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ABSTRACT

Heavy metals such as lead, nickel, and cadmium present in industrial
wastewater pose serious environmental and public health risks. In this study,
magnetic iron oxide nanoparticles with a crystallite size of 18 nm were
synthesized via a co-precipitation method and evaluated for the simultaneous
removal of Pb(ll), Ni(ll), and Cd(ll) from aqueous solutions.
Characterization was performed using X-ray diffraction (XRD), optical
microscopy, and magnetization measurements. Batch adsorption experiments
were conducted at 25 °C to investigate the effects of pH (3-9), adsorbent
dosage (0.3-1.0 g/L), and contact time (5-30 min). The key novelty of this
work is the achievement of high removal efficiencies under acidic conditions
(pH = 3) without any surface modification: 97% for Pb(Il), 98% for Ni(ll),
and 91% for Cd(ll), indicating strong potential for treating acidic industrial
effluents without pH adjustment. Increasing the pH to 9 reduced the removal
efficiencies to 45% for Pb(ll), 58% for Ni(ll), and 41% for Cd(Il).The
optimal adsorbent dosage was determined to be 0.5 g/L; higher dosages
reduced efficiency due to particle agglomeration. Adsorption equilibrium
was reached within 25-30 minutes. Kinetic data showed an excellent fit with
the pseudo-second-order model, while equilibrium data were well described
by the Langmuir isotherm, indicating monolayer chemisorption on
homogeneous adsorption sites. The maximum adsorption capacities were
3.42, 7.28, and 1.41 mg/g for Pb(ll), Ni(ll), and Cd(ll), respectively. Rapid
magnetic separation and reusability make these nanoparticles an efficient and
cost-effective adsorbent for the treatment of industrial wastewater.
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Introduction

Contamination of surface and groundwater by
heavy metals has become a major environmental
challenge. Heavy metals such as lead, cadmium,
mercury, chromium, nickel, and copper can pose
serious risks to human health and aquatic
ecosystems because of their toxicity, persistence,
and potential for bioaccumulation [1-3]. Various
industries, including metal plating, dyeing,
leather processing, battery manufacturing,
mining, and petrochemical activities, are
important sources of wastewater containing
heavy metals [4,5]. The discharge of these
pollutants into water resources, even at relatively
low concentrations, can cause adverse
toxicological effects [1-3]. Conventional methods
for treating industrial wastewater include
chemical precipitation, ion exchange, membrane
processes, electrochemical methods, and
adsorption [6,7]. However, these technologies
can have limitations such as chemical
consumption, sludge generation, operating cost,
and reduced efficiency under some wastewater
conditions [6,7]. Among these methods,
adsorption has attracted considerable attention
because of its operational simplicity, relatively
low cost, and effectiveness for removing
dissolved contaminants [8,9]. Nanomaterials
have also emerged as important adsorbents in
water and wastewater treatment because of their
high surface area, surface reactivity, and tunable
surface properties [8-11]. Magnetic iron oxide
nanoparticles, particularly magnetite (FesOa),
have received considerable attention because
their magnetic properties facilitate separation
from aqueous media, while their surface
chemistry can support interactions with dissolved
contaminants [9,12,13]. These characteristics can
facilitate adsorbent recovery and reuse [12,13].
Heavy-metal removal by iron-oxide-based
materials can involve adsorption, surface

complexation, ion exchange, and other surface-
mediated interactions, depending on the material
and solution chemistry [9,13]. Surface hydroxyl
groups (—OH) are important reactive sites in these
interactions [9]. Surface modification with
polymers, graphene-based materials, ionic
liquids, or other functional materials can further
alter adsorption capacity, selectivity, and stability
[14-17]. Numerous studies have investigated
nanostructured  materials for heavy-metal
removal. Zhang et al. reported arsenite and
arsenate adsorption on MnFe:Os4 and CoFe20s
magnetic nanomaterials [18]. Kumar and Jiang
investigated chitosan-functionalized graphene
oxide for arsenic adsorption from aqueous
solution [14]. Li et al. reported a magnetic
cyclodextrin—chitosan/graphene-oxide-based

