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Abstract
This study is focused on the preparation of multicomponent nanoparticles 

(MCNPs) used to remediate artificial and real mine tailings. The nanoparticles 
were synthesized with 0.035 M or 0.007 M of sodium sulfate, 0.5 M of iron chloride 
and 0.8 M of sodium borohydride. Characterization of nanoparticles performed 
with a Transmission Electron Microscope (TEM), X-ray diffractometer (XRD), 
Fourier Transform Infrared Spectrometer (FTIR), and X-ray Photoelectron 
Spectrometer (XPS) demonstrated, these materials are in the nanoscale range, 
contain zero valent iron Fe(0) and iron sulfide (FeS) and are structurally modified 
after treatment. Simultaneous removal of heavy metals was carried out under 
oxidizing and reducing conditions using MCNPs reaching an efficiency of more 
than 98% for all of them. Kinetics conducted under oxidizing condition, pH 3 
and 0.035 M sodium sulfate shows that the highest removal of heavy metals 
from artificial mine tailings was achieved after 160 min of treatment although 
steady state was reached in 240 mins. Results of kinetic tests fit very well to a  
pseudo-second-order model, while the isothermal equilibrium adsorption tests 
were adjusted to a Freundlich isotherm. Also, nanoparticles showed a high 
adsorption capacity (~140 mg/g) when they were in contact with 200 mg Cu2+/L. 
Finally, multicomponent nanoparticles tested with real mine tailings in the 
presence of other competing chemicals results in heavy metals removal over 90%. 
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Introduction 
Mining is an important economic activity worldwide, but it has generated a 

huge pollution in the environment, mainly because of poor exploitation processes 
and wrong disposal of mine tailings [1-3]. Actually, the delivery of hazardous 
contaminants to the ecosystem, especially heavy metals into the water streams is a 
great concern (EPA, 2012). Chemical characterization of mine tailings has found 
the presence of heavy metals such as Hg2+, As5+, Pb2+, Cu2+, Zn2+, Ag+, Ni2+, Mn2+, 
and others [4]. Due to the recognized toxicity of heavy metals, the exposure to 
these elements, even in trace concentrations, is considered to be harmful to living 
beings [5, 6]. These pollutants can be assimilated through inhalation, ingestion 
and skin adsorption, bringing about serious illnesses, like cancer, neurological, 
endocrinological and immunological dysfunction, Alzheimer, among others [7]. 
The toxicity of heavy metals is attributed to their physicochemical properties. 
Generally, these pollutants are highly soluble in water, especially at low pH, 
spreading out more easily in water streams [8]. Additionally, heavy metals are 
persistent and cannot be rapidly degraded in nature [9], accumulating in living 
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studies on thin films of the nanoparticle were carried out using 
a diffractometer (EMPYREAN, PANalytical) with a θ–2θ 
configuration (generator–detector), wherein a copper X-ray 
tube emitted a wavelength of λ =1.54 Ao. FTIR attenuated 
total reflection spectra were recorded on a Spectrum Two IR 
spectrometer (Perkin Elmer, USA) to detect the different 
functional groups involved in the capture of heavy metals by 
the multicomponent nanoparticles. XPS spectra were recorded 
on an AXIS ULTRA equipped with Magnetic Immersion 
Lens and Charge Neutralization System with a new Spherical 
Mirror Analyzer and monochromatic source (Al Kα) operated 
at 150 W (15 kV, 10 mA).

