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Abstract
The import marvel in multiferroic substances is the existence of spontaneous polarization and magnetization which enable 
these materials meet the needs of technological applications. Multiferroic of BiFeO3 and nickel-doped magnetite was syn-
thesized separately by flash and co-precipitation methods, respectively. The two phases were confirmed by X-ray diffraction 
(XRD), scanning electron microscope (SEM) and Fourier transformed infrared (FTIR) analysis. The dielectric properties of 
BiFeO3/Ni0.1Fe2.9O4 nanocomposite were studied as a function of temperature as well as frequency. Based on the frequency 
dependent of ac conductivity results, it indicated that the conduction occurs through tunneling and small polaron hopping. 
The composite sample shows excellent results for heavy metal (Cr6+) removal from wastewater as the removal efficiency 
was reached to 75% at PH 6 after 40 min. The adsorption of Cr (VI) on the surface of nanocomposite was occurred through 
Langmuir isotherm and follows pseudo-second-order kinetics. The goal and novelty of this work were to investigate the 
structural, morphological and dielectric as well as magnetic properties of multiferroic nanocomposite material (BiFeO3/
Ni0.1Fe2.9O4) and test its efficiency for heavy metal removal.

Keywords  Multiferroic · BiFeO3 · Ni0.1Fe2.9O4 · Ac conductivity · Magnetic susceptibility · Heavy metal removal · 
Langmuir isotherm · Kinetics

1  Introduction

Since the industrial revolution, the pollution of the environ-
ment has become a universal issue, especially in developing 
countries. It is known that, without water no mortal can live 
on earth, as the water is the most important resource for 
human creatures. Though, the dangerous environmental pol-
lution threats human health. The main sources of contami-
nants in water are heavy metals (metals which has atomic 
numbers larger than 20). Heavy metals commonly present 
as cations as Cr(VI), Pb2+, Cd2+, As3+, Ag+ or exist as ani-
ons (i.e., arsenate, arsenite, etc.). Heavy metals pollution 
has a serious effect on public health and environment, as 
they have the ability to accumulate in human body leading 
to life-threatening diseases. Usually physical, chemical and 
biological approaches have been used to remedy the heavy 
metals, biomaterials and organic contaminations from water.

The predictable techniques [1] for heavy metal remedia-
tion from water consist of adsorption [2, 3], chemical pre-
cipitation [4], membrane filtration [5] ion, ion exchange [6] 
and flotation and extraction [7]. Among these methods, the 
adsorption technique is the most efficient one, because it is 
an efficient and conventional technique for removing heavy 
metals from water [8–10]. The expansion of nanotechnol-
ogy offers a promising replacement to improve the treatment 
efficiency. Consequently, NMs have attracted considerable 
interest for the finding and removal of heavy metals from 
water. Thus, the synthesis of NMs offers advancing oppor-
tunities for water purification and environmental sustain-
ability [11]. Multiferroic materials show more than one of 
the properties of ferroelectric, ferromagnetic and ferroelastic 
in the same stage [12]. Multiferrocity (Magnetoelectricity) 
is a coexistence of magnetic and electric ordering in the 
same phase [13]. These materials have gained great atten-
tion for numerous applications as electronics [14], memory 
devices [15], sensors [16] and switches [17]. Magnetoelec-
tricity in single-phase compounds displays intrinsic magne-
toelectric coupling because of its homogeneity and chemi-
cally isotropic. Consequently, instantaneous existence of 
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ferromagnetic as well as ferroelectric is required [18]. On 
other hand, single-phase sample suffers from low perme-
ability or permittivity causing weak magnetoelectric cou-
pling and obstructs their countless applications [19]. In the 
last years, hundreds of single-phase materials were studied; 
many attempts are being done to enhance the magnetoelec-
tric coupling. For example, BiFeO3 has antiferromagnetism 
(TN ≈ 640 K) and ferroelectricity (Tc ≈ 1100 K) at room tem-
perature [19]. Above room temperature, it shows high fer-
roelectric polarization, while ferromagnetic behavior is weak 
which causes weak magnetoelectric coupling effect [20]. 
Synthesis of nanocomposites overcomes these drawbacks of 
BiFeO3 by combining ferromagnetic and ferroelectric mate-
rials [21]. As a result, it is expected that magnetoelectric 
effect of BFO can be enhanced by adding strong magnetic 
material as magnetite nanoparticles [Fe3O4] doping with Ni 
which has great magnetic properties [22].

