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a b s t r a c t
A nanoadsorbent based on δ-MnO2 and Fe3O4 was synthesized and assessed as an adsorbent for 
removing some heavy metals from acidic aqueous solution. The δ-MnO2 adsorbent was prepared in 
aqueous alkaline medium using an oxidative precipitation methodology in presence of superpara-
magnetic magnetite particles previously synthesized. The adsorbent was chemically, physically and 
magnetically characterized using several analytical techniques. The resulting adsorbent consists of 
nanoparticles with sizes below 1 µm forming larger agglomerated structures with a mean size rang-
ing between 6 and 9 nm. The nanoparticles have superparamagnetic properties that allow separating 
the metal-loaded sorbent particles from the treated aqueous solution using conventional magnets. 
Pb(II) and Cd(II) adsorption tests were carried out showing that the metals adsorption increases with 
the pH of the aqueous solution, which is consistent with the observed adsorbent zeta potential mea-
surements. Pb(II) and Cd(II) equilibrium experiments were conducted, and the results were studied 
using Langmuir and Freundlich isotherm models. Adsorption kinetics experiments were carried out 
separately for both metallic ions. A pseudo-second-order adsorption kinetics model explained well 
the experimental data. 
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1. Introduction

In Chile, one of the major environmental problems con-
cerning the management of liquids in mining-related activities 
is the generation of acid wastewaters triggered by chemical 
and/or microbial oxidation of sulfides in presence of air and 
water and produced by either hydrometallurgical processes or 
the natural generation of acid mine drainages (AMD) gener-
ated in tailing dumps. [1–3]. These mining aqueous solutions 
exhibit an important amount of chemical contaminants, either 

dissolved or suspended, at concentrations that normally sur-
pass the maximum limits established by the Chilean national 
discharge regulations [4]. Water requirements in the mining 
industry are becoming a real problem, especially in regions 
such as the Atacama Desert or the Andes mountains, where 
this vital resource is scarce. Limited water resources ought to 
meet the needs of local communities as well as those related 
to the mining activities. Therefore, it is absolutely necessary 
to optimize the use of all the available water resources and, 
simultaneously, to control adequately the water composition 
according to its use particularly those close to human con-
sumption and there pollutants rise as a major concern. 
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Among the main pollutants found in acidic waters from 
mining activities, the heavy metal ions, sulfate ions colloi-
dal particles difficult to settle are observed in many cases. 
Particularly, the removal of trace highly toxic metallic ions 
like Pb(II), Cd(II) and others is a complication mine sites 
commonly face. The classic process for treating acidic min-
ing solutions only considers a chemical treatment based on 
contacting the polluted stream with lime (CaO or Ca(OH)2) 
increasing the pH up to a point where metals precipitate from 
solution. This process is somehow considered annoying since 
it produces large amounts of sludge and does not accomplish 
the complete removal of toxic metals, among other reasons, 
because of the residual concentrations resulting from their 
solubility. Furthermore, the precipitate obtained out of this 
method is often colloidal in nature and, therefore, difficult to 
separate via standard filtration stages.

Other technical options that can be used to carry out the 
uptake of pollutants from acidic aqueous solutions are ionic 
exchange (IX) with solid resins [5,6], solvent extraction (SX) 
[7], the use of liquid membranes with and without surfac-
tants for extracting and concentrating metal ions from dilute 
solutions [8,9], solid supported liquid membranes [10,11], 
biosorption [12,13] and adsorption strategies using natural or 
synthetic adsorbents such as activated carbon, zeolites, clays 
and metal oxides [14–16]. Notwithstanding the advantages 
all the previous mentioned technical options have, they also 
exhibit disadvantages that inevitably lead toward seeking 
new and improved wastewater treatment methods. 

