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Abstract
The citrate combustion technique was employed to synthesize barium hexaferrites represented by the formula
BaFe11.5Y0.5O19, where Y denotes Zr, Zn, Ni, and Gd. XRD analysis confirms the hexagonal structure of these materials,
which are classified under the space group P63/MMC-(No 194). The smallest crystallite size is observed in
BaFe11.5Gd0.5O19, with measurements recorded at 36.968 nm according to the Halder-Wagner method. The band gap is
calculated using the Tauc model. The introduction of dopant ions (Zr, Zn, Ni, and Gd) resulted in the establishment of
electronic energy levels, which caused distortions in the sample and generated new locations for stabilizing charge carrier
species within the samples. The BET plot shows H3 hysteresis with a type II isotherm, indicating that the inter-particle voids
contribute to meso-porosity with an average pore diameter of 9.351 nm. The samples are applied in wastewater treatment,
specifically serving as purifiers for lead-contaminated water. The impact of contact time is examined for all samples,
revealing that BaFe11.5Zr0.5O19 and BaFe11.5Gd0.5O19 achieved the highest efficiencies of 99.693% and 99.237%,
respectively. Moreover, BaFe11.5Zr0.5O19 adhered to the intra-particle diffusion model, while BaFe11.5Zn0.5O19,
BaFe11.5Ni0.5O19, and BaFe11.5Gd0.5O19 correspond to the pseudo-second-order model, suggesting that the adsorption
mechanism is primarily influenced by chemical processes.
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Graphical Abstract
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Highlights
● The citrate autocombustion method was used to synthesize M-type barium hexaferrites (BHFs) with the general formula

BaFe11.5Y0.5O19
● The smallest crystallite size is observed in BaFe11.5Gd0.5O19, with measurements of 35.328 nm according to the modified

Scherrer model and 36.968 nm according to the Halder-Wagner approach.
● The substantial change in the refractive index “n” across the visible and near-infrared regions suggests that samples can

be utilized in multilayer interference coatings.
● The prepared samples are employed in wastewater treatment, specifically as purifiers for lead-contaminated water.
● The impact of contact time is analyzed for all samples, revealing that BaFe11.5Zr0.5O19 and BaFe11.5Gd0.5O19 reached the

highest efficiencies of 99.693% and 99.237%, respectively.

1 Introduction

Ferrite oxide nanomaterials are of interest for basic research
as well as technological applications, owing to their crystal
structure as demonstrated in Fig. 1a [1–6]. They have drawn
substantial research attention due to their flexibility to alter
physical properties via chemical modification and alterna-
tions in preparation conditions. The main benefit of ferrite
nanomaterials (FNPs) is their straightforward preparation
method [3, 6]. Among various ferrite substances, barium

hexaferrite (BHF) and its derivative materials are commonly
utilized in magnetic applications such as ferrofluids, sen-
sors, permanent magnets, etc. [7–9]. It is important to note
that BHF is the most appropriate candidate among magnetic
materials due to its extreme corrosion resistance, high Curie
temperature, high electrical resistivity, high saturation
magnetization and large coercive field [3–5].

Researchers are modifying the physical properties of
BHF through numerous processes, such as substituting
appropriate elements at Ba/Fe sites, utilizing different
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preparation processes, and/or sintering at various tempera-
tures [3]. There are various synthesis methods available for
the synthesis of different FNPs, including citrate auto-
combustion techniques, co-precipitation method, sol-gel
autocombustion method, etc. [5, 6]. However, numerous
challenges are encountered in achieving high-purity
homogeneous BHF NPs. To overcome these challenges,
advanced citrate methods were employed [10, 11]. This
combustion technique is less complex compared to others,
making it appropriate for the preparation of BHF samples in
the present study.

The increasing levels of heavy metals (HMs) in our
resources have become a considerable concern, specifically
as several industries are discharging metal-containing
effluents into freshwater without appropriate treatment
[12, 13]. Efforts have been made to eliminate or at least
diminish the concentration of HMs such as lead (Pb2+), and
others from wastewater [14, 15]. HMs, like Pb2+ can enter
surface waters through industrial effluents, furthermore,
they can also enter the human body through ingestion and
inhalation. Once inside the body, a significant portion of
lead accumulates in the kidneys and liver, producing serious
damage to these organs [16, 17]. Numerous approaches
have been utilized to remove HM ions from wastewater,
such as adsorption, cation-exchange, and electrochemical
reduction, etc. [12, 18]. In general, the adsorption process is
recognized for its cost, simplicity and flexibility, and hence
has been industrially preferred [12]. Adsorption takes place
owing to the physical or chemical attraction between Pb2+

ions and the surface of the prepared sample [19].
Recently, the innovation of sophisticated materials

exhibiting improved physical characteristics has attracted
considerable interest in the field of materials science. BHFs
are increasingly recognized for their distinctive structure
and optical features. A fundamental approach to modifying
its crystal structure and improving its optical performance
involves doping with cations that exhibit varying properties.

