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Abstract
It would be helpful to achieve appropriate synthetic routes to attain larger-scale production at industrial
levels of nanocomposites at low costs. In the present work, diphasic composites with core-shell
nanostructures formed by La2Fe2O6/CoFe2O4 are investigated. The core-shell structure is fabricated via
different preparation methods. The advantages and the demerits of the synthesis techniques are
discussed. The presence of both the spinel CoFe2O4 nano ferrite and orthorhombic La2Fe2O6 perovskite
phases is revealed by X-ray diffraction (XRD). XPS spectroscopy is utilized to investigate the chemical
composition of the prepared samples. The hysteresis loops of the prepared samples exhibit a smooth
loop that is resulted from the existence of two homogeneous magnetic phases. For the �rst time, it has
been found that the preparation conditions have the advantage of reducing the switching �eld
distribution (SFD) value for the core- shell nanoparticles. Exchange coupled core–shell nanoparticles
present a high potential to regulate the magnetic properties for numerous applications such as heavy
metal removal and/or data storage devices. The maximum adsorption capacity (qm) of Cr III on the core-
shell (S3) is higher compared to other adsorbents previously testi�ed in the literature. The cost-effective
and eco-friendly prepared core-shell samples with good metal removal capacity have great potential for
commercialization.

1. Introduction
Nowadays, the coating of nano ferrite particles on materials with various structures is a novel and
motivating technique to synthesize multifunctional materials. New functionalities can be added to the
core owing to the coated shell properties [1]. The core/shell formulism has a remarkable potential for use
in biomedicine and energy storage devices [2–4]. In general, Core/shell particles are made up of an
interior material (core ) and an outer layer material (shell ) [5].

Both core and shell could be fabricated from various categories of inorganic or organic materials as
inorganic- inorganic, inorganic-organic, organic-inorganic as well as organic-organic[6–8].

Materials are crystallized in various crystal classes and structural families. The perovskite structure
(ABO3) is the host of a large number of transition metal oxides with novel physical properties [9, 10].
Furthermore, the double perovskite structure (A2BB'O6) can be formed through the alignment of respective
bonding in the ABO3 structure. The soft ferromagnetic nature, multiferroicity, and colossal magneto-
resistance are occurred due to B B′ super-exchange interactions and the ordering between B and B′ [11–
13]. As a result, the double perovskite structure is worth paying attention owing to its promising
technological applications.

In the family of spinel structures, CoFe2O4 is of extreme prominence substance which exhibits remarkable
properties like high magnetization, high coercivity, and high magneto crystalline anisotropy[14–16]. The
hard nature of CoFe2O4 distinguishes it from other members.
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Generally, the preservation of core–shell structures for the studied samples is the main issue. The perfect
core–shell structure does not fundamentally lead to core–shell nano composites. This can be attributed
to many parameters as lattice mismatch, dissimilar sinterability, aggregation, and interfacial diffusion.
Additionally, numerous issues, besides the shape of the sample, are de�ning the required features of the
attained product.

In this regard, CoFe2O4 seems to be appropriate in manufacturing composites using La2Fe2O6 in a core –
shell formulism. Up to now, core–shell nanoparticles using magnetic materials as the core and/or shell
have been testi�ed in order to tune the magnetization of the product [17–22].

To the best of our knowledge, no prior studies have been conducted on double perovskite spinel core
shell. The aim of the present work is to synthesize La2Fe2O6/CoFe2O4 core/shell nanoparticles with
various preparation approaches. The core/shell multifunctional nanocomposites speci�cally with unique
physiochemical properties are investigated.

The speci�c objective is to investigate the effectiveness of studied nanoparticles for Cr III adsorption
from wastewater using i) Adsorption isotherms, and ii) Adsorption kinetics studies.

2. Experimental Work

2.1 Preparation of La2Fe2O6 and CoFe2O4 nanoparticles
La (NO3)3·6H2O, Fe (NO3)3·9H2O, Co (NO3)2·6H2O, and citric acid with high purity (99.999%) were
employed as starting reagents. All of the chemicals employed in the synthesis were assessed analytically.
A modi�ed citrate auto combustion technique was used to prepare La2Fe2O6 and CoFe2O4 samples. The
technical information about sample preparation procedures was previously mentioned [23, 24].

