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Abstract
Nanomaterials, especially ferrites, have various applications in mechanical, electrical, and optical fields. However, their 
abilities in environmental applications remain unexplored. In this work, the flash auto-combustion method has been used to 
prepare three different compositions of  CuFe2O4, Zn-CuFe2O4, and Co-CuFe2O4 nanocomposite. The structure, spectroscopic, 
surface, and morphological properties of the prepared samples were characterized using XRD, FTIR, BET, and HRTEM, 
respectively. According to XRD analysis, the prepared ferrites consist of nanocrystalline particles with sizes of 24.5, 37.5, 
and 32.6 for  CuFe2O4, Zn-CuFe2O4, and Co-CuFe2O4, respectively. Zn-CuFe2O4 and Co-CuFe2O4 had a single cubic phase, 
while a tetragonal phase was formed in  CuFe2O4. The addition of cobalt and zinc to copper ferrite increased the crystallite 
size and the lattice parameters. The absorption band in FTIR spectra, which represents the stretching vibrations along the 
[MetalO] bond at the octahedral (B) position, was nearly constant (412  Cm−1) by the addition of Zn to CuFe2O4. The surface 
area and quantity of gas adsorbed on the surface of Co-CuFe2O4 were the highest. The greatest force constants [(Ko = 1.37 & 
KT = 1.32 105 dyne/cm] were detected in Zn-CuFe2O4. Co-CuFe2O4 exhibited the highest saturation magnetization as well 
as magnetocrystalline anisotropy. From FESM, the particles have a homogeneous distribution, which is confirmed by the 
appropriate synthesis method. The nanonanosamples had an average particle size of 79 nm, 66 nm, and 56 nm for  CuFe2O4, 
Co-CuFe2O4, and Zn-CuFe2O4, respectively. The surface area and quantity of gas adsorbed on the sample surface were 
increased by doping Cu ferrite with Co and Zn. All the prepared samples were tested for heavy metal  (Cr6+) removal from 
the water; they demonstrated promising results after optimizing the experimental conditions at pH 7 and contact time 50 min, 
and these values reached 54%, 90%, and 93% for  CuFe2O4, Zn-CuFe2O4, and Co-CuFe2O4 nanocomposite, respectively.

Keywords Zinc doped copper ferrite · Cobalt doped copper ferrite · XRD · HRTEM · Heavy metal removal · Kinetics and 
isotherm

Introduction

The current lifestyle demands the development of Earth's 
resources [1]. Environmental concerns began with the Indus-
trial Revolution, with the flow of industrial wastes, either 
badly treated or untreated, into marine systems causing the 
expansion of dangerous organic and inorganic contaminants 

