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Abstract
Background: Lead (Pb) is a heavy metal that is widely utilized in industries. It contaminates soil and 
groundwater. Its non-biodegradability, severe toxicity, carcinogenicity, ability to accumulate in nature and 
contaminate groundwater and surface water make this toxic heavy metal extremely dangerous to living 
beings and the environment. Therefore, technical and economic methods of removing Pb are of great 
importance. This study evaluated the efficiency of Ni0.5Zn0.5Fe2O4 magnetic nanoparticles supported by 
Aloe vera shell ash in removing Pb from aqueous environments.
Methods: The adsorbent was characterized by several methods, including x-ray diffraction (XRD), 
scanning electron microscopy (SEM), and Fourier transform infrared spectroscopy (FT-IR). Then, the 
potential of Aloe vera shell ash-supported Ni0.5Zn0.5Fe2O4 magnetic nanoparticles to adsorb Pb (II) was 
investigated. To determine the amount of lead absorbed by this adsorbent, different pHs (2, 4, 5, and 6), 
adsorbent doses (0.01-0.40 g), Pb concentrations (5, 10, 20, 30, 40, 50, 60, 80, 100, 200, 300, and 600 mg/L), 
and exposure times (0, 5, 10, 15, 20, 30, 40, 50, and 60 minutes until reaching equilibrium) were tested 
using an atomic absorption spectrometer (Varian-AA240FS). Residual concentrations of Pb were read.
Results: The results show that a time of 15 minutes, pH value of 9, and adsorbent dose of 0.2 g are the 
optimum conditions for Pb (II) removal by this adsorption process. Increasing the initial concentration of 
Pb (II) from 5 to 600 mg/L decreased removal efficiency from 98.8% to 73%. The experimental data fit well 
into the Freundlich isotherm model (R2 = 0.989).
Conclusion: Ni0.5Zn0.5Fe2O4 magnetic nanoparticles supported by Aloe vera shell ash comprise a low-cost, 
simple, and environmentally benign procedure. The maximum monolayer adsorption capacity based on 
the Langmuir isotherm (R2 = 0.884) is 47.2 mg g-1. The prepared magnetic adsorbent can be well dispersed 
in aqueous solutions and easily separated from them with the aid of an external magnet after adsorption. 
The process for purifying water presented here is clean and safe. Therefore, this adsorbent is applicable to 
managing water pollution caused by Pb (II) ions.
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Introduction
Adsorption has been established as an important and eco-
nomically practical treatment technology for removing 
Pb (II) ions from water and wastewater. Activated carbon 
is the adsorbent most commonly used for removing Pb 
(II) ions from aqueous solution. Despite the abundance of 
applications for activated carbon, its uses are sometimes 
limited by its high cost and loss during re-formation (1). 
Therefore, researchers are seeking new low-cost substi-
tute adsorbents for water pollution control, especially 
where cost plays an important role. Many efforts have 
been made toward the development of other adsorbents 
that are effective and inexpensive. They can be produced 
from a wide variety of raw materials which are abundant 