This research aims to deliver a comprehensive under-
standing of how the partial substitution of Fe3+ with Zr4+,
Zn2+, Ni2+ and Gd3+ cations influences the physical prop-
erties of BHF, ultimately aiding in the development of more
effective materials for application in water treatment
processes.

2 Methodology

2.1 Materials used

All chemicals Ba (NO3)3·6H2O (99%), Zr (NO3).6H2O
(98%), Zn (NO3)2.6H2O (99.9%), Ni (NO3).6H2O, Gd
(NO3)2.6H2O (99%), Fe (NO3)3·6H2O (98%), citric acid
[C4H8O7], and ammonia solution (33%) were taken from
(LOBA, India).

2.2 Experimental technique

2.2.1 Preparation of barium hexaferrites (BHFs)

BHF NPs were synthesized using the citrate autocombus-
tion method as illustrated in Fig. 1b. The chart depicts the
preparation of the samples investigated in previous studies
[10, 13, 14].

2.2.2 Preparation of heavy metals (HMs) solution

To investigate the effectiveness of BaFe11.5Y0.5O19;
Y= Zn2+, Zr4+, Ni2+, and Gd3+ in removing HM ions, the
experiments were conducted in a series of 500 mL flasks
with 1.6 g/L of nanomaterial powder and 2ppm of metal
nitrate. The solutions were thoroughly mixed using an
electric shaker (ORBITAL SHAKER SO1) at 200 rpm for
60 minutes at room temperature. The resulting supernatant
solutions were filtered through a 0.2 μm syringe filter. To

Fig. 1 a Diagram shows the
crystal structure of BHFs,
b Chart for citrate
autocombustion method
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study the effect of contact time, optimum pH values and
adsorption techniques for the removal of heavy metal
(RHM) Pb2+, experiments were conducted following the
procedures outlined in a previous study [20]. The con-
centration of Pb2+ ion was determined using atomic
absorption spectrophotometry (ICP spectrometry Prodigy
7). The adsorption efficiency % and the equilibrium
adsorption capacity (qe) of metal ions were estimated for the
samples in the forthcoming data.

2.3 Characterizations and measurements

The prepared samples were characterized using XRD to
recognize the phase and study the crystal structure. FT-IR
was used to determine the vibrational bands. EDXA showed
the appearance of elements with compatible ratios. UV–vis
was used for the optical characterizations of the synthesized
materials.

3 Results and discussion

3.1 Structural analyses

3.1.1 XRD analysis

Figure 2 presents XRD patterns of BaFe11.5Zr0.5O19,
BaFe11.5Zn0.5O19, BaFe11.5Ni0.5O19 and BaFe11.5Gd0.5O19

hexaferrites, ordered by their ionic radii; from the narrowest
to the widest. XRD analysis confirms the presence of the
desired hexagonal structure with all peaks matching the
standard theoretical pattern of pure BHF with index number
(ICSD 01-075-9113). In the figure, all sets of samples
exhibit a single-phase structure, except BaFe11.5Ni0.5O19,
which shows an impurity peak corresponding to Fe2O3 (a
secondary phase) [5, 6]. The sample BaFe11.5Gd0.5O19, with
the lowest 2θ value, corresponds to the smallest crystallite
size, as shown in Table 1. The main peak (114) is slightly

Fig. 2 The XRD patterns of the samples compared by ICCD card for a BaFe11.5Zr0.5O19, b BaFe11.5Zn0.5O19, c BaFe11.5Ni0.5O19,
d BaFe11.5Gd0.5O19
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shifted to the left towards smaller 2θ values [5, 6]. This
deviation from the typical trend is attributed to strain, which
has been calculated and validated using the Halder-Wagner
Approach (HWA). The strain estimated in the samples can
be attributed to two factors: the introduction of larger doped
ions entering the lattice, which occupy iron sites and lead to
changes in valence, and the transformation of certain Fe3+

ions into Fe2+ ions that possess a larger radius [6, 21].
A variety of models have been established to interpret

XRD data and derive significant insights. These models
vary in their approaches to peak shape and the appro-
priate functions used to accurately fit the peaks, ensuring
that all factors contributing to the creation of each peak
are considered. Investigators frequently apply a combi-
nation of these models to recognize the material’s
structure and properties [15–17, 22]. In the present
work, we have discussed two models: the modified
Scherrer Model (MSM) and the Halder-Wagner
approach (HWA).

The average crystallite size (DS) of the prepared samples
can be estimated via the MSM. This model supposes that
the particles have a spherical shape [15] and that peak
broadening is exclusively attributed to DS without taking
into account the strain factor (εÞ. In contrast, the HWA
considers both instrumental and sample contributions to
peak broadening [14, 15].

