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ABSTRACT 
This study investigated the applicability of magnetite nanoparticles 

as a powerful adsorbent for the batch-mode removal of Cd(II) and Pb(II) 
ions from aqueous solutions. The magnetite nanoparticles, synthesized by 
the chemical co-precipitation technique, were characterized using XRD, 
SEM-EDX, TEM, and FT-IR measurements. The influence of the initial 
pH, contact time, mass of magnetite, and initial metal ion concentration 
on the removal efficiency of Cd(II) and Pb(II) ions was investigated. 
Adsorption data were consistent with the Langmuir isotherm and pseudo-
second order kinetics. The adsorption of Cd(II) and Pb(II) ions by 
magnetite nanoparticles was demonstrated by the thermodynamic 
parameters to be an endothermic and favorable process. Utilizing HCl, 
magnetite adsorbent can be efficiently regenerated up to five times. It can 
be concluded that magnetite nanoparticles can be used as an 
environmentally friendly alternative adsorbent to remove Cd(II) and 
Pb(II) ions from aqueous solutions. 
Key Words: Magnetite nanoparticles, removal of heavy metal ions, 

water pollution.  
INTRODUCTION 

Water pollution is becoming a critical worldwide concern with 
the progress in human life and the proliferation of industries. Wastewater 
effluents from industrial activities, sewage sludge, agricultural activities, 
and environmental changes  directly affect human and soil pollution 
(Afolabi et al., 2021). There are different kinds of contaminants such as, 
bacteria, viruses, pesticides, organic compounds, fertilizers, dyes, and 
heavy metal ions (Baby et al., 2019). Among all of these water 
contaminants, heavy metals are the most common pollutant present in 
environmental waters around the world (Vardhan et al., 2019). They 
mainly reach the environment and water through industrial activities 
from metallurgical, nuclear, batteries, leather, pesticides, 
pharmaceuticals, fertilizers, paper , petroleum and textile industries (Beni 
and Esmaeili, 2020). These heavy metals can be toxic even at low 
concentrations. They are non-biodegradable in nature and therefore bio-
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accumulate in living organisms. This causes severe health problems in 
animals, plants, and human beings including headaches, anemia, still 
birth, growth retardation, malfunctioning of the nervous system, kidney 
failure, brain damage, metabolic acidosis, oral ulcers, and cancer (Baby 
et al., 2019 ; Akpomie and Conradie, 2020). Among heavy metals, 
cadmium and lead are considered the most dangerous and can cause 
serious health problems even at extremely low levels, including cancer, 
reproductive problems, and effects on embryonic development (Zhang et 
al., 2021). The Environmental Protection Agency states that the 
maximum amount of lead and cadmium in drinking water is 0.015 mg L

-1
 

and 0.005 mg L
-1

, respectively (Abatal et al., 2021). Thus, the removal 
of heavy metals from wastewater before being discharged has received 
significant attention. Decontamination of heavy metal ions from aqueous 
solutions has been performed by a variety of approaches, including 
flotation, ion exchange, sedimentation, electrochemical treatment, 
precipitation, filtration, coagulation, ozonation, flocculation, evaporation, 
and adsorption (Akpomie and Conradie, 2020 ; Umeh et al., 2020 ; Yu 
and Jiang, 2020). Among these various techniques, adsorption has been 
widely used due to its high efficiency, cost effectiveness, ease of 
application, and guarantee of complete removal at low concentrations 
(Liu et al., 2020). Many adsorbents have been used for Cd(II) and Pb(II) 
removal, but keen interest exists in improved and advanced low-cost 
adsorbents with high surface areas and adsorption capacities (Rajput et 
al., 2016). Nanoadsorbents are sought because their small particle sizes, 
high specific surface areas, and high porosity enhance chemical reactivity 
and adsorbate/adsorbent interactions, allowing them to isolate 
contaminants over a wide concentration range quickly and efficiently 
while releasing no toxic payload (Kumari et al., 2019). Among these 
nanoadsorbents, iron oxide has gained special attention in water 
purification to remediate heavy metals from water (Geneti et al., 2022), 
which could be attributed to their high surface area, chemical stability, 
easy synthesis, low toxicity, and magnetic properties (Zhou et al., 2020). 
Therefore, magnetic separation and adsorption have been combined to 
remove heavy metal ions from contaminated water in order to enhance 
the decontamination process. Magnetite nanoparticles can be synthesized 
using a variety of techniques, including hydrothermal synthesis, thermal 
decomposition, co-precipitation, sol-gel method, and colloidal chemistry 
method. Co-precipitation has emerged as the most promising method for 
the synthesis of nanomaterials as the procedure is relatively simple and 
the particles may be produced with a regulated particle size.  

