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Iron oxide nanoadsorbents are cost-effective adsorbents that provide high adsorption capacity, rapid
adsorption rate and simple separation and regeneration. In this study, Fe3O4 nanoadsorbents have been
employed for the removal of Pb(II) ions from aqueous solutions by a batch-adsorption technique. The
effects of contact time, initial concentration of Pb(II) ions, temperature, solution pH and coexisting ions
on the amount of Pb(II) adsorbed have been investigated. Pb(II) adsorption was fast, and equilibrium was
achieved within 30 min. The amount of Pb(II) adsorbed increased as temperature increased, suggesting
ead
anoadsorbent

ron oxide
astewater

dsorption
quilibrium
anoparticle

an endothermic adsorption. The optimal pH value for Pb(II) adsorption was around 5.5. Furthermore,
the addition of coexisting cations such as Ca2+, Ni2+, Co2+, and Cd2+ has no remarkable influence on
Pb(II) removal efficiency. The adsorption equilibrium data fitted very well to Langmuir and Freundlich
adsorption isotherm models. The thermodynamics of Pb(II) adsorption onto the Fe3O4 nanoadsorbents
indicated that the adsorption was spontaneous, endothermic and physical in nature. The desorption
and regeneration studies have proven that Fe3O4 nanoadsorbents can be employed repeatedly without
impacting its adsorption capacity.
. Introduction

The presence of toxic metal ions in wastewater remains a serious
nvironmental concern. Therefore, it is necessary to develop vari-
us efficient technologies for their removal. A number of techniques
ave been used to remove the metal ions from wastewater efflu-
nts; including chemical precipitation [1], ion exchange process
2,3], electrolytic methods [4], adsorption onto activated carbon
5], organic-based ligand precipitation [6], membrane and reverse
smosis processes [7]. These methods have been found to be lim-
ted, because of the high capital and operating costs and/or the
neffectiveness in meeting stringent effluent standards. Therefore,
everal approaches have been studied for the development of
nexpensive and abundant metal sorbents, such as sawdust [8],
ive biomass [9], clay [10,11] and agricultural byproducts [12–14].
hese approaches, however, suffer from some challenges; includ-
ng the huge amount of sludge waste generated from the spent
dsorbents, the high regeneration cost and the low adsorption

ate and capacity, especially at very low pollutant concentration
15,16]. An excellent adsorbent should generally possess high sur-
ace area and short adsorption equilibrium time, so that it can
e used to remove high amount of pollutant in shorter time. In
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addition, it should generate a minimum amount of sludge. Nanoad-
sorbents could be employed most effectively not only in a very
low concentration range (∼1 ppm) of pollutant, but also in a very
high concentration range (∼1000 ppm), where other techniques
are ineffective, time-consuming, or costly. Nanoadsorbents have
particularly high adsorption capacities because of their specific
functionality and large specific surface areas, i.e., surface area
per unit mass. In addition, nanoadsorbents are highly mobile in
porous media because they are much smaller than the relevant
pore spaces, so they can be transported effectively by the flow in
porous media [17]. Therefore, the nanoadsorbents can be employed
in situ, within the contaminated zone where treatment is needed. In
situ, involves treatment of contaminants in place, in comparison to
ex situ where treatment occur after transferring the contaminated
material to a more convenient location [17], adding more cost and
environmental impact to the process (e.g. pumping, transportation,
instrumentations and treatment of contaminants). Certain types
of nanoadsorbents have been found to be effective in metal ion
removal [15,18–21]. Although previous research has highlighted
the ability of metal oxide nanoadsorbents for metal ion adsorption,
few metal ions were actually tested [15,20–23]. Furthermore, the

reported literature looked into percentage removal without deep
investigation onto the adsorption mechanism and thermodynamic
parameters. In the present study, the adsorption mechanistic,
kinetics, equilibria and thermodynamic of Pb(II) ions, as an example
of a typical heavy metal ion present in wastewater, onto the Fe3O4
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http://www.elsevier.com/locate/jhazmat
mailto:nassar@ucalgary.ca
dx.doi.org/10.1016/j.jhazmat.2010.08.069


N.N. Nassar / Journal of Hazardous M

Nomenclature

C concentration of Pb(II) in the solution at any time
(mg/L)

