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a b s t r a c t
Magnetic ferrite nanoparticles were synthesized through the microwave-assisted combustion 
method. X-ray diffraction analysis confirmed the formation of a single spinel cubic structure with 
a mean crystallite size of 40–60 nm. Scanning electron microscopy observations revealed spherical- 
particles at the nanoscale with a tendency to agglomeration. Magnetic measurements indicated a fer-
romagnetic order with a saturation magnetization of 57–61 emu/g. A specially designed miniaturized 
flow cell was fabricated using a laser cutting machine on polymethyl methacrylate substrate. The 
flow cell was tailored to incorporate a magnet used to hold the nanoparticles in position while per-
forming the flow experiments. The flow cell containing the nanoparticles was successfully applied 
for the removal of different heavy metal ions. Several factors affecting the adsorption of metal ions 
including pH, contact time, and flowrate, were investigated. Maximum adsorption efficiencies of 
98%, 94% and 82% were achieved in almost 10 min for Cd(II), Cr(III) and Pb(II), respectively, while 
adsorption efficiencies of higher than 90% were obtained at around 40 min for Co(II) and Cu(II), 
and 50 min for Zn(II). The selectivity of nanoparticles for multiple metal ions solution varied in 
the order of Pb(II) > Cu(II) > Co(II) > Cd(II). Moreover, the synthesized nanoparticles proved their 
applicability for a real waste sample and their possibility to be regenerated with complete restoration 
of the adsorption efficiency. The adsorption of selective ions onto magnetic ferrite nanoparticles 
was found to follow pseudo-second-order kinetics and was well fitted by the Langmuir isotherm. 
This work provides an efficient method for the removal of heavy metal ions in continuous systems 
and complex environments, which make it a suitable candidate for industrial applications.
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1. Introduction

Because of the rapid development of industries and the 
expansion of the human population, more contaminants 
are brought up in wastewater, creating a huge threat to the 

aquatic ecosystem by deteriorating the quality of surface 
and groundwater. Many industries such as metal plating, 
pharmaceutical, textiles, semiconductors, food, fertilizer 
and pesticides, paper industries, etc., discharge billions of 
tons of wastewater containing many hazardous substances, 
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namely heavy metals [1,2]. These metals, also known as trace 
metals, such as cobalt, zinc, copper, nickel, mercury, cad-
mium, lead and chromium, are one of the most persistent 
pollutants in wastewater. Thus, the discharge of heavy metal 
pollutants into water bodies present a serious threat to the 
environment and human health because of their toxicity 
and non-degradable characteristics, even at low concentra-
tions [2,3]. This may also cause an upsurge in wastewater 
treatment costs.

To help mitigate the negative impacts of heavy metals 
toxicity in wastewater, there is an urgent need for ade-
quate treatment of effluents before their discharge. For 
this, a variety of physicochemical and biological reme-
diation processes exist. Technologies such as chemical 
precipitation [4,5], ion-exchange [6], adsorption [7,8], 
membrane filtration [9], coagulation-flocculation [1], and 
electrochemical methods [10] have been extensively stud-
ied in the literature and evaluated for the efficient removal 
of heavy metals from wastewater [2,3,11]. These methods 
have shown some drawbacks, including low removal effi-
ciency, high-energy consumption, production of secondary 
and probably toxic waste, and high operating costs [12]. 
Naushad and AlOthman [13], investigated the removal of 
Pb(II) ions using acidic cation exchange resin, where they 
successfully achieved 88% removal efficiency. However, 
this efficiency was reduced to 74% after regenerations. In 
addition, such a method imposes other drawbacks, espe-
cially with large scales industrial applications, such as 
high operational costs, limited lifetime, removal of limited 
metals and the possibility of resins pollution in the pres-
ence of organic materials [3,14]. Heredia and Martín [15] 
reported 75% removal of Zn(II), Ni(II) and Cu(II) using a 
coagulation process with the aid of tannin-based floccu-
lants. However, coagulation– flocculation suffers some lim-
itations such as high operational costs, due to high chemical 
usage, as well as large volume and potential toxicity of the 
generated sludge [16]. Recently, permeable reactive barri-
ers (PRBs) have been employed for the removal of lead ions 
from contaminated groundwater [17]. Excellent removal of 
97% was achieved, yet there was neither report on possible 
regeneration of the bed, nor of any potential interference of 
other heavy metal ions on the disposal of the used sludge 
filter PRB.

Among the different treatment methods, nowadays, 
adsorption technology has emerged as an attractive method 
to overcome the aforementioned drawbacks. It is considered 
to be a facile, effective and economical method for heavy 
metals removal [3]. In adsorption processes, heavy metal 
ions are simply transferred from the contaminated water 
to the active sites on the surface of the adsorbent by phys-
ical or chemical means. Therefore, it produces high-quality 
treated effluents [3] without the generation of secondary 
waste [18]. It could be considered as a suitable and efficient 
alternative to the other methods owing to its wide adapt-
ability, low operating and investment costs, simplicity of the 
design and operation as well as low fouling problems [3]. 
Additionally, the perused adsorbents can be regenerated by 
the desorption process and reused again with sufficient effi-
ciency [12]. Consequently, the adsorption method has been 
gaining great interest in the field and has become one of the 
foremost techniques in wastewater treatment.