Table 1 indicates that the smallest calculated crystallite
size is associated with the largest ionic radius of dopants.
Consequently, BaFe11.5Zr0.5O19 exhibits the largest crystal-
lite size. Furthermore, the ε data calculated using the HWA
model will support these findings. The Scherrer equation

(MSM) was modified by Munshi et al. [15] as follows:

lnβ ¼ ln
1

cos θ

� �
þ ln

kλ
Ds

ð1Þ

where β is the width of the diffraction line measured at its
full half intensity, k is ≈ 0.94; and λ is the X-ray source
wavelength. In the MSM, it is possible to acquire the
average value of Ds through considering all peaks or a
selected subset of peaks. Figure 3 illustrates the MSM plots,
while the estimated values of Ds are tabulated in Table 1.

Researchers indicate that the summit of the peak corre-
sponds to a Gaussian function (GF); however, the tail of the
peak decreases too swiftly in accordance with a Lorentzian
function (LF). The HWA posits that peak broadening arises
from the convolution of both the LF and GF. The β can be
represented as follows [10, 23]

β2 ¼ βlβ þ βG
2 ð2Þ

Accordingly, the HWA can be expressed as [14, 15]

ðβ
�

d�
Þ
2

¼ 1
DH

β�

d�2
þ ðε

2
Þ2 ð3Þ

where βl and βG are the LF and GF peaks broadening,
respectively, β� ¼ βhkl cos θ

λ and d� ¼ 2 sin θ
λ . A straight line is

derived by plotting a graph between ðβ�d�Þ
2
against β�

d�2
as

shown in Fig. 4 which represents the HW plot. The 1/slope
denotes the average “DH”, while the intersection is
proportional to ε. The average DH and ε are illustrated in
Table 1. The average DH values have the same trend as the
DS, suggesting that the change of ε affects the average DH.

Fig. 3 The MSM plot for the samples: a BaFe11.5Zr0.5O19, b BaFe11.5Zn0.5O19, c BaFe11.5Ni0.5O19, d BaFe11.5Gd0.5O19

Table 1 Crystallite size (Ds)
with MSM and (DH) from HWA
compared with ionic radii (r) of
the dopants, strain (ε) from
HWA, experimental and
theoretical density (ρ, ρx),
porosity percentage (P %),
specific surface area (S) of the
prepared samples

Sample r (Å) DS (nm) DH (nm) ε *10−3 ρexp. (g/cm3) ρtheo.(g/cm3) P % S (m2/g) *102

BaFe11.5Zr0.5O19 0.560 39.113 45.372 3.096 1.630 5.973 72 235

BaFe11.5Zn0.5O19 0.680 37.901 40.019 3.000 1.675 5.343 68 266

BaFe11.5Ni0.5O19 0.690 35.630 37.495 2.986 1.804 5.274 65 295

BaFe11.5Gd0.5O19 0.938 35.328 36.968 0.726 1.691 5.512 69 293
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The experimental density (ρexp.), is calculated by using
the following formula

ρexp : ¼
m

V
ð4Þ

The theoretical density (ρ theo.) and porosity (P %) of the
samples, are determined through the equations provided in
references [24, 25],

ρtheo: ¼
Z M

NA Vx
ð5Þ

P ¼ 1� ρexp :
ρtheo:

� �
� 100 ð6Þ

where m and V are the mass and volume of the samples (the
bulk volume of the sample in the form of a sphere can be
determined by geometric means using a caliper.), Z is the
effective number of molecules per unit cell ðZ ¼ 2), M is
the molecular weight, and NA ¼ 6:026x1023/mole is Avo-
gadro’s number. The density of each sample mainly varies
with the molar mass of each substituted cation. The sample

with the largest molar mass, such as BaFe11.5Zr0.5O19, has
the highest density. This property is useful for many
applications, such as wastewater treatment.

The change in P (Table 1) for doped BHF is due to the
substitution of Fe3+ cation with cations of varying ionic
radii, shape, size, and distribution within the crystal-
lographic sites. This led to the creation of the highest porous
BaFe11.5Zr0.5O19 (72%) sample which appropriate for
numerous applications [6]. The ρtheo. of all samples is higher
than their ρexp. indicating the existence of pores and good
packing during preparation and calcination. The non-linear
porosity values of the doped samples may be ascribed to
agglomerations and grain growth in the synthesized NPs.