Specifically, in the field of adsorption many metal oxide 
adsorbents for removing contaminants from aqueous solu-
tions have been reported. For example, Mustafa et al. [17] 
studied the use of non-magnetic MnO2 to remove PO4

3– from 
aqueous solution reporting good results. Other research-
ers evaluated the utilization of various compounds such as 
MnO2, ZrO2, Al2O3 and SiO2 to remove Cu(II), Cd(II) and 
phosphorus species [18–21] while Han et al. [22] presented 
a study on the adsorption of Cu(II) and Pb(II) using man-
ganese-oxide-coated sand reporting promising results. The 
metal adsorption capacity of these oxides varies with the 
solution pH, the initial concentration of the contaminants, 
the ionic strength of the solution, the particle size of the 
adsorbent, the zeta potential of the solid phase and the redox 
potentials of electrochemical reactions taking place in the sys-
tem. δ-MnO2 is a common hydrous-oxide adsorbent that can 
be synthetized in presence of microstructures or nanostruc-
tures presenting a large surface area and many OH– groups 
that favors the uptake of many ions from aqueous solutions 
following different adsorption mechanisms [23,24].

However, the most important limitation of using metal 
oxides as adsorbents is the inherent difficulty of implement-
ing the solid–liquid separation once the adsorption process 
is finished, mainly because of the colloidal form the oxides 
present with particle sizes ranging between 0.5 and 5 µm. 
This research study aims at solving this issue by synthesiz-
ing, characterizing and using a magnetized nanostructured 
metal oxide, which would facilitate the separation of the 
“pollutants-loaded adsorbents” from the aqueous solutions 
by using a simple magnetic process.

In a previous report we synthetized a δ-MnO2 microsor-
bent for removing trace concentration levels of harmful inor-
ganic contaminants from water [25]. This study moves on 

toward a next step through synthetizing in a reproducible way 
a stable nanostructured δ-MnO2 adsorbent having superpara-
magnetic properties so as to be used like adsorbent in exper-
iments for removing selected toxic heavy metals (Pb and Cd) 
from acidic aqueous solutions simulating an AMD from a mine 
site. Furthermore, the physical and chemical characterization 
of the synthesized adsorbent is also evaluated and reported. 

2. Experimental procedure

2.1. Preparation of the adsorbent δ-MnO2 with magnetic 
properties

The synthesis of the adsorbent was carried out in a two-
stage sequence. First, magnetite particles were prepared 
using coprecipitation of Fe(II) and Fe(III) salts, according 
to a method described in previous studies [26]. In a beaker, 
under nitrogen inert atmosphere and at room temperature, 
50 mL of FeCl3 0.2 M and 50 mL of FeCl2 0.1 M were mixed. 
Afterward, the temperature was increased until 80°C where 
10 mL of a concentrate solution of NH4OH was added reach-
ing a pH close to 9.0. The black magnetite particles were read-
ily formed being separated magnetically from the aqueous 
solution using a magnet. After washing these particles, the 
solid obtained was divided into two representative subsam-
ples. One subsample was washed and dried at 40°C while the 
other was kept in a 0.01 M NaNO3 solution.

Second, the magnetic δ-MnO2 adsorbent was prepared 
using an oxidative precipitation method in alkaline medium, 
consisting of the oxidation of Mn(II) ions caused by the pres-
ence of KMnO4 as oxidizing agent, according to the following 
chemical reaction: 

3MnCl 2KMnO 4OH

5MnO + 2K + 6Cl +
2(aq) 4(aq) (aq)

2(s)
+

(aq) (aq)

+ +

→

−

−   2H O2 (l)

 (1)

In order to obtain a manganese oxide with magnetic prop-
erties, the synthesis of δ-MnO2 was performed in presence 
of magnetite (Fe3O4), previously prepared. Different MnO2/
Fe3O4 proportions were prepared and evaluated. The addi-
tion of KOH permitted to reach pH 12. The suspension was 
mechanically stirred at 500 rpm during 30 min. A dark-brown-
ish solid was rapidly obtained and separated from the solu-
tion by using a neodymium magnet. The product was then 
washed with distilled water. A representative subsample was 
obtained and dried at 100°C. The rest was kept in a 0.01 M 
NaNO3 solution to study its stability. In order to compare the 
characteristics of the adsorbent synthesized under different 
experimental conditions, in other separate experiments, the 
MnO2/Fe3O4 adsorbents were prepared using a similar process 
but in acid medium following a slightly modified method 
with respect to one found in the literature [27].

