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Abstract
Cobalt-nanoferrite as a magnetic separable material has drawn the attention of researchers due to its unique proper-
ties, significant applications and high potentiality in wastewater treatment. In this study, the cobalt nanoferrite was 
synthesized by chemical co-precipitation method at different annealing temperatures and characterized by X-ray dif-
fraction, scanning electronic microscopy, energy dispersive X-ray, Fourier transform infrared spectroscopy and UV–vis-
ible spectroscopy. Then the synthesized nanoferrite was assessed and used for the treatment of tannery wastewater. 
The characterizations confirmed the formation of nanoferrites with size between 15 and 23 nm. The average particle 
size increased with increase of annealing temperatures. Typical values for tannery wastewater treatment efficiency for 
chromium, total dissolved solids, biochemical oxygen demand and chemical oxygen demand were 23.75, 90.83, 52.72 
and 48.07% respectively. Thus, the treatment by nanoferrites appears a promising and effective method for the removal 
of contaminants.
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1 Introduction

Chemical contaminants in industrial wastewater have seri-
ous effects on health and ecological environment espe-
cially in the industrial areas where large quantities of dis-
charges are daily generated. These contaminants include 
heavy metals, inorganic compounds, organic materials, 
and other complex compounds [1–3].

The treatment of wastewater by nanoparticles is a fas-
cinating area of research and gaining global momentum 
due to environmental friendly and cost-effective materials 
involved in the process and thus offers great opportuni-
ties to the wastewater treatment techniques [4]. In par-
ticular, nanoparticles are characterized by many unique 
properties such as small size, large specific surface area, 
high dispersion, selectivity and easily modifiable surface 

by chemical methods [5]. Consequently, the nanoparticles 
have been used to remove toxic substances such as lead 
[5], arsenic [6, 7], chromium [6], cadmium [8], nickel [9] 
and mercury [10].

Among these toxic heavy metals, chromium has adverse 
impacts on human health such as allergies, hyper pigmen-
tation, skin cancer, neurological effect, hypertension and 
cardiovascular disease [11]. Chromium is considered as a 
main tannery material and highly dispersible pollutant. 
Therefore, researchers focus on developing and exploit-
ing the nanomaterials as alternatives to known treatment 
agents. In particular, titanium oxide [12] and nanoferrite 
materials [13, 14] have been used. Among these, nano-
ferrites are the most studied, not only because of their 
ability to remove heavy metals but also due to their other 
potential applications in many fields [15]. Nanoferrites 
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are characterized by their high electrical impedance, high 
permeation, stability and longevity. Moreover, nanoferrite 
precursors are cost-effective and less hazardous [14]. The 
nanoferrites are classified into three main types depending 
on their structure namely spinel, garnet and hexagonal fer-
rites [16]. The spinel nanoferrite represents a wide group 
of oxides, with the general chemical formula of  MFe2O4, 
where M represents Fe, Mn, Co, Mg, Zn, Ni, etc. [17]. The 
spinel nanoferrites have been studied by several research-
ers [18, 19]. Different transition metals have been involved 
such as  NiFe2O4 [20],  CoFe2O4 [20–22],  ZnxNi1−xFe2O4 [23], 
 ZnFe2O4 [24, 25], and  MgFe2O4 [26, 27].

The spinel cobalt nanoferrites have unique properties 
such as magnetization, magnetic crystalline, high coer-
civity, moderate saturation magnetization, large magne-
tostrictive coefficient, chemical stability and mechanical 
hardness [28]. Therefore several useful applications have 
been associated with spinel cobalt ferrites  (CoFe2O4) such 
as adsorbent for the treatment of different environmental 
pollutants [29]. Interestingly, it has been noted that slight 
modifications in the formula of nanoferrite and concen-
trations of reactants can result in important changes in 
the geometry of this compounds and hence the role and 
function of these nanomaterials [30]. For example, UV–vis-
ible diffuse reflectance spectra and band gap energy of 
spinel  Mg1−yNiyFe2O4 (0.0 ≤ y ≤ 1.0) nanoparticles have 
been found to increase from 2.1 to 2.6 eV with increasing 
 Ni2+ ratio [31].