In this text, it is the first time of adding BFO to Ni-
doped magnetite to form BiFeO3/Ni0.1Fe2.9O4 multiferroic 
nanocomposite. This multiferroic nanocomposite was pre-
pared successfully. Detailed study of structure, morphol-
ogy, electric and magnetic properties was carried out. By 
adding doped magnetite material to perovskite material, 
it is observed that the dielectric loss reduces. Making this 
composite promising for heavy metal removal (Cr2+). As it 
is expected that by adding BFO into Ni-doped magnetite 
(BiFeO3/Ni0.1Fe2.9O4) enhances the removal of Cr(VI) from 
the water.

2 � Methodology

2.1 � Material used

Bismuth nitrate [Bi(NO3)3.5H2O], iron nitrate [Fe 
(NO3)3.9H2O] and urea [CH4N2O], ferric chloride hexa-
hydrate (FeCl3·6H2O), ferrous chloride tetrahydrate 
(FeCl2·4H2O), nickel chloride tetrahydrate (NiCl2·4H2O). 
All chemicals are brought from LOBA, India (99.9% purity) 
and used without further purification.

2.2 � Synthesis of Ni0.1 Fe2.9O4 nanoparticles

Ni-doped magnetite was prepared by the co-precipitation 
process at 25  °C in air atmosphere. Proper amounts of 
(FeCl3·6H2O), (FeCl2·4H2O), (NiCl2·4H2O) were dissolved 
in distilled water to make a pure solution. After that, pH 
was attuned at 13 by using droplets of NaOH solution under 
continuous stirring. The solution changed from yellow 
toward black. The resultant solution was vigorous stirring for 
15 min at 25 °C. The final precipitate was washed with dis-
tilled water and ethanol for several and then dried at 80 °C. 
This process can be expressed by this equation [23]:

2.3 � Synthesis of Bi FeO3 nanoparticles

The sample BiFeO3 was prepared by flash method by mixing 
stoichiometric quantities of Bi(NO3)3.5H2O, Fe(NO3)3.9H2O 
and urea. Final powder was mixed well for 15 min. Then, 
temperature was elevated to 250 °C till all fumes were ended. 
The obtained powder was washed several times by distilled 
water and ethanol and then calcined for 2 h at 550 °C by rate 
of 5 °C/min. The reaction for the synthesis of Bi FeO3 could 
be expressed as follows [24]:

2.4 � Synthesis of Bi FeO3/Ni0.1 Fe2.9O4 multiferroic 
nanocomposite

Multiferroic nanocomposite Bi FeO3/Ni0.1 Fe2.9O4 was pre-
pared by mixing stoichiometric amount of pure phase Bi 
FeO3 and Ni0.1 Fe2.9O4 nanopowder about 1gm each by dry 
mechanical mixing at room temperature for 1 h after prepar-
ing each phase individually as mentioned above.

2.5 � Characterizations and measurements

X-ray diffraction was carried out in the range of Bragg 
angles 2θ (20° ≤ 2θ ≤ 80°) for confirmation of single-phase 
formation of prepared sample. Fourier transform infrared 
spectroscopy (PerkinElmer 2000) was used for measuring 
FTIR spectra with wavelength range (4000–400) cm−1. The 
powder surfaces were scanned by using scanning electron 
microscope (SEM) [model: QUANTA-FEG250, Nether-
lands]. Gwyddion software (2.45) was used for investigat-
ing the topological characterization of prepared samples 
which were obtained from SEM. 3D image for each sample 
was obtained. Finally, the roughness parameters were calcu-
lated by using the same software. The magnetic properties 
were studied by using a homemade setup through Faraday’s 
method at diverse magnetic field intensities. The electrical 
behavior of prepared samples was measured by LCR meter 
(Hioki 3532, Japan) from room temperature up to 650 K at 
different frequencies.