Cads amount of Pb(II) adsorbed onto the nanoadsorbents
(mg/L)

Cdes amount of Pb(II) released into the aqueous solution
(mg/L)

Ce equilibrium concentration of Pb(II) in the solution
(mg/L)

Co initial concentration of Pb(II) in the solution (mg/L)
K adsorption equilibrium constant (dimensionless)
KF Freundlich isotherm constant (mmol/g) (L/mmol)1/n

KL Langmuir isotherm constant (L/mmol)
m mass of Fe3O4 nanoparticles (g)
q amount of Pb(II) adsorbed at any time (mg/g)
qe amount of Pb(II) adsorbed at equilibrium time

(mg/g)
qm maximum equilibrium adsorption capacity of Pb(II)

(mg/g)
r (%) recovery efficiency of Pb(II)
R ideal gas constant (R = 8.314 J/mol K)
V total volume of aqueous solution (L)
1/n Freundlich heterogeneity factor (unitless)
�Go

ads standard Gibbs free energy change (kJ/mol)
�Ho

ads standard enthalpy change (kJ/mol)
�So

ads standard entropy change (J/mol K)

Subscripts
ads adsorption
des desorption
e equilibrium
o initial
m maximum
F Freundlich
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L Langmuir
zpc zeropoint of charge

anoadsorbents were investigated. In addition, the effect of solu-
ion pH, coexisting cations, and initial Pb(II) concentration on the
dsorption was studied. Furthermore, the Langmuir and Freundlich
odels were used to describe the equilibrium isotherms.

. Experimental

.1. Adsorbent

Fe3O4 nanoparticles obtained from Nanostructured & Amor-
hous Materials, Inc., Houston, TX, were used as nanoadsorbents.
efore any adsorption experiments were conducted, the charac-
eristics of the selected nanoadsorbents were evaluated; namely:
article size, structure, specific surface area (BET), pore volume
nd external surface area. Results are presented in Table 1. The
urface areas and pore volume of the nanoadsorbents were mea-
ured by performing N2-adsorption and desorption at 77 K, using
surface area and porosity analyzer (TriStar II 3020, Micromerit-

cs Corporate, Norcross, GA). The samples were degassed at 423 K
nder N2 flow overnight before analysis. Surface area was cal-
ulated using Brunauer-Emmet-Teller (BET) equation. External

urface areas were obtained by t-plot method and there was no
ignificant difference between the surface areas obtained by BET
nd t-plot methods. This indicates that the nanoadsorbents have
o significant porosity and maintain a high external surface area.
tructure and particle size were determined by using X-ray Ultima
aterials 184 (2010) 538–546 539

III Multi Purpose Diffraction System (Rigaku Corp., The Woodlands,
TX) with Cu KR radiation operating at 40 kV and 44 mA with a �–2�
goniometer. Scanning was performed from 8◦ to 90◦ with a count-
ing time of 0.2 s/step. The structure was identified by comparison
to spectra in the JADE program, Materials Data XRD Pattern Pro-
cessing Identification & Quantification. The diffraction pattern is
shown in Fig. 1. Clearly, it conforms the peaks of Fe3O4 as reported
by the manufacturer. Measurements on particle size indicated that
the Fe3O4 nanoadsorbents have a size of 22±1.5 nm.

Separation of nanoadsorbents from aqueous solution was eval-
uated by separating them via a small horseshoe Alnico magnet.
The concentrations of the nanoadsorbents in the supernatant
were evaluated at different pH values between 2.5 and 6.5 using
the inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) (IRIS Intrepid II XDL, Thermo-Instruments Canada Inc.,
Mississauga, ON). No significant Fe concentrations were detected
as confirmed by the ICP, indicating that all the nanoadsorbents were
separated by the magnet and the dissolution of the nanoadsorbents
under the considered experimental conditions was insignificant.

2.2. Adsorbates

Pb(NO3)2 obtained from ACROS Organics (99%, ACROS Organ-
ics, NJ) was selected for this study as a source of Pb(II) ions.
Pb(II) stock solution was prepared by dissolving a specified
weight of Pb(NO3)2 in 500 mL of deionized water, and subse-
quently diluted to the required concentrations. The following
chemicals were used as the precursor salts for the coexisting
cations present in wastewater, namely Ni(NO3)2·6H2O (99.9985%,
Alfa Aesar, Toronto, ON), Cd(NO3)2·4H2O (99%, Fisher Scientific,
Toronto, ON), Ca(NO3)2·4H2O (99.9%, Fisher Scientific, Toronto, ON)
and Co(NO3)2·6H2O (99%, Fisher Scientific, Toronto, ON). All chem-
icals were used without further purifications.