Here in, magnetite nanoparticles were synthesized using the co-
precipitation method. The magnetite nanoparticle's surface and chemical 
properties were characterized, and they were demonstrated as a 
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promising adsorbent for Cd(II) and Pb(II) removal from aqueous 
solution. Solution pH, contact time, adsorbent dose, and initial metal 
concentration were investigated. The adsorption kinetics, isotherm 
models, thermodynamics, and reusability of metal ions onto magnetite 
were investigated.  

EXPERIMENTAL 
1. Chemicals and reagents 

The chemicals used in this work were of analytical grade reagent. 
Ferric chloride was purchased from Qualikems fine chem. Pvt. Ltd., 
India. Ferrous sulphate and NaOH were obtained from the central drug 
house (P) Ltd., India. Cadmium chloride was purchased from LOBA 
Chemie, India. 
2. Preparation of magnetite nanoparticles  

Magnetite nanoparticles were synthesized by the co-precipitation 
method. By vigorous stirring at 60 °C, 1.9 g of FeSO4·7H2O and 3.9 g of 
FeCl3·6H2O were dissolved in distilled water (200 mL).This solution was 
treated by periodic probe sonication for 10 min. Then, to this solution, 10 
MNaOH solution was added drop by drop under vigorous stirring at 
60 °C until the pH was raised to 10-11 to precipitate the iron oxide. The 
mixture was additional stirred on a magnetic stirrer at 60 °C for 2 h 
before being aged at room temperature for 24 h. After that, the formed 
magnetite nanoparticles were separated using a magnet and to achieve 
pH neutrality, they were washed several times with distilled water. 
3. Characterization of magnetite nanoparticles 

The prepared magnetite nanoparticles were X-ray diffracted using 
an X-ray diffract meter (Brucker D8 Advanced, Germany) with a Cu 
target (1.5406 Å) and a 2θ scanning range of 5º to 80º. The surface 
morphology of magnetite nanoparticles was provided using a scanning 
electron microscope (SEM Quanta FEG 250, the Netherlands). A high-
resolution transmission electron microscope (model JEM-2100HRT, 
Japan) that operated at 200 kV was used to measure the particle size of 
magnetite nanoparticles. The FT-IR spectra of the produced magnetite 
nanoparticles was recorded using a Fourier-transform infrared (FTIR-
6100 Jasco, Japan) spectrometer. The IR spectra were done using KBr 
pellets in the range of 4000–400 cm

–1
 with a spectral resolution of 4 

cm
−1

at room temperature. 
4. Batch adsorption studies  

The removal of Cd(II) or Pb(II) ion was performed in the batch 
technique from aqueous solutions by mixing 25 mL of each metal ion's 
solution with 0.05 g of the magnetite nanoparticles and shaking in a 
rotary shaker with a 180-rpm agitation speed at 25°C. To optimize the 
experimental conditions for the removal of each ion, various parameters 
such as pH in the range of 2 to 7, shaking time from 10 min to 3 h, the 
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dose of magnetite nanoparticles (0.01–0.2 g), initial Cd(II) or Pb(II) 
concentration from 5 to 400 mg L

−1
, and temperature (25-55ºC) were 

examined. After reaching equilibrium, a powerful magnet was used to 
separatethe magnetite nanoparticles, and a 0.20 μm syringe filter was 
used to separate the supernatant. The residual concentration of the metal 
ions in the solution was determined using atomic absorption spectroscopy 
(240AAFS, Agilent, USA). Using the following equation, the removal 
efficiency % of Cd(II) or Pb(II) was determined. 