Additionally, the specific surface area (S) is calculated
using the following equations [19],

S ¼ 6000
ρtheo:Dx

ð7Þ

As indicated in the table, larger crystallite sizes are
associated with a smaller S. This behavior emphasizes the
significant role of sizes in the surface characteristics of the
samples

3.1.2 FT-IR analysis

The FT-IR spectra for the doped samples are illustrated in
Fig. 5a–d. All samples exhibit three prominent absorption
bands within the range of 400–1400 cm−1, which are
attributed to the metal-oxygen stretching vibration bands of
Fe–O or Ba–O [10, 15]. The bands located at ≈430 and
580 cm−1 are associated with the vibrations of ferric crys-
tallographic sites 4f2 and 4f1 (B and A sites). The absorption
peak detected at 540 cm−1 is clearly linked to the Ba–O
stretching vibration band, thus confirming the establishment
of an M-type BHF structure. The identified band positions
in the observed IR spectrum of BaZr0.5Fe11.5O19 and
BaZn0.5Fe11.5O19 samples show a slight shift towards higher
wavenumbers, compared to BaNi0.5Fe11.5O19 and BaGd0.5-
Fe11.5O19. These shifts in bands suggest changes in
Fe3⁺–O2− bond lengths, which are attributed to differences

Fig. 5 The FT-IR spectrum of 400–1400 cm�1 of: a BaFe11.5Zr0.5O19,
b BaFe11.5Zn0.5O19, c BaFe11.5Ni0.5O19, d BaFe11.5Gd0.5O19

Fig. 4 The H-W approach plot for the samples: a BaFe11.5Zr0.5O19, b BaFe11.5Zn0.5O19, c BaFe11.5Ni0.5O19, d BaFe11.5Gd0.5O19

   50 Page 6 of 15 Journal of Sol-Gel Science and Technology          (2026) 117:50 



in ionic radius, Fe–O bond distances, and the heavier atomic
weight of Fe3+ [11, 14, 21].

Finally, the substitution of: Zr4+, Zn2+, Ni2+ and Gd3+

ions into the Fe3+ site produces lattice strain, supporting the
results obtained from XRD [23, 26].

3.1.3 EDX analysis

EDX is a valuable technique for determining the elemental
composition and spatial distribution of BHFs. The EDX
spectra shown in Fig. 6 present the elements for each

sample in the desired ratios, mainly the atomic ratio of
oxygen, which plays a main role in the presence of oxygen
vacancies. No impurity peaks have been detected, con-
firming the purity of the synthesized samples [7].

3.2 Optical studies

3.2.1 Absorbance and optical energy bandgap

Figure 7 shows the absorbance spectrum with respect to the
wavelength (λ) for the doped materials in the UV to IR

Fig. 7 Absorbance spectrum of: a BaFe11.5Zr0.5O19, b BaFe11.5Zn0.5O19, c BaFe11.5Ni0.5O19, d BaFe11.5Gd0.5O19

Fig. 6 EDX Spectra of: a BaFe11.5Zr0.5O19, b BaFe11.5Zn0.5O19, c BaFe11.5Ni0.5O19, d BaFe11.5Gd0.5O19
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regions. The studied samples exhibit the same behavior with
absorbance increasing as the λ increases until it reaches a
maximum at 490, 496, 500 and 513 nm for
BaFe11.5Zr0.5O19, BaFe11.5Zn0.5O19, BaFe11.5Ni0.5O19 and
BaFe11.5Gd0.5O19, respectively, after which it decreases. The
doped samples displayed broad absorption bands with peaks
that shifted to higher λ, as their ionic radii increased. This
indicates that the energy necessary to promote an electron
across the band gap is weakening, thereby suggesting a
reduction in the optical energy gap (Eg).

The Eg of studied samples can be influenced by their
ionic radii. Typically, the ion with the smallest ionic radius
(BaFe11.5Zr 0.5O19) is associated with the largest Eg, as
demonstrated in Table 2. This phenomenon occurs because
smaller ions have higher ionization energies, a higher
charge density, greater crystal field splitting, and therefore,
a higher energy necessary for an electron to transition from
the valence band (V.B.) to the conduction band (C.B.). This
suggests that as the ionic radii increase, materials become
easier to excite optically as seen in the BaFe11.5Gd0.5O19

sample. However, this relationship can be affected by var-
ious issues including crystal structure, coordination number,
and the presence of defects. In mixed ionic compounds, the
interaction of various ionic radii may result in differences in
the Eg. For instance, in BHF NPs, the dimensions of the five
site cations can greatly affect the Eg.

The optical properties of any material can be determined
through band-gap analysis. This can be changed through
doping or substitution to improve the material’s applic-
ability for opto-electronic devices [27]. The Eg can be
derived from a UV-visible absorption spectrum, using the

relationship between reflectance (R) and absorption as
described by the Kubelka–Munk function.