2.2 Preparation of La2Fe2O6/CoFe2O4 core–shell structure
The individual preparation of core and shell layers separately are the main stages to prepare the core-
shell nanoparticles. Three classes were used to prepare a core-shell nanoparticle according to different
issues as illustrated in Fig. 1: a-c. S1 composite powder was attained via the addition of Fe3+, Co2+, and
citric acid aqueous solution to the prepared La2Fe2O6 in order to achieve nano composites.

During the synthesis of CoFe2O4 nanoparticles at constant pH, the La2Fe2O6 was added to the gel of
CoFe2O4. The formation of the core-shell CoFe2O4/La2Fe2O6 (S2) was obtained.

In Fig. 1:c the La2Fe2O6 and CoFe2O4 (S3) precursors are adequately mixed to acquire super�ne coated
nanoparticles. Several tools were used to attain the target of mixing including solution dispersion, stirring,
and grinding.

2.3 Sample analysis and characterizations
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X-ray powder diffraction pattern (XRD) with a diffractometer (X'Pert PRO PANalytical, Netherland) was
used to collect X-ray diffraction patterns of the synthesized samples. High-Resolution Transmission
Electron Microscopy (HRTEM) was utilized to study the morphology and nanostructure of the materials
utilizing the Tecnai G20, Super twin, double tilt model. Energy dispersive X-ray Analyses (EDAX) were
carried out using SEM Model Quanta 250 FEG attached with EDAX unit.

X-ray photoelectron spectroscopy (XPS) was used to examine the chemical states of numerous elements
in the prepared samples via monochromatic X-ray Al K-alpha radiation. A vibrating sample magnetometer
(VSM) Model Lake Shore 7410 was utilized to measure the magnetization (emu/g) at room temperature
(300 K).

3. Results And Discussion
Figure 2 displays the XRD pattern of the prepared core-shell samples. The observed peaks at 2θ values of
23.8°, 32.58°, 40.05°, 46.54°, 52.38°, 57.84°, and 67.57° are matched with ICDD no. 01-074-2203. These
peaks correspond to the orthorhombic (Pbnm) distorted perovskite structure of La2Fe2O6. While small
new peaks emerged indicates the presence of another phase. Vertical dotted lines in the �gure indicate
the positions of these peaks. It is found that the peaks 30.25°, 35.5°, 43.38°, and 62.99° correspond to
CoFe2O4 with space group Fd3m and matched with ICDD no. 04-005-7078. XRD pattern of the CoFe2O4/
La2Fe2O6 nanoparticles displays only the diffraction peaks of the perovskite phase for S1 in spite of
EDAX con�rms the presence of all expected elements. The obtained data for the samples designates that,
there are mixing phases between the ingredients of the nanocomposite powders. This means a strong
interdiffusion can occur between the CoFe2O4 and La2Fe2O6 phases.

Additionally, the peaks belonging to the shell of CoFe2O4 as well as the core of La2Fe2O6 are detected for
S3. The functionalization of CoFe2O4 and La2Fe2O6 encourages the creation of a core–shell structure.
While the incomplete coating of the core CoFe2O4 is the main issue of the second sample S2 as rati�ed
from HRTEM images.

No impurity phases are detected. The pattern reveals the presence of both the cubic spinel ferrite CoFe2O4

and orthorhombic La2Fe2O6 perovskite phases which con�rm the formation of the core-shell
nanoparticles.

The HRTEM images are achieved for the studied samples as illustrated in Fig. (3: a-m). The particle size
histograms of nanocomposites are depicted in Fig. 3: c, f, m. A Gaussian distribution is used to �t the
histogram of the samples.

The samples prepared by numerous techniques have vital differences in the shape, size, and
agglomeration although they have the same composition. This difference is elucidated on the basis of
the phenomenological thermodynamic model [25]. This model is based on the interface energy between
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the samples. Changing the preparation method will change the surface energy as well as the deposition
proceeds in various ways.

The S1 sample has two phases as detected in HRTEM images (Fig. 3: d, e). The base phase is the highly
agglomerates CoFe2O4 with numerous sizes attached to the La2Fe2O6 nanoparticles

It is easily seen that the S2 nanoparticle samples consist of two different shapes; the �rst one is
La2Fe2O6 with an orthorhombic structure. While the second is CoFe2O4 with a cubic spinel structure. The
incomplete coating of the core CoFe2O4 is an issue of the second technique which is a disadvantage of
this technique. The morphology of the samples as shown in Fig. 3:(g, h) prove that the core material is
not covered completely by La2Fe2O6 nanocomposites. High porosity and low homogeneity with a high
amount of pores are detected for S2 sample as shown in Fig. 3: h. Additionally, quite non-uniform
morphology and highly agglomeration of the core nanoparticles can also be seen for sample S2. Vander
Waals forces between the nanoparticles are the main reason for the observed agglomeration. This means
that high energy is needed to separate the agglomerated particles [26]. While the S3 is formed of CoFe2O4

as a shell that completely covered the core of La2Fe2O6.