There are widespread categories of adsorption mate-
rials (adsorbents) for heavy metal ions removal, including 
mineral-based, organic-based or biological-based types [12]. 
For example, activated carbon is one of the well-known and 
widely investigated adsorbents for heavy metals removal, 
owing to its high surface area resulting in enhanced adsorp-
tion capacity. However, its large-scale industrial application 
is limited due to its relatively high-cost production and 
regeneration problems [19]. On the other hand, to meet the 
demand of large-scale industries, biosorbents could provide 
an alternative to activated carbon. These biomaterials have 
low cost and require minimum processing [20,21]. Along 
with cost and re-usability, the adsorption efficiency and 
uptake rapidity impose critical challenges on the process 
performance. Ideally, a good adsorbent should have suffi-
cient available binding sites for heavy metal ions adsorption, 
thus, providing high capacities. These characteristics can 
be achieved at the nanoscale level [18]. Nanoparticles (NPs) 
offer profound advantages over conventional adsorbents 
due to their high surface-to-volume ratio, high dispersibility 
and shorter intraparticle diffusion distance [22]. Moreover, 
NPs are characterized by distinctive physical, chemical, 
and mechanical properties. These properties can be easily 
altered by a surface modification to improve the adsorption 
capacity and selectivity, thus increasing their potential for 
removing metal pollutants, even under complex environ-
ments [23]. Consequently, over the past few years, consid-
erable research on the development of nano-adsorbent with 
unique characteristics has emerged [22]. Much research 
has revealed the significant role of magnetic nanocompos-
ites in wastewater treatment. The combination of nanoscale 
adsorption and magnetic properties give such composites a 
unique capability of being easily separated from the treated 
water by the application of an external magnetic field [24]. 
These magnetic nanomaterials are also considered to be 
inexpensive, easily synthesized [25], and compatible with 
complex environments [24]. They can be synthesized from 
an element that has magnetic behavior such as iron, nickel, 
cobalt, in addition to zinc and magnesium; however, the 
former ion, particularly, iron oxide (Fe3O4), has attracted 
intensive attention for heavy metals removal [19,26,27].

In this paper, the synthesis and application of mag-
netic ferrite NPs for the removal of different heavy metal 
ions in a continuous system are investigated. For this study, 
cobalt-manganese ferrite (CoMn)Fe2O4 has been selected 
due to its inverse spinel structure in which metal ions occupy 
two sublattices [28]. It is also known to be inexpensive, has 
good chemical stability, efficient coupling, and high magne-
tostriction [28,29]. Moreover, this paper presents the fabri-
cation of a novel, specially designed miniaturized flow cell 
using a laser cutting machine for the continuous adsorption 
of heavy metal ions. To the author’s best knowledge, most 
adsorption studies were carried out in batch systems and 
no profound attention was given to continuous systems 
[22], yet all industrial treatment methods focus on flow-
ing systems. Thus, this study examines the suitability of a 
low cost, efficient flow cell to overcome such drawbacks. 
The novel design, due to its continuous approach, reduces 
nanoparticle aggregation thus, enabling enhancement of 
adsorption capacity and stability. Furthermore, this paper 
investigates other important parameters for industrial large 
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scale applications such as the regeneration and reusability 
of the adsorbent. It also studies the influence of interfering 
metals and the selectivity of such nanoparticles toward spe-
cific heavy metal ions. The paper also discloses the com-
patibility of these nanoparticles with a real waste sample. 
Such studies seemed to be limited in the literature [22]. It 
has been reported that such magnetic nanoparticles have 
great potential for the treatment of some types of industrial 
waste as well as for many kinds of environmental reme-
diation [30]. In recent work, such nanoparticles were suc-
cessfully applied for the treatment of secondary effluent 
industrial wastewater [31]. Furthermore, in this paper, the 
effect of various operating conditions including pH, con-
tact time, and solution flowrate on the adsorption efficiency 
was investigated. In addition, Freundlich and Langmuir’s 
isotherms were examined to fit the adsorption model.

2. Experimental part

2.1. Materials

For NPs preparation, analytical grade cobalt nitrate 
(Co(NO3)2·6H2O), manganese nitrate (Mn((NO3)2·4H2O), fer-
ric nitrate (Fe(NO3)3·9H2O) and urea CO(NH2)2 were pur-
chased from Merck, India in their pure form. Cobalt nitrate, 
manganese nitrate, and ferric nitrate were taken as the 
precursors while urea was taken as the combustion agent.

For adsorption experiments, analytical grade cobalt 
nitrate (Co(NO3)2·6H2O), lead(II) nitrate Pb(NO3)2, cadmium 
nitrate (Cd(NO3)2·4H2O), zinc nitrate (Zn(NO3)2·6H2O), cop-
per(II) nitrate (Cu(NO3)2·2.5H2O) and chromium nitrate 
(Cr(NO3)·3.9H2O) were all purchased from Research-Lab 
Fine Chem Industries, India. For pH adjustments, reagent 
grade hydrochloric acid (37 wt.%) was purchased from 
Scharlau (Spain) and sodium hydroxide (NaOH) was pur-
chased from Timstar Laboratory Suppliers Ltd., (UK).

2.2. Characterization

X-ray diffraction (XRD) patterns were recorded using 
a high-resolution Rigaku Ultima IV diffractometer (Japan). 
Rietveld refinements were conducted using the PDXL pro-
gram. Scanning electron microscopy (SEM) observations 
were taken using a VEGA 3 TESCAN equipped with a 
Bruker Nano (Germany) EDX detector for elemental chem-
ical analysis. Magnetic measurements were performed 
at room temperature using a PMC MicroMag 3900 model 
vibrating sample magnetometer equipped a with 1T mag-
net. Magnetization curves were measured at room tem-
perature from −10,000 to 10,000 Oe. Metal adsorption was 
measured using a WFX-110A/120A/130A atomic absorption 
spectrophotometer.