Removal efficiency % =
(   –   )

  
              (1) 

where the initial and equilibrium metal ion concentrations in the solution 

(mg L
-1

)are Ci and Ce, respectively. The adsorption capacity (qe) of the 

prepared magnetite nanoparticles for Cd(II) or Pb(II) ion was estimated  

using equation 2: 

qe(mg g
-1

) =  
(         )   

 
                                     (2) 

where V is the solution volume (L) and m is the magnetite dose (g) used. 

5. Regeneration and reusability studies 

The probability of regeneration and reuse of adsorbents has 

economic and environmental concern. For desorption experiments, Cd- 

and Pb-loaded magnetite nanoparticles were initially washed three times 

with distilled water to eliminate any loosely attached metal ions from 

their surface. The desorption process involved mixing 0.05g of Cd- and 

Pb-loaded magnetite nanoparticles with 10ml of 0.1 M HCl for 1h on a 

rotary shaker at an agitation speed of 180 rpm at 25°C. Desorption 

efficiency was determined by equation (3). 

Desorption efficiency % = 
                                    

                                            
              (3)  

The regenerated magnetite nanoparticles were tested for the 

reusability process by following the adsorption-desorption process for 

several cycles for both Cd(II) and Pb(II) removal. 

RESULTS AND DISCUSSION 
1. Characterization 

1.1. XRD 

Fig.1 depicts the XRD pattern of magnetite nanoparticles. The 

main peak at 35.65° is attributed to the crystalline plane with a miller 

index of (311). There are other noticeable diffraction peaks at 2θ of 

30.27°, 43.33°, 53.77°, 57.32°, 62.95°, 67.26°, 71.43°, and 74.50°, which 

are indexed to (220), (400), (422), (511), (440), (442), (620) and (533) 

planes, respectively. All the diffraction peaks observed correspond to the 

magnetite nanoparticles standard pattern for JCPDS Card No.79-0417 
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(Geneti et al., 2022). The estimated crystallite size of magnetite 

nanoparticles was 11.83 nm using Scherrer’s formula (Cullity, 1956). 

 
                                 Fig. 1 XRD pattern of magnetite nanoparticles 
1.2. TEM 

TEM micrographs of the magnetite nanoparticles are shown in Fig. 
2. It can be noted that magnetite exhibited irregular sphere-like particles. 
Additionally, the Fig. demonstrates that the particle size of magnetite 
nanoparticles ranged from ≈6 to 10 nm. 

 
Fig. 2 TEM micrographs of magnetite nanoparticles 

1.3. SEM/EDX 
For describing the morphology, physical characteristics, and 

structure of the magnetite, SEM micrographs and EDX survey are 
crucial. The SEM images and EDX spectrum of the prepared magnetite 
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nanoparticles are shown in Fig. 3. The magnetite nanoparticles (Fig. 3 
(a)) are agglomerated, stuck to each other, and have a spongy-like 
structure, as noticedfrom the micrograph. Fig. 3(b) reveals an EDX 
pattern with iron (85%) and oxygen (14%). 
  

 

 

 

  

 

 

 

 

 

 

 
Fig. 3 SEM image (a) and EDX survey (b) of magnetite nanoparticles. 

1.4. FT-IR 
FT-IR spectrum of magnetite, as depicted in Fig. 4, presents strong 

absorption band at 544 cm
-1

 which is assigned to the Fe-O stretching 
vibration (Geneti et al., 2022). A significant peak at 834 cm

-1
, 

corresponds to C-H bending ( Song et al., 2020 and Geneti et al., 2022). 
The peak at 1061 cm

-1 
is ascribed to the C-O stretching vibration (Singh 

et al., 2021). The peak at 1632 cm
-1

 is assigned to the C = C stretching 
band ( Song et al., 2020 and Abatal et al., 2021). The broad peak at 
around 3382 cm

−1 
indicated the O-H stretching vibration mode of the 

hydroxyl functional groups. The presence of the band at 2933 cm
-1

 may 
be attributed to the-CH2 stretching vibration (Geneti et al., 2022). 

 
Fig. 4 FT-IR spectrum of magnetite nanoparticles. 