adsorbent for chromium removal [15]. Several
operational parameters influence adsorption
performance, including solution pH, adsorbent
dosage, contact time, initial pollutant
concentration, temperature, and competing
species [19-21]. Optimization of these
parameters is important for maximizing removal
efficiency while limiting adsorbent consumption
and process costs [19,20]. Adsorption isotherm
models such as Langmuir and Freundlich,
together with kinetic models such as pseudo-
first-order and pseudo-second-order models, are
widely used to characterize adsorption behavior
and estimate adsorption parameters [19,21]. In
addition to adsorption performance, adsorbent
stability and reusability are important for
practical applications. Previous studies have
investigated magnetic and other nanostructured
adsorbents for repeated adsorption and
desorption and for recovery of adsorbed metals
[22,23]. Desorption can be performed using
acidic or alkaline media, depending on the
adsorbent and target metal [19,24]. Important
challenges in nanomaterial-based wastewater
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treatment include nanoparticle aggregation, loss
of effective surface area, stability under operating
conditions, and scale-up and cost considerations
[8,13]. Recent research has therefore increasingly
explored green synthesis routes, surface
modification with biocompatible materials, and
multifunctional nanocomposites [17,26,27].
Considering the growing importance of industrial
wastewater treatment, the aim of this study is to
evaluate the performance of magnetic iron oxide
nanoparticles for the removal of heavy metals
from industrial wastewater. This research
investigates the effects of operational parameters,
explores adsorption behavior, models adsorption
isotherms and kinetics, and evaluates the practical
applicability of the adsorbent. The present study
evaluates Pb(Il), Ni(ll), and Cd(ll) as the target
metal ions. The removal capability of the
unmodified FesOs nanoparticles toward other
metal ions was not investigated in the present
work and should therefore be evaluated in future
studies to establish broader applicability.

Recent studies further demonstrate the diversity
of pollutant-removal approaches. lonic-liquid-
modified nano-clays have been investigated for
Cd(l1) removal, while modified nano-clay
systems have also been evaluated for Pb(Il) and
Hg(ll) removal [16,28]. Nickel removal has
been studied using zinc-powder cementation
under optimized operating conditions [29], and a
magnetized tomato-residue-derived
nanoadsorbent has recently been reported for
Ni(ll) removal from dairy wastewater [32]. In
addition, an Ag-assisted ionic-liquid extraction
system has been developed for the removal of an
organic dye from environmental and
pharmaceutical samples [31]. These studies
broaden the context for comparing adsorption
and separation strategies for both inorganic and
organic pollutants.

Materials and Methods

1. Materials and Chemicals

Magnetic iron oxide nanoparticles (FesO4) with
a purity of 99% and an average particle size of
18 nm were purchased from Merck, Germany
[13,25]. The nanoparticles exhibited spherical
morphology, a density of 5.31 g/cm?3, and a black
appearance. Sodium hydroxide (NaOH) and
sulfuric acid (H2SOa4) solutions (0.1 M) were
used to adjust the pH of the solutions [9]. All
chemicals used in this study were of analytical
grade and were used without further purification.

2. Characterization of Nanoparticles

The crystalline structure and purity of the iron
oxide nanoparticles were confirmed using X-ray
diffraction (XRD) analysis [8]. The XRD pattern
indicated that the nanoparticles possessed a
high-purity inverse spinel structure
characteristic of magnetite (FesO.). The average
crystallite size was calculated using the Scherrer
equation (Eg. 2) and was determined to be
approximately 18 nm. The morphology and
particle size distribution were examined using a
Nikon E200 optical microscope [13].