and have high carbon and low inorganic content. Owing 
to the low cost and high accessibility of these materials, it 
is not essential to have complex regeneration processes. 
Such inexpensive adsorption methods have attracted the 
attention of many researchers. Often, the adsorption capa-
bilities of such adsorbents are not great; therefore, studies 
of more and more new adsorbents are still being devel-
oped. Some inexpensive adsorbents for the removal of Pb 
(II) ions that have been studied are modified agricultural 
waste (2), hazelnut husks (3), Moringa oleifera seed pow-
der(1), olive waste (3), waste coconut buttons (4), mag-
netically modified tea (5), activated carbon prepared from 
saffron leaves (6), bael leaves (7), pomegranate peel (1), 
multi-walled carbon nanotube magnetic composites (8), 
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marine green algae (9), tourmaline (1), amino-functional-
ized Fe3O4 magnetic nanoparticles (10), Fe3O4@SiO2–NH2 
(11), waste maize bran (12), coir (13), Caulerpa lentillifera 
(14), Fraxinus  tree leaves (15), lignin (16), rice husk ash 
(17), corn cobs (18), Moringa oleifera bark (19), and oth-
ers. In recent years, economic problems have encouraged 
the creation of inexpensive, efficient alternative methods 
of wastewater treatment. One of the most efficient, tech-
nical, and economic methods is the use of magnetic ad-
sorbents. These adsorbents have magnetic properties and, 
by using an external magnetic field, can be easily sepa-
rated from solutions. In magnetic separation, the usual 
high costs of separation, e.g., centrifugation and filtration, 
are not incurred (20). Extensive research has been done 
in the field of magnetization of materials such as chitosan 
(21), silica (22), polymer (23), and activated carbon (24) 
for water contaminants removal. The use of this property 
in nanoparticles, due to their high specific surface area 
and adsorption capacities, is very good (25-27). Nickel-
zinc ferrites have drawn noticeable consideration from 
researchers because of their remarkable magnetic proper-
ties, large permeability, and very high electrical resistivity 
(28). They have an extensive list of potential applications 
in such areas as high–density information storage devices, 
microwave devices, transformer cores, magnetic fluids, 
etc. (29). There are many applications for activated carbon 
in removing chlorine, separating gases, air pollution treat-
ment, and recycling heavy metals from aqueous solutions. 
However, because of the high cost, alternative options 
have been suggested. Ash, due to its low cost of produc-
tion, is a good alternative to activated carbon (30-34). Ash 
can be produced from a wide range of carbon materials, 
including wood, coal, shell, walnut shell, fruit stones, agri-
cultural waste, etc (35).    
This study investigated the capability of Ni0.5Zn0.5Fe2O4 
magnetic nanoparticles that were surface-modified with 
ash prepared from Aloe vera shell (Ni0.5Zn0.5Fe2O4/ASA) 
as a low-cost adsorbent for the removal of Pb (II) ions 
from aqueous solutions and studied the adsorption mech-
anism of Pb (II) ions onto this adsorbent. 

Methods 
Analytical-grade salt Pb (NO3)2 was obtained from Merck. 
A 1000 mg/L stock solution of the salt was prepared in 
deionized water. All working solutions were made by con-
secutive diluting with deionized water. Deionized water 
was prepared using a Millipore Milli-Q (Bedford, MA) 
water purification system. All reagents (Fe(NO3)3.9H2O, 
Zn(NO3)2.6H2O and Ni(NO3)2.6H2O, NaOH and HNO3) 
used in the study were of analytical grade and purchased 
from Aldrich. X-ray diffraction (XRD) analysis was car-
ried out using a PAN analytical X’Pert Pro x-ray diffrac-
tometer. Surface morphology and particle size were inves-
tigated with a Hitachi S-4800 scanning electron microsco-
py (SEM) instrument. FT-IR spectra were determined as 
KBr pellets on a Bruker model 470 spectrophotometer. All 
the metal ion concentrations were measured with a Varian 
AA240FS atomic absorption spectrophotometer. 

Aloe vera is grown in southern Iran. Aloe vera shell was 
collected from Qeshm Island, Hormozgan, Iran, and was 
applied as a raw material for the preparation of surface-
modified adsorbent. The collected Aloe vera shells were 
washed and dried in an air oven at 80°C for 24 hours 
and then ground and sieved to the desired particle size 
(2-3 mm). The resultant sieved powder was carbonized 
in a furnace at 700°C, at a heating rate of 10°C/min for 2 
hours. The method used to produce carbon materials was 
similar to that used in other studies (36).

Synthesis of Ni0.5Zn0.5Fe2O4/ASA
Ni-Zn ferrite was prepared using stoichiometric ratios 
of metal nitrates and freshly extracted egg white (37). 
The metal nitrates (Fe(NO3)3.9H2O, Zn(NO3)2.6H2O and 
Ni(NO3)2.6H2O) and 2 g ASA were dissolved together in a 
minimum amount of double-distilled water to get a clear 
solution. Sixty milliliters of extracted egg white dissolved 
in 40 mL of double-distilled water while being vigorous 
stirred was added to the nitrate mixture at the ambient 
temperature. After constant stirring for 30 minutes, the 
resultant sol-gel was evaporated at 80°C until the dry pre-
cursor was obtained. The dried precursors were ground 
and calcined in a muffle furnace at 550°C for 2 hours. 