(b) (a) 
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2. Batch adsorption studies  

2.1. Effect of initial pH 

Experiments were performed to investigate the pH effect on Cd(II) 

and Pb(II) ions adsorption by magnetite in the pH range of 2-7.As seen in 

Fig. 5, Cd(II) and Pb(II) removal efficiencies increased with increasing 

the initial pH of the metal ion solution. It would be suggested that 

aqueous solutions with a higher pH value were favorable for the 

deprotonation of sorbent surfaces. Increased deprotonation may lead to 

an increase in negatively charged sites, which enhances the attractive 

forces between the surface of magnetite and the positively charged metal 

cations, increasing the removal of metal ions. Conversely, at low pH 

conditions, the magnetite surface is protonated, and becomes more 

positively charged. Thus, decreasing the adsorption of heavy metal ions 

as there is competition between protons and metal ions (Geneti et al., 

2022). As protons have a higher concentration and mobility, their 

adsorption would be preferred over metal ions. The adsorption process 

may be controlled by point zero charge pH (pHpzc). The  measured pHpzc 

value for magnetite was found to be 5.5. It is clear that when the pH 

range is lower than pHpzc, protonation of the magnetite nanoparticles 

surface occurs. Electrostatic repulsion reduced the adsorption capacity, 

preventing positive metal ions from reaching adsorption sites (Le et al., 

2019). The surface of the magnetite is negatively charged when the pH is 

greater than pHpzc (Jain et al., 2018), increasing the adsorption capacity 

as a result of electrostatic attraction between Cd(II) and Pb(II) ions and 

the surface of the magnetite. 

 
Fig. 5 Effect of initial pH on the adsorption of Cd(II) and Pb(II) using 

magnetite nanoparticles. 
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2.2. Effect of shaking time 
The removal of Cd(II) and Pb(II) ions was carried out at varied 

time intervals (10 - 180 min), whereas the other process factors, such as 
temperature (25 °C), and initial metal concentration (50 mg L

−1
) were 

kept constant. As shown in Fig. 6, the removal efficiency of Cd(II) and 
Pb(II) ions using magnetite nanoparticles increased with increasing the 
shaking time up to the equilibrium was attained. It is observed that the 
removal percentage was rapid for the first 10 min. The second stage can 
be done at a lower rate and there was a gradual increase till equilibrium, 
after which there was no important change in the Cd(II) and Pb(II) 
removal, and then the process reached saturated state. Generally, the rate 
of Cd(II) and Pb(II) ions removal was rapid initially, as available vacant 
surface sites in the magnetite were greater at the beginning of the 
adsorption process (Ghasemi et al., 2018). Then slightly declines with 
the progress of time till they attain equilibrium (Geneti et al., 2022). This 
is probably due to the exhausting of all vacant sites of magnetite. The 
experiments were run for 120 min to ensure complete adsorption of 
Cd(II) and Pb(II) ions from their solutions. 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Effect of shaking time on the removal of Cd(II) and Pb(II) using 

magnetite. 

2.3. Effect of magnetite dose  

The effect of magnetite nanoparticles dosage varying from 0.01 to 

0.2 g for the removal of Cd(II) and Pb(II) ions keeping all other process 

variables constant is illustrated in Fig.7. The percentage removal of 

Cd(II) and Pb(II) ions was found to increase with an increase in 

magnetite dosage from 0.01 to 0.05 g. The removal of Cd(II) and Pb(II) 

ions increased with higher dose of the magnetite since the availability of 

more surface area and more adsorption sites to bind metal ions (Ghasemi 

et al., 2018). The adsorption efficiency of metal ions was slightly 

affected by a further rise in the magnetite dose as the overcrowding of 

magnetite particles leads to interference of adsorption sites. 
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Fig. 7 Effect of magnetite dose on Cd(II) and Pb(II) adsorption. 

2.4. Effect of metal ions’ concentration 
The effect of initial concentrations on the adsorption of Cd(II) and 

Pb(II) ions by magnetite nanoparticles was investigated at a range of 5 - 
400 mg L

-1
, while keeping all the other parameters constant and 

illustrated in Fig.8. As the initial Cd(II) and Pb(II) concentration rises, 
the mobility of metal ions increases and the diffusion of metal ions from 
the solution phase to the surface of magnetite increases, acting as a 
driving force for mass transfer between metal ions and adsorption sites 
(Le et al., 2019). This causes collisions between metal ions and the 
surface of magnetite nanoparticles and increasing the adsorption 
capacity. 