2.3. pH measurements

pH measurements were performed with a AB15 plus pH meter
from Fisher Scientific, Toronto, ON. Aliquots of 0.1 M HNO3 or 0.1 M
NaOH were used to adjust the pH over the range 2.5–6.5. In adjust-
ing the pH, care was taken not to change significantly the initial
concentration of Pb(II) ions in solution. Therefore, different NaOH
and HNO3 solution of optimum concentration were used to achieve
the desired pH values mentioned above and the added volume of
acid or base solution was kept ≤50 �L.

2.4. Adsorption of Pb(II) ions onto Fe3O4 nanoadsorbents

Batch-adsorption studies were performed by mixing nanoad-
sorbents with Pb(II) aqueous solution at a ratio 10:1 (g/L, mass
of nanoadsorbents/volume of solution). Kinetics and equilibrium
adsorption of Pb(II) ions onto the nanoadsorbents were carried
out at different temperatures, namely 298, 313 and 328 K. 100 mg
dry powder of nanoadsorbents was introduced into a 20-mL vial
directly. Then 10 mL of Pb(II) aqueous solution with known initial
concentration, Co (mg/L), ranging from 10 to 800 mg/L was added
to each vial. The vials were sealed and were shaken at 200 rpm
in a temperature incubator at a pre-selected temperature for a
required specific time. The Pb(II)-nanoadsorbents were separated
from the mixture by a small horseshoe Alnico magnet, and the
supernatant was decanted. The concentration of Pb(II) in the super-
natant was measured by using inductively coupled plasma-atomic

emission spectroscopy (ICP-AES). Pb(II) stock standard was pre-
pared by dissolving a specified mass of the corresponding Pb(NO3)2
in deionized water. Standards containing 0.1, 1 and 10 ppm were
prepared by diluting 50 ppm of the stock standard in deionized
water. Accordingly, a four-point calibration curve was constructed.
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Table 1
Characterizations of Fe3O4 nanoadsorbents considered in this study.

Manufacturer reported surface area (m2/g) Manufacturer reported
particle size (nm)

X-ray
measured

rticle
)

Estimated BET surface
area (m2/g)

External
surface area

Average Pore
volume (cm3/g)

±1.5
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40 20–30 22

typical standard error in the metal concentration measurements
as ±0.001 ppm. The equilibrium adsorption capacity, Qe, of Pb(II)

queous was calculated using the mass balance, according to the
ollowing equation [3]:

e = Co − Ce

m
V (1)

here V is the sample volume (L), m is the mass of Fe3O4 nanoad-
orbents (g), Co is the initial concentration of Pb(II) in the solution
mg/L), and Ce is the equilibrium concentration of Pb(II) in the solu-
ion (mg/L). For time-dependent data, C replaces Ce and Q replaces
e in Eq. (1).

.5. Effect of coexisting cations

Multi-metal cation adsorption of nanoadsorbents was exam-
ned in the presence of the following coexisting cations Pb2+, Ca2+,
i2+, Co2+, and Cd2+. A sample containing a mixture of Pb2+ with

he aforementioned cations was prepared at pH of 5.5 and 298 K.
oncentration of each cation was maintained at approximately
00 mg/L.

.6. Desorption of Pb(II)
In this experiment, desorption of Pb(II) from Pb-loaded
anoadsorbents was performed using HNO3 solution at different
oncentrations. Nanoadsorbents containing Pb(II) was exposed to
0 mL solution of different HNO3 concentrations, namely 0, 1, 5 and
0 mM. The mixture was agitated at 200 rpm and 298 K in a temper-

Fig. 1. X-ray diffractograms of selected nanoadsorbents. Reference data for Fe3O4 ar
size (m2/g)

43 39 0.38

ature incubator for 2 h. After desorption, the nanoadsorbents were
separated by a small horseshoe Alnico magnet, and the supernatant
was decanted for Pb(II) concentration measurement. The recovery
efficiency, r (%), of Pb(II) from the solid phase was calculated as
follows:

r (%) = Cdes

Cads
× 100 (2)

where Cdes and Cads are the amount of Pb(II) released into the aque-
ous solution and the amount of Pb(II) adsorbed onto the Fe3O4
nanoadsorbents (mg/L), respectively.