3. Preparation of Industrial Wastewater
Samples

Real wastewater samples were collected from a
refinery located in southern Iran. The
wastewater contained various concentrations of
heavy metals along with other pollutants;
however, the focus of the present study was on
heavy metal contaminants. Table 1 presents the
complete composition of the investigated
wastewater [12,13,32]. After collection, the
samples were stored at room temperature
(approximately 25 °C), and their initial pH was
measured prior to the adsorption experiments.
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Table 1. Characteristics of Industrial Wastewater
Pollutants (Pb?") (Ni%t) (cd*") (NO3) (P0o3) Asphaltine Turbidity
Initial
nitia . 17 36 8 34 14 5 40
Concentration
Unit mg/L mg/L mg/L mg/L mg/L Wit% NTU
Graphical Abstract
Ve N
Industrial wastewater
Pb2+ Ni2+ Cd2+
Real refinery wastewater sample
\ 4
C ~

Adsorbent dosage = 0.5 g/L

Adsorption with unmodified Fez0s nanoparticles

Particle size = 18 nm

. pH=3

contact time = 25-30 min

2 7
4 . . N\
Magnetic separation
External magnet — rapid collection of FesOs nanoparticles
S J
( Removal: Pb(ll) 97% | Ni(ll) 98% | Cd(ll) 91% ]

Figure 1. Graphical abstract of the adsorption process and key experimental steps for the removal of Pb(I1), Ni(ll), and
Cd(II) using unmodified magnetic FesO4 nanoparticles.

4. Adsorption Experiments

Batch adsorption experiments were carried out
to evaluate the removal performance of the
magnetic iron oxide nanoparticles [9,13]. In
each experiment, a fixed volume of wastewater
(200 mL) was mixed with a specified amount of
iron oxide nanoparticles (0.5 g). The
suspensions were stirred using a magnetic
stirrer for different contact times ranging from
5 to 30 minutes at room temperature [13].After
equilibrium was reached, the nanoparticles
were separated from the solution using an

external magnet [19,21]. The residual
concentrations of heavy metals in the
supernatant were then measured using

appropriate analytical methods.

4.1. Effect of pH

To investigate the effect of pH on the removal
efficiency of heavy metals, adsorption
experiments were conducted at four different pH
values (3, 5, 7, and 9) [9,15]. The solution pH
was measured using a Corning 430 pH meter and
adjusted by adding 0.1 M NaOH or H2SOa
solutions. In these experiments, the adsorbent
dosage was fixed at 0.5 g/L and the contact time
was maintained at 30 minutes.

4.2. Effect of Adsorbent Dosage

The influence of nanoparticle dosage on heavy
metal removal efficiency was investigated using
different adsorbent dosages of 0.3, 0.5, 0.8, and
1.0 g/L ([8,20]). During these experiments, the
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solution pH was maintained at the optimum
value (pH = 3), and the contact time was fixed at
30 minutes.

4.3. Effect of Contact Time

To determine the adsorption equilibrium time,
experiments were conducted over a contact time
range of 5 to 30 minutes [20,23]. In this stage,
both the pH and adsorbent dosage were
maintained at their optimum values. Samples
were collected at contact times of 5, 10, 15, 20,
25, and 30 minutes.

5. Analytical Methods

The concentrations of heavy metals (lead,
nickel, and cadmium) were measured using a
Hach DR2800 spectrophotometer.

6. Calculation of Removal Efficiency
The removal efficiency ® of heavy metals was
calculated using the following equation ([9,13])

(Eq. 1):

R(%) = C"C;C x 100 (1)
0

where:

Co = initial concentration of the heavy metal

(mg/L)

C. = equilibrium concentration of the heavy
metal after adsorption (mg/L)

7. Data Analysis

All experiments were conducted in five
replicates, and the results are reported as mean £
standard deviation. Statistical analysis was
performed using Microsoft Excel software. To
investigate the adsorption mechanism, the
experimental data were fitted to adsorption
isotherm models (Langmuir and Freundlich) as
well as kinetic models (pseudo-first-order and
pseudo-second-order) [2.20.34].

