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Abstract
The present study focused on the synthesis of magnetite nanoparticles in the removal of copper from aqueous solutions. 
Magnetite nanoparticles were developed by co-precipitation method for the adsorption of copper from aqueous solution. 
The characteristics of the synthesized nanoparticles were assessed using Fourier transform infrared spectroscopy (FTIR), 
X-ray diffraction (XRD), field emission scanning electron microscope (SEM) and energy-dispersive X-ray (EDS) analyses. 
Batch adsorption experiments were performed by varying the solution pH, contact time, stirring speed, adsorbent dosage 
and concentration of the effluent. The magnetic nanoparticle showed an excellent performance in removing copper under 
the following optimized conditions: pH 2, contact time = 75 min, initial concentration of copper = 100 ppm, adsorbent dos-
age = 0.6 g and stirring speed = 150 RPM. Thus, the developed magnetic nanoparticle has the potential to be used for the 
removal of copper from aqueous solution.

Keywords Biocompatibility · Co-precipitation · Fourier transform infrared spectroscopy · Heavy metal pollution · 
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Introduction

Magnetic nanoparticles play an important role in chemis-
try, physics and materials science. The utilization of mag-
netite nanoparticles has received much attention due to 
their unique properties, such as extremely small size, large 
surface-area-to-volume ratio, surface modifiability, excel-
lent magnetic properties and high biocompatibility. The 
application of these nanoparticles will solve environmental 
problems to a great extent.

The growing demand for drinking water supply and efflu-
ent treatment has motivated researchers to perform extensive 
research in developing better water treatment technologies. 
Clean drinking water has become a basic need to human 
and also to protect public health (Junyong et al. 2018). Envi-
ronmental pollution affects human and living organisms 

(Zhitong et al. 2012). Major metal contaminants present in 
water are mercury, lead, chromium, nickel, cobalt, copper, 
silver, arsenic, etc. These heavy metals create health and 
environmental issues. Various techniques employed in the 
removal of heavy metals from aqueous solutions are flo-
tation, electrochemical treatments, membrane separation, 
adsorption, ion exchange, precipitation and biosorption 
processes (Shiyan et al. 2009; Yiliang et al. 2010; Ivanov 
et al. 2004). Among these methods, adsorption processes are 
most widely used technique for the removal of heavy metal 
ions and bacterial pathogens from water.

Development of the state-of-the-art, economical and 
environmentally friendly nanomaterials has gained con-
siderable attention in recent times. Nanoparticles play a 
vital role in the removal of metals from wastewater (Jurgen 
and Joydeep 2005; Auffan et al. 2007). Magnetite nanopar-
ticles have been extensively used in magnetic resonance 
imaging, ferrofluids for audio speakers, targeted drug 
delivery and magnetic recording (Laurent et al. 2008). 
In particular, magnetite nanoparticles are employed as 
adsorbents for the separation and removal of Zn(II) ions 
and other contaminants by the application of external 
magnetic field (Maity and Agrawal 2007; Shirsath and 
Shirivastava 2015). Magnetite nanoparticles are preferred 
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in metal removal applications due to their nanosize, mag-
netic separation capability, simple synthesis and coating 
technique and surface modification (Yargeau 2012; Rat-
nayaka et al. 2009; Funes et al. 2018; Dias et al. 2011; 
Lasheen et al. 2017; Achla and Singh 2017; Ibrahim et al. 
2018). Magnetic nanoparticles also find applications in 
drug-targeting to improve the therapeutic potential of 
many water-insoluble and unstable drugs (Pedro et al. 
2003). Chitosan-coated magnetic nanoparticles modified 
with α-ketoglutaric acid were employed in the removal of 
 Cu2+ from aqueous solution (Zhou et al. 2009). Oman is 
currently undergoing rapid industrialization, and this leads 
to a rise in the industrial effluent release. These effluents 
require immediate treatment so as to reduce the threat it 
poses to the environment.

The present study focused on the synthesis, charac-
terization and application of magnetite nanoparticles in 
the removal of copper from aqueous solutions. The batch 
experimental study was carried out in the Chemical Engi-
neering Laboratory of National University of Science and 
Technology, College of Engineering, Sultanate of Oman.

Materials and methods

Materials

The materials used for the synthesis of magnetic nanopar-
ticles are ferrous and ferric ammonium sulphate. Magnetic 
nanoparticles were prepared by co-precipitation method. 
Stock solutions were prepared by dissolving stoichiometric 
amount of  CuSO4 in Millipore water. All reagents were 
procured from Sigma-Aldrich, India.

The characterization techniques employed are field 
emission scanning electron microscope (SEM JEOL JSM-
7600F), X-ray diffractometer (Rigaku and Mini Flex 600) 
and Fourier transform infrared spectroscopy (FTIR—
Frontier is PerkinElmer’s). Metal ion concentration was 
measured by atomic absorption spectrophotometer (AAS 
PerkinElmer’s). All characterizations were carried out at 
room temperature.