in lakes, rivers, and coastal regions [2]. Many of these con-
taminants transfer to food chains owing to the non-degra-
dation character of these materials [1–3]. The rising num-
ber of research papers published about toxicity caused by 
chromium ions during the last 15 years reveals efforts to 
explain the chromium-producing contamination. Conven-
tional methods, such as ion exchange, chemical precipita-
tion [4], coagulation/flocculation, electrochemical treatment, 
and membrane filtration succeeded in removing the trace 
elements [5]. These drawbacks were treated by develop-
ing new nanostructure compositions for the best possible 
deactivation of heavy metal removal [4–6]. Consequently, 
the exploration continues for structures that are more sta-
ble, that are metabolized, and that are less toxic or cleared 
from the body along more natural pathways [7–10]. A large 
selection of sorbents is presented to remove heavy metal 
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elements from wastewater [11], involving nanomaterials 
with different types of chemical function groups and coat-
ings [12]. Nanomaterials have unique optical, mechanical, 
magnetic, and chemical properties that are strongly related 
to size, surface, shape, and the inner structure [13]. Nano-
materials should fulfill some criteria so they can be used as 
adsorbents for removing the toxic elements from water [13]: 
sorption capacities; nontoxic; low contaminants concentra-
tion; facilitate the removal of the contaminant [14]. Until the 
present day, a selection of nanomaterials such as graphene, 
carbon nanotubes, nanometals, and polymeric sorbents met 
those criteria and were studied for toxic trace removal from 
aqueous resources [15]. One of the categories of nanoma-
terials strongly examined for technological applications is 
that of spinel ferrites, which are magnetic ceramics with 
the formula  MFe2O4, where M is a divalent cation such 
as  Cu2+,  Co2+,  Ni2+, Zn2 + , Mn2 + , or  Fe2+ [16, 17]. The 
stoichiometric formula for the normal spinel is [A] [B2]  O4, 
where A is a divalent and tetrahedrally coordinated cation 
and B is a trivalent ion octahedrally coordinated by oxygen 
atoms. Spinel oxides are sometimes partially inverted, and 
the inversion degree is given by the parameter in [A1-B]
[AB2-]O4, where the squared brackets correspond to the 
tetrahedral and octahedral interstitial sites, respectively. 
Because of their structural properties, nanoferrites have 
been used for different technological applications, such as 
humidity sensors, microelectronics, solar cells, catalysis, and 
magnetic resonance imaging (MRI) [17–20]. In addition to 
being significantly less toxic than silver nanoparticles, they 
have been examined for purification applications [21]. Cop-
per ferrite  (CuFe2O4) as well as cobalt ferrite  (CoFe2O4) are 
classified as magnetic materials [22]. Due to their chemical 
stability, great saturation magnetization, high coercivity, out-
standing catalytic activity, large Faraday rotation, and Kerr 
effect, they are more interesting than other ferrites [23]. In 
these fabrics, the optical, magnetic, and structural proper-
ties are strongly affected by the cation distribution over the 
tetrahedral (A) and octahedral (B) interstitial positions [24]. 
This distribution of cations is dependent on the size, shape, 
microstructural parameters, grain, and porosity, which can 
all be monitored during the synthesis process [25]. Con-
sequently, the physical properties of spinel ferrites can be 
controlled by applying a suitable preparation method and 
adjusted to achieve the ultimate structural properties for the 
required application [26]. Unlike ferromagnetic  CuFe2O4 
and  CoFe2O4, normal  ZnFe2O4 is considered antiferromag-
netic and has a low magnetic moment in its normal con-
dition. Consequentially, after calcination at 1100 °C, the 
magnetization of nanostructured  ZnFe2O4 can be enhanced 

by an order of magnitude [27].  ZnFe2O4 displays different 
properties based on the synthesis procedures, indicating a 
wide range of zinc ferrites [28]. As compared to nanoferrite 
samples made using other methods, flash auto-combustion 
is a process that shows promise for improving their physical 
characteristics. These nanoferrite samples are suggested for 
usage as functional materials in a variety of applications, 
including microwave devices, biomedical devices, and water 
purification [29–31]. However, many of these applications 
are in the purification and desalination fields. Consider-
ing these uncertainties, the aim of this work is to study the 
microstructural performance, magnetic, and optical charac-
teristics of Cu ferrite nanoparticles and the effect of Co and 
Zn doped  CuFe2O4 as a single-phase mixed ferrite with the 
formulas  (Co0.5Cu0.5Fe2O4) and  (Zn0.5Cu0.5Fe2O4) for exam-
ining their efficiency for heavy metal  (Cr6+) removal with 
respect to different experimental parameters.

Materials and methods

Materials

Cobalt nitrate [Co  (NO3)2.6H2O], copper nitrate [Cu 
 (NO3)2·6H2O], zinc nitrate [Zn(NO3)2.6H2O], iron nitrate 
[Fe(NO3)3.9H2O], urea  [CH4N2O], and ammonia solution 
(33%) were purchased from LOBA, India. All materials were 
used without further purifications.

Synthesis  MFe2O4; [M = Cu, Zn‑Cu, Co–Cu]

Due to the combustion method's ability to produce high-
purity, homogenous, and crystalline ceramic powders, vari-
ous researchers have recently employed it to synthesize Cu-
ferrite, Co-ferrite, Zn-ferrite, and related ferrite systems. 
Nanosamples of copper, cobalt-copper, and zinc-copper 
ferrites were synthesized using the Flash auto-combustion 
procedure. The identified amounts of the raw materials, 
containing nitrates of cobalt (0.1 M), copper (0.1 M), zinc, 
and iron (0.1 M), are related to the stoichiometric ratios of 
the specific ferrites. These precursors, together with urea 
(0.7 M), were mixed up in powder form, and later a few 
amounts of distilled water were slowly added under strong 
stirring to get a dissolved mixture. Next, the temperature 
was raised to 250 °C until all fumes ended. This process can 
be expressed for  CuFe2O4, Zn-CuFe2O4, and Co-CuFe2O4 
compositions using the following equations:

(1)
Cu(NO

3
)
2
.6H

2
O + 2Fe(NO

3
)
3
.9H

2
O + CH

4
N
2
O

900C
→ CuFe

2
O

4
↓



Journal of the Australian Ceramic Society 

1 3

(2)Zn(NO
3
)
2
.6H

2
O + Cu(NO

3
)
2
.6H

2
O + 2Fe(NO

3
)
3
.9H

2
O + CH

4
N
2
O

900C
→ 2Zn

0.5
Cu

0.5
Fe

2
O

4
↓

(3)Co(NO
3
)
2
.6H

2
O + Cu(NO

3
)
2
.6H

2
O + 2Fe(NO

3
)
3
.9H

2
O + CH

4
N
2
O

900C
→ 2Co

0.5
Cu

0.5
Fe

2
O

4
↓

After that, the obtained products were calcined for 2 h 
at 900 °C with rate of 5 °C/min. Figure 1 illustrates the 
sequence of steps during the process of synthesis.

XRD measurements

The XRD study was carried out on an X-ray diffractometer 
(analytical-x' pertpro, Cu  kα1 radiation, λ = 1.5404 Å, 45 kV, 
40 mA, Netherlands). The patterns were obtained within the 
Bragg angle (2θ) range of 4—60°. The crystallite size was 
computed using Scherrer’s equation [29]:

where D is the crystallite size in nm, k is the shape factor 
(0.9), λ is the X-rays wavelength, while �hkl reveals to the 
full width at half maximum (FWHM) in radians, and θ is the 
diffraction Bragg angle.

(4)D =
kλ

�hklcosθ

FTIR measurements

A FT-IR spectrometer (Perkin-Elmer 2000) in the wavenum-
ber range of 4000–400  cm−1 was used for measuring Fourier 
transformed infrared (FT-IR) spectra.

Particle morphology

High-resolution transmission electron microscopy 
(HRTEM, JEOL/JME 2100) was used to study the micro-
structure and morphology of  CuFe2O4, Zn-CuFe2O4, and 
Co-CuFe2O4 nano nanocomposite. The operating voltage 
was 200 kV.

Surface area analysis (BET)

The surface area and pore volume was measured by the  N2 
absorption technique by using a BET Multi-point (St 2 on 
NOVA touch 4LX [s / n:17016062702]).

X‑ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) spectra were 
obtained using a spectrometer (model Thermo Scientific 
K-Alpha) with a monochromatic X-ray source of AlKa. 
The measuring parameters were adjusted as 10  min, 
0.100 eV, 601and 400 lm for the acquisition time for all 
samples, energy step size for the analyzer mode (CAE: 
Pass Energy 50.0 eV), number of energy steps, and spot 
size, respectively, while the lens mode was standard.

Magnetic properties

The magnetic behavior of the prepared samples was exam-
ined by using a vibrating-sample magnetometer (VSM) at 
room temperature, and the applied magnetic field was varied 
up to 20 kOe.

Fig. 1  Flow chart of synthesizing nano ferrites at different structure
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Heavy metal removal study

To study the adsorption of  Cr6+ onto  MFe2O4, [M = Cu, 
Zn-Cu and Co–Cu], 0.1 g of adsorbent  (MFe2O4) was 
added to 100  mL of heavy metal standard solution 
(2 ppm) and then mixed for an hour by using the elec-
tric shaker. To investigate the effect of pH (2–10) drops 
of  NH4oH or  HNO3 was added to the aqueous solution. 
The effect of contact time was studied by adjusting pH of 
solution to its optimum value which obtained from part 
I, after each 1 h, the removal efficiency was tested till 
24 h. The adsorption efficiency was determined by the 
following equation [30]:

where:

The adsorption capacity was investigated by the following 
equation [31]:

where:
Co and  Cf are the initial and final concentrations of heavy 

metal in the solution, m is the adsorbent amount (g), V is the 
solution volume (L).