2.3. Synthesis of NPs

In the beginning, the components were dissolved in 
water and kept for dissolution by stirring for 30 min, using 
a magnetic stirrer, after which it was subjected to combus-
tion in a microwave oven. The oven was set to 900 MHz 
at 540 W for 15 min. The burnt powders were cooled and 
thermally treated at 800°C for 2 h in a high-temperature 

furnace to improve chemical composition homogeneity and 
crystallinity.

2.4. Fabrication of the miniaturized flow cell

The flow cell was designed using the AUTODESK 
INVENTOR® software and fabricated at Awal Plastics Co., 
(Kingdom of Bahrain) using a laser cutting machine and 
computer numerical control software. Polymethyl methac-
rylate was selected as a substrate for the fabrication of the 
flow cell due to its specific properties, mainly, its permeabil-
ity to the external magnetic field, which will be utilized to 
hold NPs in place, inside the flow cell. Other properties such 
as its surface stability, superior high-pressure resistance, as 
well as its availability at low cost were also considered.

The flow cell consisted of two parts: the base and the 
cover. The base part (Figs. 1a and c) consisted of the flow 
area (bed) where, the magnetic NPs were placed, and a 
compartment placed directly underneath the bed, for the 
insertion of a magnet. The cover part (Fig. 1b) had two cir-
cular holes on either end of the cell; each having a 1 mm 
diameter and 11.4 mm depth, representing the input and 
output of the flow. These holes were designed such that 
the wastewater would enter from the top of the cover and 
flow down to the base passing over the NPs bed.

Twelve equally spaced rectangular channels (1 mm 
height) coming out of the base part, at the V-shaped entrance 
and exit of the cell, were designed to evenly distribute the 
flow over the entire active area of the bed (flow chamber), as 
illustrated in Fig. 1a, thereby enhancing the contact between 
the fluid and magnetic NPs. Moreover, in order to fully seal 
the miniaturized flow cell, the cover was also designed to 
have channels coming out of it (0.5 mm height) but alternat-
ing to that of the base part (Fig. 1b), such that when the cell 
closes both parts are able to lock each other (Fig. 1c).

The dimensions for the miniaturized flow cell are shown 
in Fig. 2 and summarized in Table 1. The complete flow cell 
is shown in Fig. 3.

2.5. Adsorption experiments

A 1,000 mg/L stock solution of each heavy metal ion 
was prepared by dissolving 1 g of each heavy metal nitrate 
in distilled water. Samples of different concentrations were 
prepared from this stock solution by appropriate dilutions. 
A similar method was used to prepare the synthetic mixture 
solution, whereas the real waste sample was obtained from 
the Muharraq Wastewater Treatment Plant and was filtered 
to remove only solid impurities before treating it with NPs. 
This wastewater had a pH value of 7.7 and a conductivity 
of 3,669.4 µS/cm. The sample contained heavy metal ions 
such as Zn(II), Cd(II), Cu(II), Ni(II), Fe(III) for varying com-
position in the range 1.35 to 0.01 mg/L. The composition of 
Cu(II) was 0.12 mg/L while that of Cd(II) was 0.1 mg/L.

2.5.1. Batch experiments

For batch experiments, 4 mg/L of each solution was 
prepared by a dilution method to which 10 mg of equal 
ratio mixed NPs were added and the contents were mixed 
mechanically at 500 rpm with the help of an electric mixer 
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(Qualtech Products Industry, UK). Following this, the NPs 
with the adsorbed heavy metal ions were separated from 
the mixture and the residual heavy metals in the solution 
were determined by atomic adsorption spectroscopy (AAS). 
The adsorption efficiency (%A) was calculated as follows:

%A
C C
C
i t

i

=
−

×100  (1)

where Ci (mg/L) is the initial concentration of the metal ions, 
and Ct (mg/L) is the concentration of the metal ions at a 
given time.

The effect of solution pH on the adsorption efficiency 
of heavy metal ions was investigated at different pH val-
ues in the range of 4–8. The pH of the 4 mg metal nitrate 
solution was adjusted using 0.05 M NaOH or 0.1 M HCl 
stock solutions. pH measurements were performed with a 
Metrohm 691 pH meter. The solution containing the NPs 

 

(C) 

(a) (b) 

Fig. 1. Miniaturized flow cell (a) top view base part, (b) top view cover part, and (c) side view base part.

Fig. 2. Dimensions of the miniaturized flow cell active area (top view), in mm.
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was stirred for 10 min after which the adsorption efficiency 
was measured.

2.5.2. Continuous experiments

Continuous flow experiments were conducted in the 
designed flow cell based on the optimized pH obtained 
from the batch experiments. To study the effect of flow rate, 
4 mg/L single heavy metal solution was treated in the flow 
cell for 15 min and different flow rates (19, 16, and 13 µL/s 
respectively) were adjusted by means of a peristaltic pump 
(Cole-Parmer Variable Flow pump, UK, Model: EW-73160–
40). The treated solutions were then analyzed using AAS.

In order to evaluate the applicability of the proposed NPs 
for multiple removals of heavy metal ions and for real waste-
water samples application, a synthetic heavy metal mixture 
and a real sample of wastewater were treated in the flow cell 
for 15 min at 13 µL/s.