Removal of heavy metals
Batch kinetic tests for heavy metals removal by  

nanoparticles were carried out using 100 mL Boeco bottles 
under oxidant environment and pH 3 ± 0.2. The removal was 
initiated by mixing 5 or 9 mL of MCNPs with 50 mL of artificial 
aqueous mine tailings, which resulted in concentrations of 5.3 
mg/L Cu2+, 4.99 mg/L Zn2+, 4.24 mg/L Mn2+, 2.48 mg/L Ni2+, 
2.98 mg/L Pb2+, 4.1 mg/L Ag+, and 0.99 mg/L As5+. These 
initial concentration values are within the range of reported 
heavy metal levels in aqueous mine tailings [23, 24]. Bottles 
were placed in a water bath and agitated for 4 hours at 25 °C. 
During the test, 10 samples of 2 mL of treated aqueous phase 
were filtered with a 0.2 μm PVDF filter for heavy metals 
analyses. In addition, kinetic tests for each heavy metal in 
the presence of high concentration of other metals were 
performed under otherwise same experimental conditions. To 
test pH effects, the removal experiments were performed at an 
initial pH of 3, 5, 7, and 9, adjusted with 0.1 N NaOH and/
or 0.1 N HCl and by adding 0.2 M of sodium acetate buffer 
to the glass bottles. Samples of 5 mL were collected after 
completing the treatment (4 hours), filtered, and analyzed for 
heavy metals. Tests under reductive conditions were carried 
out in 80 mL glass vials filled with 64 mL of artificial mine 
tailing containing MCNPs and sealed with Teflon-lined caps. 
Additionally, we have also performed adsorption isotherm 
measurements using different concentrations of Cu (2, 4, 6, 8, 
10, 15, 20, 50, 100 and 200 mg/L) and 9 mL of MCNPs. The 
amount of Cu2+ adsorbed per unit mass of wet nanoparticles 
was calculated through the Equation 1:

( )o t
t

c c vq
m
−

=
------------------------------(1)

Where qt (mg/g) corresponds to the amount of Cu2+ 

adsorbed per gram of wet nanoparticles at time t (min), C0 

(mg/L) is the initial concentration of Cu2+ in the solution, 
Ct(mg/L) refers to the concentration of Cu2+ at a time t, m (g) 
is the mass of the multicomponent nanoparticles used in tests 
and V(L) refers to the initial volume of the stock solution [25]. 

Chemical and physical analyses
Heavy metals such as Pb2+, Ag+, Ni2+, Mn2+, Zn2+ and Cu2+ 

were analyzed with an atomic absorption spectrometer, Perkin 
Elmer AA 800, using standardized methods [26]. Arsenic was 
quantified using a Flow Injection Analysis System (FIAS) 
coupled to AA 800 and a discharge lamp. For the operation 
of FIAS system, it was used a solution of 10% v/v of HCl as 
carrier and a solution of 0.2% w/v NaBH4 + 0.05% NaOH 

tissues until getting hazardous concentrations [7, 10, 11]. 
Similarly, because of its persistence in the environment, heavy 
metals are likely to sediment at the bottom of lakes, rivers, 
lagoons, and oceans, causing adverse effects on ecosystems, 
altering their normal conditions. Thus, provoking death of 
aquatic species, and even passing through the trophic chain 
[12, 13]. Owing to the environmental and health concerns, 
many conventional techniques have been developed to 
remediate media contaminated with heavy metals; even 
though with limited performance in terms of effectiveness and 
removal efficiency. For example, microbial cells have been used 
as bioaccumulators of soluble and particulate heavy metals 
from industrial wastes with high efficiency [14-17]; however, 
these metals could be released back into the liquid phase when 
the biomass is degraded. Current techniques make use of 
nanoparticles or composite materials for remediation of heavy 
metals in water. Nevertheless, almost all approaches rely on 
the functionalization of nanoparticles with different reactive 
groups or loading nanostructures on supporting materials to 
provide them, with the capability of capturing the heavy metals 
[18-21]. Besides all these preparation techniques are complex. 
Multicomponent nanoparticles, prepared and characterized 
by Kim et al. (2011) [22] have shown good performance for 
TCE and pesticides degradation. However, from the best of 
our knowledge, there is no study related to the application 
of these nanoparticles in the simultaneous removal of heavy 
metals from the aqueous phase.

Materials and Methods
Materials

Chemicals were purchased from Fisher Scientific: Ferric 
chloride (FeCl3.6H2O, 99.8%), sodium sulfate (Na2SO4, 
99.9%), sodium borohydride (NaBH4, > 98%) ascorbic acid 
(USP/FCC), hydrochloric acid (HCl, 37.3%), nitric acid 
(HNO3, 69.5%), sodium hydroxide (NaOH, 98%), 55 buffer 
solution (0.2 M Sodium acetate, 96%), and potassium iodide 
(KIO3, 99%) from Himedia.