The batch experiments were performed by mixing a 
known amount of magnetic nanoparticles into a series 
of conical flasks containing 100 ml of solution having a 
specified metal concentration. The mixture was agitated on 
magnetic stirrer at 25 °C for 2 h. The resulting mixture was 
centrifuged at 4000 RPM for 15 min, and the concentration 
of the supernatant was measured using atomic absorption 
spectrophotometer (AAS). Each experiment was repeated 
three times, and the average of three values is reported as 
the final value.

Synthesis and characterization of magnetite 
nanoparticles

Magnetite nanoparticles were prepared by co-precipitation 
method. The synthesized nanoparticles were characterized 
using scanning electron microscopy, FTIR, EDS and X-ray 
diffraction.

Adsorption studies

The adsorption studies were performed by mixing 100 ml 
of the copper sulphate solution with 0.1 g of magnetite 
particles at room temperature. The mixture was agitated 
using magnetic stirrer for 2 h. The resulting mixture was 
centrifuged at 4000 RPM for 15 min. The amount of cop-
per adsorbed was measured using atomic absorption spec-
trophotometer (AAS). The effectiveness of copper adsorp-
tion from aqueous solution was studied by varying the 
experimental conditions such as solution pH, contact time, 
stirring speed, concentration of solution and dosage of 
magnetic nanoparticles. The percentage removal of copper 
was estimated using the following equation:

where Ci is the initial concentration and C0 is the final con-
centration in mg/l.

Effect of variation in solution pH

The effect of variation in solution pH on removal effi-
ciency of copper was studied by changing the solution pH 
from 2.0 to 12.0. For this, a synthetic solution of copper 
sulphate was prepared and pH of the solution was varied 
from acidic to alkaline range. The amount of copper ions 
adsorbed was measured using AAS.

Effect of variation in contact time

Stirring time plays an important role in the removal of pol-
lutants from wastewater. The effect of variation in stirring 
time on percentage removal of copper was studied by vary-
ing the stirring time from 30 to 75 min at optimized pH.

Effect of variation in stirring speed

The effect of variation in stirring speed on percentage 
removal of copper was studied by changing the stirring 

%Removal of copper =
Ci − C0

Ci

× 100,
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speed from 25 RPM to 150 RPM at optimum pH and con-
tact time.

Effect of variation in dosage

The effect of variation in dosage of magnetic nanoparticles 
on percentage removal efficiency of copper was studied by 
varying the amount of nanoparticles from 0.1 g to 0.6 g. The 
other experimental conditions remain constant.

Effect of variation in the initial concentration

The effect of variation in the initial concentration of copper 
ion was studied by varying the solution concentration from 
10 to 100 ppm, while keeping all other parameters constant. 

The amount of copper removal was analysed using atomic 
absorption spectroscopy.

Results and discussion

Synthesis and characterization of magnetic 
nanoparticles particles

The magnetite nanoparticles were successfully synthesized 
by co-precipitation method. The synthesized nanoparticles 
were characterized using SEM, FTIR and EDS. Figure 1 
illustrates the scanning electron microscopy image of the 
nanoparticles at a magnification of 50,000 X. The particles 
were found to be very fine powder and monodispersed in 
nature. The particles seem to be scattered without aggrega-
tion. Figure 2 shows the EDS spectra of pure  Fe3O4 nanopar-
ticles, which confirm the presence of high-purity magnetite 
nanoparticles. Elemental analysis and surface coverage of 
magnetite particles are measured by energy-dispersive X-ray 
spectroscopy (SEM/EDS, EDAX).

The EDX spectral analysis shown in Fig. 2 indicates the 
composition of the synthesized magnetic nanoparticles. The 
EDS spectra presented the strong peaks of Fe and O. The 
composition analysis shows 62.7% Fe, 36.1%  O2 and 1.2% 
silicon. This result demonstrates the high purity of the mag-
netite nanoparticles. Table 1 indicates the composition of the 
synthesized magnetic nanoparticles.

Fig. 1  SEM micrograph of magnetite nanoparticles at a magnification 
of (50,000 X) and at 15 kV

Fig. 2  EDS spectra of magnetic 
nanoparticles

Table 1  Elemental analysis 
of synthesized magnetic 
nanoparticles

Elements Weight (%)

Fe 62.7
O 36.1
Si 1.2
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The functional groups present in the synthesized magnetite 
nanoparticles are identified by FTIR spectroscopy as shown 
in Fig. 3. The spectroscopic analysis indicated the absorption 
peaks at 530 cm−1 corresponding to the Fe–O vibration related 
to the magnetite phase. The peak observed at 1639 cm−1 was 
due to the overlapping of the absorption bands and the double 
bonds present in the sample.