The performance of the miniaturized flow cell was eval-
uated by measuring its capacity for continuous treatment as 
well as its capability for efficient regeneration. The former 

was performed by passing a Pb(II) and Cd(II) solution over 
the NPs in the flow cell for 2 h, while the latter was carried 
out by flushing the system with different concentrations of 
hydrochloric acid solutions.

2.5.3. Adsorption isotherms and kinetics

In order to examine the adsorption behavior of the mag-
netic-nanoparticles, 4 mg/L of each heavy metal solution was 
mixed with 10 mg of NPs and allowed to agitate for differ-
ent periods of time, varying from 10 to 60 min at a constant 
speed of 500 rpm. Accordingly, the concentration of the 
heavy metal ion was recorded at different time intervals. The 
adsorption capacity which is defined as the amount of heavy 
metal ions adsorbed q (mg/g) was then calculated as:

q
C C V

m
i t=
−( )×

 (2)

where q (mg/g) is the amount of metal ion adsorbed per 
unit amount of adsorbents, V (L) is the volume of adsorbates, 

Table 1
Dimensions of the fabricated miniaturized flow cell

Part Dimensions (mm)

Width Length Depth Height Thickness

Cover 35 68 – 0.5 11.5
Base 35 68 1 – 10
Bed 23 39 0.5 –
Magnet compartment 30 35 4

Fig. 3. Complete miniaturized flow cell.
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m (g) is the mass of adsorbent. All experiments were 
conducted in batch mode at room temperature and under 
optimum pH.

3. Results and discussion

3.1. Characterization

3.1.1. XRD analysis

The XRD pattern of the as-synthesized pure and 
Co-doped MnFe2O4 NPs prepared by microwave-assisted 
combustion method is shown in Fig. 4. Mainly, two phases 
are obtained, namely the major spinel phase MnFe2O4 with 
cubic structure and minor hematite phase α-Fe2O3. The 
main diffraction peaks at 2θ values about 29.65, 35.71, 37.02, 
42.51, 53.05, 56.54, 62.05,70.52, 74.02 and 79.03 are ascribed 
to (220), (311), (222), (400), (422), (511), (440), (620), (533) and 
(444) planes, respectively which are characteristics of the 
cubic structure [1]. This is in agreement with JCPDS card 
No. 74–2403 and 22–1086 for MnFe2O4 and CoFe2O4, respec-
tively. However, the small major peak around 2θ = 20.00 
belongs to α-Fe2O3 phase, as a result of the partial oxidation 
of MnFe2O4 and Co-doped MnFe2O4 [32]. The peaks sharp-
ness indicates the higher crystallinity of the as-prepared 
powders.

The intense main diffraction peaks (311) is used to cal-
culate the crystallite size (L) following the Scherrer formula:

L =  
cos

0 89. λ
β θ

 (3)

where λ is the wavelength, β is full width half maximum, 
and θ represents the diffraction angle. The estimated 
average crystallite size is found to be 60, 42, 39, 48 nm, 
respectively with increasing Co concentration. It is observed 

that the crystallite size decreases with the incorporation of 
Co2+ ions (x = 0.02, 0.06) within MnFe2O4 host lattice, which 
may be due to the lower concentration of the dopant that 
retards grain growth during the synthesis process. With a 
further increase in Co2+ concentration (x = 0.10), the crystal-
lite size increases up to 48 but remains lower than that of 
pure MnFe2O4. In this case, it seems that higher Co2+ ions 
concentration favors grain growth at nucleation centers. 
The calculated average crystallite sizes good in agreement 
with the values obtained by the Rietveld analysis.

3.1.2. Rietveld analysis

The refinements of XRD patterns are carried out using 
the Rietveld method, as shown in Fig. 5. Rietveld refinement 
analysis is defined by the goodness of fit using the reliabil-
ity factors S = Rwp/Re, where Rwp and Re are the R-weighted 
and the R-expected patterns, respectively. The calculated 
value of the lattice parameter and microstrain are listed 
in Table 2. The lattice parameter value of pure MnFe2O4 is 
8.477 Å, which decreases with increasing the concentration 
of Co2+ ions, thereby obeyed Vegard’s law [33]. The slight 
decrease in the lattice parameter can be attributed to the dif-
ference in ionic radii, so the larger ions of Mn2+ (r2+

Mn = 0.83 Å) 
are replaced by smaller ions of Co2+ (r2+

Co = 0.78 Å), resulting 
in lattice contraction [34]. Zhuang et al. [35] reported that 
the lattice parameter of MnFe2O4 is found to decrease with 
increasing the concentration of Zn2+ .

3.1.3. SEM observations

SEM images of pure and Co-doped MnFe2O4 powders 
as shown in Fig. 6, reveal that all the compositions exhibit 
spherical-like nanoparticles with a high tendency to agglom-
eration. All the images show variation in the particle size 
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Fig. 4. X-ray diffraction patterns of as-prepared Co-doped MnFe2O4 nanopowders (a) MnFe2O4, (b) Mn0.98Co0.02Fe2O4, 
(c) Mn0.94Co0.06Fe2O4 and (d) Mn0.90Co0.10Fe2O4.
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vividly and distinct from each other. The surface morphol-
ogy of the particles indicates that they are well crystallized 
and possess an average grain size of less than 100 nm, with 
non-uniform size distribution. The formation of agglomer-
ates can be seen with visible grain boundaries. When Co2+ 
ions are incorporated within MnFe2O4, the particle size 
decreases since the smaller ionic radius of Co2+ ions replace 
a larger ionic radius of Mn2+ ions. The crystallite size values 
obtained from XRD (Scherrer and Rietveld refinements) anal-
ysis are fairly consistent with the particle size obtained from 
SEM observations.