Adsorption isotherms

There are two isotherm models which are Langmuir and Fre-
undlich models [32] were used for studying and calculating 
the adsorption parameters. Langmuir and Freundlich can be 
expressed by Eqs. (7) and (8) respectively.

where:
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Fig. 2  XRD spectra for  CuFe2O4, Co-CuFe2O4 and Zn-CuFe2O4
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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 physi-
cal constants signifying the adsorption capacity and intensity 
of adsorption, respectively.

Adsorption kinetics

To examine the adsorption kinetics mechanism, three models 
could be applied [31, 32]:

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.

To ascertain the model that presented a better fit of the 
experimental data, each model was estimated in terms of the 
difference between the experimental and calculated adsorption 
capacity values and the correlation coefficient (R2) obtained.

Results and discussion

Crystal structure

Figure  2 shows X-ray diffraction patterns of samples 
of  CuFe2O4, Zn-CuFe2O4, and Co-CuFe2O4 nanopowder. 
All samples showed single phases according to the ICDD 
cards [01–08208784], [01-077-0013], and [00-065-0376] of 
 CuFe2O4, Zn-CuFe2O4, and Co-CuFe2O4, respectively. Zn-
CuFe2O4 and Co-CuFe2O4 had a single cubic phase, while 
a tetragonal phase was formed in CuFe2O4. The average 
crystallite sizes and lattice parameters of prepared powders 
were estimated and listed in Table 1. It is seen that the pre-
pared ferrites consist of nanocrystalline particles with sizes 
of 24.5, 37.5, and 32.6 nm for  CuFe2O4, Zn-CuFe2O4, and 
Co-CuFe2O4, respectively. The results reveal that the 

(9)
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)
= lnqe −

k1

2.303
t

(10)Pseudosecond − ordermodel ∶
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qt
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k2q
2
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(11)Interparticledif fusionmodel qt = k
3
t1∕2 + C

addition of cobalt and zinc to copper ferrite increased the 
crystallite size and the lattice parameters. The largest values 
were obtained for Zn-CuFe2O4. ICDD Card [04-024-0072] 
belongs to hematite, which appeared in the investigated sam-
ples in two different peaks.

FTIR spectra

For ferrites, there are primarily two types of absorption 
bands. The first group, which is associated with the octahe-
dral site (u1), has an absorption range of 400 to 460  cm−1, 
whereas the second group is linked to the tetrahedral site 
(u2) and has a range of 480 to 600  cm−1 [33].

Figure 3 displays the FTIR ranges for Co–Cu ferrite 
and Zn-ferrites, and while the position of the most major 
spectral lines was listed below in Table 2, the wavenum-
bers of 534.97, 598 and 934  cm−1 could be attributed to 
the stretching vibrations at the octahedral site along the 
[MetalO] bond [34]. While the wavenumbers of 412.65 and 
430.20  cm−1 represent the stretching vibrations along the 
[MetalO] bond at the octahedral (B) position [34]. The  u1 
band of  CuFe2O4 is shifted to a higher wavenumber with 
the doping of Co, while no shift was observed in the case 
of Zn doping. The increase of the absorption frequencies 
with the substitution of lighter Co ions (Mw = 58.93 g/
mol) with heavier Cu ions (Mw = 63.546 g/mol) (Table 2) 
led to an increase in the average mass of the metallic ions 
involved in the stretch. The absorption band, which rep-
resents the stretching vibrations along the [MetalO] bond 
at the octahedral (B) position, was nearly constant (412 
 Cm−1) by the addition of Zn to  CuFe2O4. This behavior 
can be explained by the Zn atom, which occupies the tet-
rahedral position; consequently, the [Metal-O] stretching 
vibration at the octahedral site is not affected.