As very limited works have been made to study the size 
effect and application of nanoferrites, hence the aims of 
the present work were to synthesize and investigate spinel 
cobalt ferrite  (CoFe2O4) nanoparticles with different sizes 
for the treatment of tannery wastewater with emphasis on 
removal of chromium. Thus the nanoparticles were syn-
thesized using co-precipitation method and annealed at 
300, 500 and 900 °C. The obtained nanoparticles were then 
characterized by X-ray diffraction pattern (XRD), scanning 
electron microscopy (SEM), energy dispersive X-ray (EDX), 
Fourier-transform infrared spectroscopy (FTIR) and ultra-
violet visible spectrometer (UV-VIS). The obtained spinel 
ferrite nanoparticles were employed for the removal of 
chromium and other contaminants from tannery waste-
water. The effect of the nanoparticle amount, pH and con-
centration on the removal process were also investigated.

2  Experimental

2.1  Chemicals

Cobalt(II) nitrate ≥ 98%, iron(III) nitrate ≥ 98%, and sodium 
hydroxide were purchased from SD Fine-Chem Limited, 
Mumbai, India. All the chemicals used in this study were 

of analytical reagent grade and were used without further 
purification.

2.2  Tannery wastewater sample

The tannery wastewater samples were collected from the 
tannery discharge tanks in Sajjana, central of Khartoum 
city, Sudan. The tannery in this zone is producing semi-
finished tanned leathers. The high-density 600 ml-liter PVC 
bottles were used to collect the samples after rinsing with 
distilled water and the wastewater.

2.3  Synthesis and annealing

The chemical co-precipitation method was used to syn-
thesize the cobalt spinel nanoferrites by dissolving 4.04 g 
of Fe(NO3)3·H2O and 1.455 g of Co(NO3)2·6H2O in 200 ml 
of water [32]. The quantity of each metal precursor was 
adjusted so that the ratio of Co to Fe in the mixture to be 
1:2. The mixture was stirred for ten minutes, while con-
stantly mentoring the pH by drop wise addition of NaOH 
solution (3 M). Then the mixture was allowed to cool to 
room temperature and stirred for twenty minutes. After 
that, the mixture was heated again to 80 °C and stirred 
for one hour and allowed to form a precipitate product. 
The product was allowed to cool to room temperature, 
washed twice with distilled water and ethanol and dried 
in hot air oven for 4 h at 130 °C. The acquired substance 
was then grinded in agate mortar and pestle into a powder 
and annealed at 300, 500 and 900 °C for three hours in a 
furnace.

2.4  Characterization

The crystalline phases and unit cell parameters of the 
powders were determined by XRD, using a Shimadzu 7000 
X-ray diffractometer with 1.5406 Å wavelength Cu-kα radia-
tion and a nickel filter operating at 40 kV/40 mA. Data were 
collected for a 2θ range of 20°–80° at a step size for 0.02° 
and 5 s count-times. The Maud program was used for XRD 
analysis, with the Rietveld refinement method. The crys-
talline size (D) was calculated by Scherer’s equation [33]:

where D is the crystalline size (nm), K is the Scherer con-
stant with a value of 0.94, λ is the X-ray wavelength in nm, 
for  CuKα radiation it is 0.1054 Å, θ is the Bragg diffraction 
angle, and β is the full width at half maximum (FWHM) of 
the XRD peak appearing at the diffraction angle. The mor-
phology of the powder was investigated by SEM (Tescan 
Vega3), and the composition was determined by EDX [34]. 

(1)D =
k �

� cos �
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The infrared spectra (wavelength range: 280–4000 cm−1) 
were recorded using an FTIR spectrometer (SHIMADZU 
model 8400S) [35]. A FTIR spectroscopy collected by KBr 
pellet method, the material mixed with KBr in the ratio of 
1:100. The UV–VIS absorption spectra were obtained using 
a U–VIS spectrophotometer (Shimadzu, UV-2400) in the 
wavelength range of 200–800 nm to investigate the opti-
cal property of material. All samples used for characteriza-
tion were prepared by dissolving in ethanol.

2.5  Treatment by spinel nanoparticle

In order to estimate the optimum conditions and effect of 
interferences in the tannery wastewater caused by other 
materials or pollutants, initially, the nanoparticle was 
examined by using prepared chromium solution under 
different nanoferrites dosage, pH and chromium concen-
trations. In a typical treatment experiment, a mixture of 
50 ml was obtained by mixing nanoparticle and chromium 
or wastewater solutions. The mixture was then agitated 
in a mechanical shaker. Nanoparticle amount was varied 
from 0.10, 0.15, 0.20, 0.25 and 0.30 g. The pH of treatment 
mixture was adjusted by addition of HCl (0.1 M) or NaOH 
(0.1 M) to 3, 5 and 7. The initial chromium amounts were 
obtained by taking 10, 20, 30, 40 and 50 ml from a stand-
ard chromium solution (1 mM).