Adsorption experiments
Batch adsorption of lead ions onto the adsorbent 
(Ni0.5Zn0.5Fe2O4/ASA) was investigated in aqueous solu-
tions under various operating conditions viz. pH 2–6, at a 
temperature of 298 K, for an initial Pb (II) ion concentra-
tion of 50 mg/L. About 0.20 g adsorbent was added to 50 
mL of lead nitrate solution (50 mg/L). Then the mixture 
was agitated on a shaker at 250 rpm. The initial pH val-
ues of the lead solutions were adjusted from 2 to 6 with 
0.1 mol/LHNO3 or 0.1 mol/L NaOH solutions using a pH 
meter. After equilibrium was reached, the samples were 
centrifuged and the adsorbent (Ni0.5Zn0.5Fe2O4/ASA) was 
magnetically removed from the solution. The concentra-
tion of Pb (II) in the supernatant was measured by flame 
atomic absorption spectrometry. The effects of several pa-
rameters, such as contact time, initial concentration, pH, 
and adsorbent dose, on the extent of Pb (II) adsorption 
were investigated.
The Pb (II) removal percentage was calculated using Eq. 
(1):

0

0

Removal % = 100tC C
C

×
−                                                   (1)

where C0 and Ct (mg/L) are the Pb (II) concentrations in 
the solution at initial and equilibrium time, respectively.
The amount of Pb (II) adsorbed (Qe) was calculated using 
Eq. (2):

0
eQ  = ( ) V

m
eC C−                                                                 (2)

where C0 and Ce are, respectively, the initial and equilib-
rium concentrations of Pb (II) (mg/L), m is the mass of 
adsorbent (g), and V is the volume of solution (L).
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Adsorption isotherms 
Adsorption isotherms were obtained using 0.20 g of ad-
sorbent and 50 mL of Pb (II) solution with different con-
centrations (50-600 mg/L) at 298 K. These solutions were 
buffered at an optimum pH (pH = 5) for adsorption and 
agitated on a shaker at 250 rpm until they reached adsorp-
tion equilibrium (15 minutes). The quantity of Pb (II) ad-
sorbed was derived from the change in concentration.

Results
In this section, the results of this study are presented in the 
form of diagrams and tables. Ni0.5Zn0.5Fe2O4/ASA nano-
crystallites were characterized by FT-IR (Figure 1), XRD 
(Figure 2), and SEM (Figure 3).
Figure 4 shows the different sampling times, the concen-
tration of Pb remaining, and the adsorption balance time. 
As shown in Figure 4, removal efficiency increased in the 
time range of 0 to 15 minutes and became fixed and partly 
decreased at 15 to 60 minutes. Thus, the adsorption bal-
ance time was determined to be 15 minutes in this test. 
The effect of solution pH on Pb (II) adsorption was stud-
ied at pH 2–6 at 298 K. As shown in Figure 5, the adsorp-
tion rate of Pb (II) was enhanced by increasing pH values 
from 2 to 6. Figure 5 shows the removal efficiency of lead 
at the balance time and at 4 different pHs (2, 4, 5, and 6), 
equaling, respectively, 99.2%, 99.4%, 99.8%, and 99.2%. 
Maximum adsorption occurred at around pH 5.0, and 
this value was therefore selected for all adsorption experi-
ments in this study.
The effect of change in the adsorbent amount on the pro-
cess of Pb (II) adsorption was investigated with different 

Figure 1. The FTIR spectra of: (A) Ni0.5Zn0.5Fe2O4/ASA; (B) ASA; 
(C) Ni0.5Zn0.5Fe2O4

Figure 2. XRD patterns of Ni0.5Zn0.5Fe2O4. (a) Synthesized 
Ni0.5Zn0.5Fe2O4; (b) Standard Ni0.5Zn0.5Fe2O4 (JCPDS 08-0234).