2.6 � Batch experiment of heavy metal (Cr(VI)) 
removal

Many techniques are used for removal of heavy metals as 
shown in Fig. 1; the adsorption is the most preferred one 

(1)

2FeCl3 ⋅ 6H2O + (1 − x)FeCl2 ⋅ 4H2O + (x)NiCl2 ⋅ 4H2O
+ 8NaOH → NixFe3 − xO4 + 8NaCl + 14H2O (x = 0.1)

(2)
Bi(NO3)3.5H2O + Fe(NO3)3.9H2O + CH4N2O

550oC
→ BiFeO3 ↓
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as mentioned above. The conduct experiment was carried 
out in 250-mL flasks with (0.1 g) of Bi FeO3/Ni0.1 Fe2.9O4 
nanocomposite in 2 ppm of metals nitrate to determine the 
appropriate pH values for heavy metal (Cr(VI)) removal. PH 
solution was changed from 2 to 8. The examined solutions 
were fully mixed for 1 h at room temperature using an elec-
tric shaker (ORBITAL SHAKER SO1) at 200 rpm. Then, 
the solutions were collected using a 0.2-m syringe filter. At 
25 °C, atomic absorption spectroscopy (Zeenite 700P, Ana-
lytical Jena) was used to determine the heavy metal concen-
tration. Every experiment was repeated three times, with the 
average results reported.

The optimum contact time was observed by repeating the 
previous process while keeping the pH at its optimum value 
and measuring atomic absorption after various contact times 
(1–24 h). The heavy removal efficiency is calculated using 
the following formula [16].

where C0 ∶ heavy metal soln at initial concentration (ppm) , 
Cf ∶ heavy metal soln at final concentration (ppm).

3 � Results and discussion

3.1 � X‑ray diffraction

Figure 2 Comparing the XRD diagram with ICDD card no. [01- 
071-2494] and [01-087-2338] for BiFeO3 and Ni0.1 Fe2.9O4, 
respectively, indicating that, the individual nanosamples were 
prepared in a single-phase without any impurities form. The 
indexed peaks were related to the rhombohedral–hexagonal 
lattice with space group R3c for BFO, while it displayed a 
cubic structure with space group Fd3m for Ni-doped magnet-
ite. Major peaks of nanocomposite represented the formation 

(3)Removal(adsorption)eff iciency% =
C0 − Cf

Co

× 100%

of diphases sample. Scherrer’s equation was used for calculat-
ing the average crystallite size [15].

where D is the crystallite size (nm), k is related to shape 
factor (0.9), λ is X-ray wavelength, and �hkl represents full 

(3)D =
kλ

βhklcosθ

Fig. 1   Methods for wastewater 
treatment of heavy metals
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Fig. 2   X-ray diffraction pattern of Bi FeO3, Ni0.1 Fe2.9O4 and Bi 
FeO3/Ni0.1 Fe2.9O4 multiferroic nanocomposite
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width at half maximum (FWHM). All lattice parameters 
as well as crystallite size were calculated and are listed in 
Table 1.