2.7. Reusability of nanoadsorbents

To test the reusability of the nanoadsorbents, the Fe3O4 nanoad-
sorbents containing Pb(II) were washed with HNO3 solution of pH
values between 2 and 3 until no detectable Pb(II) was observed in
the wash water, as confirmed by the ICP. After that, Fe3O4 nanoad-
sorbents were thoroughly washed with deionized water till the
pH of the wash water reached the range of 5.0–6.5. Then, the

washed nanoadsorbents were vacuum dried at 60 ◦C for 24 h and
re-used for the subsequent adsorption cycle. Five cycles of con-
secutive adsorption–desorption–regeneration were carried out to
validate the reusability of Fe3O4 nanoadsorbents for the removal
and recovery of Pb(II).

e from Materials Data XRD Pattern Processing Identification & Quantification.
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atively charged sites, which enhances attractive forces between the
ig. 2. Effect of contact time on the removal of Pb(II) at different initial concentra-
ions. Adsorbent dose: 10 g/L, shaking rate: 200 rpm, pH: 5.5, T: 298 K.

. Results and discussions

.1. Adsorption mechanism

In aqueous solution, the Pb(II) ions undergo solvation and
ydrolysis as per the following reactions [24,25]:

b2+ + nH2O↔ Pb(H2O)2+
n (R1)

b(H2O)2+
n ↔ Pb(H2O)n−1 +H+ (R2)

b2+ +mH2O↔ Pb(OH)(2n−m)
m +mH+ (R3)

iterature on Pb(II) speciation shows that the dominant species is
b(OH)2 at pH > 6.5 and Pb2+ and Pb(OH)+ at pH < 6.5 [24]. In the
eantime, the surface of metal oxide nanoadsorbents may undergo

rotonation/deprotonation as per reaction (R4) [26,27].

2O+M–O− H+←→
OH−

M–OH
H+←→

OH−
M–OH+

2 (R4)

here H+ and OH− refer to the potential determining ions.
The adsorption process is likely to be electrostatic attraction. In

he basic solution, a significantly high electrostatic attraction exists
etween the negatively charged surface of the adsorbent and the
b(II). As the pH of the solution decreases, the number of positively
harged sites increases and the number of negatively charged sites
ecreases. A positively charged surface site on the nanoadsorbent
oes not favor the adsorption of Pb(II) ions, due to the electro-
tatic repulsion. In addition, in an acidic environment, at low pH
alues, excess hydrogen ions compete with the Pb(II) ions for the
dsorption site resulting in lower adsorption of Pb(II).

.2. Effect of contact time and initial Pb(II) concentration

The adsorption of Pb(II) onto nanoadsorbents was monitored
or 250 min. The initial Pb(II) concentrations were 95 and 162 mg/L,
espectively, the initial pH value of solution was 5.5, and the solu-
ion temperature was 298 K. As seen in Fig. 2, Pb(II) was adsorbed
nto Fe3O4 nanoadsorbents quickly, and equilibrium was achieved

ithin 30 min, independent of the initial concentration of Pb(II).

his could be due to the small size of Fe3O4 nanoadsorbents, which
as favorable for the diffusion of Pb(II) ions from bulk solution

nto the active sites of the solid surface. Apparently, external
dsorption dominated and no pore diffusion was observed to slow
Fig. 3. Effect of pH on Pb(II) adsorption onto Fe3O4 nanoadsorbents. Initial Pb(II)
concentration: 220 mg/L, adsorbent dose: 10 g/L, shaking rate: 200 rpm, contact
time: 24 h, T = 298 K.

down the adsorption rate. Despite the short equilibrium time a
24-h contact time was adopted for the subsequent experiment
to ensure attaining adsorption equilibrium. The short equilibrium
time is in agreement with that reported by other researchers for
the adsorption of other metal ions onto iron oxide nanoparticles
[23,28,29]. In different to other conventional porous adsorbents
in which adsorption occur through pore diffusion steps, which in
turn slows down the adsorption rate [3]. Fe3O4 nanoadsorbent is
a nonporous adsorbent, as confirmed by surface area and porosity
measurement, where only external adsorption occurs. This type of
adsorption mass transfer requires less time to reach equilibrium
[30]. This result is promising as equilibrium time plays a major role
in wastewater treatment plant economic viability. Also, as seen in
Fig. 2, the amount adsorbed of Pb(II) increased with the increase in
the initial concentration of Pb(II) in solution. This can be attributed
to the increase in the ion occupancy number which favored the
adsorption process.