Table 1  The average crystallite sizes, and lattice parameters of 
 CuFe2O4 Co-CuFe2O4 Zn-CuFe2O4

Composition Crystallite size 
(nm)

Lattice parameter  (Ao)

CuFe2O4 25 a = b = 5.89 and c = 8.56
Zn-CuFe2O4 38 8.41
Co-CuFe2O4 33 8.39

Fig. 3  FTIR spectra for  CuFe2O4, Co-CuFe2O4 and Zn-CuFe2O4
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By knowing the values of absorption bands υ1 and υ2 at 
the octahedral (B) and tetrahedral (A) positions respectively, 
the force constant could be determined by using the follow-
ing equations [37]:

where  KO and  KT are the force constants for the octahedral 
(B) and tetrahedral (A) sites, respectively,  Mw1 and  Mw2 are 
the molecular weights at B and A sites, respectively, while 
υ1 and υ2 represent the absorption bands corresponding to 
octahedral and tetrahedral sites, respectively. The calculated 
force constants are stated in Table 3.

It is obvious that the lowest values of  KT and  KO are 
significantly related to Co-CuFe2O4, which agrees with 
the molecular weight. Simultaneously, the force constant 
is contrary to the bond length [37]. Here, there is a par-
ticularly large increase in  KO from 1.031×105 dyne/cm in 
 CuFe2O4 to 1.371×105 dyne/cm in Zn-CuFe2O4, along with 
an increase in  KT from 1.217×105 dyne/cm in  CuFe2O4 to 
1.312×105 dyne/cm in Zn-CuFe2O4. On the other hand, the 
opposite trend is observed in Co-CuFe2O4. Consequently. 
The changes to the vibration modes attributed to the transi-
tion from pure Cu ferrite to Co and Zn-doped Cu ferrite can 
be explained based on the crystal field, which is affected by 
the bond length and the cation mass. The obtained elastic 
parameters corresponding to the investigated samples are 
consistent with many reported data [38–40].

(12)KO = 10.62 × (
Mw

1

2
) × υ2

1
× 10

−3

(
dyne

cm

)

(13)KT = 7.62 ×Mw
2
× υ2

2
× 10

−3

(
dyne

cm

)

Microstructural investigation

The prepared ferrites' microstructural properties are shown 
in Fig. 4(a-c). Cubic nanoparticles are present in Cu-ferrite 
in a single phase. The suitable synthesis procedure attests to 
the homogenous distribution of the particles.  CuFe2O4, Co-
CuFe2O4, and Zn-CuFe2O4 had generated samples with aver-
age particle sizes of 79 nm, 66 nm, and 56 nm, respectively. 
These values exceeded those seen in the XRD results. Due 
to the prepared samples' strong magnetic characteristics, the 
particles clumped together to form clusters.

Surface area analysis (BET)

Referring to the data in Fig. 5a–c), it is observed that all the 
samples follow the type IV isotherm, which is related to the 
mesoporous structures [38]. The quantity of the monolayer 
adsorbed gas  vm on the surface of prepared samples and the 
BET constant were calculated and listed in Table 4 using 
values of slope (A) and intercept (I) obtained from the BET 
plot using the following equations [39]:

where: A and I are the slope and intercept of BET plot.
The observed data in Table 1 show that doping Cu ferrite 

with Co and Zn enhanced the surface area and amount of 
gas adsorbed on the sample surface. These doped samples 
are therefore thought to be potential materials for catalytic 
and adsorption applications.

Magnetic properties

Figure 6 displays the magnetic properties of  CuFe2O4, Co-
CuFe2O4, and Zn-CuFe2O4 nanoferrites. The magnetic 
properties of ferrites overall depend greatly on the crystal 
structure, cation distribution, porosity, chemical composi-
tion, grain size and grain boundary structure. The magnetic 
parameters obtained from the hysteresis loops (M-H) were 

(14)vm =
1

A + I

(15)C = 1 +
A

I

Table 2  The characteristic 
absorption bands of FTIR 
spectra  CuFe2O4 Co-CuFe2O4 
Zn-CuFe2O4. All values 
represent wavenumbers  [cm−1]

CuFe2O4 Co-CuFe2O4 Zn-CuFe2O4 Assignment Ref

412.65 466.73 412.88 Stretching mode (υ1) of [M–O] bond [33]
534.97 526.48 533.06 Stretching mode (υ2) of [M–O] [34]
1600 1645 1650 Bending of water molecule [35]
2972.33 2900 2900 Vibrational mode of O–H [36]

Table 3  The calculating force constant  KO and  KT by using ʋ1 and ʋ2 
vibration modes

Composition υ1  (cm−1) υ2  (cm−1) Ko ×  105 
(dyne/cm)

