in the
eradication of heavy metals from water effluent is presented
below.

For example, magnesium ferrite nanospheres exhibited
high adsorption capacity for the elimination of hazardous
heavy metals when compared to other magnetic adsorbents
such as Fe;0,, y-Fe,0;, and a-Fe,O5 [13]. An inexpen-
sive rapid and easy adsorption method was adopted for
the removal of cadmium and lead ions using spinel ferri-
tes MFe,0, (M =Co, Ni, Cu, Zn). Of which copper ferrite
exhibited higher adsorption capacity at about 157.7 mg/g to
treat Cd>* while cobalt ferrite adsorbs Pb>* at an adsorption
capacity of about 63.1 mg/g [14]. Recently, Y. Yu et al. [15]
reported the superior adsorption and excellent dissociation
property of yttrium-doped iron oxide adsorbent when com-
pared to other magnetic adsorbents such as Fe,O; cellulose
composite, manganese spinel ferrites, Fe;0, nanoparticles,
and zirconium-based magnetic adsorbents. Furthermore,
they suggest that the effective adsorption process is due to
the presence of additional functional groups, more active
sites, and bonding between Y—O-M and Fe—O-M linkages.
Yttrium iron garnet (Y;FesO,,) from garnet family is a well-
known rare earth ferrite which is widely used in microwave
devices, multi-ferroics, permanent magnets, and also in
radars [16]. Specifically, all sites in YIG are occupied with
metal cations which make them more chemically stable and
compatible than other spinel ferrite nanoparticles [17]. Sas-
wat Kumar Pradhan et al. [18] emphasize that the addition
of yttrium in alloys improves the workability as an adsor-
bent. Unfortunately, the use of garnet ferrite in adsorption
technique is rarely explored and reported. Hence, with an
inquisitive and novel approach in this study, yttrium iron
garnet is taken as a magnetic adsorbent for the removal of
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hazardous cadmium metal ion. The effect of annealing tem-
perature on the synthesis of YIG and on its property is also
reported.

2 Experimental

In sol—gel method, the raw materials iron nitrate nonahy-
drate (Fe(NO;3);-9H,0) and yttrium nitrate hexahydrate
(Y(NO3);-6H,0), purchased from Sigma-Aldrich having
99.99% purity are used as starting materials. The metal
nitrates with 3 mol of yttrium nitrate, 5 mol of iron nitrate,
and citric acid which act as the chelating agent were dis-
solved in the ratio of 1:1[MN:CA] in 160 mL of water. The
aqueous solution was stirred using a digital display heat-
ing magnetic stirrer at a rotation speed of 310 RPM for 1 h
and heat treated for 80 °C with continued stirring until the
formation of gel. Then the temperature was increased up to
250 °C led to the ignition of the gel. The dried gels burnt in
an auto-combustion manner until the gels were completely
burnt out to form a loose powder. The loose dried pow-
der was further ground manually for 2 to 3 h and finally,
annealed at various temperatures 650 °C, 850 °C, 1050 °C,
and 1250 °C for 4 h for the formation of YIG.

The chemical reaction of these mixtures forming YIG is
as follows:

3Y(NO,), - 6H,0 + 5F¢(NO;), - 9H,0 + 8C4H,0; - H,0
- 3YC4H;0, + 5FeC H;0, + 24HNO; + 71H,0 M
3YC,H,0, + 5FeC.H;0, + 0, — Y;Fe,0,, + 20H,0 + 48CO,
@
For the adsorption process, the as-prepared adsorbent
was added to cadmium-polluted water and was continu-
ously agitated using sophisticated copper stirrer equipment
for various time intervals such as 6, 12, 18, and 24 h at room
temperature. The aliquot of the sample was collected using a
ready to use nylon filter syringe with pore size 0.22 pm and
diameter 25 mm and then analyzed for atomic adsorption
spectroscopy (AAS) experiment.