General procedure for preparation of the multicomponent 
nanoparticles

The MCNPs were prepared using a modified method 
developed by Kim et al. [22]. In a typical procedure, solutions 
of 0.5 M FeCl3.6H20 and 0.8 M NaBH4 + 0.035 M or 0.007 
M Na2SO4 were prepared using DI water purged with nitrogen 
for 15 min. Then, 5 mL of the latter solution was added drop 
wise to the mixture of 50 mL of FeCl3 contained in a flask 
attached to a vacuum line. This mixture was placed under 
vigorous stirring using an orbital shaker for 15 min at ambient 
temperature. During this process, the color of the iron solution 
changes from yellowish to blackish color, indicating the 
formation of MCNPs. The resulting product, multicomponent 
nanoparticles, was centrifuged at 7000 rpm for 2 min and 
washed several times with nitrogenized deionized water. The 
purified nanoparticles were lyophilized for 16 h and stored in 
an air-free bottle for further characterization. 

Characterization
Transmission electron microscope images were recorded 

digitally (Tecnai G2 Spirit TWIN, FEI, Holland). XRD 
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as reducing agent. For this analysis, samples of artificial and 
real mine tailings were pretreated with a solution of potassium 
iodide and ascorbic acid 5% to reduce all the As species to As3+. 
For FIAS-absorption spectrometer the calibration curve with 
a correlation index, R ≥ 99%, was obtained before analyzing 
the samples. For the analysis of anions, an ion chromatograph 
Dionex ICS 1100 was used, equipped with a guard column 
AG14 and an analytical column AS14, both of 4 mm, and a 
sample loop of 50 μL. A solution of 35 mM sodium hydroxide 
was used as eluent. Physicochemical properties of real mine 
tailings such as dissolved oxygen, conductivity and pH were 
determined using a Mettler Toledo multiparameter. 

Results and Discussion
Characterization of MNPs

Size characterization of MCNPs, demonstrated that there 
is no significant difference when using 0.007 and 0.035 M 
of sodium sulfate during preparation of nanoparticles. TEM 
images of MCNPs have shown almost the same diameter 
on average size of 24-42 nm (Figure 1). Nevertheless, 
the nanosized particles indeed influence the physical and 
chemical properties of the nanoparticles and therefore the 
surface electronic structure [27, 28]. The high reactivity of 
the atoms on the surface of nanoparticles due to a decrease 
in size, confer to electrons more energy because of quantum 
confinement [29]. Also, reactivity depends on the amount of 
Fe(0) and FeS formed during the preparation of MCNPs. In 
this study, it was used approximately 27.9 g/L of Fe(III) and 
1.12 or 0.224 g/L of sulfur in the preparation of the particles. 
XRD spectrum of nanoparticles shows peaks corresponding 
to Fe(0) and a small amount of FeS precipitates, as depicted in 
Figure S1 (Supporting Information). In regard to the stability 
of these nanoparticles, it can be implied they are greatly stable 
in aqueous solutions. Results on pH measurements of the 
nanoparticles solutions, exhibited a value of around 9.90. At 

this pH there is an absence of hydrogen ions (H+) preventing 
early oxidation of nanoparticles [30]. Lu et al. (2007) [29] 
reported that nanoparticles were more stable at pH over 8. 
In addition, when these nanoparticles are manufactured under 
reducing conditions, dissolved oxygen is as low as 0.02 mg/L. 
This, in turn, contributes to the stability of the nanoparticles 
since FeS does not react with oxygen to produce oxidized 
nanoparticles [31]. On the other hand, the high conductivity of 
the nanoparticles solution (~36 mS/cm) may produce a strong 
flow of electrons at the nanoparticles surface, suggesting an 
increase of its roughness that contributes to a higher surface 
area, and therefore, higher reactivity [22]. 