KT ×  105 
(dyne/
cm)

CuFe2O4 412.65 534.97 1.031 1.217
Co-CuFe2O4 466.73 526.48 0.827 1.179
Zn-CuFe2O4 412.88 533.06 1.371 1.312
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listed in Table 5. All the prepared samples fellow a ferro-
magnetic behavior [40]. The saturation magnetization of Co-
CuFe2O4 and Zn-CuFe2O4 were nearly equal to the double 
value of the saturation magnetization of pure Cu-ferrite. 
According to conventional wisdom, metallic ions interact 
magnetically in three different ways through direct exchange 
mechanisms and an indirect superexchange mechanism 
using intermediary oxygen ions  (O2−). These interactions 
include the A-A and B-B intra-sublattice exchange contacts 

as well as the A-B superexchange interaction, where O2-ions 
mediate the interaction because of the great separation of the 
metallic ions. A-B superexchange is by far the most com-
mon type of magnetic interaction among these sources of 
ferrimagnetism. the unpaired electrons spins in these ions 
exhibit an antiparallel orientation due to the interaction's 
negative energy, and the magnetic moment that results 
from this can be represented by a difference between their 
respective magnetic moments. For Co-CuFe2O4, the higher 

Fig. 4  (a-c) TEM micrographs of (a)  CuFe2O4, (b) Co–Cu  Fe2O4 and (c) Zn-Cu  Fe2O4
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value of Ms than that for pure Cu ferrite is related to the 
magnetic moment value. The enhancement of saturation 
magnetization of Zn-Cu ferrite could be explained by the 
inverse and normal spinel structure. From another point of 
view, the magnetic properties are strongly dependent on the 
interaction between ions in the tetrahedral (A) site and octa-
hedral (B) site involving intermediate oxygen ions. The most 

dominant type of these interactions is A-B superexchange 
interaction [41]. Hence, the magnetization is expressed as 
(Fig. 7):

(16)M = ||MB −MA
||

Fig. 5  (a-c): Brunauer–
Emmett–Teller plot of (a) 
 CuFe2O4, (b) Co–Cu  Fe2O4 and 
(c) Zn-Cu  Fe2O4
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where  MA and  MB represent the magnetic moment of A and 
B sites, usually,  MB has higher value than  MA owing to the 
high density of octahedral (B). In this, Zn-CuFe2O4, when 
the diamagnetic  Zn2+ substituted  Cu2+, it occupies the A 
sites, consequently, the number of  Fe3+ ions which occu-
pies B sites is increased leading to the net magnetization 
increased as well. In contrast,  Co2+ prefers occupying B sites 
as Co-ferrite has inverse spinel structure, because of higher 
value of magnetic moment for  Co2+ than that of  Cu2+, the 
A-B super exchange interaction becomes stronger result in 
the net magnetization to be increased.

Table 4  Quantity of monolayer adsorbed gas  vm, BET const and the 
surface area

Sample Vm  (Cm3) BET constant surface 
area 
 (Cm2/g)

CuFe2O4 933.521 5.099 3.46399
Co-CuFe2O4 998.235 5.950 3.9514
Zn-CuFe2O4 994.6795 7.447692 3.9825

Fig. 6  hysteresis loops of  CuFe2O4, Zn-CuFe2O4 and Co-CuFe2O4
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More, the exchange bias  (HEB) of the applied field can 
be given by [42]:

where H(−) and H(+) are the intercepts of magnetization 
with the –ve and + ve on the field axis.  HEB has its maximum 
value of 4.75 Oe for Co-CuFe2O4, while its lowest value of 
0.92 Oe related to pure Cu-ferrite. This behavior matches 
with the core@shell model for the grain structure [43]. The 
anisotropy constant, K (erg/g), can be expressed by [44]:

The magnetic anisotropy is strongly affected by the coer-
civity; in other words, the greater the anisotropy, the higher 
the resistance of the dipoles to go through the annihilation 
under the reverse external field. From the results obtained 
in Table 6, it could be observed that the highest K value was 
calculated for Co–Cu ferrite and the lowest one was meas-
ured for Zn-Cu ferrite.