The con�guration and stoichiometry of the Core/Shell compounds are investigated using EDAX analysis
(Fig. 4: a-c). The presence of intense O, La, and Fe peaks as well as a distinct Co peak rati�es the
successful preparation of the La2Fe2O6/CoFe2O4 Core/Shell / or nanocomposites. Additionally, the
presence of a strong Co peak for the S3 sample ratify the formation of complete core-shell compared
with the other two samples.

It also clear that no impurities are observed which strongly ratify the high crystalline nature of all the
examined samples and this is also obvious from the XRD illustrated in Fig. 2.

To scrutinize the chemical composition of the investigated samples, XPS spectroscopy is studied. Fig. 5:
a illustrates the survey spectrum of La2Fe2O6/ CoFe2O4 core-shell which ratify the existence of La, Fe, Co,
and O elements in the prepared composites. The spectra of Fe 2p are split into two spin-orbit doublets,
which correspond to Fe 2p3/2 and Fe 2p1/2, respectively (Fig. 5: b). The low energy Fe 2p3/2 peak is
�tted with two peaks, both of which are associated with Fe3+ ions at the Oh and Td sites [27]. Though, the
peak positions for Fe 2p3/2 and Fe 2p1/2 sub-spectra corresponding to Fe3+ in B-sites and its satellites
match with that expected for Fe2+. Consequently, the B positions can be occupied either by Fe2+ or Fe3+

cations. Besides, the presence of Fe2+ is identi�ed by feature peaks that are detected for S1, S2, and S3 at
716.57 ,716.23and 716.53 respectively are corresponding to the presence of Fe2+ cation [28–30]. The
high-resolution Co 2p spectrum, depicted in Fig. 5:c, consists of two spin–orbit doublets Co 2p3/2
characterized for Co2+, and Co3+ in B-sites [31, 32]. While the detected Co 2p1/2 peak is categorized for
Co2+ in B sites.

Finally, the existence of Co and Fe ions in the + 3, +2 oxidation states reveal the phase stabilization of the
prepared La2Fe2O6/ CoFe2O4 double-perovskite composites.
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The O 1s spectrum is split into multi peaks for all studied samples as shown in Fig. 5: d. The low binding
energy B.E. < 530 eV is due to the Fe/Co–O bond [31]. The peaks with high B.E. >530 eV can be due to
surface oxygen species of lattice defects [31, 32]. According to ZHAO Kun et.al [33], those peaks are
attributed to the adsorbed oxygen (O2

2−, O2
1− ) which is interrelated to the oxygen vacancies.

The various nano composites are examined by using the M-H hysteresis loop as illustrated in Fig. 6:(a-c).
The magnetization of the samples is greatly in�uenced by the interparticle and intraparticle interaction,
which can be regulated by the shell thickness and core size. It is also in�uenced signi�cantly by shell
materials. The shell materials are further affected by the iron-group metal, core size, material type, and
crystalline structures. Furthermore, the shell structure, like the shell thickness and crystallinity, has a
substantial in�uence on the core–shell composites.

The magnetization loops of the nanocomposite/ core-shell samples are the inclusive loop of the hard and
soft magnetic materials [20, 22, 34, 35]. The magnetic moments of both phases rotate with each other.
This can be attributed to their external magnetic �eld and consequently, the demagnetization and
magnetization of the investigated nanoparticles [36] The main issues to regulate the magnetization of
the core-shell samples are the exchange coupling interaction and dipolar interaction. Han et al.[37] has
been studied the exchange coupling interaction that created at the interface between soft-hard, hard-hard,
and soft-soft grains.

The value of saturation magnetization (Ms), remanent magnetization, (Mr) and coercivity (Hc) for the
La2Fe2O6/CoFe2O4 nanocomposites/ core–shell is lower compared with that of CoFe2O4 samples as
detected in Table 1. This is due to the existence of the La2Fe2O6 layer, which exhibits diluted magnetic
properties as well as the presence of the canted spins [38, 39]. The interparticle exchange between the
core and canted surface spins is the main reason for the small magnetization of the samples.