Results and Discussion

1. Characterization of Iron Oxide
Nanoparticles

The magnetic iron oxide nanoparticles (FesOa)
were characterized using several analytical
techniques prior to the adsorption experiments.
The X-ray diffraction (XRD) pattern of the
synthesized nanoparticles is presented in Figure
2. Characteristic diffraction peaks were
observed at 20 values of 30.1°, 35.5°, 43.1°,
53.4°, 57°, and 62.6°, corresponding to the
crystal planes (220), (311), (400), (422), (511),
and (440), respectively, of the cubic spinel
structure of magnetite (FesOs) [11,27].The
absence of impurity peaks confirmed the high
purity (>99%) of the synthesized nanoparticles.
Using the Scherrer equation, the average
crystallite size was estimated to be
approximately 18 nm, which was consistent with
the specifications provided by the manufacturer
(Merck, Germany) [13].

KA
- Bcos6 (2)

where D is the crystallite size, K is the Scherrer
constant (0.9), A is the X-ray wavelength (1.5406
A), B is the full width at half maximum (FWHM)
of the diffraction peak, and 0 is the Bragg angle.
Optical microscopy images obtained using a
Nikon E200 microscope revealed that the
nanoparticles possessed an approximately
spherical morphology with a relatively uniform
size distribution. The strong magnetic properties
of the nanoparticles enabled their rapid and
complete separation from the wastewater
solution using an external magnet, which
represents one of the major advantages of this
adsorbent for industrial applications [9,13].
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Figure 2. XRD pattern of synthesized FesO4 magnetic nanoparticles showing characteristic peaks corresponding to the
cubic spinel structure of magnetite.

2. Effect of pH on the Removal Efficiency of
Heavy Metals

Solution pH is one of the most important
parameters affecting the adsorption process of
heavy metals, as it influences the surface
charge of the adsorbent, the degree of
ionization of surface functional groups, and

e Ph Mean

100 _ .

80

60

40

20

REMOVAL EFFICIENCY (%)

Ni Mean

the chemical speciation of metals in solution
[7,12]. The effect of pH on the removal
efficiency of lead, nickel, and cadmium was
investigated within the pH range of 3-9
(adsorbent dosage: 0.5 g/L, contact time: 30
min, room temperature). The results are
presented in Figure 2 and Table 2.

e Cd Mean

-4

PH OF SOLUTION

Figure 3. Effect of pH on the removal efficiency of Pb(Il), Ni(Il), and Cd(II) by FesO4+ magnetic nanoparticles (adsorbent dose: 0.5
g/L, contact time: 30 min, initial concentrations: Pb=17 mg/L, Ni=36 mg/L, Cd=8 mg/L, temperature: 25+2°C, n=5).
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Table 2. Effect of pH on removal efficiency of heavy metals by FesOs nanoparticles.

pH 3 5 7 9
Pb(II)

7 45
Removal(%0) o %3 69
Ni(II)

7 76 58

Removal(%0) % S
Catn 91 88 57 41

Removal(%0)

As shown in Figure 3, the highest removal
efficiency for all three metals was achieved at
pH = 3. At this pH, the removal efficiencies of
lead, nickel, and cadmium were 97%, 98%, and
91%, respectively. Increasing the pH from 3to 5
resulted in a slight decrease in removal
efficiency (lead: 93%, nickel: 97%, cadmium:
88%). Further increases in pH to 7 and 9 caused
a significant reduction in removal efficiency; at
pH = 9, the removal efficiencies of lead, nickel,
and cadmium decreased to 45%, 58%, and 41%,
respectively. This inverse trend (decreasing
removal efficiency with increasing pH) can be
explained by the following mechanisms:

1. Formation of Anionic Metal Complexes at
Low pH

In acidic environments (pH < 4), heavy metals
may exist as anionic or neutral complexes such
as PbCIl’, Pb(OH)*, NiCl*, and CdCI*" [13,15].
These species can be adsorbed through
electrostatic attraction or surface complex
formation with the hydroxyl groups present on
the nanoparticle surface (=Fe—OH) [8].