As shown in Table 1, there is a good agreement between 
the calculated lattice parameters and its theoretical val-
ues from ICDD cards. There is a small deviation in lattice 
parameters of nanocomposite Bi FeO3/Ni0.1 Fe2.9O4, which 
may be related to minor distortion induced to sample or 
essential phases exerted stress on each other during single-
phase mixing [16]

3.2 � Morphological study of Bi FeO3/Ni0.1 Fe2.9O4 
nanocomposite

Figure 3a displays SEM picture of Bi FeO3/Ni0.1 Fe2.9O4 
nanocomposite. The morphologies of the obtained sam-
ples were dense in addition to the micrographs, and it is 
obvious that the grains are arbitrarily oriented and dis-
tributed over the whole sample; there is also a combina-
tion between two dissimilar grain sizes. BFO with differ-
ent rhombohedral structures, as the small-scale BiFeO3 

crystallites gather into larger particles with irregular 
shape. While small size distribution related to Ni0.1 Fe2.9O4 
Fig. 3b.

Figure 4 shows the surface roughness of Bi FeO3/Ni0.1 
Fe2.9O4 nanocomposites. The surface roughness was studied 
through the roughness average which is defined as average, 
or arithmetic average of profile height deviations from the 
mean line and given by equation

Table 1   Crystallite size and lattice parameters of the prepared samples

Sample Crystallite size (nm) Calculated Lattice parameters ICDD card
Lattice parameters

A (Ao) b(Ao) c(Ao) a(Ao) b(Ao) c(Ao)

BiFeO3 51.96 5.5818 5.58186 5.6441 5.5730 5.5730 6.9150
Ni0.1 Fe2.9O4 8.3605 8.3604 8.3604 8.3604 8.3608 8.3608 8.3608
Bi FeO3/Ni0.1 Fe2.9O4 76.11829 8.3502

5.58452
a for (Ni0.1Fe2.9O4) = 
8.356871

8.3502 5.6441

Fig. 3   SEM microscopy of a Bi FeO3 / Ni0.1 Fe2.9O4 nanocomposites and b Ni0.1 Fe2.9O4 nanoparticles

Fig. 4.   3D micrographs of Bi FeO3/Ni0.1 Fe2.9O4 nanocomposite
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where Ra is the average roughness, l is sample length and 
Z(x) = profile ordinates of roughness profile.

While the root mean square roughness (Rq) is the root 
mean square average of the roughness profile ordinates and 
given by

Also, the maximum height of roughness was obtained by 
using Gwyddion software (2.45), and it is defined as total 
height of the roughness profile: Sum from the height (Zp) 
of the highest profile peak and the depth (Zv) of the lowest 
profile valley within the evaluation length. And given by

where Rt is the maximum height, (Zp) is the highest profile 
peak, and depth (Zv) is the lowest profile valley.

As it obtained from Table 2, all roughness parameters 
show high values. Consequently, this prepared sample is 
suitable for the desired applications as photocatalysis and 
heavy metal removal as the roughness in surface acts as trap-
ping sites.

3.3 � Dielectric properties

Figure 5a, b shows the variation of dielectric constant as 
well as dielectric loss as a function of temperature for dif-
ferent frequencies range (100 K–4 M) Hz. From the figure, 
it is clear that both dielectric constant and dielectric loss 
follow same trend. As temperature increases, value of ε' and 
ε'' increases. This is may be attributed to thermal energy, at 
low temperature, thermal energy is not sufficient enough to 
liberate localized dipoles. By increasing temperature ther-
mal energy, orient dipoles easily in the field direction. The 
dependence of dielectric constant on frequency is observed 
in figure below. As the dielectric constant has high value in 
low frequency range and its low value is corresponding to 
higher frequency range. Because dielectric behavior at low 
frequency is related to electronic, atomic, ionic and interfa-
cial polarization, while, in high frequency, only electronic 
and ionic polarization is dominated. This behavior can be 

(4)Ra =
1

l ∫
l

0

|Z(x)|dx

(5)Rq =

√
1

l ∫
l

0

|Z(x)|dx

(6)Rt = Zp + Zv

explained by Koop's model [16], for dielectric material. It 
has two layers good (grains) and poor (grains boundary) 
conductive layers. At low frequency, charges are aggregated 
at boundary as a result, the value of capacitance increased 
and dielectric constant value increased. More conduct-
ing grains were existed by increasing frequency. So, less 
energy is required for hopping process. Consequently, value 
of dielectric constant decreased [17]. The value of dielec-
tric constant for pure BiFeO3 is a round 30 which related 
to large number of electrons hopping between Fe2+ & Fe3+ 
ions [18] while, for Ni0.1Fe2.9O4 is about 15 [19] because 
of small amount of hopping electrons. Herein, the prepared 
nanocomposite shows dielectric constant value in between 
of its parent.