2.1 Characterization

The identification of phase and structure of the prepared
samples at different temperatures were investigated using
X-ray diffractometer (Bruker D8 advance) operated at
40 kV and at 30 mA with CuKa radiation (A =1.5406 /OX).
FEI Quanta FEG 200—high-resolution scanning electron
microscope was used to examine the surface morphology of
the sample. Fourier transform infrared (FTIR) spectra were
recorded using a Perkin-Elmer spectrometer, model (2000),
which ranges from 400 to 4000 cm™' and Raman spectra was
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also analyzed using LASER Raman spectroscopy analysis.
The magnetic property of the samples was analyzed using
vibrating sample magnetometer (VSM) Lakeshore model
(7407) at room temperature. The prepared product was
characterized using thermogravimetric (TG) and differential
thermal analysis (DTA) (SDT Q600, TA, USA) at a heating
rate of 10 °C/min in static air. The XPS spectrum was taken
using X-ray photoelectron spectroscopy (XPS, PHI-5000).
The adsorption capacity of the sample was studied using
atomic absorption spectrometer (AAS).

3 Results and Discussion
3.1 XRD Analysis of YIG Nanoparticles

The XRD pattern clearly depicts the phase formation with
different annealing temperatures. Figure la clearly repre-
sents the amorphous nature of the dried sample and its per-
sistent amorphous nature till temperature 550 °C. As shown
in Fig. 1b at 650 °C, a diffraction peak at 20 =33.12° is
obtained, which is indicative of secondary YFeO; phase.
Further increment in temperature provides sufficient energy
to convert YFeO; phase into Y;Fe;O,, phase. So, beyond
1000 °C, most intense well-defined signature peak gets
shifted to 20 =32.2° which projects the high crystalline
nature of YIG phase [19]. The gradual increase in garnet
phase and decreasing trend of yttrium ortho ferrite phases
is clearly depicted in the figure. Interestingly, all the peaks
exactly matched the standard JCPDS data (75-1852).

[4 — YFeO,,« — Y,0,8 — Fe,0,8 — Y;Fes0,,]

The average crystallite size was calculated using the
Scherrer formula,

_ K\
- pcosd G)

where / is the wavelength of incident radiation, f is the full
width at half maximum (FWHM), K varies with hkl & crys-
tallite shape is equal to 0.89 and € is the Bragg’s angle [20].
The crystallite size of samples prepared at different anneal-
ing temperatures 650 °C, 850 °C, 1050 °C, and 1250 °C was
calculated and tabulated in Table 1.

Table 1 Parameters calculated

Combustion is a process for producing highly crystal-
line ceramic powders that involves a redox combination
of precursor salts (oxidants) and a fuel (reducing agent).
According to propellant chemistry, the fuel-to-oxidant
ratio in combustion reactions is set so that the fuel’s
net reducing valency equals the oxidant’s net oxidizing
valency [21]. The type of fuel, the fuel-to-oxidizer ratio,
and the ignition temperature have an impact on the com-
bustion synthesis reaction. The exothermic temperature of
the redox reaction ranges from 1000 to 1500 °C depend-
ing on the material [22]. In this work, the oxidants are the
metal nitrates and the fuel is citric acid. The combustion
temperature of YIG is obtained at 650 °C where the amor-
phous nature is transformed to crystalline nature. How-
ever, the combusted product was further ignited to 1250 °C
to obtain pure YIG nanoparticles.

The crystallographic structure of the prepared YIG
from XRD pattern was analyzed by Rietveld refinement
using FULLPROF software and is depicted in Fig. 1. The
diffraction peaks were fitted using pseudo-voigt function
and 6-coefficients polynomials function as background
(Fig. 2). The garnet samples are found to exhibit cubic
structure with space group O,'°—Ia3d. The reliability
R-factors: expected R,,,, Bragg Ry,,.,, profile R, and
weighted profile R, less than 10% are usually used to
determine the Rietveld fitting quality. From Table 2, it
is inferred that the R-factors are less than 10% which is
indicative of good fit [23, 24].