F R1ð Þ ¼ 1� Rð Þ2
2R

ð8Þ

where R is the reflectance of the sampled layer.
The Tauc method is a more straightforward approach that

focuses on analyzing specific parts of the spectrum to
estimate the Eg. The Eg as a function of λ is determined by
extrapolating the linear segment of Tauc’s plot illustrated in
Fig. 8 in accordance with Eq. (9)

hνFðR1Þ ¼ Bðhν � EgÞm ð9Þ
where B is a constant and m depends on the type of
transition, m = ½, m= 2 for direct and indirect transitions,
respectively. The direct Eg values for the prepared samples
are presented in Table 2. The changes in Eg align with those
documented earlier and suggest that doping has a significant
effect on the Eg of the BHFs. Nevertheless, the alteration in
Eg can be attributed to two issues: the emergence of
additional defects like oxygen vacancies and the ionic radii
of the samples [28, 29]. The incorporation of dopant ions
(Zr, Zn, Ni, and Gd) led to the formation of electronic
energy levels, which induced distortions within the sample
and created new sites for stabilizing charge carrier species
in the doped material. This can either increase or decrease
the Eg depending on the type and concentration of the
dopant as will be discussed later.

The absorption spectrum fitting procedure (ASF) method
takes a more comprehensive and statistical approach to fit
the entire absorption spectrum. It includes parameters such
as the density of states, transitions between bands, and the
effects of localized states to match the entire absorption
spectrum rather than selecting specific regions. It is
employed to achieve the Eg, thereby eliminating the
necessity for thickness measurements that are commonly
imprecise. To present the ASF method, one may begin with
Eq. (9) and reformulate it as a function of the λ [29, 30]

F R1ð Þ ¼ B ðhcÞm�1λð1
λ
� 1
λg
Þ
m

ð10Þ

Fig. 8 Tauc’s plot with ASF plot of: a BaFe11.5Zr0.5O19, b BaFe11.5Zn0.5O19, c BaFe11.5Ni0.5O19, d BaFe11.5Gd0.5O19

Table 2 Ionic radii, Energy bandgap (Eg) by Tauc’s and ASF models,
of the doped samples

Sample r (Å) Eg Tauc (eV) Eg ASF (eV)

BaFe11.5Zr0.5O19 0.560 1.728 1.590

BaFe11.5Zn0.5O19 0.680 1.704 1.587

BaFe11.5Ni0.5O19 0.690 1.673 1.570

BaFe11.5Gd0.5O19 0.938 1.646 1.543
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where c is the velocity of light, λ, and λg are the wavelength,
and bandgap wavelength, respectively. The values of Eg

ASF

are calculated from Fig. 8 and tabulated in Table 2, which
shows the same trend as Eg

Tauc. The Eg has a strong
dependence on the density of localized states. This
tunability of the Eg makes BHF-doped materials extremely
versatile for multifunctional applications in electronics,
magnetics, optics, and energy fields, such as photo-
catalysis, magneto-optical sensors, and UV photodetectors.
In conclusion, it can be stated that, based on the
characteristics of the materials and the requirements of the
experiments, the Tauc and ASF methods collectively
provide a comprehensive description of the optical transi-
tions occurring in HFs. Additionally, doping the crystal
structure with Zr4+, Gd3+, Zn2+ and Ni2+ cations modifies
the critical aspects of the sample’s optical band structure.
Such adjustments make BHF a valuable component for
numerous technological uses [8, 25, 31–35].

3.2.2 Refractive index (n) and extinction coefficient (k)

The optical parameters characterize how electromagnetic
waves transmit signals and travel through materials. How-
ever, there are two categories of dispersion based on the
relationship between the refractive index (n) and wave-
length (λ). Normal dispersion is characterized by an indirect
proportionality between n and λ, occurring at λ below a
certain threshold (corresponding to the resonance fre-
quency, ωo) [36].

Conversely, anomalous dispersion is defined by a direct
relationship between n and λ, occurring at λ above this
threshold [36]. This means n increases with increasing λ.
The refractive index (n) is a significant parameter in optical
applications. The formula utilized to compute n is as fol-
lows [30],

n ¼ 1þ ffiffiffi
R

p

1� ffiffiffi
R

p ð11Þ

An anomalous dispersion in the variation of n is seen in
Fig. 9. The anomalous dispersion observed between 700

and 900 nm arises from nearby electronic transitions asso-
ciated with Fe3+ ions in BaFe11.5Zr0.5O19. This anomaly
occurs in regions that are very close to the strong absorption
bands of the samples. In these regions, the electromagnetic
wave interacts strongly with the hexaferrite’s constituents,
resulting in energy absorption and a rapid change in the
speed of light within the medium. The unique crystal
structure and ferrimagnetic nature of hexaferrites, where
Fe³⁺ ions occupy five different sites with opposite spin
alignments, lead to complex magnetic behaviors. These can
result in strong spin rotations or ferromagnetic resonance
within the material at specific frequency ranges, which
cause significant absorption of electromagnetic energy. The
detected behavior can be theoretically justified through the
Kramers–Kronig relations [37] and can be modeled using
the Lorentz–Drude dispersion model [38].