Kinetic study
Figure 2 shows the reaction kinetics of Pb2+ removal from 

artificial mine tailing using Fe/FeS nanoparticles prepared 
with 0.035 M or 0.007 M Na2SO4. The highest removal of 
this heavy metal occurred after approximately five minutes 
of reaction (Figure 2). However, Pb2+ reached a complete 
steady state after 160 mins. Most of the heavy metals utilized 
in this study (Mn2+, Zn2+, Cu2+, Ag+, Ni2+) attained a steady 
condition after approximately 40 min, only As5+ reached this 
condition at 160 min (data not shown in Figure 2). Results of 
kinetic tests of all heavy metals did not evidence a significant 
difference on removals using multicomponent nanoparticles 
with different concentrations of sodium sulfate (0.035 M and 
0.007 M) (data not shown). These experimental values fit a 
pseudo-second-order model [Equation 2]. 

2
2

1 1
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Where k2 (g/mg.h) is the pseudo-second-order rate 
constant, qe is the amount of metal adsorbed (mg/g) at 
equilibrium and qt is the amount of the adsorption (mg/g) 
at any time t(h) [25]. Table S1 (Supporting Information) 
summarizes the calculated qe values, pseudo-second-order rate 
constants k2 and correlation coefficient values. The qe and k2 are 

Figure 1: TEM images of MCNPs prepared using 0.035 M Na2SO4, 0.035 M 
FeCl3.6H2O and 0.8 M NaBH4.

Figure 2: Removal of Pb2+ using MCNPs prepared with 0.5 M FeCl3.6H2O, 
0.035 M and 0.007 M Na2SO4 and 0.8 M NaBH4.

----------------------------(2)
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calculated from de slope and the intercept of the plots of t/qt 
versus t according to the Equation 2. All fitting curves exhibit 
good linearity with a correlation coefficient nearly equal to 
unity (R2 ~ 1.0) as shown in Figure 3. This behavior suggests 
that chemical adsorption is the main mechanism for removal 
of heavy metals from artificial mine tailing [32, 33].

Adsorption capacity study
The adsorption capacity of multicomponent nanoparticles, 

using different concentrations of Cu2+, showed almost 
instantaneous removals in the first five minutes with any 
desorption throughout the test as shown in Figure S2 
(Supporting Information). The removal efficiency and 
adsorption capacity of the multicomponent nanoparticles, 
increased progressively from 98.59% and 1.51 mg/g to 99.91% 
and 135.64 mg/g for 2 and 200 mg/L of Cu2+, respectively. 
This behavior could be credited to an enhancement in the 
Brownian motion, propitiating higher collisions among copper 
ions dissolved in water and a better diffusion of them towards 
multicomponent nanoparticles [25, 34].

Adsorption isotherms study
Isotherm tests were conducted to describe the adsorption 

behavior of the multicomponent nanoparticles when removing 
Cu2+. Results of adsorption tests fit well Freundlich isotherm 
model (Equation 3), exhibiting a correlation coefficient value 
of 0.988 as shown in Figure S3 (Supporting Information). 

1/K n
e eq C= --------------------------- (3)

Where, qe (mg/g) and Ce (mg/L) are the amount of pollutant 
adsorbed and the concentration in the aqueous phase and K 
and n are constants for Cu adsorption on MCNPs at 25 °C. 
The elevated correlation coefficient obtained with Freundlich 
model suggests that adsorption of heavy metals may occur on 
a rough surface of nanoparticles as described above. In other 
words, there is a heterogeneous distribution of the active sites 
on the surface of the nanoparticles where the metals are bound 
[25]. Furthermore, having adjusted the adsorption isotherm 

data to a Freundlich model, it reinforces the fact that sodium 
sulfate contacted with borohydride promotes the precipitation 
of FeS on the surface Fe(0) core of nanoparticles, contributing 
to their roughness [22]. 