3.3. Effect of pH

It is well known that pH is one of the most important factors
which affect the adsorption process. Experiments were performed
to find the optimum pH on the adsorption of Pb(II) ions onto Fe3O4
nanoadsorbents using different initial pH values changing from 2.5
to 6.5. A pH value of 6.5 was not exceeded, since increasing pH to
7.0, at fixed values of other variables, resulted in the precipitation
of lead hydroxide [24]. Therefore, it was not possible to carry out
adsorption experiments for Pb(II) at pH > 6.5. This would introduce
uncertainty into the results.

Fig. 3 presents the effects of pH on the adsorption of Pb(II). As
seen, the removal of Pb(II) ions is clearly pH dependent with the
highest adsorption occurring at pH≥5.5. Such pH effect has been
observed for the adsorption of Pb(II) onto bulk iron oxides [31].
Higher pH is favorable for the deprotonation of sorbent surface
[26,27]. Increased deprotonation results in the increase of the neg-
sorbent surface and the Pb(II) ions, and thus results in an increase in
the adsorption capacity. In the lower pH region, on the other hand,
the positively charged sites dominate, this enhances the repulsion
forces existing between the sorbent surface and the Pb(II) ions, and
therefore decreases the adsorption of Pb(II) ions.
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ig. 4. Effect of coexisting ions on Pb(II) removal. Initial cation concentration:
00 mg/L, adsorbent dose: 10 g/L, shaking rate: 200 rpm, contact time: 24 h, pH 5.5,
= 298 K.

.4. Effect of coexisting cations

Generally, wastewater contains more than one cation. Thus, the
resence of other cations may interfere in the removal efficiency of
b2+. As a result, the effects of the following coexisting cations on
he Pb2+ adsorption were studied, namely Ca2+, Ni2+, Co2+, and Cd2+.
he results are shown in Fig. 4. Results are the means of triplicate
uns performed on different days with freshly prepared samples.

Surprisingly, the presence of these coexisting cations has no
emarkable influence on Pb(II) removal efficiency. In addition, Ca2+

ons and some of the Ni2+, Co2+, and Cd2+ ions were able to adsorb
nto the nanoadsorbents. In general, the competitive adsorption
bility varies from one metal ion to another and is related to a num-
er of factors, such as molecular mass, ion charges, hydrated ionic
adius and hydration energy of the metals [32]. Apparently, the
oexisting cations did not compete with Pb(II) ions for the active
ites on the nanoadsorbents, suggesting a multi surface adsorption
33].

.5. Effect of temperature

Temperature plays key roles on the adsorption process [35].
irst, increasing the temperature decreases the viscosity of the solu-
ion which, in turn, enhances the rate of diffusion of the adsorbate

olecules across the external boundary layer of the adsorbent and
esulted in higher adsorption. Second, changing the temperature
ay affect the equilibrium adsorption capacity of the adsorbent. For

nstance, the adsorption capacity will decrease upon increasing the
emperature for an exothermic reaction; while it will increase for
n endothermic one. Hence, a study of the temperature-dependent
dsorption processes provides valuable information about the
tandard Gibbs free energy, enthalpy and entropy changes accom-
anying adsorption. In this study, a series of experiments were
onducted at 298, 313 and 328 K to investigate the effect of temper-
ture on Pb(II) adsorption and determine the adsorption isotherms
nd thermodynamic parameters. Fig. 5 shows the amount of Pb(II)
dsorbed onto Fe3O4 nanoadsorbents at different temperatures. As

een in the figure, the amount of Pb(II) adsorbed increases as the
emperature increased. This increase suggests that the adsorption
rocess is an endothermic one. The increase in the Pb(II) adsorption
ith temperature may be due the increase in ions mobility, which

n turn increases the number of ions that interacted with active sites
Fig. 5. Effect of temperature on the adsorption of Pb(II). Adsorbent dose: 10 g/L,
shaking rate: 200 rpm, contact time: 24 h, pH 5.5.

at the adsorbent surfaces. Similar observations have been reported
by other researchers for the adsorption of Pb(II) onto metal oxide
surfaces [36,37].