2.2. Characterization of the adsorbent

The magnetic δ-MnO2 particles were characterized 
employing several analytical techniques. They were analyzed 
using scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM) using an SEM FEI INSPECT 
F50 apparatus. The specific surface area of the particles was 
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determined via BET measurements using a N2 sorptometer at 
77 K in a Micromeritics ASAP 2010 device. 

The zeta potential of the particles was measured by using 
a Malvern Mastersizer Hydro 2000 MU, Malvern Instrument 
Ltd., UK, microelectrophoresis device at different pH values. 
Aqueous solutions of 0.1 M HNO3 and 0.1 M NaOH were used 
as pH modifiers. In the same way, the determination of the 
particle size distribution was conducted by using a dynamic 
light scattering in a Malvern MasterSizer HYDRO 2000MU 
equipment. For determining the particle size distribution, 
adsorbent samples were suspended in a 0.01 M NaNO3 solu-
tion. The particles were also analyzed by using X-ray powder 
diffraction (XRD) technique in a Bruker D8 ADVANCE device. 

The magnetic properties of the magnetic δ-MnO2 parti-
cles were measured by means of vibrating sample magne-
tometer. The manganese and iron contents in the adsorbent 
and all the metal concentrations in aqueous solutions were 
determined by atomic absorption spectrometry (AAS) tech-
nique using a PerkinElmer PinAAcle 900F apparatus. When 
necessary, inductively coupled plasma mass spectrometry 
(ICP–MS) was used for determining lower concentrations of 
heavy metals dissolved in solutions.

2.3. Adsorption and adsorbent stability experiments

Before carrying out the adsorption experiments, a series of 
preliminary experimental runs were conducted to verify the 
chemical stability of the synthesized adsorbent via solubility 
tests. The solubility of the adsorbent was evaluated as follows: 
50 mg of the adsorbent MnO2:Fe3O4 (1:1) were contacted with 
50 mL of aqueous solutions with initial pH values between 2 
and 7 at 25°C in an orbital shaker during 24 h. The pH of the 
acid solutions was adjusted using 0.1 M H2SO4 and/or 0.1 M 
NaOH. Once finalizing the solubility experiments, the aque-
ous solutions were submitted to chemical analyses to measure 
the Mn and Fe concentrations using AAS technique. Identical 
chemical analyses were performed to the solids residues. 

Pb(II) and Cd(II) adsorption experiments were conducted 
separately at different pH values. These experiments were 
carried out at 25°C by contacting 50 mg of the MnO2:Fe3O4 
(1:1) adsorbent with 250 mL of the corresponding sin-
gle-metal aqueous solutions containing in all cases an initial 
metal concentration of 10 mg/L. Furthermore, for each one 
of the metals, Pb(II) and Cd(II), adsorption equilibrium and 
kinetics tests were performed by contacting a fixed mass of 
the same adsorbent with aqueous solutions having different 
initial metal concentrations. The initial pH was adjusted at 
4.0 in all cases, and the solid–liquid mixtures were placed in 
a Polyscience orbital shaker apparatus at 25°C. 