As shown in Fig. 5, at the low temperature, the conduc-
tivity is nearly constant and then began increasing with 
increasing temperature. This behavior is similar to the 
semiconductor materials [20]. The conduction mechanism 
at the beginning is related to impurities and structure defects 

Table 2   Roughness parameters 
(roughness average Ra, root 
mean square roughness Rq, 
maximum height of roughness 
RT) of Bi FeO3/Ni0.1 Fe2.9O4 
nanocomposite

Ra (nm) Rq (nm) RT (nm)

254.4 69.56 413.4

Fig. 5   Relation between a dielectric constant and b dielectric loss as 
a function of temperature at different frequency range
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while, by heating Fe2+ is formed and easily transformed to 
Fe3+, as a result conductivity is enhanced due to intrinsic 
conduction. Ac conductivity is increasing by increasing fre-
quency range. As numbers of small polaron between states 
increased by increasing frequency [21]. Activation energy 
of prepared sample can be calculated from Arrhenius equa-
tion [22]:

where E: activation energy, k Boltzmann`s constant, T abso-
lute temperature

From Fig. 6b, it is observed that there are different con-
duction mechanisms. As there is different slopes of conduc-
tivity versus temperature. The values of activation energy 
are 0.25 eV and 0.61 eV for low and high temperature 
range, respectively. Conduction mechanisms may be related 
to small polaron tunneling at low range temperature while 
related to barrier hopping between Fe2+ Fe.3+ at high tem-
perature range [23]

3.4 � Magnetic study

Figure 7 shows the magnetic molar susceptibility as a func-
tion of temperature for different values of magnetic field 
intensities of BFO-Ni-doped magnetite nanocomposite. It 
is clear that χM decreases as temperature as well as field 
intensity increases. By increasing magnetic field intensity, 
the alignment of dipoles along field direction is increasing 
in other hand, because of rising temperature, thermal energy 
increases dipoles disorder, and as a result, magnetic sus-
ceptibility decreases gradually until reaching zero (Curie 
temperature) [24–26].

The obtained data obtained from Fig.  8 fit well 
Curie–Weiss law as reciprocal of molar susceptibility 

(7)� = �oexp (−E∕kT)

directly proportional with temperature in paramagnetic 
region. The effective magnetic moment is calculated from 
the following equation [27]:

where C is curie constant.
Curie–Weiss constant (θ), curie constant (c), and effec-

tive magnetic moment are calculated from Fig. 7 and listed 
in Table 3.

From the previous data, we noticed that nanocomposite 
sample has a ferromagnetic behavior despite, the antiferro-
magnetic nature of pure BFO. The enhancement of magnetic 
properties may be referring to interaction of dipoles between 
interface boundaries of ferromagnetic (Ni0.1Fe2.9O4) and 
antiferromagnetic (BFO). The net magnetization is related 

(8)�eff = 2.83
√
c

Fig. 6    a Relation between ln σ and reciprocal of temperature (1000/T), b the fitting curve

Fig. 7   Molar magnetic susceptibility as a function of temperature for 
different field intensities of BiFeO3–Ni0.1Fe2.9O4 nanocomposite
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to addition or subtraction of (BFO and Ni0.1Fe2.9O4) dipoles 
moment which have the same or opposite directions, respec-
tively. Herein, the magnetic properties of the BiFeO3 are 
improved successfully by making composite with Ni-doped 
magnetite.