2. Positive Surface Charge of Nanoparticles at
Low pH

At pH values below the point of zero charge, the
nanoparticle surface becomes positively charged
due to protonation of surface hydroxyl groups.
However, in the presence of chloride or sulfate
anions (present in the wastewater), heavy metals
may form anionic or neutral complexes and
become adsorbed through specific adsorption or
inner-sphere surface complexation mechanisms

[21,22]. This mechanism is independent of
surface charge and becomes dominant under
acidic conditions.

3. Competition of Hydrogen lons and Hydroxide
Precipitation at High pH

With increasing pH, two major factors
contribute to the reduction in adsorption
efficiency:

+ Hydrogen ion competition:

At higher pH values, the concentration of H*
ions decrease, and the nanoparticle surface
becomes deprotonated, acquiring a negative
charge. Although this negative charge would
theoretically enhance the adsorption of metal
cations, in practice, precipitation of metal
hydroxides at high pH causes metals to be
removed from solution through precipitation
rather than surface adsorption [12,13]. These
precipitates may block active surface sites and
reduce the actual adsorption efficiency.

++ Changes in metal speciation:

At high pH values, metals tend to form soluble
hydroxide species with lower affinity for surface
adsorption [21].

4. Comparison Among Metals

Nickel exhibited higher removal efficiency than
lead and cadmium throughout the investigated
pH range. This behavior can be attributed to the
smaller ionic radius of nickel (0.69 A) compared
with lead (1.19 A) and cadmium (0.95 A), as
well as its greater tendency to form stable
complexes [21,22]. Based on the obtained
results, pH = 3 was selected as the optimum pH
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for heavy metal removal, since the highest
removal efficiencies (>90% for all three metals)
were achieved under this condition.

3. Effect of Adsorbent Dosage on Removal
Efficiency
The effect of adsorbent dosage on the removal
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efficiency of heavy metals was investigated
within the range of 0.3-1.0 g/L (pH = 3, contact
time: 30 min, room temperature). The results are
presented in Figure 4.

e Cd Mean

0.8 1
68 40
79 49
61 38

ADSORBENT DOSE OF SOLUTION

Figure 4. Effect of adsorbent dose on the removal efficiency of Pb (I1), Ni (I1), and Cd (II) by FesO4 magnetic nanoparticles
(pH=3, contact time: 30 min, initial concentrations: Pb=17 mg/L, Ni=36 mg/L, Cd=8 mg/L, temperature: 25+2°C, n=5).

With increasing adsorbent dosage from 0.3 to
0.5 g/L, the removal efficiency of lead
increased from 78% to 92%, nickel from 89%
to 95%, and cadmium from 77% to 88%. This
significant improvement can be attributed to
the increase in the number of active adsorption
sites and the greater specific surface area
available for adsorption of metal ions [9,18].
How ever, further increasing the adsorbent
dosage to 0.8 and 1.0 g/L resulted in a
considerable decline in removal efficiency. At
a dosage of 1.0 g/L, the removal efficiencies of
lead, nickel, and cadmium decreased to 40%,
49%, and 38%, respectively. This unexpected
reduction can be explained by the following
mechanisms:

1. Saturation of Adsorption Sites and Decrease
in Metal-to-Adsorbent Ratio

At high adsorbent dosages, the ratio of metal
concentration to adsorbent surface area decreases.
In other words, the number of available metal
ions becomes insufficient to occupy all
adsorption sites, leaving a significant portion of
the sites unoccupied [8,19]. This phenomenon
reduces the adsorbent utilization efficiency.

2. Aggregation and Agglomeration of
Nanoparticles

At high adsorbent concentrations, nanoparticles
tend to aggregate and form agglomerates,
leading to a reduction in effective specific
surface area and blockage of internal adsorption
sites [8,13]. In addition, agglomeration may
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limit the mass transfer of metal ions to the
nanoparticle surface.