3.1.4. Magnetic properties

The magnetic properties are found to vary depend-
ing upon the cations distribution between the octahe-
dral and tetrahedral sites of the spinel cubic structure, as 
well as the chemical composition. Also, depending on the 

occupancy of cations at octahedral and tetrahedral sites, the 
magnetic behavior may change accordingly, namely para-
magnetic, diamagnetic, ferromagnetic, and ferrimagnetic. 
Most importantly, the chemical composition and cations 
distribution in addition to particle size (domain size) play 
an important role in determining the magnetic properties.

The magnetization-field (M-H) curves of pure and 
Co-doped MnFe2O4 nanoparticles recorded at room tem-
perature and with an applied field range of –10/+10 kOe are 
shown in Fig. 7. It is clear from the shape of the hysteresis 
loop the existence of ordered domains and that all studied 
compositions exhibit a ferromagnetic order. The values of 
saturation magnetization (Ms), remanent magnetization 
(Mr), and coercivity (Hc) determined from M-H curves are 
listed in Table 3. Pure MnFe2O4 NPs possess lower satura-
tion magnetization (57.17 emu/g) than after co-doping. The 
obtained Ms value (57.17 emu/g) is slightly higher than that 
of MnFe2O4 NPs prepared by the high-temperature thermal 

 

Fig. 5. Refined XRD patterns of as-prepared Co-doped MnFe2O4 nanopowders (a) MnFe2O4, (b) Mn0.98Co0.02Fe2O4, (c) Mn0.94Co0.06Fe2O4 
and (d) Mn0.90Co0.10Fe2O4. Solid red line represents the measured pattern, solid blue line represents the calculated pattern, and the 
difference between the observed and calculated is shown in the pink line.

Table 2
Results of Rietveld analysis of as-prepared Co-doped MnFe2O4 nanopowders

Samples Crystallite size (nm) Microstrain (%) Lattice parameter (Å) Goodness of fit “S”

MnFe2O4 60 0.412 8.477 1.14
Mn0.98Co0.02Fe2O4 42 0.411 8.461 1.07
Mn0.94Co0.06Fe2O4 39 0.362 8.449 1.09
Mn0.90Co0.10Fe2O4 48 0.375 8.429 1.13
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decomposition method (54.2 emu/g) [36] but much lower 
than that of MnFe2O4 NPs prepared by the hydrothermal 
route (72.45 emu/g) [37]. The difference in the observed 
values can be associated with extrinsic factors such as the 
preparation method, crystallinity, particle size and shape, 
as well as intrinsic parameters such as cations distribution 
among tetrahedral/octahedral sites, and local magnetic 
interactions.

Moreover, it is observed that the value of satura-
tion magnetization increases with an increase in the 

concentration of Co2+ dopant. This is not expected, consider-
ing the lower magnetic moment of Co2+ (4.3–5.0 µB) replacing 
to Mn2+ (5.65–6.10 µB).

Moreover, it has been reported that Fe3+ ions with a 
higher magnetic moment (5.7–6.0 µB) can be replaced by 
Co2+ ions with a lower magnetic moment in the octahe-
dral sublattice in CoFe2–xZnxO4 system, hence resulting in 
lower saturation magnetization [38]. However, according 
to spectroscopic study in the literature, Co2+ ions more 
preferably occupy octahedral sites than Mn2+ and Fe3+ ions 

Fig. 6. SEM images of as-prepared Co-doped MnFe2O4 nanopowders.

Fig. 7. M-H curves recorded at room temperature for as-prepared Co-doped MnFe2O4 nanopowders.
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in CoFe2O4, CoCr0.2Fe1.8O4 and CoMn0.2Fe1.8O4 systems [39]. 
This means a possible occurrence of complex redistribu-
tion of metal ions among tetrahedral and octahedral sites 
within a MnFe2O4 crystal structure, but the most likely 
possibility resulting in the slight increase of Ms value from 
57.17 up to 61.17 emu/g (7%) would be simultaneous occu-
pancy of Mn2+ into Fe3+ and vice versa, as both ions possess 
slight differences in magnetic moments.

Similarly, the value of coercivity increases with increas-
ing the concentration of the dopant. This might be due to 
the increase in the magnetic crystalline anisotropy which is 
correlated with a spin-orbital contribution [36]. Finally, it 
is concluded that, the values of saturation magnetization, 
coercivity and remanent magnetization increase with the 
increase in the concentration of the dopant.

3.2. Adsorption experiments

3.2.1. Effect of pH on the adsorption efficiency

The effect of pH on the heavy metal adsorption effi-
ciency is illustrated in Fig. 8. It is apparent that the adsorp-
tion efficiency is highly affected by the solution pH. Overall, 
better removal is observed in neutral to alkaline media 
depending on the type of heavy metal ion, with the excep-
tion for Cd(II) and Zn(II) ions. One of the reasons for the low 
adsorption efficiency in the acidic media could be related 
to the repulsive forces between the positively charged sur-
face NPs and the positive metal ions [40]. However, with the 
increase in pH, the surface charge of the active sites on the 

NPs becomes more negative thereby enhancing the attrac-
tion of the positively charged metal ions [41]. However, 
with the increase in pH, the surface charge of the active sites 
on the NPs become more negative thereby enhancing the 
attraction of the positively charged metal ions.