The crystal structure of the synthesized magnetite nano-
particles was assessed through X-ray diffraction (XRD) in the 
range of 2θ from 20° to 80°, using a diffractometer (Cu-Kα 
radiation, λ = 0.1541. Figure 4 shows the variation in inten-
sity with respect to different values of theta. The patterns with 
the Cu were recorded in the region of 35θ range 0–1500. The 
maximum intensity of magnetic nanoparticles was observed at 
35 degree. The positions and relative intensities of the reflec-
tion peak of magnetic nanoparticles are in agreement with the 
XRD diffraction peaks of standard samples.

Adsorption studies

Effect of variation in solution pH

The pH of the solution is a complex parameter since it is 
related to the ionization state of the nanoparticles surface 
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Fig. 3  FTIR Spectra of magnetite nanoparticles

Fig. 4  X-ray diffraction spectra 
of magnetite nanoparticles
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and that of the copper ions present in the solution. The 
maximum removal efficiency of copper was observed at pH 
2.0. The influence of variation in solution pH with percent-
age reduction is shown in Fig. 5. As shown in Fig. 5, the 
adsorption of copper ion is highly pH dependent. Maximum 
removal efficiency of 88.8% was noticed when the solution 
pH was 2.0 above which there is a decrease in efficiency.

Effect of variation in contact time

The stirring time at which adsorption equilibrium occurs 
is very important for the process optimization. The adsorp-
tion was faster at the beginning and reached 73.4% removal 
efficiency in the first 75 min, and thereafter, it proceeds at 
a lower rate, and finally, no further significant adsorption is 
noted beyond 1.5 h. The optimum stirring time was noticed 
at 75  min. In the optimized conditions, the maximum 
removal efficiency of copper was 73.4% (Fig. 6). 

Effect of variation in stirring speed

The optimum percentage reduction is obtained when the 
stirring speed is 150 RPM, and almost complete removal 
of copper takes place when the pH is 2.0 and the stirring is 
continued for 75 min (Fig. 7).

Effect of variation in dosage

Dosage of magnetic nanoparticle has a great influence on 
the adsorption process, which determines the potential of 
removal efficiency through the number of binding sites 
available to remove copper ions at a specified solution con-
centration. The effect of variation in dosage of magnetic 
nanoparticles on copper ion removal is indicated in Fig. 8. 
At equilibrium, the effectiveness of copper ion removal 
decreases with an increase in nanoparticles dosage. This 

decrease can be due to the concentration gradient. The best 
results were obtained at 0.6 g of dosage. Effect of dosage of 
nanoparticles was one of the key parameters contributing to 
the removal efficiency. There was no considerable reduction 
in efficiency when the dosage was above 0.6 g. The corre-
sponding result shows that an increase in adsorbent dosage 
could increase adsorption capacity. With increasing adsor-
bent dosage, more surface area is available for adsorption 
due to the increase in active sites on the surface of magnetic 
nanoparticles, thus making easier penetration of adsorbate 
to the adsorption sites.

Effect of variation in the initial concentration

The effect of variation in the initial concentration of copper 
ion on removal efficiency is shown in Fig. 9. The % removal 
of copper increased with the increase in concentration of 
solution. The maximum removal efficiency of copper was 
recorded as 41.5%.
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The adsorption of copper ions was tested at lower concen-
trations because of their hazardous and toxic effect. Figure 4 
indicates that the metal sorption capacity increased with an 
increase in the initial copper ion concentration. This is due 
to an increase in the initial ion concentration providing a 
larger driving force to overcome all mass transfer resistances 
between the solid and the aqueous phase, thus resulting in 
higher copper ion adsorption at the initial stages. As the 
concentration of copper ions in solution increases above 
100 ppm, there is no further adsorption of copper due to 
blocking of surface area of adsorbent. This is due to the fact 
that the active sites on the adsorbent become saturated at 
higher concentrations of metal ion. Similar results have been 
reported (Sari and Tuzen 2010; Riaz et al. 2009; Nasuha 
et al. 2010; Sui et al. 2011).

Conclusions

Nanoparticles have gained remarkable attention in pharma-
ceuticals, catalysis and effluent treatment. Magnetite nano-
particles were successfully synthesized by co-precipitation 
method. The characterizations of the nanoparticles were car-
ried out using SEM, FTIR and XRD analysis. The character-
ization of the synthesized nanoparticles shows good results 
in terms of surface morphology and scattered nature. The 
resulting nanoparticles were successfully employed in the 
removal of copper ions from aqueous solutions by perform-
ing batch adsorption studies. The optimum processing con-
ditions obtained are pH 2.0, stirring speed of 150 RPM for 
a contact time of 75 min and a dosage of 0.6 g. It was found 
that the effect of pH has a major contribution in the removal 
of copper. The above results suggest the suitability of mag-
netic nanoparticles in the wastewater treatment applications. 
Currently the research team is investigating the possibility 
of employing surface-modified magnetite nanoparticles in 

the removal of pollutants from refinery, pharmaceutical and 
vegetable oil industry effluents.
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