The switching field distribution (SFD), which rep-
resents the rectangularity of the M-H hysteresis loop, 
can be calculated by the following equation [44]. The 
SFD width is deeply correlated with the power of the 
interparticle interactions as calculated from the Delta 
M(H) draw.

where, ΔH could be calculated from the halfwidth of the 
dM/dH curve peak, in which sense anisotropy field (Ha) 
could be expected using the following equation:

The coercivity and squareness of  CuFe2O4 decreased 
after doping with cobalt and Zinc at room temperature 
to be extremely small for Zn-  CuFe2O4 sample, these 
small vales are characteristics of superparamagnetic 
nature [39, 40].

Heavy metal removal study using nano ferrites 
of  MFe2O4; (M = Cu, Zn‑Cu and Co–Cu)

Heavy metal ions in aqueous solutions rapidly diffuse onto 
the surface of the nanoferrites through the active sites. In 
this study, the prepared samples were used for the investiga-
tion of the removal of  Cr6+.
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Factors affecting on adsorption process

The heavy metal removal from contaminated water over 
various surfaces could be controlled by many factors, such 
as the adsorbent dosage, temperature, heavy metal ion con-
centration, contact time, and pH values. Hence, in this sec-
tion, the effects of PH of solution and contact time were 
discussed, while the rest of the factors will be discussed in 
future work.

pH effect The pH level of the aqueous medium had a signifi-
cant impact on both the removal of Cr6 + and the adsorption 
capacity of the produced samples [45]. Figure 8 allows us 
to study how pH values affect the effectiveness of removing 
 Cr6+. Increasing the pH from 2 to 8 improved the removal 
efficiency for all the produced samples. This can be explained 
by the fact that at low pH levels, protonated function groups 
are present on the surfaces of the nanosamples, and that the 
presence of  H3O3+ in the medium causes competition between 
 Cr6+ and  H3O3+ for the active sites. Furthermore, the elec-
trostatic repulsion between the protonated function group on 
the sample surface and  Cr6+ leads to difficulty in reaching the 
targeted heavy metal to the active sites [46]. In the case of 
basic medium (pH 8), at high pH values, the metal ions and 
OH group connected to each other, forming several complex 
species that blocked the active sites on the adsorbent surface. 
Therefore, the preferred pH for heavy metal adsorption is 
a moderate pH, owing to the deprotonation of the function 
groups at the sample’s surface, which reduces the forces of 

Fig. 7  Magnetic field dependence of dM/dH of (a)  CuFe2O4, (b) Zn-CuFe2O4 and (c) Co-CuFe2O4 and 2Hm measures the separation of peaks 
for magnetic field

Table 6  The values of the magnetic anisotropy constant and anisot-
ropy field for  CuFe2O4, Co-CuFe2O4 and Zn-CuFe2O4

Composition K ×  103 (erg/g) Ha (Oe) SFD (Oe)

CuFe2O4 14.67 1.35 0.11
Co-CuFe2O4 27.12 1.15 0.26
Zn-CuFe2O4 0.732 0.037 0.16
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repulsion and consequently increases the attraction of metal 
ions and active sites [47]. Based on the previous interpreta-
tion and the data obtained from Fig. 8, the optimum value for 
adsorption of  Cr6+ was observed at pH 7, as the values of the 
removal efficiency were 54%, 90%, and 93% for  CuFe2O4, Zn-
CuFe2O4, and Co-CuFe2O4, respectively.

Contact time effect The amount of time that the adsorbent 
and adsorbate are in touch with one another affects how well 
harmful metal ions may be removed from wastewater. Due to 
the longer interaction time between the heavy metal ions and the 
active sites of the adsorbate, increasing the contact time would 
increase the removal effectiveness [48]. Figure 9 demonstrates 

Fig. 8  Removal efficiency % 
as a function of pH values for 
 MFe2O4; (M = Cu, Zn-Cu and 
Co–Cu)

Fig. 9  Removal efficiency % as 
a function of contact time for 
 MFe2O4; (M = Cu, Zn-Cu and 
Co–Cu)
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Fig. 11  Freundlich isotherm for  MFe2O4; (M = Cu, Zn-Cu and Co–
Cu)

Fig. 10  Langmuir isotherm for  MFe2O4; (M = Cu, Zn-Cu and Co–Cu)