The adsorption efficiency of Cd(II) seems to be non- 
dependant on pH as almost 100% efficiency is observed at 
the investigated pH range [42], while that of Zn(II) shows 
20% increase in the adsorption efficiency under alkaline con-
ditions. Generally, the adsorption of Cd(II) is low in acidic 
media yet is raised with an increase of solution pH [43]; 
however, for the investigated range (pH 4–8) the adsorp-
tion efficiency seems not to vary with pH. In recent work by 
Wu et. al [44], a similar trend was reported for the adsorp-
tion of Cd(II) with in the investigated range. Huang and 
Keller [27] illustrated the steady adsorption of Cd(II) for pH 
range between 4 to 7.

For Pb(II) and Cu(II) ions, the adsorption efficiency 
continues to improve with the increase in solution pH. 
Similar observations were reported by Liu et al. [25]. 
However, for other metals like Co(II) and Cr(III), the max-
imum degradation is observed under neutral conditions 
after which it starts to decrease. Almost 80% reduction in 
the adsorption efficiency is observed for Cr(III) when the 
pH increased from 7 to 8. Depending on the pH value, the 
dominant form of Co(II) can vary between Co2+, Co(OH)+, 
Co(OH)2, and Co(OH)3−. At pH values less than 8, the pre-
dominant species are Co2+ and Co(OH)+ however, in alka-
line conditions, as a result of hydrolysis, the other forms 
of Co(II) ions will compete in the solution [45,46] Thus, 
the slight reduction in the adsorption of Co(II) at pH 8 can 
be due to the electrostatic repulsion among the negatively 
charged Co(OH)3– and the nanoparticles or the precipita-
tion of Co(OH)2 [47]. Similarly, in alkaline conditions, some 
part of Cr(III) ions can hydrolyze to Cr3(OH)4

5+, CrOH2+, 
and Cr(OH)2

+ where these ions become more predomi-
nant in the solution and less attractive to the surface of the 
nanoparticles [48,49]. Choudhury et al. [50] also had simi-
lar observations, where the maximum adsorption of Cr(III) 
was obtained at a pH of 7 after which the adoption started 
to decrease with the increase in the pH. Since the increase 

Table 3
Magnetic properties as determined from M-H curves of 
as-prepared Co-doped MnFe2O4 nanopowders

Samples Hc (Oe) Mr (emu/g) Ms (emu/g)

MnFe2O4 118.2 15.60 57.17
Mn0.98Co0.02Fe2O4 235.6 17.98 57.78
Mn0.94Co0.06Fe2O4 290.7 20.54 59.77
Mn0.90Co0.10Fe2O4 349.3 21.62 61.17

 
Fig. 8. Effect of pH on the heavy metal adsorption efficiency. Conditions: 4 ppm initial concentration; 10 mg nanoparticle dosage; 
10 min adsorption time. Inset: adsorption efficiency at pH 7 and 8.
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in adsorption efficiency for Pb(II) and Cu(II)is not consid-
erably higher with the increase in pH, a pH value of 7 has 
been selected as the optimum value for future experiments.

3.2.2. Effect of contact time on the adsorption efficiency

The time dependence of adsorption is an important 
factor for the identification of the rapidness of adsorp-
tion processes, as well as the optimum time necessary for 
maximum removal of the target heavy metal ion. As illus-
trated in Fig. 9, for most heavy metals, a rapid increase in 
the adsorption efficiency is observed at the initial stages, 
followed by a gradual increase leading to an equilibrium 
plateau. The rapid adsorption efficiency is perhaps due to 
external surface adsorption. Since nearly all of the adsorp-
tion sites of magnetic NPs exist on the exterior of the 
adsorbent compared to the porous adsorbent, it is easy for 
the adsorbate to access the active sites, leading to a rapid 
approach to equilibrium. With longer contact time, as the 
most active sites of the adsorbent become occupied by 
the adsorbate, the adsorption capacity declines gradually 
until a plateau is reached indicating the saturation of the 
active sites [27]. Similar rapid adsorption rates have been 
reported in the literature [51]. Table 4 shows the equilib-
rium adsorption for the investigated heavy metal ions. 
Rapid equilibrium adsorption, within 10 min is achieved 
for Cd(II), Cr(III) and Pb(II). At equilibrium, the amount of 
adsorbed Cd(II), Cr(III) and Pb(II) is found to be 98, 94 and 
82%, respectively, whereas, slower equilibrium is achieved 
for Co(II) and Cu(II), within 40 min, but with high removal 
efficiencies of 95.0 and 96% respectively. On the other hand, 
Zn(II) reaches only 20% absorption efficiency within the ini-
tial 10 min and took 50 min to reach equilibrium at 90.9%. 
Huang and Keller [27] obtained similar results but the 
equilibrium adsorption was achieved much longer, around 
2 h. Similarly, Wang et al. [52] achieved an equilibrium for 
Pb(II) and Cu(II) within an even longer contact time of 3 h.

3.2.3. Effect of solution flow rate on the adsorption efficiency

Fig. 10 illustrates the effect of the solution flow rate on 
the heavy metal adsorption efficiency in the designed micro-
fluidic system. It is clear that the adsorption efficiency is the 

highest for all the investigated heavy metal ions at the low-
est flow rate, that is, at 13 µL/s. This could be attributed to 
the fact that since the flow rate is low, the residence time of 
the heavy metals in the microfluidic system increases, allow-
ing better contact with NPs, which leads to high adsorption 
performance. The opposite is also true, that is, with increas-
ing the flow rate, the diffusion rate of the solution increases 
and the adsorption slows down gradually, which can be 
explained by the lower contact time for heavy metal ions to 
interact with the active sites at the surface of NPs.