3.6. Adsorption isotherms

One of the most important characteristics of an adsorbent
is the amount of adsorbate it can accumulate, which is cal-
culated from the adsorption isotherms. Adsorption isotherms
are constant–temperature equilibrium relationship between the
amount of adsorbate per unit of adsorbent (Qe) and its equilibrium
solution concentration (Ce). A number of mathematical models
have been employed for describing this equilibrium relationship.
Out of several models, Freundlich and Langmuir models have been
reported most frequently [38,39]. Eqs. (3) and (4) represent the Fre-
undlich and the Langmuir models, respectively. The linear forms of
the Freundlich and the Langmuir models are given by Eqs. (5) and
(6), respectively.

Qe = KF C1/n
e (3)

Qe = Qm
KF Ce

1+ KLCe
(4)

log Qe = log KF +
1
n

log Ce (5)

Ce

Qe
= 1

QmKL
+ Ce

Qm
(6)

where Qe is the amount of Pb(II) adsorbed onto the nanoadsorbents
(mmol/g), Ce is the equilibrium concentration of Pb(II) in super-
natant (mM), KF and n are Freundlich constants. KF is roughly an
indicator of the adsorption capacity ((mmol/g) (L/mmol)1/n), and
1/n is the adsorption intensity factor (unitless). Specifically, a larger
KF value suggests a greater adsorption capacity, and a lower 1/n
value indicates stronger adsorption strength. KL is the equilibrium
Langmuir adsorption constant related to the affinity of binding
sites (L/mmol). Qm (mmol/g) is the saturation capacity, represent-
ing the maximum amount of the Pb(II) adsorbed per unit weight of
nanoadsorbents for complete monolayer coverage. The adsorption

isotherms were determined using batch tests at different temper-
atures (Fig. 5) and pH = 5.5. Initial Pb(II) concentration was varied
from 0 to 800 mg/L.

As seen in Fig. 5, Pb(II) adsorption increased sharply at low equi-
librium concentration and starts to level off, suggesting that Fe3O4
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Table 3
Maximum adsorption capacity of Pb(II) ions onto various adsorbents.

Adsorbent Maximum
adsorption
capacity (mg/g)

Reference

Iron oxide
nanoparticles

36.0 (0.17 mmol/g) This study

Humic acid 22.7 [11]
Goethite 11.04 [11]
Al2O3-supported
iron oxide

28.98 [37]

Sand 0 [41]
Iron-coated sand 1.21 [42]
Manganese
oxide-coated sand

1.34 [43]

Montmorillonite 33 [44]
Al2O3 17.5 [45]
Diatomite 24 [46]
Manganese
oxide–carbon
nanotube

26.24 [47]

T
E

ig. 6. Freundlich and Langmuir isotherms of Pb(II) onto Fe3O4 nanoadsorbents at
ifferent temperatures. Adsorbent dose: 10 g/L, shaking rate: 200 rpm, contact time:
4 h, pH 5.5.

as a high sorption affinity for Pb(II) even at low concentration. In
ddition, an increase in the solution temperature favors the Pb(II)
dsorption as explained earlier. The Freundlich and Langmuir lin-
ar plots are presented in Fig. 6a and b. The adsorption data in
ig. 6a and b were fitted very well for both Freundlich and Lang-
uir models with correlation coefficients R2∼0.99. Nonetheless,

or comparing the best fitting of Freundlich and Langmuir models
on-linear Chi-square analysis [40] were conducted as per Eq. (7)

2 =
∑ (Qe − Qe Model)

2

Q
(7)
e Model

here Qe and Qe Model are the equilibrium adsorption capacity
btained experimentally and modeling, respectively. If the model
s in well agreement with the experimental data the �2 value

ould be small, the smaller �2 value the better agreement is with

able 2
stimated parameters for the Langmuir and Freundlich models at different temperatures

Temperature (K) Freundlich constants

KF (mmol/g) (L/mmol)1/n 1/n (unitless)