A significant difference exists between the doped sam-
ples as there is a reduction of n by passing through
BaFe11.5Zn0.5O19 to BaFe11.5Zr0.5O19 ultimately achieving
the lowest value of n in BaFe11.5Gd0.5O19. Moreover, this
anomalous behavior is associated with strong absorption.
Materials that display this anomalous behavior are exem-
plified by moderate opacity at the resonance frequency and
show anomalous dispersion within their absorption bands.

The substantial change in “n” across the visible and near-
infrared regions suggests that samples can be utilized in
multilayer interference coatings. The relatively high “n”
achieved in the near-infrared region can be advantageous
for manufacturing waveguides and photonic devices.

Additionally, the variation of the extinction coefficient
(k) with λ is depicted in the inset of Fig. 9 and calculated
using the following equation [30].

k ¼ αλ

4π
ð12Þ

The absorption/scattering of light per unit volume is
represented as k, indicating a decrease in light in each
sample. The values of k increase with higher λ, suggesting
increased absorption in the UV region due to direct elec-
tronic transitions. As λ decreases, k decreases due to
reduced absorption. The large excitation energy for

Fig. 9 The variation of n, and k, with λ for: a BaFe11.5Zr0.5O19, b BaFe11.5Zn0.5O19, c BaFe11.5Ni0.5O19, d BaFe11.5Gd0.5O19
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electronic transitions results in strong inter-band optical
transitions between the V.B and C.B. [36].

3.2.3 The dielectric constant (ε0)

The real part of dielectric constant (ε0) of materials can be
linked to the values of n and k as the given equation
[36, 39, 40],

ε0ðλÞ ¼ n2ðλÞ � k2ðλÞ ð13Þ

The change of ε0 as a function of λ is displayed in Fig.
10. As can be observed, the constant ε0 has the same
behavior as the “n” and is attributed to electronic polar-
ization, a phenomenon that appears in heterogeneous media
consisting of phases with different ionic conductivity [39].
The increase in ε‘, rises sharply, indicating a stronger
response of the material’s polarization to the oscillating
electric field of the light. This suggests that electronic
transitions are becoming more prominent as the wavelength
increases. The bump near 750 nm indicates resonant
interaction such as multiple polarization mechanisms or
electronic transitions. The behavior of ε‘ makes the
materials useful for photonic devices, capacitors and
optical coatings.

3.3 Heavy metal removal (HMR)

The structural parameters obtained from XRD include size
and strain. Additionally, the BET analysis provides infor-
mation on surface area, pore size, and pore volume. All
these parameters are closely related to the adsorption per-
formance of the doped HFs. Smaller sizes lead to higher
surface areas, which can increase the number of active sites
available for adsorption and facilitate faster diffusion of
Pb2+ ions toward the active sites on the HFs

On the other hand, strain creates defects in the crystal
lattice of the HFs sample, which can serve as additional
active sites for adsorption, and affect the binding energy of
Pb2+ ions to the sample surface. Additionally, doping-
induced distortions at grain boundaries create additional
adsorption pathways.

3.3.1 Effect of contact time

In the present work, heavy metal concentrations (HMC) in
the filtrate are measured using ICP, Prodigy7 at 25 °C. The
nanomaterial removal efficiency is calculated as follows
[30],

efficiency% ¼ Ci � Ce

Ci
� 100% ð14Þ

Fig. 11 a The removal efficiency with contact time for the prepared samples. b The removal efficiency with pH for BaFe11.5Zr0.5O19. c EDXA for
BaFe11.5Zr0.5O19

Fig. 10 The variation of dielectric constant with wavelength of a BaFe11.5Zr0.5O19, b BaFe11.5Zn0.5O19, c BaFe11.5Ni0.5O19, d BaFe11.5Gd0.5O19
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where Ci and Ce are the initial and equilibrium (final)
concentrations (mg/L) of metal ion solution, respectively,
and plotted versus the time in Fig. 11 for the prepared
samples.

A rapid elimination of Pb2+ ions is detected during
the initial 30 min of adsorption, achieving removal
efficiencies (η) of 99.7%, 93.1%, 92.4%, and 99.0% for
BaFe11.5Zr0.5O19, BaFe11.5Zn0.5O19, BaFe11.5Ni0.5O19,
and BaFe11.5Gd0.5O19, respectively. Subsequently, the
adsorption kinetics slowed until reaching equilibrium at
pH 8 after 60 min. The BaFe11.5Zr0.5O19 sample exhibits
the highest η (99.7%) despite its larger size. This can be
attributed to its larger porosity (72%) and strain (3.096
×10−3). The combined effect of porosity and strain
surpasses the effect of size on the absorption process.
Based on these findings, BaFe11.5Zr0.5O19 is selected for
further investigation regarding the impact of pH
on HMR.