The concentration of chromium before and after treat-
ment was estimated by atomic absorption spectropho-
tometer (Perkin Elmer Analyst 200 model). The percent 
of chromium removal efficiency was evaluated using the 
following equation:

where  Co is initial concentration of chromium before treat-
ment mg/l,  Ce is final concentration of chromium after 
treatment mg/l.

Beside chromium treatment by nanoferrite, other phys-
icochemical parameters, such as total dissolved solids 
(TDS), chemical oxygen demand (COD), and biochemical 
oxygen demand (BOD) were also investigated. The inves-
tigations of these parameters were performed according 
to known standard procedures [18]. Specifically, TDS was 
measured by transferring of the sample to a weighed 
evaporating dish and evaporated to dryness by heating at 
180 °C. TDS was calculated by taking the weight of residue 
to volume of the sample. COD was estimated by oxidizing 
using excess dichromate and then titrating with ferroin 
indicator. BOD was obtained by determining the dissolved 
oxygen concentrations in the sample before and after an 
incubation period.

(2)Removal efficiency (R) (%) =
Co − Ce

Co
× 100

3  Result and discussion

3.1  Synthesis and characterization 
of the nanoferrites

The co-precipitation method is a promising and reliable 
method for the synthesis of nanomagnetic particles such 
as cobalt nanoferrite. The obtained materials were black 
powder and showed attraction to magnet. Interestingly, 
the one annealed at 900 °C showed the higher attraction 
to the magnet, therefore it was used for the treatments. 
These characteristics of the synthesized materials indi-
cate formation of nanoferrites [36].

The synthesized products were characterized by 
XRD and the results are displayed in Fig. 1. The peaks 
are located in the 2θ range of 20°–80° and all samples 
exhibited a cubic structure with an Fd-3 m space group 
[37]. The lattice parameters a for the samples were 
found to increase with increasing annealing tempera-
ture. The lattice parameters were 8.365627, 8.372012 and 
8.395217 Å, for annealing temperatures of 300, 500 and 
900 °C respectively. Table 1 presents the XRD results. The 
nanoparticle crystallite sizes as calculated from the X-ray 
line broadening and using the diffraction peaks given 
by the Debye–Scherer formula were found to be 15, 18, 
and, 23 nm. The lattice parameter and crystallite size was 
found to increase with increasing annealing tempera-
ture, as depicted in Fig. 2. Table 2 lists the atomic coor-
dination and occupancy of the samples. The increase of 
crystallite size with increasing annealing temperature 
may be due to grain growth taking place and greater 
chances of agglomeration at elevated temperatures.

Fig. 1  XRD characterization of  CoFe2O4 nanoparticles annealed at 
300, 500 and 900 °C
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The SEM images (Fig. 3a–c), show that the samples con-
sist of aggregated materials at all annealing temperatures 
and smaller crystallites are closely arranged together. The 
SEM images depict morphologies with different shapes, 
size and high particle surface roughness. The samples 
exhibit a compact arrangement of homogeneous nano-
particles, which is observed in particles that are almost 
uniform in size. Obviously the morphologies, size and 
magnetic properties of the synthesized nanoferrites 
change with the annealing temperature.

Figure 3d presents the energy dispersive X-ray EDX of 
the  CoFe2O4 nanoparticle annealed at 300 °C, it reveals the 
presence of elements, such as cobalt, iron, and oxygen, 
without any additional impurities, with a ratio of 1:2 for 
the Co:Fe ions.

Figure 4 displays the FTIR spectra of the samples. The 
absorbance peaks around 416–458  cm−1 are assigned 
to the Fe–O and Co–O bond-stretching vibrations 
[29]. The peak appearing at 584  cm−1 is attributed to 
 Fe3+–O2−. The appearance of absorption bands in the 
range 400–600 cm−1 reveal the formation of single phase 
spinel structure having tetrahedral and octahedral sites 
[38]. Thus, FTIR spectra exhibited main absorption bands, 
thereby confirming the formation of spinel  CoFe2O4 
nanoparticle.

The absorbance spectra were recorded for obtaining 
the absorption edge values of the  CoFe2O4 nanoferrites, as 
shown in Fig. 5. The maximum absorption for the samples 
was displayed in the ultraviolet region at 250 and 260 nm 
for the  CoFe2O4 nanoferrites annealed at 300 and 900 °C, 
respectively. These bands developed from the absorption 
of nanoferrites, which in agreement with previous report 
[39]. The band gap energy, Eg = 1240∕� , of the samples 
was calculated as reported before by Alsabah et al. from 
the absorption edge as 4.97 and 4.78 eV for the nanofer-
rite annealed at 300 and 900 °C, respectively [40]. As the 
values of band gap inversely related to the size of nano-
particle, thus confirmed size difference of the synthesized 
nanoferrites.