3. Results and discussion 

3.1. Synthesis 

The magnetite (FeO.Fe2O3) was synthesized via the copre-
cipitation of Fe(II) and Fe(III) salts method in alkaline con-
ditions. The synthesis was fast, efficient and reproducible 
with a yield over 90%. In the same way, the preparation of 
the adsorbent in its final stage was also quick and quantita-
tive obtaining a dark-brownish solid associated with MnO2. 
At this stage, the oxidative precipitation of Mn(II) ions was 

performed in presence of magnetite particles previously syn-
thesized. Considering the yield of manganese oxide, different 
MnO2:Fe3O4 ratios were tested, namely 1:2, 1:1 and 2:1. From 
their chemical stability, magnetic behavior and the results 
of the preliminary adsorption experiments, the MnO2:Fe3O4 
(1:1) was stablished as the best experimental condition. In 
this case, the solid presents an average composition of 10.6% 
Mn and 37.7% Fe exhibiting a suitable surface area available 
for adsorption processes and magnetic properties strong 
enough for assuring an effective separation from the aqueous 
solution once the adsorption process finishes. 

3.2. Characterization of the adsorbent

Fig. 1 shows an SEM image of the magnetic δ-MnO2 adsor-
bent. A clear crystalline structure is observed, caused mainly 
by the magnetite since the manganese oxide is amorphous. 
The formation of particle agglomerates with an average size 
of a few microns consisting of particles with sizes below 
1 µm was also observed. Fig. 2 shows a TEM photograph. 

Fig. 1. SEM micrograph of nanomagnetic MnO2 adsorbent.

Fig. 2. TEM image of nanomagnetic MnO2 adsorbent.
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Aggregates of almost spherical particles where the dark 
zone corresponds to the magnetite nucleus surrounded by 
clearer amorphous layer of manganese oxide are observed. 
The image also shows that the agglomerates are constituted 
by individual particles with diameters between 6 and 9 nm, 
confirming that the synthesized particles of the adsorbent 
are clearly nanoparticles, much smaller than those obtained 
before which were just microparticles [25]. 

BET analysis indicated that the magnetite (Fe3O4) has a 
specific surface area of 93 m2/g and the adsorbent showed 
an average value of 90 m2/g, ensuring a significant surface 
area for the adsorption process. The particle size distribu-
tion results showed a unimodal-like and narrow distribution 
between 105 and 120 nm presenting a maximum at 110 nm. 
This measurement was done in an aqueous solution (0.01 M 
NaNO3) where the agglomeration of the particles may have 
occurred as a higher particle size than that determined by 
TEM analysis is observed. 

Fig. 3 presents XRD analysis results of the adsorbent syn-
thesized in alkaline and in acid media as well as that of the 
magnetite. Both diffractograms are almost identical. The sig-
nals found at 2θ of 30°, 35°, 44°, 57° and 63° correlate well 
with the crystalline structure of Fe3O4. Peaks corresponding 
to δ-MnO2 are not observed confirming its amorphous struc-
ture. Manganese oxide would build up and adhere to the 
magnetite nucleus forming an external layer of a few nano-
meters thickness. However, authors have indicated that Mn 
would also be partially incorporated into magnetite structure 
by replacing some Fe ions in the magnetite lattice produc-
ing an expansion of the crystalline structure due to its larger 
ionic radius [28].

Considering the importance of the magnetic properties 
of the synthesized composite, the magnetization curves of 
magnetite and δ-MnO2 were obtained. Fig. 4 presents the 
variation of the magnetic saturation (Ms) expressed in emu/g 
as a function of the applied magnetic field expressed in Oe 
(1 emu/g = 10 k Oe). As expected, δ-MnO2 practically does not 
present any degree of magnetization. 

The magnetic response of differently prepared compos-
ites indicates that the Ms decreases when increasing the 
δ-MnO2 content in the adsorbent (Fig. 4 and Table 1). The 
reduction of the magnetization would occur because during 
the synthesis of manganese oxide, some of the Fe atoms 

present in the Fe3O4 structure would effectively be replaced 
by Mn ions producing a less crystalline structure with lower 
magnetic properties. Consequently, a composite consisting 
of MnO2:Fe3O4 (2:1) presented a low degree of magnetiza-
tion making unfeasible the complete separation of the loaded 
adsorbent from the aqueous solution raffinate. 