3.3.2 Effect of pH

The impact of pH on the BaFe11.5Zr0.5O19 sorption process
of Pb2+ ions is examined within a pH range of 2–8 using
ammonia and diluted nitric acid solutions, as shown in
Fig. 11b. The primary interactions involved in the
adsorption process are electrostatic in nature. The pH can
affect the kinetics of adsorption and the sorption capacity
of Pb2+ ions by varying the surface charges of
BaFe11.5Zr0.5O19, in addition to affecting the type of Pb2+

complex formed and the number of active sites available
for the adsorption process. In the present investigation, the
highest uptake of Pb2+ ions by BaFe11.5Zr0.5O19 is detec-
ted at a pH value of 8, as illustrated in the figure [41]. This
can be ascribed to a competition between H+ and Pb2+

ions for adsorption on BaFe11.5Zr0.5O19. At lower pH
levels, H+ ions tend to occupy an extensive number of
adsorption sites on BaFe11.5Zr0.5O19, thus hindering the
Pb2+ adsorption process. Conversely, at high pH values,
the competition from H+ ions vanishe,s and the positively
charged Pb2+ and Pb (OH)+ ions can easily attach to the
free binding sites, increasing the Pb2+ adsorption process
[20, 22, 41].

3.3.3 Adsorption models

Adsorption isotherm and adsorption kinetics models are
examined for the adsorption efficiency of Pb ions on
BaFe11.5Zr0.5O19, BaFe11.5Zn0.5O19, BaFe11.5Ni0.5O19 and
BaFe11.5Gd0.5O19 NPs. The equilibrium adsorption capacity
of metal ions is determined as follows [20, 42],

qe ¼
Ci � Ce

m
� V ð15Þ

where V is the volume of Pb2þ solution (L) and m is the
mass of adsorbent in grams. The mechanism of adsorption
between the samples and the Pb2+ liquid phase can be
identified with two models. The first one is the Langmuir
isotherm model (LIM), and the other is the Freundlich
model (FIM) [41]. The regression coefficient (R2) is the
parameter that supports these models. If the adsorption is
portrayed as a mono-layer, it obeys the LIM with a finite
number of alike sites on the surface of the adsorbent.
Consequently, the equilibrium distribution of metal ions
between the solid and liquid phases can be represented
by the LIM re [20, 42]. The LIM follows the given
equation [20],

Ce

qe
¼ 1

klqm
þ Ce

qm
ð16Þ

where qe and qm (mg/g) are the adsorption capacity at
equilibrium and maximum adsorption, respectively. Ce is
the equilibrium concentration of the metal ion (mg/L), and
kl (L/mg) is the affinity binding constant. The values of qm
and kL are determined from the slope and intercept of the
Langmuir plot.

The fundamental features of the LIM can be extracted
through the equilibrium parameter (RL), which is a
dimension-less constant and given by [42],

RL ¼ 1
1þ ð1þ kLCiÞ ð17Þ

The RL value indicates the adsorption nature to be
unfavorable if RL > 1. If RL = 1 the process is linear. In case
where 0 < RL < 1 the adsorption process is favorable as is
the situation here. When RL= 0 the process becomes irre-
versible [41, 42]. Additionally, by examining the correlation
coefficients (R2), it is evident that the experimental data
align closely with LIM.

If the adsorption is multilayer, it obeys the FIM with a
heterogeneous surface onto the adsorbent, and given by
[20],

ln qe ¼ ln kf þ 1
n
lnCe ð18Þ

where kf denotes the adsorption capacity and n represents
the intensity of adsorption.

There are three kinetic models, the pseudo-first order
(PFO), pseudo-second order (PSO) and interparticle dif-
fusion (IPD) kinetic models. The PFO model is illustrated
by physisorption, indicating the absence of a chemical
bond between the adsorbent (BaFe11.5Y0.5O19) and the
adsorbate (Pb2+). This reversible process is regulated by
Van der Waals forces, where attraction adjusts with dis-
tance due to the continuous fluctuations in electron
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distribution that create transient dipoles. It can be repre-
sented as follows [41],

ln qe � qtð Þ ¼ lnqe �
k1

2:303
t ð19Þ

Moreover, the PSO commonly occurs when there is
significant interaction among adsorbate molecules, signify-
ing a behavior in which the interaction of the adsorbate with
an already adsorbed layer is stronger than the interaction
between the solid surface and the adsorbate. It is repre-
sented by Eq. (20) [41]

t

qt
¼ 1

k2q2e
þ t

qe
ð20Þ

The IPD defines the process by which adsorbate (Pb2+)
molecules are adsorbed onto the active sites within the
particles. The interaction is controlled by the energetic
interactions between the adsorbate and the adsorbent. The
IPD equation is [41]

qt ¼ k3t
1=2 þ C ð21Þ

where k1, k2 and k3 are the PFO, PSO and IPD rate
constants in (min�1) and (g/mg.min), respectively. If the
obtained data agrees with pseudo-first-order reaction, the
adsorption tends more towards physisorption. Physisorption
is weak and reversible. However, the pseudo-second order
reaction is stronger as it occurs through bond formation
formed between the adsorbent and adsorbate by electron
sharing.