Study of simultaneous removal of heavy metals from the 
aqueous phase

Despite good removal of heavy metals achieved on tests 
conducted with artificial mine tailing samples under different 
pH, redox potential, and concentrations of sodium sulfate, 
certain values have shown to be better than the others. For 
instance, using 0.035 M of sodium sulfate in the preparation 
of MCNPs resulted on better removals than employing 0.007 
M. Sodium sulfate concentration has been demonstrated to 
be directly proportional to roughness as well as to the increase 
of surface area of multicomponent nanoparticles [22]. Also, 
under reducing conditions and 0.035 M Na2SO4, removal of 
toxic metals (~99%) was slightly enhanced compared to the 
under oxidized environment (~97%) (Figure 4). Reduced 
conditions provided a favorable setting for the removal of 
heavy metals because oxygen was not present in solution [35]; 
thus nanoparticles were not easily oxidized and did not lose 
their reactivity. Tests using MCNPs prepared with 0.035 M 
of sodium sulfate applied to real mine tailings contaminated 
with heavy metals showed also high efficiency to immobilize 
the metallic elements (Figure 5). More than 99% of removal 
was achieved for the majority of toxic metals from the liquid 
phase. Therefore, the property of the nanoparticles that causes 
high removal of heavy metals from water is its chemical 
composition: Fe(0) and FeS. It is obvious that the active groups 
of the multicomponent nanoparticles chemically immobilize 
the toxic metals (Figure 6). Clearly, XPS spectra show peaks 
related to the formation of CuO with binding energies of 
953.8 and 934.1 eV for Cu2p1/2 and Cu2p3/2, respectively. 
Chemical sorption of heavy metals on MCNPs is also 

Figure 3: Pseudo-second-order kinetic studies of heavy metals removal using 
MCNPs 0.35 M Na2SO4.

Figure 4: Removal of different heavy metals from artificial water using MCNPs 
prepared with 0.035 M Na2SO4 under reducing and oxidizing environments 
at 20 °C.
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confirmed by FTIR tests performed on samples containing 
fresh and after treatment multicomponent nanoparticles 
(Figure 7). As seen in Figure 7, the graphical representations 
of both samples reveal a decrease of frequency from 3308 to 
3226 (-OH stretching), 1637 to 1626 (H-H bonding/bending 
vibration of water). Changes on peaks from 1403 to 1120 
may imply the existence of residual hydroxyl groups on the 

surface of MCNPs. This can be assumed due to the formation 
of complex of Sulfur-OH-Cu2+ and Sulfur-O-Cu2+ during the 
adsorption of Cu2+. At 1349 cm-1 the intensity of the band is 
increased after adsorption. It seems that adsorption induces 
the increase of the amount of hydroxyl groups, which may arise 
from the formation of surface precipitate of Cu(OH)2. The 
other peaks shifted as compared with those of fresh MCNPs, 
indicating a strong interaction between the multicomponent 
nanoparticles and the copper cation. Also, scientific literature 
describes the formation of metal sulfides when metals are 
contacted with the fraction of FeS [36]. The excellent removal 
of arsenic from the aqueous phase (> 98%) accomplished is 
this study is essentially due to different reactions that arsenates 
bear when contacted with elemental iron of nanoparticles. 
According to Ramos et al. [37], Arsenic(V) in the presence of 
elemental iron nanoparticles is reduced to As0 or As3+. Also, it 
may form complex Fe-oxide-As3+ or develop complexes with 
iron hydroxides. Moreover, Li & Zhang [38] reported that 
redox mechanisms are dominant when elements such as Zn2+, 
Pb2+, Cu2+, As5+ are brought into contact with zero valent iron 
nanoparticles and reduced to Zn0 and Pb0, or are immobilized 
by the hydroxides or oxides.

Effect of temperature
Tests conducted using MCNPs at different temperatures 

demonstrated that there is no need to raise the temperature 
in order to enhance heavy metals removal. On the contrary, 
it produces a small decrease on their removal (Figure S4). 
This could be related to the increase of nanoparticles size. It 
has been demonstrated, as the size of nanoparticles increases 
surface area and reactivity is reduced [28, 39]. However, a 
rapid physical adsorption of heavy metals on the surface of 
nanoparticles counterbalances the increase of particle size. 
Besides, results of kinetic tests showed a rapid adsorption of 
heavy metals, which is the main property of physisorption 
[30]. On the other hand, raising the temperature during the 
treatment could promote an increase of Brownian motion, that 
enhances the pollutant diffusion but it could also interfere with 
intermolecular weak forces (Van der Waals forces) causing 
the release of metallic ions from the surface of nanoparticles 
[30]. Nonetheless, if physisorption were the only adsorption 
mechanism in the treatment, there would be desorption of 
pollutants in the aqueous media due to high temperatures. 
Leakage of heavy metals was not observed on the removal 
tests on both the artificial and the real mine tailings. Therefore, 
chemical adsorption also plays an important role on the heavy 
metals uptake as it was explained above.