The porosity [40], as well as the thin shell thickness, have a great effect on the magnetization of the
core/shell nanoparticles as illustrated in Fig. 6 [41]. The minimum and uniform shell thickness is
obtained for S3 which has improved magnetization compared to S2.

Dramatic variation in the Coercivity is detected in Table 1. The sample S3 has Hc of 1560 Oe rather than
the 378, and 459 Oe for the S1 and S2 samples respectively. The strong exchange coupling in addition to
the alignment of the magnetic moments in parallel with each other enhances the magnetization of the
system [34].

Finally, as shown from the Table the S3 has maximum magnetic parameters compared to S1 and S2
samples. This is due to the presence of cobalt as a shell not as a core.
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Table 1
Saturation magnetization (Ms), Remanent magnetization (Mr), Coercivity (Hc), Energy loss, squareness

(Mr/Ms), Anisotropy constant (K), and Magnetic moment (nB)

Sample Ms
(emu/g)

Mr
(emu/g)

Hc(Oe) energy loss (erg/g) x
103

Mr/Ms K nB

La2Fe2O6 1.062 0.182 305 2018 0.171 337.41 0.09

CoFe2O4 66.847 31.114 1641 337 0.465 114290 2.81

S1 13.501 2.0785 378 19.175 0.154 5321 0.96

S2 11.105 1.5760 459 18.520 0.142 5311 0.79

S3 20.365 9.4571 1560 95.836 0.463 33104 1.46

Moreover, the studied samples have a squareness ratio (Mr/Ms) < 0.5 matching to multi-domain structure
[42]. Furthermore, the obtained value of the (Mr/Ms) for CoFe2O4 and S3 is close to 0.5 indicating the
uniaxial anisotropy contribution created by internal strains[43].

On the other side, the preparation conditions have the advantage of decreasing the values of the
switching �eld distribution (SFD) for the core- shell nanoparticles. The SFD is another signi�cant
magnetic parameter that can be de�ned from the following equation [44]

SFD = ΔH/H  c  (1)

Where ΔH is the full width at ½ maximum of the dM/dH plot. The �rst- order reversal curves of the
magnetization are utilized to testi�ed the cooperation between the core and shell nanocomposites. As
shown in Fig. 7: b a high broad single peak around Hc is observed corresponding to the exchange-
coupled composite. In general, the noise in recordings and optimal bias current are the main issues
accompanying the SFD. One of the origins of SFD is particle shape distribution. This is due to the fact
that the shape anisotropy is partially responsible for the coercivity [45, 46].

The preparation methods of the studied samples are the other reasonable parameter for the detected
difference in the SFD. This is because interparticle interaction between the stacked particles causes the
cooperative magnetization switching between them [47].

The value of SFD is found to be 7.65, 7.16,7.6, and 2.65 for La2Fe2O6, S1, S2, and S3 respectively. Upon
the previous arguments, the small SFD value for the S3 core-shell can be attributed to an intrinsic
magnetic nature like shell homogeneity or crystallinity. which needs additional study. This investigation
provides an overview of the use of the core-shell S3 for high-density recording.

The adsorption isotherm is a signi�cant tool to adjust the use of core-shell as adsorbents. The data of Cr
(III) adsorption on the synthesized S1, S2, and S3 nanoparticles is applied to the Freundlich [48, 49]
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Langmuir[50, 51], and Temkin[52] isotherm models as detected from the following equations and
illustrated in Fig. 8:a-c.

Where Ce, equilibrium metal concentration; qe and qm are the amount of metal ion adsorbed per speci�c
amount of adsorbent (mg/g) and the maximum adsorption capacity (mg/g) respectively. KL and KF are
constants associated with the adsorptive capacity and the a�nity between adsorbate and adsorbent. The
equilibrium binding constant is” a” (g−1) while, b is correlated to the heat of adsorption (J/ mol).

Among the studied models, the Freundlich model �tted well with correlation coe�cients of 0.97, 0.98,
0.96, and 0.96 for La2Fe2O6, S1, S2, and S3 samples respectively. The Freundlich isotherm model is a
more convenient one for the adsorption in the core-shell system, indicating that the sorption of Cr (III) is
multilayer physisorption in the heterogeneous surface. While La2Fe2O6 is a combination of homogenous
monolayer and multilayer.

The obtained value of n is found to be in the range of 1 <𝑛< 10 indicates a favorable sorption process as
well as the heterogeny surface of the investigated samples [53]. Different parameters determined from
the investigated models are given in the inset of Fig. 8.