3.2 Morphological Analysis of YIG Nanoparticles
by HR-SEM

The typical SEM micrographs shown in Fig. 3 indicate
the variation in morphology and shape of ferrite nanopar-
ticles with respect to annealing temperature. At 650 °C,
agglomerated spherical-like structure was obtained due to
incompletion of reaction, whereas the sample annealed at
850 °C develops indefinite boundaries in the sample [19].
At higher temperatures, the agglomeration reduces drasti-
cally and begins to change its shape, by forming uniform
definite boundaries. A closely packed honey-comb like
shape is obtained at 1250 °C. This tendency for change in

Table 2 Reliability factors calculated from Rietveld refinement
method

; Sample D (nm) Reliability factors YIG (1250 °C) YIG (1050 °C)
from XRD analysis
Y-650 °C 39.75 Rb (%) 4.381641 4.032012
Y-850 °C 63.94 Rwp (%) 7.572881 6.622285
Y-1050 °C 88.69 Rexp (%) 3.224285 3.174692
Y-1250 °C 96.52 72(%) 2.35 2.085
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Fig. 1 a XRD patterns of dried sample and sample heated at 550 °C; b XRD patterns of YIG nanoparticles annealed at 1250 °C, 1050 °C,

850 °C, and 650 °C

size and shape could also be related due to the breaking
and welding of particles [25].

3.3 The Vibrational Spectroscopic Analysis of YIG
Nanoparticles

FTIR spectra of YIG nanoparticles are shown in Fig. 4.
At temperatures beyond 1000 °C, the spectrum exhib-
ited three bands at 649 cm™!, 604 cm™!, and 550 cm™!
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Fig.2 a-b Rietveld refinement of YIG nanoparticles annealed at 1250 °C
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which is attributed to the asymmetric stretching modes
of tetrahedron and confirms the presence of garnet ferrite
nanoparticles [26]. Spectroscopic bands at 1628 cm~! and
3414 cm™! correspond to carboxyl group and O—H group
respectively. At 650 °C, the band prominent at 425 cm™!
is indicative of yttrium ortho ferrite YFeO, phase begins
to diminish with increasing temperatures and thereby,
represents the progression of YIG phase with increase in
temperature [27].
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Fig.3 HR-SEM images of

YIG nanoparticles prepared at
different annealing temperatures
such as a 1250 °C, b 1050 °C,

¢ 850 °C, and (d) 650 °C

3.4 Raman Spectra Analysis of YIG Nanoparticles

The Raman spectrum of YIG is shown in Fig. 5. The sam-
ples annealed at 1050 °C and 1250 °C show a major peak at

—650°C
—850°C
1030 °C

— 1250 °C

Transmittance (%)

L ! L | L | L | X | J | . |
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm")

Fig.4 FTIR spectra of YIG nanoparticles prepared at different tem-
peratures such as 650 °C, 850 °C, 1050 °C, and 1250 °C

270 cm™! which confirms the presence of garnet phases. Ini-
tially at 650 °C, the peaks obtained at 290 cm™! and 220 cm™,
and 180 cm™! and 400 cm™' correspond to Fe,05 and Y,0;
molecules respectively. Beyond 1000 °C, the remnant Fe,O;
reacts to form YIG by shifting the band from 292 to 270 cm™".

However, the peaks observed at 160 cm™!, 220 cm™!,

260 cm™', 340 cm™!, and 370 cm™! are due to the vibrations
of yttrium ions in the YIG sample [28, 29]. As reported earlier,
peaks that arise below 300 cm™ are due to the various motions
of ROS (dodecahedral), FeO (octahedral), and also due to the
liberation modes of FeO, (tetrahedral) [30].

3.5 Magnetic Properties of YIG Nanoparticles

Magnetic properties were evaluated using VSM at room tem-
perature. Well-defined sigmoid shape loops and its variation
with temperatures are shown in Fig. 6. The saturation mag-
netization M, values are found to increase and coercivity (Hc)
values are found to decrease with increasing temperatures. This
is because both these parameters are reciprocal to each other
(H, o 1/M) as mentioned in [31] and is also depicted in Fig. 7.
Additionally, the transition from single domain to multidomain
moments is responsible for the variation in saturation (M),
remanance (M,), and coercivity (H,) values in the samples [32].

Magnetic properties of YIG samples are shown in
Table 3. Consequently, these estimated values are found
to be comparable with Emami et al. [33]. These saturation
magnetization values M, of few hundred Oersteds of coer-
civity H, indicate strong magnetism and soft nature of garnet
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Fig.5 Raman spectra of YIG nanoparticles at prepared 1250 °C,
1050 °C, 850 °C, and 650 °C annealing temperatures

ferrites which are the main attributes for many applications.
These values are found to be dependant on the intrinsic
(composition, synthesis method) and extrinsic properties
(morphology, porosity) of garnet ferrites [25].