The highest magnetization was obtained with the sample 
of magnetite synthesized in this study (around 57 emu/g). 
This value is smaller than those reported in other studies, 
which would be due to the fact that during the synthesis 
under strong oxidative conditions, part of the Fe2+ would be 
oxidized to Fe+3 generating maghemite-like structure (Fe2O3), 
which possess a lower value of Ms. However, most of the 
adsorbents prepared in this study showed suitable magnetic 
properties to remove the loaded-pollutant particles from the 
aqueous solution using a simple magnet. Examples of this 
are the magnetic δ-MnO2 adsorbents synthesized using man-
ganese oxide/magnetite proportions equal to MnO2:Fe3O4 
(1:1) and MnO2:Fe3O4 (1:2), as shown in Fig. 4. The higher the 
weight percentage of magnetite in the adsorbent, the higher 
the Ms reached. Moreover, the adsorbent composites pre-
sented superparamagnetic characteristics having almost a 
null coercivity, which could allow reusing the magnetic par-
ticles in subsequent wastewater treatment cycles. 

The zeta potential of the adsorbent composite was mea-
sured as a function of pH. The point of zero charge (pHPZC) of 
the MnO2:Fe3O4 (1:1) surface is around pH 3.5, which might 
determine the charge of the ionic species that predominantly 
would be adsorbed. Below this value the surface of the 
magnetic adsorbent would be highly protonated enhancing 
the adsorption of anionic species by ion-pair formation. On 
the contrary, when the pH of the polluted solution is above 
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Table 1 
Values of magnetic saturation (Ms) of adsorbents synthesized in 
basic medium and magnetization of prepared magnetite 

Material Ms (emu/g)

Sorbent, MnO2:Fe3O4 (2:1) 15.84

Sorbent, MnO2:Fe3O4 (1:2) 56.08

Fe3O4 57.07
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the point of zero charge, the protonation of surface groups is 
weaker. Under this condition, the adsorption of heavy metal 
cations would be favored by means of cation-exchange mech-
anisms, by releasing H+ to the raffinate solution. In addition, 
the pHPZC of the magnetite was close to pH 6.0, which lim-
its its capability for undertaking the adsorption of cationic 
species. 

3.3. Adsorbent stability measurements and adsorption 
experiments

One of the most interesting applications of these magnetic 
adsorbents is their employment for removing low contents of 
toxic heavy metals and metalloids from acidic waters from 
mining activities. Then, it is important to verify the chemical 
stability of the adsorbent as a function of the level of acidity 
the wastewaters may exhibit. This aspect is also important for 
evaluating the reutilization of the adsorbent in subsequent 
adsorption cycles. The latter may be achieved by using sor-
bents that assure a good reversibility for the adsorption pro-
cess. Samples of the synthesized adsorbent MnO2:Fe3O4 (1:1) 
prepared in alkaline conditions were contacted with aqueous 
solutions with pH values between 2.0 and 7.0. Results are 
shown in Table 2. 

The leach of Mn and Fe were very low in this range of 
pH, and as expected, the dissolution of both metals from the 
adsorbent increased with the level of acidity of the aque-
ous solution. Leaching of manganese and iron in the most 
acidic pH conditions tested would result from the interac-
tion between the metal oxides and the high concentration 
of hydrogen ions present in the solution triggering a cation 
exchange mechanisms that would release Mn and/or Fe ions 
into aqueous raffinate. 

In order to test the capability of the synthesized adsor-
bent to remove heavy metals from acidic aqueous solutions, 
a set of preliminary experiments were carried out using the 
magnetic adsorbent prepared in alkaline medium. One of the 
main variables that would affect the adsorption is the initial 
pH of the treated solution. In principle, the pH of the solution 
would determine the electric charge of the sorbent surface. 
The adsorbent (SM) is a hydrous-oxide compound, and there-
fore, its surface may undergo protonation or deprotonation 
reactions as shown in the following equations generating 
positive, negative or neutral surface charge. 