 
Fig. 8 Effect of initial Cd(II) and Pb(II) concentrations on their 

adsorption using magnetite. 
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3. Adsorption kinetics 

In order to describe the adsorption rate and mechanism of Cd(II) 

and Pb(II) ions onto magnetite, the adsorption kinetic was used relating 

the adsorption process with time. To describe the adsorption kinetics, the 

Lagergren pseudo-first order, pseudo-second order, and intra-particle 

diffusion models were applied. 

3.1. Lagergren pseudo-first-order model 

The Lagergren’s equation of pseudo first-order model supposes that 

one adsorbate is adsorbed onto one adsorption site on adsorbent surface. 

The linear form of pseudo first order model is given by Equation 4 : 

ln(qe  - qt )  = lnqe – k1t                   (4) 

where qe and qt (mg g
−1

) are the amounts of Cd(II) and Pb(II) ions 

adsorbed at equilibrium and time t (min), respectively, and k1 (min
−1

) is 

the pseudo-first-order rate constant. The values of qe and k1 were 

estimated from the intercept and slope of the straight line, respectively, of 

plotting ln (qe-qt) versus t (Fig. 9 and Table 1). It's clearly shown that 

pseudo-first order kinetic model was not suitable to represent the 

adsorption kinetics of the adsorption of Cd(II) and Pb(II) ions onto 

magnetite because the estimated values of qe are far from the found 

experimental qe values. 

 
Fig. 9 Pseudo-first-order linear plots for the adsorption of Cd(II) and 

Pb(II) using magnetite nanoparticles. 
3.2. Pseudo-second-order model 
The linear form of pseudo-second order model is presented as: 

 

  
 

 

    
  

 

  
                 (5) 

where k2 (g mg
−1

 min
−1

) is the pseudo-2nd-order rate constant. The qe and 

k2values are estimated from the slop and intercept of t/qt versus time linear 
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plots (Fig. 10). Obviously, the relation between t/qt and time for the Cd(II) 

and Pb(II) removal using magnetite is represented by a straight line. 

According to the results in Table 1, the pseudo-2nd-order model present the 

high correlation coefficients than pseudo-first-order for both Cd(II) and 

Pb(II) adsorption onto magnetite, and the experimental qe values obtained 

are closer to those estimated  for the pseudo-2nd--order kinetic model, 

confirming that the adsorption of Cd(II) and Pb(II) onto magnetite follows 

the pseudo-2nd--order kinetics (Qiu et al., 2020 and Xiang et al., 2021). 

 
Fig. 10 Pseudo-second-order plots for the adsorption of Cd(II) and Pb(II) 

using magnetite nanoparticles. 
3.3.3. Intra-particle diffusion model 

The model of intra-particle diffusion can predict the mechanism of 

metal ions diffusion from the exterior surface into adsorbent pores. It 

plays an important role in determining the rate-controlling stage, and it 

was estimated using the Weber-Morris equation: 

qt=  k3t
0.5

 + C    (6) 

where k3 is the rate constant of intra-particle diffusion (mg g
-1

 min
-0.5

), 

and C is the intercept of the plot of qt versus t
0.5

 which is directly 

proportional to the thickness of the boundary layer. The values of k3 and 

C are tabulated in Table 1, and the plots are shown in Fig. 11.A plot of qt 

against t
0.5 

will be linear and have a line that passes through the origin if 

intra-particle diffusion is the only controlling step. However, the line did 

not pass through the origin in the present study, indicating that intra-

particle diffusion was not the only rate-determining step to control the 

adsorption of Cd(II) and Pb(II), but also effected by internal diffusion 

and membrane diffusion (Xiang et al., 2021). 
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Fig. 11 Intra-particle diffusion plots for the adsorption of Cd(II) and 

Pb(II) ions using magnetite. 