298 0.128 0.076
313 0.145 0.074
328 0.167 0.070
Sawdust 3.19 [48]
Activated carbon
(Merck)

21.5 [49]

Carbon nanotubes 17.44 [50]

the model. The adsorption constants obtained from the isotherms
together with �2values are listed in Table 2. Clearly, Freundlich
model seems to be the best-fitting model for the experimental
data. It is noteworthy that Langmuir model assumes that adsorp-
tion occurs on a homogeneous surface; while Freundlich model
describes adsorption where the adsorbent has a heterogeneous sur-
face with adsorption sites that have different adsorption energies.
The values of (1/n) in Table 2 indicate that n values are greater
than unity suggesting that Pb(II) ions are favorably adsorbed by the
nanoadsorbents. Furthermore, KF values increased as the temper-
ature increased suggesting an increase in the adsorption capacity
with temperature as was confirmed experimentally. A comparison
of the maximum uptake of Pb(II) ions onto different adsorbents
is given in Table 3. As seen, the maximum uptake of Pb(II) ions
onto Fe3O4 nanoadsorbents was approximately 1–35 times higher
than that of reported low cost adsorbents [11,37,41–50]. This
may be attributed to effect of particle size and distribution, sur-
face area, morphology, surface structure and properties. However,
higher adsorption capacities of Pb(II) have been reported by other
researchers [24,51–53]. Nonetheless, this comparison is not pre-
cise, since the experimental conditions are different.

3.7. Thermodynamic studies

Effect of temperature on the adsorption process provides valu-
able information not only on the type of process but also it provides
knowledge about standard Gibbs free energy (�Go

ads), standard
enthalpy (�Ho

ads) and standard entropy (�So
ads) changes during the

adsorption. �Go
ads can be determined using the Langmuir constant,
KL, by the following equation [54]:

�Go
ads = −RT ln K (8)

where R is the ideal gas constant (R = 8.314 J/mol K), T is the tem-
perature in Kelvin and K is the adsorption equilibrium constant

and pH = 5.5.

Langmuir constants

�2 KL (L/mmol) Qm (mmol/g) �2

0.001 24.6 0.14 0.001
0.001 28.6 0.15 0.01
0.001 33.1 0.17 0.1
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ig. 7. Determination of thermodynamic parameters for the adsorption of Pb(II)
nto Fe3O4 nanoadsorbents.

dimensionless). K can be expressed as KL×Cs, where KL is the equi-
ibrium Langmuir constant (L/mmol) and Cs is the solvent molar
oncentration (mM), which can be calculated from the density and
olecular weight of water at the given temperature. �Ho

ads and
So

ads can be determined from van’t Hoff equation [54] that showed
he dependence of equilibrium constant of the adsorption process
n temperature as follows:

n K = −�Ho
ads

RT
+

�So
ads

R
(9)

he van’t Hoff plot is presented in Fig. 7. The plot of ln(K) versus 1/T
as found to be linear with a correlation coefficient R2 = 1.0. �Ho

ads
nd �So

ads were calculated from the slope and intercept, respec-
ively. The thermodynamic parameters at the studied temperatures
re listed in Table 4. As seen, �Go

ads at all temperatures was a
egative value, confirming the spontaneous nature and the ther-
odynamically favorable adsorption. The further increase in the

egative value of �Go
ads the stronger the driving force of adsorption

rocess. The positive value of �Ho
ads implies that the interaction

etween Pb(II) ions and nanoadsorbents is endothermic in nature,
hile the positive value of �So

ads may be attributed to the increase
n randomness at the solid–liquid interface. This increase results
rom the extra translational entropy gained by the water molecules
reviously adsorbed onto nanoadsorbents but displaced by Pb(II)

ons. It is noteworthy that adsorption process with �Go
ads values

etween −20 and 0 kJ/mol corresponds to spontaneous physical
rocess, while that with values between −80 and −400 kJ/mol
orresponds to chemisorptions [55,56]. From the �Go

ads values
btained in this study, it can be deduced that the adsorption mech-

nism is dominated by physisorption. This also is supported by the
act that �Ho

ads < 40 kJ mol, indicating physical adsorption process
55].

able 4
stimated values of �Go

ads
, �Ho

ads
, �So

ads
for the adsorption of Pb(II) ions onto Fe3O4

anoadsorbents at different temperatures.