3. Increase in Turbidity and Interference with
Measurements

At high adsorbent dosages, solution turbidity
increases, which may affect the accuracy of
residual metal concentration measurements
using the spectrophotometer [20]. From both
economic and  adsorbent  optimization
perspectives, a dosage of 0.5 g/L was selected as
the optimum dosage, since this condition
provided the highest removal efficiencies (lead:

e Ph Mean

100
90
80
70
60
50
40
30
20
10

0

Removal Efficiency (%)

5 10
53
62
51

e Ph Mean
Ni Mean 38

e Cd Mean 31

Ni Mean

15
74
77
62

101

92%, nickel: 95%, cadmium: 88%) with
minimum adsorbent consumption [13,22].

4. Effect of Contact Time and Adsorption
Kinetics

Contact time is one of the key parameters in the
design of adsorption systems. The effect of
contact time on the removal efficiency of heavy
metals was investigated over a range of 5-30
minutes (pH = 3, adsorbent dosage: 0.5 g/L). The
results are presented in Figure 4.

e Cd Mean

20 25 30
81 89 92
85 92 95
73 79 82

contact time of solution

Figure 5. Effect of contact time on the removal efficiency of Pb (1), Ni (I}, and Cd (IT) by FesO4 magnetic
nanoparticles (pH=3, adsorbent dose: 0.5 g/L, initial concentrations: Pb=17 mg/L, Ni=36 mg/L, Cd=8 mg/L, temperature:
25+2°C, n=b).

The removal efficiency of all three metals
increased rapidly during the initial minutes of the
adsorption process. Within the first 5 minutes, the
removal efficiencies of lead, nickel, and cadmium
reached 29%, 38%, and 31%, respectively. This
rapid increase can be attributed to the availability
of a large number of vacant adsorption sites on
the nanoparticle surface and the high
concentration gradient between the solution and
the adsorbent surface [8,13].After 30 minutes, the
adsorption process reached equilibrium, and the

removal efficiencies of lead, nickel, and cadmium
were reported as 92%, 95%, and 82%,
respectively.To investigate the rate-controlling
mechanism of adsorption, the experimental data
were fitted to two commonly used kinetic models
(Egs. 3 and 4):

% Pseudo-First-Order Model

k
log(qe — q0) = logqe — 55>t ()
«»  Pseudo-Second-Order Model

1 t
=+ @
ka3 = qe (4)

t
de
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where q. is the adsorption capacity at
equilibrium, q; is the adsorption capacity at time
t, ki is the pseudo-first-order rate constant, and
k- is the pseudo-second-order rate constant. The

calculated Kkinetic parameters and correlation
coefficients (R?) are presented in Table 3.

Table 3. Kinetic parameters for the adsorption of heavy metals onto FesOs nanoparticles.

q..eXp Pseudo-first-

Pseudo-second-

Metal (mg/g) order order
q..cal ky q..cal k, R?
(mg/g) (min™?) (mg/g) (g/mg.min)
Pb(II) 3.13 2.21 0.082 0.921 3.18 0.054 0.997
Ni(ID) 6.84 4.92 0.091 0.934 6.89 0.029 0.998
Cd(n) 1.26 0.89 0.075 0.908 1.28 0.118 0.996

As observed, the pseudo-second-order model
provided a better description of the experimental
data, with higher correlation coefficients (R? >
0.99) and closer agreement between the
calculated and experimental . values. This
result indicates that the adsorption process is
predominantly controlled by a chemisorption
mechanism involving electron sharing or
exchange between the metal ions and the
functional groups present on the nanoparticle
surface [13, 24].

5. Adsorption Isotherms

Adsorption isotherms provide important
information regarding the maximum adsorption
capacity, the type of interaction between the
adsorbent and adsorbate, and the surface
homogeneity of the adsorbent [8,15]. The
equilibrium adsorption data were fitted to two
commonly used isotherm models (Egs. 5 and 6):
Langmuir and Freundlich.

s Langmuir Model
Ce 1 Ce

Tk (%)
e mEL dm

«»  Freundlich Model

logq, = logKp + %logCe (6)