S OH + H S OHM
+

M 2
+− −↔  (2)

S OH + OH S O + H OM M 2− −− −↔  (3)

S OH S O + HM M
+− − −↔  (4)

Fig. 5 shows the adsorption percentage of Pb(II) and Cd(II) 
ions for pH conditions ranging from 3 to 6. The adsorption of 
both ions, studied separately in this research work, increased 
with the pH of the aqueous solution. The adsorption of the 
cationic species was favored at pH values above the point of 
zero charge, which is in agreement with the measured pHPZC 
(around 3.5). Under this pH condition, a cationic exchange of 
the dissolved metal (e.g., Pb2+) with the hydrogen ions pres-
ent at the surface sites occurs as follows: 

S OH + Pb S OPb + HM (ad)
2+

(aq) M
+

(ad)
+

(aq)− −↔  (5)

2S OH + Pb S O Pb + 2HM (ad)
2+

(aq) M 2 (ad)
+

(aq)− −↔ ( )  (6)

where SM represents the hydrous-oxide adsorbent, and the 
subscripts ad and aq indicate whether the radical is placed 
on the surface of the adsorbent or in the aqueous solution, 
respectively.

Higher adsorption efficiencies are observed at higher pH 
values that can be explained due to the strong dissociation 
of OH– groups (as it is shown in Eq. (4)) releasing a higher 
number of exchangeable protons with the metal cations. 
Fig. 5 indicates that the ion-exchange capacity of the MnO2-
magnetic adsorbent for Pb(II), observed in these preliminary 
adsorption experiments, is higher than that measured for 
Cd(II). The latter could be due to the small hydrated ionic 
diameter of Pb(II) ions compared with that of cadmium ions, 
which may enhance its adsorption. However, this consider-
ation must be studied into more detail in order to get a more 
reliable conclusion. For instance, the type and stability of 
metal complexes could be more important than the size of 
the hydrated radii of ions in solution. 

Additionally, it is also important to verify the possibility to 
recycle the adsorbent for subsequent adsorption–desorption 
cycles. In this sense, desorption tests of Pb(II)-loaded 

Table 2 
Chemical stability tests of nanomagnetic adsorbent as a function 
of the acidity of aqueous solution: adsorbent – MnO2:Fe3O4 (1:1)

Initial pH aqueous 
solution

2.35 3.17 4.25 5.71 6.23 7.07

Mn dissolution (%) 0.082 0.073 0.068 0.063 0.060 0.046
Fe dissolution (%) 2.510 0.021 0.014 0.019 0.018 0.015

3 4 5 6
0

20

40

60

80

100

 Cd(II)
 Pb(II)Ad

so
rp

tio
n 

 (%
)

Initial pH

Fig. 5. Dependence of Pb(II) and Cd(II) ions adsorption onto 
magnetic adsorbent with initial pH: (experimental conditions: 
adsorbent 50 mg, aqueous solution 250 mL, metal content 
10 mg/L).
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adsorbent were conducted using an initial pH equal to 3.5 
and aqueous solution as desorption medium. The resulting 
unloaded adsorbent was used again in repetitive cycles by 
contacting it with new fresh aqueous solutions containing 
10 mg/L Pb(II) having an initial pH 6.0. The efficiency of the 
desorption process was almost quantitative averaging a 98%, 
after five adsorption–desorption cycles. In turn, the adsorp-
tion capability of the regenerated adsorbent slightly dimin-
ished accordingly to the desorption degree. However, the 
readsorption ability of the adsorbent can be improved using 
a desorption solution with higher levels of acidity so as to 
promote the metal desorption from the δ-MnO2 surface with-
out losing the nanostructure of the adsorbent and avoiding 
its partial dissolution. These results confirm that the removal 
of low contents of toxic metals from acid aqueous solutions 
should be a specific target for using this sort of adsorbents, 
which presents promising results to treat acid wastewaters. 