Table 1. Estimated parameters of the pseudo-first-order, pseudo-

second-order and intra-particle diffusion models for Cd(II) 

and Pb(II) ions removal using magnetite. 
Model Parameter Adsorbate 

Cd(II) Pb(II) 

Pseudo-first-order 

 

 

k1 (min-1) 0.043 0.036 

qe, calc. (mg g-1) 11.36 8.70 

qe, exp. (mg g-1) 15.72 16.87 

R2 0.8845 0.8751 

Pseudo-second-order 

 

 

k2 (g mg-1 min-1) 0.008 0.009 

qe, calc. (mg g-1) 16.01 17.35 

qe, exp. (mg g-1) 15.72 16.87 

R2 0.9996 0.9994 

Intra-particle diffusion 

 

k3 (mg g-1 min-0.5) 1.317 1.083 

C 5.448 8.368 

R2 0.9990 0.9998 

4. Adsorption equilibrium studies 
Adsorption isotherms express the mathematical relationship 

between the quantity of adsorbate and the equilibrium concentration of 
adsorbate remaining in the solution at a constant temperature. The 
equilibrium adsorption data has been analyzed using Langmuir, 
Freundlich, Dubinin–Radushkevich, and Temkin isotherms (Abatal et 
al., 2021). 
4.1. Langmuir isotherm 

The Langmuir isotherm makes the assumption that an adsorbent 
has a finite number of identical, energetically equivalent binding sites. A 
single monolayer is created since each site can only adsorb one molecule. 
It is used to calculate an adsorbent's maximum adsorption capacity. The 
linearized Langmuir isotherm is expressed by: 

  

  
 

 

      
  

  

    
                                      (7) 
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where qmax (mg g
-1

) is the maximum sorption capacity and KL (L mg
-1

)is 

the constant for the Langmuir model, which is correlated to the affinity of 

binding sites. By plotting the Ce/qe versus Ce, the values of qmax and KL 

can be estimated. The experimental data for the adsorption of Cd(II) and 

Pb(II) using magnetite are listed in Table 2 and exactly fit the linear form 

of the Langmuir equation.  

4.2. Freundlich isotherm 

According to the Freundlich isotherm, sorbents have heterogeneous 

surfaces with various adsorption potential sites. Additionally, it presumes 

that stronger binding sites are occupied first, and that binding strength 

diminishes with increasing the degree of occupancy. It is given by: 

        
 

 
                          (8) 

where KF (mg g
−1

) is the Freundlich constant, which represents 

adsorption capacity, and n (L mg
−1

) is the adsorption intensity. The 

values of KF and n (Table 2) can be estimated from the intercept and 

slope of the plot of log qe versus log Ce. The values of Freundlich 

constant "n", which measures the adsorption intensity of Cd(II) and 

Pb(II), were observed to be greater than 1, suggesting the adsorption 

process is physical (Afolabi et al., 2021). The values of n between 1 and 

10 suggest that the adsorption process is favorable (Nodeh et al., 2019). 

As can be noticed from the Table 3, the correlation coefficient values 

(R
2
) of the Langmuir model were higher in comparison with those of the 

Freundlich adsorption isotherm, thus indicating that the Langmuir model 

fitted the experimental adsorption data. This demonstrates that magnetite 

has a homogeneous distribution of active sites available for the 

adsorption of Cd(II) and Pb(II) onto its surface, and that monolayer 

adsorption is involved. 

4.3. Dubinin–Radushkevich isotherm  

The Dubinin–Radushkevich isotherm model (D-R)can be used to 

differentiate between physical and chemical adsorption processes and is 

expressed as: 

ln qe  =  ln KD-R  - βε
2 

        (9) 

where the D-R constant is KD-R (mg g
-1

), and the Polanyi potential is ε 

(mol
2
 J

-2
), which is equal to: 

        (   
 

  
 (10)                             (

where T is the absolute temperature (K) and R is the universal gas 

constant (J K
−1

 mol
−1

). The constant β is related to E (kJ mol
−1

). The 
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energy E is defined as the free energy change required to transfer 1 mole 

of ions from the solution to the solid:  

E = 1/ √   (11) 

The values of β and KD-R (Table 2) can be obtained from the slope 

and intercept of the linear plot of lnqe against ε
2
. The value of E offers 

information about the adsorption mechanism, if E value is less than 8 kJ 

mol
−1

 represent the physisorption process, and E value within the range 

of 8–16 kJ mol
−1

 is assigned to the chemisorption process. Given that E 

values in this investigation were less than 8 kJ mol
−1

, it was clear that the 

physisorption process was followed by the adsorption mechanism. 