3.5 � Batch experiment

3.5.1 � Effect of experimental parameters (pH and contact 
time on heavy metal removal)

The up- taking behavior  of  Cr  (VI)  ions  by 
BiFeO3-Ni0.1Fe2.9O4 nanocomposites was examined at dif-
ferent pH and contact time. Figure 9 displays adsorption 
behavior at different pH values. It is clear that the removal 
efficiency of BiFeO3–Ni0.1Fe2.9O4 nanocomposites for Cr 
(VI) increases as pH increases. The lower value of heavy 
metal removal at lower pH value related to competition 
between H+ and Cr6+ over the available active sited of 
adsorbent [28]. While pH value increased up to 7 and this 
is associated with decreasing H+, and as a result, more 
active sites become available for Cr (VI) adsorption [29]. 
On other hand, at basic medium [pH = 8], oH− ions exist 
in solution. Consequently, Cr (oH)6 is formed [30]. So, 

removal of Cr(VI) ions was associated with adsorption 
as well as precipitation. So, the optimal pH was preferred 
to be 6.

From Fig. 10, it is obvious that removal efficiency of 
BiFeO3-Ni0.1Fe2.9O4 nanocomposite increased as con-
tact time increased. At the beginning, there are mas-
sive no of active sites for adsorption [31]. Removal effi-
ciency for Cr (VI) by using the maximum adsorption of 
BiFeO3–Ni0.1Fe2.9O4 nanocomposite reached to 75% after 
60 min. Finally, the optimum conditions were determined 
for adsorption of Cr (VI) for pH 6 and contact time 60 min.

Isotherm and kinetics study.
Figure 11a, b displays Langmuir and Freundlich adsorp-

tion isotherms [32]. Langmuir and Freundlich isotherms are 
given by Eq. (6) and (7), respectively.

Fig. 8   Reciprocal of molar magnetic susceptibility as a function of 
temperature for different field intensities of BiFeO3–Ni0.1Fe2.9O4 
nanocomposite

Table 3   Magnetic constants of Curie–Weiss constant (θ), curie con-
stant (c), and effective magnetic

H(Oe) Tc (K) K))θ C (emu.mole.K/g) �
eff

(B.M)

1010 762 745 166.6667 36.53514
1340 765 748 232.5581 43.1571
1660 760 752 142.8571 33.82497

Fig. 9   Removal efficiency % of BiFeO3–Ni0.1Fe2.9O4 nanocomposites 
at different pH values

Fig. 10   Removal efficiency % of BiFeO3–Ni0.1Fe2.9O4 nanocompos-
ites
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where qe and qm (mg g−1) are the adsorption capacity 
at equilibrium and maximum adsorption, respectively, and 
Kl (L mg−1) is the affinity binding constant, while Kf and n 
are physical constants signifying the adsorption capacity 
and intensity of adsorption, respectively.

The Langmuir isotherm is related to monolayer adsorp-
tion at comparable sites and similar adsorption energies 
[25]. Although, Freundlich isotherm is attributed to dis-
similar surfaces [32]. From Fig. 11a, b, it is noticed that the 
data are more fitting to Langmuir model, and from another 
point of view, the correlation coefficient (R2) for Lang-
muir (0.9899) is greater than that for Freundlich (0.9772). 
Therefore, adsorption of Cr (VI) on BiFeO3–Ni0.1Fe2.9O4 
nanocomposite surface followed monolayer adsorption.

To study the mechanism of the adsorption kinetic, three 
models were applied:

where k1, k2 and k3 are the pseudo-first, second-order 
and inter-particle diffusion rate constants in (min−1) and 
(g mg−1 min−1), respectively.