3.4. Adsorption Equilibrium 

Adsorption equilibrium studies of Pb(II) and Cd(II) 
onto the nanostructured-magnetic-δ-MnO2 adsorbent from 
acid aqueous solutions were performed. Experimental 
results were analyzed using different equilibrium iso-
therms including the hybrid Redlich–Peterson, Langmuir 
and Freundlich adsorption isotherms. The Langmuir and 
Freundlich isotherms explained adequately the experi-
mental results. The well-known Langmuir isotherm cor-
responds to a monolayer-type adsorption model over a 
homogeneous surface. It assumes that all the adsorption 
sites exhibit the same shape and heat of adsorption and is 
expressed as follows:

q
q K C
K Ce

m L e

L e

=
⋅ ⋅
+ ⋅1  (7)

In turn, the Freundlich isotherm model depicts an empir-
ical model based on multilayer-type adsorption on heteroge-
neous surfaces and is expressed as follows: 

q K Ce F e
nF= ⋅ 1/  (8)

In these equations qe denotes the amount in mmol g–1 
adsorbed at equilibrium; qm is the amount of adsorbate 
required to fully cover the adsorbent surface mmol g–1; KL 
is Langmuir’s constant in L mmol–1 and Ce is the metal con-
centration in mmol L–1 that remains in solution after the 
adsorbate extraction. Furthermore, n is a dimensionless 
constant related to the intensity of the adsorption, and 
KF is the Freundlich constant commonly associated to the 
adsorption capacity in L–n mmol–n. The parameters were 
evaluated by using the Levenberg–Marquardt method 
commonly applied in non-linear least-squares problems 
[29].

Figs. 6 and 7 show the adsorption equilibria of Pb(II) 
and Cd(II) onto the MnO2:Fe3O4 (1:1) adsorbent, and 
Tables 3 and 4 show the calculated values of the parame-
ters for Langmuir and Freundlich isotherms, respectively. 
Analysis of χ2 reveals that, in general, both equilibrium 

isotherm models are in good agreement with the experi-
mental results. In all cases the values of χ2 proved to be very 
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Fig. 6. Adsorption equilibrium of Pb(II) using the nanomagnetic 
MnO2 adsorbent.

Fig. 7. Adsorption equilibrium of Cd(II) using the nanomagnetic 
MnO2 adsorbent.

Table 3 
Parameters of the Langmuir equilibrium model for the adsorption 
of Pb(II) and Cd(II) using nanomagnetic MnO2 adsorbent

qm (mmol/g) KL (L/mmol) χ2 (mmol/g) R2

Pb(II) 0.29 ± 0.04 40.5 ± 23.1 1.69 × 10–3 0.81
Cd(II) 0.32 ± 0.01 37.8 ± 6.5 3.73 × 10–4 0.92

Table 4 
Parameters of the Freundlich equilibrium model for the adsorption 
of Pb(II) and Cd(II) using nanomagnetic MnO2 adsorbent

KF (L–n mmol–n] nF χ2 (mmol/g) R2

Pb(II) 0.41 ± 0.03 3.66 ± 0.39 4.25 × 10–4 0.94
Cd(II) 0.37 ± 0.01 4.43 ± 0.41 3.62 × 10–4 0.98
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small indicating a reduced error between the experimental 
data and those calculated using the model. Nevertheless, 
the high standard deviation of the calculated values of the 
Langmuir constants for both ions allows us stating that the 
Freundlich isotherm is more reliable and valid. Then, it is 
possible to indicate that the adsorption of Pb(II) and Cd(II) 
ions, under the experimental conditions employed in this 
study, would follow a non-ideal multilayer-type adsorp-
tion isotherm. 