4.4. Temkin isotherm 

The Temkin isotherm model describes the uniform distribution of 

binding energies. It implies that adsorbent-adsorbate interactions cause 

the adsorption energy to drop linearly with surface coverage. The Temkin 

isotherm is given by:  

qe = 
  

  
 ln AT+

  

  
 ln Ce                      (12) 

where bT (kJ mol
-1

) is the Temkin isotherm constant, which is related to 

adsorption heat, and AT (L g
-1

) is the equilibrium binding constant 

corresponding to the maximum binding energy. The values of AT and bT, 

which are given in Table 2, can be estimated  from qe versus ln Ce plots. 

Table 2. The parameters of the Langmuir, Freundlich, Dubinin-

Radushkevich (D–R), and Temkin isotherm models for 

the adsorption of Cd(II) and Pb(II) onto magnetite 

nanoparticles. 
Isotherm  model Parameter 

 

Adsorbate 

Cd(II) Pb(II) 

Langmuir  

 

KL (L mg-1) 0.042 0.046 

qmax(mg g-1) 36.20 40.10 

R2 0.9964 0.9925 

Freundlich  

 

 

KF 2.85 3.32 

1/n 0.475 0.468 

R2 0.9542 0.9483 

Dubinin-Radushkevich(D–

R)  

KD-R 33.11 35.94 

β*10-3 0.200 0.114 

E (kJ mol-1) 1.60 2.09 

R2 0.9483 0.7845 

Temkin  bT(kJ mol-1) 0.413 0.383 

 AT (L g-1) 0.85 1.012 

 R2 0.9775 0.9755 

5. Thermodynamics studies 

The impact of temperature on the Cd(II) and Pb(II) ions adsorption 

using magnetite was evaluated at temperatures of 298, 308, 318, and 328 
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K by conducting experiments using 50 and 100 mg L
-1

 of Cd(II) and 

Pb(II) initial concentrations, respectively. The thermodynamic 

parameters including Gibbs free energy change (ΔG°), enthalpy change 

(ΔH°), and entropy change (ΔS°) were obtained from the following 

equations: 

ΔG° = ΔH° - TΔS°    (13) 

     
  

  
                           (14) 

      
Δ 

 
 

Δ 

  
              (15) 

Equation (13) was used to calculate the values of ΔG°and the values of 
ΔH° and ΔS° values were obtained from the slope and intercept of the 
linear plot of ln Kd versus 1/T (Fig. 12). The calculated thermodynamics 
parameters are tabulated in Table 3. It can be noticed that ΔG° values 
diminished as the temperature increased, proposing that the high 
temperatures were preferred for the adsorption of Cd(II) onto magnetite 
nanoparticles, and an enhanced spontaneity with temperature. The 
positive values of ΔG° indicated that the adsorption of Pb(II) was 
unfavorable, and these positive values revealed that the adsorption of 
Pb(II) was non spontaneous in the studied range of temperature. The 
positive values of ΔS° demonstrated the enhanced randomness at the 
solid / liquid interface during the adsorption of both Cd(II) and Pb(II) 
onto magnetite (Xiang et al., 2021). The positive values of 
ΔH°confirmed the adsorption process was endothermic, which was 
consistent with the increase in the percentage removal of metal ions with 
escalating temperature. 