Figure 3. SEM image of Ni0.5Zn0.5Fe2O4/ASA nanocomposite.

Figure 4. Effect of contact time  
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adsorbent doses in the range of 0.01-0.40 g. The results are 
shown in Figure 6. The best removal of Pb (II) is at about 
99.8%, using an adsorbent dosage of 0.20 g in 50 mL of 50 
mg/L Pb (II) solution.
Batch adsorption experiments were performed at different 
initial Pb (II) concentrations (5, 10, 20, 30, 40, 50, 60, 80, 
100, 200, 300, and 600 mg/L), while other experimental 
parameters were kept constant. Figure 7 shows that the 
adsorption capacity of Pb (II) increased, but the removal 
percent (%R) of Pb (II) decreased when initial concentra-
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tion was increased, indicating that the adsorption of Pb 
(II) on to Ni0.5Zn0.5Fe2O4/ASA is highly related to initial 
Pb (II) concentration.
The adsorption isotherms of Pb (II) by the adsorbent are 
shown in Table 1. In Table 1, R2 = 0.884 in the Langmuir 
model, R² = 0.989 in the Freundlich model, and R² = 0.650 
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Figure 5. Effect of pH on Pb (II).

Figure 6. The effect of adsorbent dosage.

Figure 7. Effect of initial Pb (II) concentration 
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Table 1. Langmuir, Freundlich, D–R isotherm constants for the adsorption of Pb (II) ions onto Ni0.5Zn0.5Fe2O4/ASA

Langmuir
qm (mg g-1) KL RL R2

47.2 1.91 8.72 × 10 -4 0.884
Freundlich
1/n KF R2

0.50 1.93 0.989
Dubinin–Radushkevich (D–R)
qm (mg g-1) β (mol2 kJ−2) R2 E (kJ mol-1)
6.7 7 × 10 -8 0.650 2.673

in the Dubinin–Radushkevich model. 

Discussion
Ni0.5Zn0.5Fe2O4nanocrystallites were prepared accord-
ing to the procedure reported by Gabal et al (39). 
Ni0.5Zn0.5Fe2O4/ASA nano-crystallites were characterized 
by FT-IR (Figure 1), XRD (Figure 2), and SEM (Figure 
3). In the FT-IR spectrum of Ni0.5Zn0.5Fe2O4/ASA (Figure 
1A), many of the bands of Ni0.5Zn0.5Fe2O4 (Figure 1C) and 
ASA (Figure 1B), with a slight shift for some of them, are 
distinct, which shows that ASA has been well supported 
on the Ni0.5Zn0.5Fe2O4. The bands in the low-frequency 
region (1000-500 cm-1) were caused by the iron oxide 
framework, which is in accordance with the magnetite 
spectrum. The peak at 1440.85 cm−1 is related to the Fe–O 
bond (33). In Figure 1A, the presence of the – OH stretch-
ing mode is evidenced by the peak close to 3446 cm−1. 
To verify the formation of Ni-Zn ferrite in the prepared 
magnetic nanoparticles, the XRD pattern of the sample 
was investigated. The XRD patterns (Figure 2) show that 
Ni0.5Zn0.5Fe2O4 nanoparticles have a spinal framework 
with all the main peaks compatible the Ni0.5Zn0.5Fe2O4 
standard pattern (JCPDS 08-0234). The adsorbent parti-
cle size was investigated using SEM. The SEM photograph 
of the sample (Figure 3) shows that the average size of 
Ni0.5Zn0.5Fe2O4/ASA is slightly less than 100 nm.
The effect of contact time on the amount of Pb (II) ad-
sorbed was studied at 50 mg/L initial concentration of 
lead. It can be observed from Figure 4 that the percentage 
of adsorptions increased with increases in contact time. 
Minimum adsorption was 92.0% for the time of 5 minutes, 
and maximum adsorption was 95.1% for the time of 15 
minutes. The adsorption characteristic indicated a rapid 
uptake of the lead. The adsorption rate, however, dimin-
ished to a constant value as contact time was increased, 
because all available sites were covered and no active site 
was present for adsorbing.
The acidity of the aqueous solution applies a consider-
able effect on the adsorption process, because it can alter 
the solution chemistry of contaminants and the state of 
functional groups on the surface of adsorbents (39, 40). 
However, at low pH values, hydrogen ions (H+) were likely 
to compete with Pb (II) and thus lower the amount of Pb 
(II) removed. Therefore, the great Pb (II) adsorption oc-
curring at higher pHs could be ascribed to a decrease in 
competition between H+ and Pb (II) at the same adsorp-
tion site of the adsorbent beads. At a pH value of 5.9, the 
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Pb (II) ions begin to hydrolyze and then form a small 
number of Pb(OH)2 or Pb(OH)3