The elimination e�ciency of Cr III ions in an aqueous solution is clearly in�uenced by pH, as shown in
Fig. 9: a. The maximum Cr III removal is attained by increasing pH from 4 to 8 at room temperature.

However, at low pH values, Cr (III) ions are mostly adsorbed by the prepared samples. When the pH value
is > 8.0, OH− ions are increased, and Cr (OH)3 is created. Cr (III) is removed by the investigated
nanoparticles as well as the Cr (OH)3 precipitates. The maximum removal % of Cr (III) at pH 7 for
La2Fe2O6, S1, S2 and S3 is nearly 90. % ,98.49%,95%, and 99.3 % respectively. The high removal % of the

core-shell S3 samples can be elucidated based on XPS results. The crucial information about the O−2–
Fe3+–O2− and O−2–Co2+– O2− that have different electron densities and more oxygen vacancies are
obtained from XPS data as mentioned before.

On the other side, contact time is a crucial parameter for the water treatment system. In the examined
case, the increase of adsorption with increasing the contact time as illustrated in Fig. 9:b, and the
maximum adsorption is detected at 60 min.

Additionally, the rate of chromium ion elimination can be clari�ed based on the variation of adsorption
sites with time.
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The �rst -order, the pseudo-second-order (PSO), and the intraparticle diffusion equations are the three
models utilized for interpreting the investigational results [54, 55] .

The PSO model [56] can be written as:

The maximum adsorption capacity (mol g−1) for the PSO adsorption is q2 ; The rate constant of the PSO

model for the adsorption development (g mol−1 min−1) is K2

In this model, the removal from a solution can be attributed to the physico-chemical interactions between
the two phases[57].

The kinetic parameters are calculated and illustrated in Table 2. For the second-order kinetics, the
correlation coe�cients (R2) > 0.98. The PSO kinetic model �ts the investigational results. Consequently,
Cr (III) ion adsorption on magnetic ferrites is a multistep progression involving both sorption on the
adsorbent's exterior surface and diffusion into its [58].

 
Table 2

The PSO kinetic model parameters.
models parameter La2Fe2O6 S1 S2 S3

pseudo-second-order kinetic model q2 (mg/g) 14.104 12.610 11.99 12.9199

K2 (mg/g.min) 0.0018 0.0042 0.0041 0.0039

R2 0.990 0.9800 0.9900 0.9830

Conclusion
The attempt to synthesize a core-shell of La2Fe2O6 / CoFe2O4 nanoparticles is succeeded for the third
method. While the incomplete core-shell is obtained for the second method. 

The core-shell structure is con�rmed from HRTEM images. 

A signi�cant difference in the prepared samples is detected due to their numerous preparation
techniques. 

The investigated core–shell nanoparticles exhibit higher magnetic anisotropies compared to the pure
La2Fe2O6. 
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The suitability of novel adsorbent, core-shell nanocomposites for heavy metal removal such as Cr III from
the wastewater is achieved. S3 sample is suggested as a promising candidate for data storage devices
and waste water treatment. 

The obtained results are �tted to several models, and the Freundlich model is the best one for Cr III with
R2 values 0.97, 0.98, 0.96, and 0.96 for La2Fe2O6, S1, S2, and S3.
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Figures

Figure 1

Schematic presentation of the preparation method for (a)S1, (b) S2 and (c) S3.
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Figure 2

the XRD pattern of the prepared nanocomposites samples

Figure 3

HRTEM images for (a) La2Fe2O6, (b) CoFe2O4, (d, e) S1, (g, h) S2, and (j, k) S3 samples and the
histogram for (c) particle size distribution of La2Fe2O6, (f) core size distribution, (m) shell thickness
distribution. (i) Honey comb shape with matching morphology for S2.
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Figure 4

EDAX spectrum for (a) S1 , (b)S2, and (c)S3 nanoparticles
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Figure 5

a-d) The XPS spectra of the investigated samples for (a) survey, (b) Fe2p, (c)Co2p3 and (d) O1s
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Figure 6

VSM pro�le for the studied samples

Figure 7

a-b (a) schematic illustration for the exchange coupling in magnetic hard/soft core shell and (b) �rst-
order deferential curves of the magnetization

Figure 8

Represent the �tting of the obtained data with (a) The Langmuir isotherm, (b) The Freundlich isotherm,
and (c) The Temkin isotherm. The inset table contain the obtained isotherm parameters.
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Figure 9

The dependence of the removal e�ciency on (a) pH (b) The contact time.

Figure 10

The �tting of the investigational data with the PSO.