(9)
Ce

qe
=

1

klqm
+

Ce

qm

(10)lnqe = lnkf +
1

n
lnCe

(11)
Pseudo − f irst − ordermodel ∶ ln

(
qe − qt

)
= lnqe −

k1

2.303
t

(12)Pseudo − second − ordermodel ∶
t

qt
=

1

k2q
2
e

+
t

qe

(13)Inter − particledif fusionmodelqt = k3t
1∕2 + C

Pseudo-first-order kinetics is related to the physisorption. 
Physisorption is weak as it occurs without chemical bonding, 
just van der Waals forces occur. Accordingly, this adsorption 
is believed to be reversible. However, pseudo-second-order 
kinetic trades with chemisorption adsorption which is tran-
spired through two reactions. Initial reaction, it extents equi-
librium quickly. While another reaction reveals slowly and 
reaches equilibrium after long time [27]. In chemisorption, 
there is bond formation between adsorbates and adsorbents 
across electron sharing. Hence, it is stronger than physisorp-
tion. One more type of kinetic models is the intra-particle 
diffusion kinetic model. Weber and Morris model is studying 
this type of kinetic, which assumes that intra-particle diffu-
sion model is the single rate-determining stage; meanwhile, 
the mass removal of adsorbate is well-thought-out a rapid 
process [33, 34].

From fitting Fig. 12a–c, we noticed that adsorption of 
Cr(VI) on surface of BiFeO3-Ni0.1Fe2.9O4 nanocomposite 
was occurred through pseudo-second-order (Tables 4).

4 � Conclusion

In this work, nanocomposites of BiFeO3-Ni0.1Fe2.9O4 
were prepared successfully by mixing two separate phase 
of BiFeO3 and Ni0.1Fe2.9O4. The obtained nanocomposite 
shows good results for dielectric study as well as magnetic 
parameters values. Prepared nanocomposite was used for 
removal Cr(VI) from aqueous solution at various experi-
mental parameters such as pH and contact time. The opti-
mum conditions for adsorption were obtained at pH 6 after 
40 min. Adsorption process of Cr (VI) was occurred through 
monolayer Langmuir adsorption and follows pseudo-second-
order kinetics.

Fig. 11    a Langmuir isotherm and b Freundlich isotherm for BiFeO3–Ni0.1Fe2.9O4 nanocomposite



Study the multiferroic properties of BiFeO3/Ni0.1Fe2.9O4 for heavy metal removal﻿	

1 3

Page 9 of 11  125

Acknowledgements  The author extends her appreciation to the Cairo 
University.

Authorship confirmation form manuscript title  Study the multiferroic 
properties of BiFeO3/Ni0.1Fe2.9O4 for heavy metal removal. The author 
certifies that: the author has participated in (a) conception and design, 
or analysis and interpretation of the data; (b) drafting the article or 

revising it critically for important intellectual content; and (c) approval 
of the final version. This manuscript has not been submitted to, nor is 
under review at, another journal or other publishing venue. The author 
has affiliation with organizations with direct or indirect financial inter-
est in the subject matter discussed in the manuscript.

Funding  Open access funding provided by The Science, Technology & 
Innovation Funding Authority (STDF) in cooperation with The Egyp-
tian Knowledge Bank (EKB).

Research data policy and data availability statements  Data sharing is 
not applicable to this article as no datasets were generated or analyzed 
during the current study.

Declarations 

Conflict of interest  The author declares that she has no conflict of in-
terests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 

Fig. 12    a Pseudo-first-order model, b pseudo-second-order model and c intra-particle diffusion model for BiFeO3-Ni0.1Fe2.9O4 nanocomposite.

Table 4   Comparison between this work and reported literature

Adsorbent Adsorbate Removal 
efficiency 
%

Refs.

Banana peel powder (BPP) Cr(VI) 15 [34]
ZnO/Ce2O3 Cr(VI) 50 [35]
SiO2/Ce2O3 Cr(VI) 55 [35]
Nickel ferrite/titanium oxide 

magnetic nanocomposite
Cr(VI) 60 [36]

GO-SBA-15 Cr(VI) 9 [37]
BiFeO3-Ni0.1Fe2.9O4 nanocom-

posite
Cr(VI) 75 This work
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were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
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