Temperature (K) −�Go
ads

(kJ/mol) �Ho
ads

(kJ/mol) �So
ads

(J/mol K) R2

298 17.9 8.1 87.1 1.0
313 19.2
328 20.0
Fig. 8. Desorption of Pb(II) from Pb(II)-loaded Fe3O4 nanoadsorbents using differ-
ent concentration of HNO3 solution at fixed initial concentration of Pb(II): 95 and
162 mg/L, adsorbent dose: 10 g/L, shaking rate: 200 rpm, contact time: 2 h, T = 298 K.

3.8. Desorption of Pb(II)

Desorption of Pb(II) has two advantages, namely valuable Pb(II)
ions can be recovered and nanoadsorbents can be re-used for
another cycle. From the pH study, it has been found that adsorption
of Pb(II) ions is highly dependent on pH. Therefore, the desorption
of Pb(II) can be achieved by decreasing the pH of solution. Fig. 8
shows that the desorption efficiency increased with the increase in
HNO3 concentration. Insignificant desorption was achieved with-
out additional HNO3; while almost 90% recovery was obtained at
10 mM HNO3, independent of the adsorbed Pb(II) concentration.
This suggests that the adsorption of Pb(II) onto Fe3O4 nanoad-
sorbents is reversible, and the bonding between the active sites
and the adsorbed Pb(II) is not strong. The results also suggest that
the Pb(II)-loaded nanoadsorbents can be easily desorbed using a
very low concentration of acid, and Fe3O4 nanoadsorbents has the
potential to be used as an adsorbent for the removal and recov-
ery of metal ions from wastewater. It is worth noting that, no
obvious Fe ions were observed in the solution with the change in
pH as detected by the ICP. This indicates that the dissolution of
Fe3O4 nanoadsorbents during the desorption process was not an
issue.

3.9. Reusability of nanoadsorbents

Fig. 9 shows the removal efficiency, R(%), of Pb(II), dur-
ing a five cycles of adsorption–desorption–regeneration, from
a 10-mL solution of initial Pb(II) concentration 162 mg/L
at pH 5.5. As seen, no significant decrease in the adsorp-
tion capacity of Fe3O4 nanoadsorbents during the five
cycles was observed. The results demonstrated that Fe3O4
nanoadsorbents can be used for the removal and recovery
of metal ions from wastewater over a number of cycles,
indicating its suitability for the design of a continuous pro-
cess.

It is noteworthy that commercially available adsorbents such
as, activated carbons are costly, time-consuming and its regener-
ation is essential. Actually, the regeneration and recovery of spent
activated carbons is the most expensive part of the adsorption tech-
nology and it accounts for about 75% of the total operating and

maintenance costs [34]. However, it seems this is not the case for
the regeneration of spent Fe3O4 nanoadsorbents. Therefore, Fe3O4
nanoadsorbent is a cost-effective alternative with fast adsorption
rate and its regeneration is simple and may be not necessary, espe-
cially for in situ application.
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. Conclusions

This study showed that Fe3O4 nanoadsorbents could be used as
n alternate to conventional adsorbents for the removal of metal
ons from wastewater in a very short time with high removal effi-
iency. The removal of Pb(II), as a typical metal ion commonly
resent in wastewater, by adsorption onto Fe3O4 nanoadsorbents
as successfully accomplished. Adsorption was very rapid and

quilibrium was achieved in less than 30 min. Also adsorption was
ighly dependent on the initial concentration of Pb(II), pH and tem-
erature. Maximum removal was observed at pH 5.5. Adsorption

ncreased as the initial concentration of Pb(II) and temperature
ncreased. The adsorption isotherms were also determined and

ere appropriately described by both Langmuir and Freundlich
odels, with a better fitting to the Freundlich model than the

angmuir model. The thermodynamics of Pb(II) adsorption onto
he Fe3O4 nanoadsorbents confirmed the endothermic nature of
he adsorption process, the spontaneity and the physisorption of
he process. The desorption and regeneration studies indicated
hat nanoadsorbents can be used repeatedly, without impacting
he adsorption capacity. Therefore, Fe3O4 nanoadsorbents are rec-
mmended as fast, effective and inexpensive adsorbents for rapid
emoval and recovery of metal ions from wastewater effluents.
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