3.2  Treatment by  CoFe2O4

3.2.1  Treatment conditions

The nanoferrite with size 23 nm was chosen for the treat-
ment due to better attraction to magnet, which allowed 
convenient separation from the treated mixture. In order 
to optimize the removal of chromium by  CoFe2O4 nano-
particle, several attempts were conducted to assign the 
appropriate treatment conditions as follows:

Table 1  XRD Analysis of the 
spinel nanoparticles annealed 
at 300, 500 and 900 °C

CoFe2O4 at Crystallite 
size (nm)

Lattice constant (Å) Volume  nm3 Space groups Sigma Weighted 
R-factor  (Rw) 
(%)

300 °C 15 8.365627 585.45766 Fd-3 m (227) 1.5023453 2.5053240
500 °C 18 8.372012 586.79922 Fd-3 m (227) 1.2143844 7.4379373
900 °C 23 8.395217 591.69211 Fd-3 m (227) 1.6325004 2.7997284

Fig. 2  CoFe2O4 nanoparticles a crystallite size vs annealing temperature, b Lattice parameter versus the annealing temperature
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1. Nanoparticle dose effect: Fig. 6a presents the effect 
of changing  CoFe2O4 amounts on the removal of 
chromium(VI). Obviously, the efficiency of  CoFe2O4 
was found to increase with increasing the amount of 
nanoparticles. The highest removal percentage was 
found to be 75.45%, which was in agreement to pervi-
ous report [41, 42]. This result was anticipated as large 
nanoparticle amount provide more surface area.

2. Effect of pH: The results are shown in Fig. 6b, which 
indicate that the maximum removal percentage of 
Cr(VI) occurred at pH 3 (64.67%) and the pH value of 
chromium solutions during the nanoferrite treatment 
appeared as a critical parameter. Similar observation 
has been reported [43]. Therefore, the pH value of 3 
was chosen as the optimal pH for the treatment of 
Cr(VI). The effect of pH of solution on the treatment 
is probably due to affecting adsorption of Cr(VI) i.e. 
in acidic medium, Cr(VI) exits in the form of  H2CrO4, 
HCrO−

4
 , Cr2O

2−
7

 and CrO2−
4

 at pH less than 1, Cr(VI) exists 
in the form of  H2CrO4, while at pH between 1 and 6, 
HCrO−

4
 and Cr2O

2−
7

 predominate [44]. In this study, high 
pH values were excluded due to precipitation of chro-
mium in alkaline medium [45].

3. Effect of chromium ions concentration: The removal 
percentage of Cr(VI) was studied by varying Cr ions 
concentrations at constant  CoFe2O4 amount (0.3 g) 
and pH 3. Figure 6c gives the effect of initial concen-
tration of chromium ions on the treatment. As seen, 
the maximum and minimum removal percent were 
89.82 and 58.98% at the lowest (0.2 mM) and the high-
est (1 mM) concentration respectively. Obviously, the 
removal percent of Cr ions from solution was found to 
decrease with increasing the initial concentration of 
Cr ions. This observation is in good agreement with a 
previous study [46]. This is probably due to lack of suf-
ficient surface area to accommodate metal ions from 
the high concentrated solutions.

3.3  Treatment of tannery wastewater

Based on the optimization of treatment conditions, 0.3 g 
of nanoferrite was used to treat chromium and other phys-
icochemical parameters at pH 3.

3.3.1  Total dissolved solids (TDS)

The TDS values before and after treatment were 18,560 
and 1702 mg/l respectively, giving 90.83% efficiency. The 
value of the TDS after treatment was close to the tolerance 
limits (1500 mg/l) prescribed by SSMO [47]. The presence 
of high levels of TDS in the tannery wastewater may be 
due to high salt content and inorganic contents present in 
the effluent as have been noted by Goel [48]. TDS removal 
by  CoFe2O4 nanoparticles gave superior results in com-
parison to the treatment by membrane filtration method, 
where 68.17% removal efficiency has been reported [49].