R where C. is the equilibrium concentration of

the metal in solution, q. is the adsorption
capacity at equilibrium, g is the maximum
monolayer adsorption capacity, K; is the
Langmuir constant, Kf is the Freundlich
constant, and n is the adsorption intensity
constant. The correlation coefficients indicated
that the Langmuir model (R2 > 0.98) described
the experimental data better than the Freundlich
model (R2 = 0.92-0.95). This finding suggests
that the adsorption of heavy metals onto iron
oxide nanoparticles mainly occurs as monolayer
adsorption on homogeneous surface sites
[19,21]. The maximum adsorption capacities for
lead, nickel, and cadmium were calculated as
3.42, 7.28, and 1.41 mg/g, respectively. The n
values obtained from the Freundlich model
ranged from 2 to 4 for all three metals, indicating
favorable adsorption conditions (n > 1 represents
favorable adsorption) [22]. The dimensionless
separation factor (R;)in the Langmuir model

was calculated using the following equation:
1
T 14+KLCo

()
The calculated R, values for all three metals

ranged between 0 and 1 (0.11-0.47), indicating
favorable and feasible adsorption behavior [13].

Ry
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Table 4. Isotherm parameters for the adsorption of heavy metals onto FesO4 nanoparticles.
Metal Langmuir Freundlich
dm KL 2 KF 2
R R R
(mg/g) (L/mg) ’ (mg/g)
Ph(II) 3.42 0.185 0.24 0.989 1.12 2.81 0.941
Ni(IT) 7.28 0.221 0.11 0.993 2.34 3.15 0.928
Cd(1) 1.41 0.142 0.47 0.981 0.48 2.53 0.935
Langmuir Isothermsi DD
— 25 — 26—
Pb(Il) Ni(l1) cd(in
| R®=o0.9926 20 ] RE=09897 | 0] RE=009889
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Figure 6. Langmuir and Freundlich isotherm plots for the adsorption of Pb(II), Ni(II), and Cd(IT) onto FesO. magnetic
nanoparticles (pH=3, adsorbent dose: 0.5 g/L, contact time: 30 min, temperature: 25+2°C, n=5).

6. Comparison of the Removal Efficiency of
Different Metals

Under optimum conditions (pH = 3, adsorbent
dosage: 0.5 g¢/L, contact time: 30 min), the
removal efficiency and adsorption capacity of
the three investigated heavy metals are
compared in Table 5. Also table 6 summarizes
the performance of the unmodified FesOa
nanoparticles used in the present study in

comparison with previously reported adsorbents
and separation systems. The comparison shows
that the present adsorbent provides high removal
efficiencies for Pb(Il), Ni(ll), and Cd(ll),
together with a relatively short equilibrium time
and low adsorbent dosage. However, differences
in pollutants, operating conditions, and
experimental matrices should be considered
when interpreting these results.
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Table 5. Comparison of removal efficiency and adsorption capacity for different heavy metals under optimum conditions

Metal

3.3
7.06
1.46

Initial Conc. (mg/L)

97

98
91

Final Conc. (mg/L)

0.51
0.72
0.72

Removal Efficiency

(%)

17
36

Adsorption
Capacity (mg/qg)

Pb(II)
Ni(II)
Cd(In)
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Conclusion

Magnetic FesOs nanoparticles (18 nm) were
evaluated for the simultaneous removal of
Pb(I1), Ni(1l), and Cd(l1). Under the investigated
conditions, pH = 3 and an adsorbent dosage of
0.5 g/L provided the highest removal
efficiencies, reaching 97%, 98%, and 91% for
Pb(Il), Ni(ll), and Cd(lIl), respectively.
Adsorption reached equilibrium within 25-30
min, the Kinetic data were best described by the
pseudo-second-order model, and the Langmuir
model provided the best fit to the equilibrium
data, with maximum adsorption capacities of
3.42, 7.28, and 1.41 mg/g for Pb(I1), Ni(ll), and
cd(, respectively. ~ The  unmodified
nanoparticles also allowed rapid magnetic
separation. The present study was limited to the
three investigated metal ions; evaluation of
additional ions, repeated regeneration cycles,
and long-term performance in continuous-flow
and more complex wastewater matrices is
recommended for future work.
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