 
Fig. 12 Thermodynamic plots of Cd(II) and Pb(II) removal using 

magnetite nanoparticles. 
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Table 3. Thermodynamic parameters for adsorption of Cd(II) and 

Pb(II) onto magnetite. 
Adsorbate ∆H°  

(kJ mol-1) 

∆S°  

(J mol-1K-1) 

∆G°(kJ mol-1) 

298K 308K 318K 328K 

Cd(II) 6.014 19.670 0.152 -0.045 -0.241 -0.438 

Pb(II) 7.349 20.216 1.325 1.123 0.921 0.718 

6. Regeneration and reusability studies 
The reusability and possibility of regeneration of adsorbent are a 

significant index for evaluating the practical application potential of the 
prepared adsorbent. Magnetite reusability was studied by conducting 
several adsorption–desorption cycles. The desorption process was 
checked by using 10 mL of 0.1 M HCl with 0.05 g Pb and Cd-loaded 
magnetite nanoparticles for 1 h using an agitation speed of 180 rpm on a 
rotary shaker at 25°C. A strong magnet was used to separate the 
magnetite nanoparticles, the supernatant was collected to measure the 
desorbed Cd(II) and Pb(II) ions in the solution, then the desorption 
efficiencies were estimated. The desorption efficiency of Cd(II) and 
Pb(II) was found to be high for the first cycle. The desorption efficiency 
of Cd(II) was 92.56%, and of Pb(II)was 93.33% by magnetite. Fig. 13 
shows that the removal efficiency was slightly reduced with the 
proceeding cycles up to five cycles. 

 
Fig. 13 Reusability of magnetite nanoparticles for the removal of Cd(II) 

and Pb(II). 

CONCLUSION 
Magnetite nanoparticles were prepared by using the commonly co-

precipitation technique. The prepared adsorbent was characterized using 
different techniques and utilized for the Cd(II) and Pb(II) removal from aqueous 
solution. Magnetite nanoparticles have irregular like-spheres with particle sizes 
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in the range of ≈ 6–10 nm.The Langmuir model provided a good fit to the 
experimental Cd(II) and Pb(II) removal equilibrium data. The pseudo second-
order model was well correlated to the experimental data. Thermodynamically, 
the removal of Cd(II) and Pb(II) ions by the magnetite nanoparticles was 
endothermic and favorable. The prepared magnetite also offered excellent 
recyclability and stability up to five times of the adsorption-desorption cycles. 
In conclusion, the results showed that the prepared magnetite nanoparticles 
would be superior solution for wastewater treatment. 
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خصائص الادمصاص لجزيئات الماجنتيت النانومترية لإزالة المعادن الثقيمة من 
 المحمول المائي

 2مهجة شفيق عبدالله  –2أمنية إبراهيم عمى –1صابر محمود أحمد –1إيمان ربيع ذكى
 مصر –الجيزة  –مركز البحوث الزراعية  –معيد بحوث الأراضى والمياه والبيئة  1
 مصر –القاىرة  –جامعة حموان  –كمية العموم  –لكيمياء قسم ا 2

لقد تضمنت ىذه الدراسة امكانية تطبيق جزيئات الماجنتيت النانومترية كمدمص قوي       
من المحاليل المائية باستخدام تقنية الدفعة. وقد تم  (II) والرصاص (II) لإزالة أيونات الكادميوم

رية التي تم تصنيعيا بواسطة تقنية الترسيب الكيميائي ف جزيئات الماجنتيت النانومتيتوص
وقد تم دراسة تاثير كل من .FT-IR و TEMو SEM-EDX و XRD باستخدام قياسات

الأس الييدروجيني ، ومدة التفاعل ، وكتمة الماجنتيت ، وتركيز أيون الكادميوم والرصاص عمى 
تتوافق مع معادلة لانجموير  صوقد وجد ان بيانات الأدمصا. كفاءة إزالة ىذه الأيونات

وقد تم اثبات ان عممية ادمصاص أيونات الكادميوم  .الايزوثرمية ومعادلة تفاعلات الرتبة الثانية
المعاملات الديناميكية الحرارية  والرصاص بواسطة جزيئات الماجنتيت النانومترية من خلال

جزيئات الماجنتيت النانومترية  وقد ثبت انو من الممكن اعادة استخدام. عممية ماصة لمحرارة
باستخدام حمض الييدروكموريك بكفاءة تصل الى خمس مرات.  ولذلك فانو من الممكن 
استخدام جزيئات الماجنتيت النانومترية كمواد ممدصة بديمة وصديقة لمبيئة لازالة أيونات 

.الكادميوم والرصاص
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