3.2.4. Flow cell adsorption efficiency for single and multiple 
heavy metal removal

In real waste samples, competitive ions are expected to 
coexist and may affect the adsorption of each other. For exam-
ple, heavy transition metal ions such as Cu(II), Zn(II), and 
Pb(II) may compete with each other causing partial absorp-
tion or unequal adsorption onto NPs [53]. Therefore, the 
selectivity of the microfluidic system for single and multiple 
metals adsorption in synthetic and real solutions has been 
investigated at an optimum flow rate of 13 µL/min. The syn-
thetic mixture solution contains some representative heavy 
metal ions based on the single metal experiments and the 
real sample solution. On the other hand, the real wastewa-
ter sample is directly taken from the Muharraq Wastewater 
Treatment Plant. The selectivity results for the single metal 
adsorption using the microfluidic system are shown in 
Table 5, while that of the synthetic mixture and real sample 
are illustrated in Fig. 11.

For the single heavy metal solutions, the adsorption 
order is found as follows:

Cr(III) > Cd(II) > Pb(II) > Co(II) > Cu(II) > Zn(II)
While in synthetic mixture, the adsorption order is found 

as follows:
Pb(II) > Cu(II) > Co(II) > Cd(II)
The results indicate that the nanoparticles have more 

affinity for Pb(II) than the other heavy metals in the solu-
tion. This adsorption order seems to very well agree with 
previous work published by Giraldo et al. [54] and Wang et 
al. [55]. It was suggested that the size of the hydrated ionic 
radii could highly affect its interaction with the negatively 
charged adsorption site. They proposed that as the size of the 

Fig. 9. Effect of contact time on the heavy metal adsorption efficiency. Conditions: optimum pH of 7, other conditions as 
described in Fig. 8.
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ion’s hydration increases, its distance from the adsorbing sur-
face increases too thus, its adsorption becomes weaker [54].

The real wastewater contains only two of the heavy 
metals, namely Cd(II) and Cu(II), which are found to be 
completely adsorbed onto the magnetic nanoparticles. This 
Indicates that the synthesized nanoparticles are equally 
good for the removal of Cu(II) and Cd(II) mixed solution. 
However, in the presence of other competing ions, the 

adsorption selectivity of these nanoparticles seems to vary 
as discussed earlier.

3.2.5. Regeneration of NPs

Fig. 12 depicts the adsorption efficiency of NPs with 
respect to time. It can be noted that with increasing the 
contact time, the active sites available to NPs became 
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Fig. 11. The selectivity of the flow cell for multiple heavy metal adsorption. Conditions: as described in Fig. 10.

Fig. 10. Effect of solution flow rate in the flow cell on the heavy metal adsorption efficiency. Conditions: optimum pH of 7; 4 ppm 
initial concentration; 30 mg nanoparticle dosage; 15 min contact time.

Table 4
Equilibrium time and maximum adsorption efficiency of 
different heavy metals

Equilibrium time (min) Adsorption efficiency (%)

Cd(II) 10 98
Cu(II) 40 96
Co(II) 40 95
Cr(III) 10 94
Zn(II) 50 91
Pb(II) 10 82

Table 5
Adsorption efficiency of the flow cell for single heavy metal ion 
solutions

Heavy metal Adsorption efficiency (%)

Cr(III) 94
Cd (II) 87
Pb(II) 76
Co(II) 56
Cu(II) 46
Zn(II) 20
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occupied by heavy metal ions thereby decreasing the 
adsorption rate. Thus, the reuse of the adsorbent through 
the regeneration of its adsorption properties is an eco-
nomic necessity. Desorption of metal ions in acidic media 
appeared to be rapid and high [56]; at low pH, strong com-
petition between H+ ions and metal cations for adsorption 
sites causes displacement of cations into the acid solu-
tion. Therefore, various concentrations of HCl are used 
for the regeneration of magnetic NPs as shown in Fig. 13. 
The adsorption efficiency is found to be higher for the NPs 
regenerated using a high acid concentration in compari-
son to lower concentration. Approximately, 75% adsorp-
tion efficiency of Pb(II) is recovered after the regeneration 
of NPs using acid concentrations of 0.05 M and more, in 
comparison to 76% adsorption efficiency using fresh NPs. 
This indicates an efficient regeneration process.

3.3. Adsorption isotherms and kinetics

3.3.1. Adsorption isotherms

Adsorption isotherms describe how solutes interact 
with the sorbent and are defined as the relation between 
the amount of the adsorbate on the adsorbent at constant 
temperature and the concentrations of the adsorbate in the 

equilibrium solution. Adsorption isotherms are important 
for analyzing the adsorption capacity of the adsorbents. 
Various models were developed for describing the adsorp-
tion isotherms, of which the Langmuir and Freundlich mod-
els are the most extensively used [12,22]. The Langmuir 
model assumes monolayer uniform adsorption while the 
Freundlich isotherm model describes the non-ideal sorption 
behavior and assumes multilayer adsorption.

The Langmuir and Freundlich equation is expressed 
by the following equations, respectively [22]:

C
q Q b

C
Q

e

e

e=
×

+
1

0 0

 (4)

where Ce (mg/L) is the equilibrium concentration, qe (mg/g) 
is the amount of adsorbate adsorbed per unit mass of 
adsorbate, Q0 and b are the Langmuir constants related 
to the adsorption capacity and the rate of adsorption, 
respectively. If the adsorption system follows a Langmuir 
adsorption model, then a plot of Ce/qe vs. Ce would produce 
a straight line from which the constants could be evaluated.