On the other hand, Fig. 12 illustrates a representative
graph of the previous models for BaFe11.5Zr0.5O19, while
other graphs are not included here. The calculated data for
each model corresponding to the prepared samples are
detailed in Table 3. The regression values of LIM and FIM
show that the LIM is well suited and favorable for
adsorption of Pb2+, indicating, a monolayer-type adsorp-
tion. An analysis of the adsorption mechanism through the
three models, along with the calculation of regression
values for each, reveals that BaFe11.5Zr0.5O19 adheres to the
intra-particle diffusion model. In contrast, BaFe11.5Zn0.5O19,
BaFe11.5Ni0.5O19, and BaFe11.5Gd0.5O19 conform to the

principles of the PSO model. This indicates that the
adsorption mechanism is chemically driven [43].

Finally, it can be detected that the adsorption efficiency
of BaFe11.5Zr0.5O19 is higher compared to doped BaFe12O19,
and this conclusion is proved by BET analysis shown in
Fig. 12g. An empirical classification of hysteresis loops was
given by IUPAC, which is based on an earlier classification
of hysteresis by de Boer [43]. Accordingly the hysteresis in
Fig. 12f is classified as type H3 associated with a type II
isotherm [43]. The pores of sample are categorized based on
their diameter into micropores (<2 nm), mesopores (ranging
from 2 to 50 nm), and macropores (>50 nm). In the studied
samples the inter particle pores are identified as mesopores
as illustrated in Fig. 12g.

4 Conclusion

BaFe11.5Gd0.5O19 exhibited the smallest crystallite size, mea-
suring 35.328 nm, and 36.968 nm according to the MSM, and
HWM respectively. This finding was further validated by
assessing the strain through the Halder-Wagner model, which
indicated the lowest strain value of 0.726*10−3.

The data obtained has demonstrated that BaFe11.5Zr0.5O19

exhibits the highest porosity, attributed to the significant
molar mass of Zr, making it suitable for wastewater treat-
ment applications. The analysis of the data reveals that
BaFe11.5Zr0.5O19 exhibited the highest energy bandgap,
measuring 1.728 eV according to the Kubelka–Munk rela-
tion and 1.590 eV based on the ASF relation. Doping the
crystal structure with Zr4+, Gd3+, Zn2+ and Ni2+ cations
modifies the critical aspects of the sample’s optical band
structure. Such adjustments make BHF a valuable compo-
nent for numerous technological uses.

For each sample, a rapid elimination of Pb2+ ions within
the initial 30 min of adsorption has been observed, with
removal efficiencies of 99.693%, 93.098%, 92.382%, and
99.237% for BaFe11.5Zr0.5O19, BaFe11.5Zn0.5O19, BaFe11.5-
Ni0.5O19, and BaFe11.5Gd0.5O19, respectively.

The adsorption mechanism analyzed through the three
models, along with the calculation of regression values for
each, reveals that BaFe11.5Zr0.5O19 follows the intra particle

Table 3 Calculated data of adsorption mechanism models for BaFe11.5Zr0.5O19, BaFe11.5Zn0.5O19, BaFe11.5Ni0.5O19 and BaFe11.5Gd0.5O19

Sample qe
(mg/g)

Removal
efficiency (%)
within 30 min

Langmuir Freundlich PFO PSO IPD

kL (L/mg) R2 RL kF
(mg/g)

R2 k1 (min�1) R2 k2 (mg/
g.min)

R2 k3 (mg/g.
min1=2)

R2

BaFe11.5Zr0.5O19 1.950 99.69 10.01 0.960 0.046 1.570 0.780 0.115 0.240 0.006 0.49 0.268 0.620

BaFe11.5Zn0.5O19 1.910 93.09 285.50 0.990 0.001 1.640 0.960 0.115 0.280 0.587 0.99 0.022 0.640

BaFe11.5Ni0.5O19 4.310 92.38 0.050 0.990 0.455 4.190 0.950 0.168 0.910 1.246 0.99 0.010 0.990

BaFe11.5Gd0.5O19 1.840 99.23 77.00 0.990 0.006 1.510 0.980 0.002 0.050 1.284 0.99 0.002 0.010
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diffusion model. In contrast BaFe11.5Zn0.5O19, BaFe11.5-
Ni0.5O19 and BaFe11.5Gd0.5O19 follow the pseudo-second-
order model rules, suggesting that their adsorption
mechanisms are chemically in nature.

Finally, the interaction among electronic configuration,
ionic radii, and optical energy gap presents a vital aspect in
defining the characteristics of BHF NPs, particularly within
the domains of materials science and solid-state physics.
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