3.3.2  Biological oxygen demand (BOD)

The BOD parameters before and after treatment were 
2390.7 and 1130.3 mg/l respectively. The resulting treat-
ment efficiency was 52.7%. The high BOD values may be 
due to the presence of considerable amounts of organic 
matter that removed from the skin during the pre-tanning 
process. Although the BOD value after treatment was still 
high as compared to permissible disposal limits set by 
SSMO [47], however, similar results have been reported 
by the use of the MgO nanoparticles [50]. In contrast to 
the traditional methods, which most likely to use the pho-
tocatalytic property of the treatment agents, the  CoFe2O4 
nanoparticles resulted in less removal efficiency.

3.3.3  Chemical oxygen demand (COD)

The COD values before and after treatment were 4120.5 
and 2139.6 mg/l respectively. The resulting treatment 

Table 2  The atomic coordination and occupancy of spinel nano-
particles annealed at 300, 500 and 900 °C

Cation/anion Coordinates 300 °C 500 °C 900 °C

Fe1
+2 X 0.125 0.125 0.125

Y 0.125 0.125 0.125
Z 0.125 0.125 0.125
OCC 0.543 0.543 0.543

Fe2
+2 0.5 0.5 0.5

0.5 0.5 0.5
0.5 0.5 0.5

OCC 0.229 0.229 0.229
Co1

+2 X 0.125 0.125 0.125
Y 0.125 0.125 0.125
Z 0.125 0.125 0.125
OCC 0.457 0.457 0.457

Co2
+2 X 0.50 0.50 0.50

Y 0.50 0.50 0.50
Z 0.50 0.50 0.50
OCC 0.271 0.271 0.271

Co3
+2 X 0.5 0.5 0.5

Y 0.5 0.5 0.5
Z 0.5 0.5 0.5
OCC 0.5 0.5 0.5

O1
−2 X 0.2629 0.23890 0.25532

Y 0.2629 0.23890 0.25532
Z 0.2629 0.23890 0.25532
OCC 1 1 1
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efficiency was 48.07%. These values were extremely 
high compared to recommended standard limits of 
SSMO (75 mg/l) [47]. This low efficiency may be due to 
high organic pollutions which are not removed effec-
tively by the nanoferrites. However, Activated Carbon/
CoFe2O4 nanocomposites have been reported to result 
in higher removal efficiency [51]. Obviously the nanoco-
mosites have advantages over nanoferrites in the COD 

removal as has been reported due to photocatalytic prop-
erties of their core shell [51].

3.3.4  Chromium

The amount of chromium in the wastewater of Khartoum 
leather industry before and after treatment were 3.672 
and 2.800  mg/l respectively, resulting in efficiency of 

Fig. 3  a–c SEM images 
of  CoFe2O4 nanoparticles 
annealed at 300, 500 and 900 
°C, d EDX of  CoFe2O4 nanopar-
ticles annealed at 300 °C

Fig. 4  FTIR of  CoFe2O4 nanoparticles annealed at 300, 500 and 
900 °C

Fig. 5  Absorbance spectra of the  CoFe2O4 nanoferrites annealed at 
300, 500 and 900 °C
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23.75%. Similar results have been reported by Hu et al. 
using cobalt-ferrite [52]. The remarkable differences in 
chromium removal efficiency between standard solution 
and tannery wastewater may be due to blockage of nano-
ferrite active sites by other contaminants. Low specificity 
of nanoferrites toward chromium requires pre-treatment 
of tannery wastewater prior removal.

4  Conclusion

The present investigation was carried out to study the suit-
ability of cobalt ferrite nanoparticles for the removal of 
chromium and other contaminants in the tannery waste-
water. The cobalt ferrites nanoparticles were successfully 
prepared using co-precipitation method by annealing 
at 300, 500 and 900 °C. The synthesized nanoparticles 
were characterized by XRD, SEM, EDX, FTIR and UV-VIS. 

The characterization by these techniques confirmed the 
formation of nanoparticles. Importantly, the annealing 
has remarkable effect on the morphologies, sizes and 
magnetic properties of these nanoparticles. The synthe-
sized nanoparticles were investigated for the treatment 
of chromium from solutions containing these metal ions 
to standardize the conditions. Then the nanoparticles 
were applied for treatment of tannery wastewater. The 
efficiency of removal of TDS, BOD, COD and chromium 
were 90.83, 52.72, 48.07 and 23.75% respectively. Thus, 
the cobalt nanoferrite may be a suitable alternative for 
the treatment of wastewater and deserve further study.
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Fig. 6  Effect of different conditions on the removal efficiency of chromium ions by  CoFe2O4 nanoferrites a amount b pH c concentration of 
chromium ions
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