- varieties (41). Compared 
with Pb (II) ions, these species are unfavorable for adsorp-
tion, which accounts for the little reduction in adsorption 
capacity. Therefore, maximum adsorption occurred at 
around pH 5.0, and this value was therefore selected for 
all adsorption experiments in this study. The results are in 
line with the findings of Zhang et al (14) on the removal 
of Pb (II) by Fe3O4@SiO2–NH2 core–shell nanomaterials.
From Figure 6, it can be seen that as the adsorbent dose is 
increased, the percentage of removal also increased until 
it approached a saturation point, where increases in ad-
sorbent dose did not alter the percentage of removal. An 
increase in adsorption rate with adsorbent quantity can be 
ascribed to increased surface area and the availability of 
more adsorption sites.
Batch adsorption experiments were performed at different 
initial Pb (II) concentrations. As shown in Figure 7, these 
observations can be explained by considering the fact that 
increasing the initial Pb2+ concentration made more Pb2+ 
ions available, while the amount of active sites on the ad-
sorbent remained constant which led to a lower %R.
Isotherm studies can explain how an adsorbate interacts 
with an adsorbent. The experimental data corresponded 
with the Langmuir, Freundlich and Dubinin–Radushkev-
ich models as shown in Table 1. 
The Langmuir isotherm model, which defines a mono-
layer adsorption, is given in Eq. (3):

1 1 1 1

e L m e mq K q C q
= +                                                                 (3)

where qe = the amount of Pb (II) adsorbed per unit mass 
at equilibrium (mg/g);
qm = the maximum amount of adsorbent that can be ad-
sorbed per unit mass adsorbent (mg/g);
Ce = concentration of adsorbent (in the solution at equi-
librium (mg/L);
KL = adsorption equilibrium constant.
A plot of 1/qe versus 1/Ce gives a straight line with a slope 
of 1/KLqm and intercept 1/qm.
The main characteristics of the Langmuir isotherm can be 
expressed in terms of a dimensionless constant separation 
factor RL that is given by Eq. (4) (42):

L 0

1
1 KLR

C
=

+
                                                                       (4)

Where C0 is the highest initial concentration of adsorbate 
(mgL-1), and KL (Lmg-1) is the Langmuir constant. The 
value of RL shows the shape of the isotherm to be either 
unfavorable (RL> 1), linear (RL = 1), favorable (0 <RL< 1), 
or irreversible (RL = 0). The RL values between 0 and 1 
indicate favorable adsorption. In this study, the value of RL 
is 0.116, which shows the favorable adsorption of Pb (II) 
by Ni0.5Zn0.5Fe2O4/ASA.
The Freundlich isotherm is expressed by Eq. (5). This 
isotherm model defines a heterogeneous adsorption with 
different surface energy sites and supposes the change of 
uptake with exponential distribution of adsorption sites 

and energies (43-45).

1log log  loge F eq K C
n

= +                                                    (5)