3.6 TG-DTA Thermal Analysis of YIG Nanoparticles

Figure 8a, b represent the thermal analysis of pre-combusted
and combusted product respectively. Initially three peaks
were observed in the pre-combusted sample in which the

Table 3 Parameters calculated from VSM analysis at room tempera-
ture

Parameters D (nm) Ms (emu/g) Hc (Oe)
Y-650 °C 39.75 11.39 252.13
Y-850 °C 63.94 14.85 174.85
Y-1050 °C 88.69 18.72 133.01
Y-1250 °C 96.52 22.01 113.96
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Fig.6 M-H loops of YIG nanoparticles annealed different tempera-
tures such as 650 °C, 850 °C, 1050 °C, and 1250 °C

removal of residual water in the dried sample is obtained
in the region of 150-170 °C. The reaction of metal nitrate
and citric acid produced a sharp exothermic peak at 170 °C
with a weight loss of 73%. Two exothermic peaks in the
240-355 °C range were eventually observed, corresponding
to the decomposition of remaining citric acid and the oxida-
tion of residual carbon formed during the rapid combustion
reaction. It is understood that the combination of nitrate and
citrate gels resulted in a self-propagating combustion reac-
tion at temperatures ranging from 120 to 180 °C. Due to the
rapid release of gases such as NO and CO, [34], this quickly
burns out into an aggregate loose powder that is porous [35].
The exothermic peak also suggested that this was due to the
decomposition involved oxidation of residual carbon that
occurred during the combustion process.

There was no weight loss when the temperature was
higher than roughly 370 °C, indicating that the processes
had come to a halt. At around 645 °C, a minor exothermic
peak was discovered, which corresponded to the crystalli-
zation of the amorphous phase which in turn confirmed the
combustion process. Hence, the crystallization temperature
645 °C deduced from the TG-DTA coincides well with the
XRD report [36].

3.7 XPS Analysis of YIG Nanoparticles

XPS technique was employed to determine the oxidation
states of cations due to its high sensitivity towards surface
structure of pure YIG. The samples were analyzed by XPS
to study the surface components and the valence of ele-
ments present in the sample [37]. The presence of all basic
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elements, namely Y, Fe, and O is clearly visible in the survey
spectra.

Based on the Lorentzian-Gaussian fitting, the yttrium
characteristic peak is divided into two component peaks
with binding energies of 157.3 and 159.2 eV correspond-
ing to Y 345, and Y 343, states respectively [19]. Fe-2p
state splits into two components such as 2p,,, and 2p;,, and
is shown in Fig. 9. The oxidation state of Fe which con-
sists of Fe?* and Fe* usually represented as an asymmet-
ric broad peak is centered at 710.2 eV. Fe,3/, and Fey,
states can be subdivided into sub-bands such as Fe3+2p3,2,
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Fe2+2p3,2, Fe3+2p1/2, and F62+2p1/2 [38]. The existence of
Fe”" ions in Y;Fes0;, ceramics is due to the low oxy-
gen conditions at high temperature sintering process [39].
Figure also represents the analysis of oxygen vacancies
in YIG ferrite. It exhibits the sum of two separated peaks
represented as O 1 s. From which the peak present at O
[1] 529.4 eV indicates the oxygen ions in the lattice and
O [2] peak at 531.1 eV is indicative of oxygen vacancies
[40]. Therefore, the XPS studies confirm the existence of
Y, Fe, and O in YIG ferrite.
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Fig.8 TG-DTA thermal analysis of a pre-combusted and b combusted product of YIG nanoparticles
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Fig.9 a XPS full survey spectrum. b Y 3d. ¢ Fe 2p. d O 1 s spectra of YIG nanoparticles

3.8 Adsorption Capacity Measurements
and Adsorption Mechanism

For the adsorption process, 20 ppm of cadmium was
dissolved in water to form a homogenous solution. The
chemical condition of the medium was maintained at pH

~ 7. YIG was introduced as an adsorbent and was agitated
continuously for 6 h, 12 h, 18 h, and 24 h. The amount
of adsorption and their removal efficiency was calculated
using Egs. (4) and (5):

_ V(CO - Ce)