Fig. 12  Pseudo-first order model for  MFe2O4; (M = Cu, Zn-Cu and 
Co–Cu)
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that for CuFe2O4, Zn-CuFe2O4, and Co-CuFe2O4, respectively, 
the removal efficiency improved quickly from 10%, 45%, and 
60% at a contact time of 10 min to 13%, 63%, and 77% at a 
contact time of 20 min. The removal efficiency then gradu-
ally rose during the next 30 min, reaching a maximum of 54%, 
90%, and 93% for  CuFe2O4, Zn-CuFe2O4, and Co-CuFe2O4, 
respectively. At 50 min after that, there was no further increase 
in the removal of  Cr6+. This can be explained by the availability 
of the active sites at the beginning of the adsorption process, 
which are gradually occupied by the heavy metal ions with 
time. At the end, we conclude that the maximum adsorption 
of  Cr6+ occurred by using Co-CuFe2O4 as an adsorbent at pH 
7 and after a contact time of 50 min. Based on the previous 
results, it was expected that Co-CuFe2O4 would have the high-
est removal efficiency due to its high surface area and saturation 
magnetization.

Fig. 14  Intra-particle diffusion model for  MFe2O4; (M = Cu, Zn-Cu and Co–Cu)

Fig. 13  Pseudo-second order model for  MFe2O4; (M = Cu, Zn-Cu and 
Co–Cu)
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The adsorption isotherm The Langumir and Freun-
dlich isotherms are the two isotherm models. The for-
mer is associated with monolayer adsorption, in which 
all of the active sites have the same energy, whereas the 
adsorption isotherm is Frendlich [49] when heavy metal 
removal takes place by multilayer adsorption. By fitting 
the information included in Figs. 10 and 11, which deal 
with Langmuir and Freundlich isotherms, respectively. 
We discovered that the  R2 linked to Langmuir values 
for CuFe2O4 Co-CuFe2O4 and Zn-CuFe2O4 nanofer-
rites were 0.9800, 0.98008, and 0.9800, respectively, 
whereas its values for Freundlish were 0.9727, 0.9625, 
and 0.9790, respectively. The fitted data therefore con-
form to the Langumir isotherm model.

The adsorption Kinetics Three models—the interparti-
cle diffusion model, the pseudo first-order model, and the 
pseudo second-order model—can be used to study the 
adsorption kinetics. These models are provided by Eqs. (9), 
(10), and (11) [50, 51]. The physisorption is related to pseudo 
first order kinetics. There is no chemical link between the 
adsorbent and the adsorbate in physisorption, which is weak 
and reversible. While chemisorption adsorption, which is 
potent and irreversible, is connected to pseudo-second-order 
kinetics [52, 53, 54, 55, 56, 57]. The intraparticle diffusion 
kinetic model is the final category of kinetic model. Adsorp-
tion happens in a single rate-determining stage in this sort 
of kinetics, and for the time being, the adsorbate removal is 
a quick procedure.

From Fitting Figs.  12, 13, 14, it is noticed that The 
adsorption of Cr(VI) on the surface of  MFe2O4 (M = Cu, 
Zn-Cu, and Co–Cu) nanoferrites was followed by the 
pseudo-second-order kinetic model.

Conclusion

In order to increase the amount of heavy metal ions adsorbed 
on the adsorbent surface, CuFe2O4 was doped with Zn and 
Co in this work, which is an effective method for increasing 
the material's physical properties. By using a flash auto com-
bustion process, CuFe2O4, Zn-CuFe2O4, and Co-CuFe2O4 
were created, and they all crystallized in a cubic system, 
as opposed to pure Cu-ferrite, which has a tetragonal crys-
tal structure. Due to its stronger magnetic nature, HRTEM 
looked into the samples' higher tendency to aggregate. 
Through BET analysis, the porosity and surface area were 
investigated. Co-CuFe2O4's surface was where the most gas 
was adsorbed, while Zn-CuFe2O4 provided the most sur-
face area. The behavior of all samples is ferromagnetic. The 
maximum removal efficiency was donated to  CuFe2O4 at pH 
7, and after 50 min, all investigated samples followed the 
Langmuir isotherm and pseudosecond-order kinetic models.
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