where Ce (mg/L) and qe (mg/g) are the equilibrium con-
centration of adsorbent in the solution and the amount 
of adsorbent adsorbed at equilibrium, respectively; KF 
(mg1-(1/n) L1/n g-1) and n are the Freundlich constant which 
indicates the adsorption capacity for the adsorbent and 
adsorption intensity, respectively.
A graph of log qe versus log Ce provides a straight line with 
slope 1/n and intercept log KF. The value of 1/n identifies 
the adsorption intensity and type of isotherm as favorable 
(0.1 < 1/n < 0.5) or unfavorable (1/n > 2). The Freundlich 
parameter 1/n is related to the adsorption intensity of the 
adsorbent. When 0.1 < 1/n ≤ 0.5, the adsorption of the 
adsorbate is easy; when 0.5 < 1/n ≤ 1, the adsorption pro-
cess is difficult; when 1/n > 1, adsorption takes place with 
much difficulty (46, 47). In the current study, the value of 
1/n (0.43) shows the favorable adsorption of Pb (II) onto 
Ni0.5Zn0.5Fe2O4/ASA. 
In order to discern between physical and chemical adsorp-
tion, the sorption data was analyzed using the Dubinin–
Radushkevich (D-R) equation, which is given in Eq. (6):

2
e mlnq lnq βε= −                                                                (6)

where β is a constant related to the mean energy of ad-
sorption (mol2 kJ−2), qm is the maximum adsorption ca-
pacity of metal ions (mg g-1), and ε is the Polanyi potential 
given by Eq. (7):

11
e

RTln
C

ε
 

= + 
 

                                                                (7)

where R is the gas constant (8.314 J mol−1 K−1) and T is 
the temperature (K). By plotting lnqe versus ε2 with experi-
mental data, a straight line is obtained. From the intercept 
and slope, the values of qm and β are determined. With the 
value of β, the mean energy E, which is the free energy 
transfer of one mole of solute from infinity to the surface 
of adsorbent, can be obtained using Eq. (8):
    

1
2

E
β

=                                                                               (8)

For E < 8 kJ mol−1, the adsorption process might be per-
formed physically, while chemical adsorption occurs 
when E > 8 kJ mol−1(45). 
All parameters are listed in Table 1. Looking at Table 1, in 
which the Langmuir, Freundlich, and D–R isotherm con-
stants for the adsorption of Pb (II) are summarized, it can 
be derived from R2 that the Freundlich model matched 
the experimental data better than either the Langmuir or 
D–R model. The research conducted by Senthil Kumar et 
al (3) on the removal of Pb (II) from aqueous solutions 
using chemically modified agricultural waste showed that 
the Freundlich model is a better fit in comparison with 
Langmuir. Moreover, it is clear that the adsorption of Pb 
(II) by Ni0.5Zn0.5Fe2O4/ASA may be explained as a physical 
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adsorption process, for the value of E is 2.673 kJ.
Adsorption capacity is a significant parameter which de-
termines the performance of an adsorbent. Table 2 com-
pares the maximum adsorption capacity of Ni0.5Zn0.5Fe2O4/
ASA for Pb (II) adsorption with that of other adsorbents 
in the literature.

Conclusion
Ni0.5Zn0.5Fe2O4/ASA magnetic nanoparticles were used 
in the adsorption of Pb (II) ions from aqueous solutions. 
Maximum Pb (II) adsorption was achieved at pH 5 with 
a maximum adsorption capacity of 47.20 mgg-1 at 298 K. 
The adsorption isotherm fit the Freundlich model well. 
The prepared magnetic adsorbent can be well dispersed 
in the aqueous solution and easily separated from it with 
the aid of an external magnet after adsorption. The water 
treatment described here is clean and safe using magnetic 
nanoparticles. Thus, this adsorbent was found to be use-
ful and valuable for controlling water pollution due to Pb 
(II) ions.
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Table 2. Maximum adsorption capacity of different adsorbents for 
Pb (II) removal

Adsorbents qm (mg/g) References

Modified agricultural waste 166.67 (46)
Hazelnut husk 109.90 (47)
Olive waste 6.57 (13)
Magnetically modified tea 44.50 (3)
Bael leaves 104.00 (4)
Marine green algae 15.62 (6)
Tourmaline 108 (48)
Amino-functionalized Fe3O4 magnetic 
nano-particles 40.10 (9)

Fe3O4@SiO2–NH2 243.90 (11)
Waste maize bran 142.86 (12)
Coir 48.83 (13)
Rice husk ash 91.74 (14)
Corncobs 43.40 (15)
Ni0.5Zn0.5Fe2O4/ASA 47.20 This study
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