3.5. Adsorption kinetics

Adsorption kinetic tests were conducted using aque-
ous solutions containing Cd(II) and Pb(II) ions. The pH was 
adjusted at 4.0 as well as the ionic strength by adding 0.01 M 
NaNO3. The experiments were carried out using 50, 100 and 
200 mg of the MnO2:Fe3O4 (1:1) adsorbent and 10 mg/L metal 
initial concentration. Figs. 8 and 9 show the results for Pb(II) 
and Cd(II), respectively. 

In general, the adsorption is high and almost quantitative 
in many cases. It is observed that Pb(II) adsorption kinetics 
is faster than that of Cd(II). The experimental results were 
fitted using different kinetics models. Particularly, a pseu-
do-second-order adsorption kinetic model explained well the 
experimental data. This model depends more on the adsorp-
tive capability of the adsorbent than on the concentration of 
the adsorbate in the aqueous solution. The model describes 
how the adsorption active sites disappear with time accord-
ing to the following differential equation [30,31].

dq
dt

k q qt
e t= − −( )2

 (9)

where qe and qt correspond to the amount of metal ions 
adsorbed at equilibrium and at a time t, respectively; both 
expressed in mg metal/g sorbent, while k represents the 
adsorption specific rate constant. Integrating the previous 
equation considering the following boundary conditions: 
qt = 0 for t = 0 and qt = qt for t = t; the following linearized 
expression is obtained: 

t
q kq q tt e e

= +
1 1
2  (10)

Fig. 10 shows the results when the experimental values 
of Pb(II) and Cd(II) adsorption on the composite adsorbent 
MnO2:Fe3O4 are arranged according to Eq. (10), in experi-
ments conducted using 50 mg of adsorbent. The qe values are 
9.8 and 10.4 mg/g adsorbent for Pb(II) and Cd(II), respectively. 
These qe values calculated using the kinetic model agree well 
with those obtained experimentally. On the other hand, spe-
cific rate constants of 0.8947  and 0.4381 g/mg min were deter-
mined for the adsorption of Pb(II) and Cd(II), respectively. 
These values are higher than those informed by other authors 
who prepared the adsorbent in an acid medium obtaining 
bigger particles with a mean diameter of 60 nm, compared 
with ours synthesized in an alkaline medium having a diam-
eter between 6 and 9 nm [27]. 
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Fig. 8. Adsorption of Pb(II) as a function of the mass of adsorbent 
and time: (experimental conditions: aqueous solution 50 mL, 
metal content 10 mg/L, pH 4.0).
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Fig. 9. Adsorption of Cd(II) as a function of the mass of adsorbent 
and time: (experimental conditions: aqueous solution 50 mL, 
metal content 10 mg/L, pH 4.0).
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Fig. 10. Pseudo-second-order kinetics model for the adsorption 
of Pb(II) and Cd(II) onto nanomagnetic MnO2 adsorbent. 
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4. Conclusions

Nanoparticles of an adsorbent with magnetic properties 
based on Fe3O4 coated with δ-MnO2 were successfully syn-
thesized. The nanostructure of the composite and its signifi-
cant surface area full of vacant adsorption sites permit a fast 
and efficient adsorption of many metal ionic species existing 
in aqueous solutions. The adsorption capability of this com-
posite depends on the acidity of the treated aqueous solu-
tion. The adsorbent exhibits a point of zero charge around 
3.5. Above this pH value, the adsorption of cationic species 
is enhanced following an ion-exchange reaction between the 
metal in solution and the hydrogen ions dissociated from the 
surface of the hydrous-oxide adsorbent. 

The adsorbent composite showed a magnetic moment of 
54 emu/g, smaller than that of magnetite; however, the mag-
netic properties are adequate to ensure the complete sepa-
ration of the pollutant-loaded adsorbent particles from the 
aqueous raffinate, which is the main goal of this study. The 
adsorbent is fairly stable even at pH values close to 2.0 where 
only a very low dissolution of Mn and Fe was observed. 
Adsorption equilibrium results are correctly explained by the 
Freundlich isotherm and adsorption kinetic data fit well with 
a pseudo-second-order model. 
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