Another important parameter, RL, called the separation 
factor, is determined from the following relation [22]:

R
b CL = + ×( )
1

1 0

 (5)

In general,
If 0 < RL < 1, then the adsorption characteristic is 

favourable;
If RL = 0, then the adsorption characteristic is irreversible;
If RL = 1, then the adsorption characteristic is linear;
If RL > 1, then the adsorption characteristic is unfavourable;
The linear form of the Freundlich equation is [36]:

ln ln lnq K
n

Ce F e= +
1  (6)

where KF and n are Freundlich constants, where KF 
(mg/g) is the adsorption capacity of the adsorbent and 
n giving an indication of how favorable the adsorption 
process is [36].
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Fig. 12. Adsorption efficiency of NPs within the flow cell with respect to time. Conditions: as described in Fig. 10.
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Fig. 13. Adsorption efficiency of the regenerated NPs for Pb(II) 
ions after treatment with different HCl concentrations in 
comparison to the freshly used NPs.
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If the adsorption system follows the Freundlich model, 
then a plot of lnqe vs. lnCe would give a straight line from 
which the constants KF and n could be evaluated.

In this work, the Langmuir and Freundlich adsorp-
tion isotherms are used to describe the distribution of the 
adsorbate species among the liquid and the adsorbent. 
These isotherms relate heavy metal uptake per unit mass 
of adsorbent to the adsorbate concentration in the fluid. 
Cobalt, copper and zinc have been selected as representative 
heavy metal samples for this purpose.

The linear fitting curve of the Langmuir model for the 
adsorption of Zn(II) ions on magnetic NPs is shown in Fig. 
14a, while the regression coefficients (R2) and the model 
constants for the three representative ions are summarized 
in Table 6. The straight-line plot and the R2 values indi-
cate that the adsorption of the representative ions on NPs 
follows the Langmuir isotherm, suggesting a monolayer 
sorption mechanism, where the adsorption takes place 
uniformly on the active sites of the magnetic NPs [25]. 
According to this model, once the active sites are occupied 
by the heavy metal ions, there will be no more adsorption 
behavior on these sites. Moreover, the calculated RL val-
ues, for the representative metal ions, as shown in Table 6, 
are less than 1 and greater than zero, indicating favorable 
adsorption. On the other hand, although the Freundlich 
isotherm model gave R2 greater than 0.9, the slopes were 
negative suggesting the invalidity of the model for the 
given sample.

3.3.2. Adsorption kinetics models

The determination of kinetics is vital for the design of 
adsorption systems and the reaction rate-controlling step 

as the chemical reaction occurs [22]. Adsorption kinet-
ics is important for designing and modeling the adsorp-
tion process. It describes the relation between the amount 
of substance adsorbate adsorbed on the adsorbent with 
respect to the contact time (t). The frequently used adsorp-
tion kinetics include the pseudo-first-order and pseudo- 
second-order kinetic described by the following equations 
respectively [22]:

ln lnq q q k te t e−( ) = − 1  (7)

where qt is the amount adsorbate adsorbed on the adsorbent 
at time t, and k1 is the rate constant of the pseudo-first-order 
model for the adsorption (min–1):

t
q k q

t
qt e e

=
×

+
1

2
2  (8)

where k2 is the rate constant of the pseudo-second-order 
model for adsorption (g/mg min).

Both models are used to evaluate the kinetics of the 
heavy metal removal process. The obtained results reveal 
a better fit of the experimental data on the pseudo-second- 
order kinetic models as indicated in Fig. 14b and the R2 val-
ues in Table 6. This suggests that the adsorption processes 
are dominated by the chemical process (chemisorption). 
Similar observations were reported in the literature for 
copper ions [25,31].

4. Conclusion

Magnetic ferrite nanoparticles with a promising adsor-
ption performance were successfully synthesized and 
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Fig. 14. (a) Linearized Langmuir isotherms for the adsorption of Zn(II) and (b) pseudo-second-order model for the absorption of 
Zn(II) Conditions: as described in Fig. 8.

Table 6
Adsorption isotherms and kinetics parameters

Metals Langmuir isotherm Pseudo-second-order kinetics

R2 Q0 (mg/g) RL R2 Slope (g/mg) Intercept (min g/mg)

Zn(II) 0.994 7.140 0.034 0.9998 0.0262 0.0745
Cu(II) 0.989 21.74 0.011 0.9583 0.0233 0.1564
Co(II) 0.992 25.00 0.101 0.9626 0.0243 0.1402
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evaluated for the removal of different heavy metal ions in 
synthetic and real solutions. A dedicated designed flow 
cell was fabricated and utilized as a continuous adsorption 
system. Nanoparticles were detained in position inside the 
flow cell by the application of a magnetic field. Favorable 
pH value of 7 and absorption efficiencies of higher than 90% 
were achieved with almost all the investigated metal ions.

The miniaturized flow cell proved its applicability for the 
continued removal of heavy metal ions in single and multi-
ple solutions. The adsorption of selected ions onto magnetic 
ferrite nanoparticles seemed to follow pseudo-second-order 
kinetics and was well described by the Langmuir isotherm 
model. The flow cell containing nanoparticles demonstrated 
its compatibility for real wastewater treatment.
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