4e=— 0

@ Springer

_co-cf

‘=70

x 100% ®)
where g, is the amount of adsorbed metal (mg/g), e is the
removal efficiency, C, is the concentration of initial adsorb-
ate (mg/L), C, is adsorbate concentration at equilibrium
(mg/L), Cfis the final adsorbate concentration, V is the vol-
ume of the adsorbate (L), and W is the mass of the adsorbent
(mg). The removal efficiency of garnet ferrite was found to
increase from 17.80 to 41.13% with increasing time intervals
from 6 to 24 h and is depicted in Fig. 11a. This adsorp-
tion mechanism is mainly attributed due to the formation of
complex of hydroxyl and carboxyl functional groups and ion
exchange mechanism. The complex formation of YIG and
cd (oxyanion) is as follows:
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Fig. 10 Adsorption mechanism
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where R indicates the surface of YIG and M indicates cad-
mium ions.

This is also attributed to the intrinsic factors which cor-
respond to the selectivity of adsorbent and extrinsic factors
like pH, temperature, NP’s loading, and concentration of
heavy metals [14]. The adsorption mechanism is depicted
in Fig. 10. As post-treatment of the absorbent has always
been the topic of concern for industrial application, YIG
(1250 °C) was found to be regenerated thrice successfully
and is represented in Fig. 11b. For this regeneration experi-
ment, the utilized adsorbent was separated using an external
magnetic field, then treated with a 0.5-M NaOH solution
under agitation for 6 h, washed, dried, and used for the next
cycle of the adsorption processes. The experiment demon-
strates the regeneration efficiency after separation. Similarly,

the consistent decline during regeneration experiment was
also encountered [41] which will be investigated in future.

The adsorption mechanism can be explained using sorption
isotherm modelling which provides a deeper understanding
of how metal ions interact with the active spots on the sorbent
surface. The isotherm data are usually fitted using Langmuir and
Freundlich isotherms. In which Langmuir isotherm assumes that
sorption is due to monolayer possessing independent equivalent
active sites, whereas Freundlich isotherm assumes that sorption
is due to multilayer active sites. Very good fitting was observed
using Freundlich isotherm in which the correlation coefficient R
is almost equal to one and is represented in Fig. 11c—d. Hence,
the high affinity of YIG towards Cd metal ions developed
multi-layered complexes of surface functional groups for the
remediation process. These available active sites shortened the
equilibrium level by increasing the driving force and thereby
hastened the reaction. Besides, the sample’s resistivity, surface
functional groups, thermal stability, and magnetic properties are
also responsible for this adsorption effect.
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Fig. 11 a The adsorption capacity of toxic Cd by YIG at various time intervals 6, 12, 18, and 24 h. b Regenerated experiment of YIG during
cadmium remediation process. c—d Langmuir and Freundlich isotherm models of YIG nanoparticles

4 Conclusion

YIG garnet samples were used to eradicate cadmium
which is listed as one of the most toxic element by the
World Health Organization (WHO), through adsorption
technique. The XRD results reveal the existence of gar-
net phase with significant peak [420] that is successfully
developed only at high temperatures beyond 1000 °C.
Rietveld refinement of XRD pattern confirms the cubic
structure of the sample and produced a good fit. At high
temperature, well-defined honey comb-like shape was
clearly obtained from HR-SEM without any agglomera-
tion. The vibrational spectra from FTIR and Raman anal-
ysis bring out the different functional groups and their
bonding. TG-DTA thermal analysis and XPS study of YIG
were in good correlation with the XRD report. The mag-
netic properties were found to depend on the preparation

@ Springer

conditions and heat treatment. Most importantly, the con-
tribution of YIG magnetic nanoadsorbent provides a viable
solution in treating the alarming water pollution problem
by industries. This adsorbent is very much advantageous
than other adsorbents due to its easy separable and regen-
eration characteristics. The YIG sample shows a maximum
adsorption capacity of 41.138% at 24 h and was regener-
ated three times portraying it as a potential adsorbent for
the eradication of toxic cadmium metal ions from water.
And also, the equilibrium adsorption of YIG on Cd** was
described as heterogenous layer of sorption process using
Freundlich isotherm model. In future, this adsorbent can
be composited with carbon-based materials for spontane-
ous adsorption to treat heavy metal polluted water with
promising recyclability or may also be used as a magnetic
separator as an alternative for other ferrites.
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