Effect of pH
Hydrogen potential (pH) is also one of the factors 

that, has great influence not only on the nanoparticle 
stability but also in the adsorption of heavy metals on solid 
surfaces (nanoparticles). At acidic pH there exists a negative 
interference with heavy metal uptake from water. Hydrogen 
ions compete for the reactive sites on the multicomponent 
nanoparticles [40]. Also, high concentration of H+ the surface 
of nanoparticles is positively charged [41], inhibiting in 
some extent, adsorption of metallic ions due to electrostatic 
repulsion [42]. In this study the removal efficiency of heavy 
metals conducted under a pH of 3 is slightly lower compared to 

Figure 6: XPS spectrum of MCNPs prepared with 0.035 M Na2SO4 under 
reducing environment at 20 °C before (A) and after (B) treatment of copper.

Figure 7: FTIR spectra of MCNPs prepared with 0.035M Na2SO4 under 
reducing environment at 20 ºC before (A) and after (B) treatment of copper.

Figure 5: Removal of different heavy metals from liquid mine tailings using 
MCNPs prepared with 0.035 M Na2SO4 under reducing environment at 20 °C.
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the removal efficiency at higher pH values as shown in Figure 
S5 (Supporting Information). Nevertheless, the removal at 
pH 3 is not significantly lower compared to those at higher 
pH values of 5, 7, and 9. This can be attributed to the fact 
that at acidic pH, heavy metals are more soluble, offsetting 
to a certain level, the negative effects of competition between 
metallic cations and H+. Soluble metals are found as free ions 
available for binding more easily to the reactive sites of the 
multicomponent nanoparticles [43]. Besides, at pH values 
greater than 5, ions H+ are almost at equilibrium with ions 
OH-, so there is less competition between hydrogen ions and 
heavy metals for binding the reactive sites of the nanoparticles 
[44]. As a result, the removal efficiency observed in these 
tests, revealed a slight enhancement at pH values of 5, 7, and 
9 (Figure S5). Finally, at high pH values, namely 9, there are 
no hydrogen ions to compete with the pollutants. Indeed, 
high concentration of OH-, negatively charges surface of the 
nanoparticles enhancing the attraction and adsorption of 
metallic cations; thus, increasing the removal efficiency [45]. 

Conclusion
•   Novel  multicomponent  nanoparticles  were  successfully 

synthesized using sodium sulfate (Na2SO4) and without 
any stabilizing agent. The use of sodium sulfate in the 
synthesis of the multicomponent nanoparticles, allowed 
the manufacture of nanomaterials in an environmentally 
friendly approach since there is a lower release of hydrogen 
sulfide, a noxious gas to the environment and to the human 
health.

•   The physicochemical characterization of multicomponent 
nanoparticles demonstrated that they are stable for a short 
time. Likewise, the size distribution reveals that they have 
an appropriate size within a range previously reported, 
as well as a great surface area, meaning they are suitable 
for obtaining high removal efficiency of heavy metals as 
observed in this work.

•   The  multicomponent  nanoparticles  demonstrated  both 
rapid adsorption kinetics (within the first five minutes), 
and no desorption of heavy metals along the testing 
period, suggesting the occurrence of physical and chemical 
adsorption mechanisms for uptake of metals. Data of 
kinetic tests fit well on a pseudo-second-order model, thus 
confirming chemical adsorption for the removal of the 
pollutants. On the other hand, the isothermal adsorption 
of heavy metals onto the multicomponent nanoparticles 
follows a Freundlich isotherm model, indicating the 
presence of heterogeneous surface on the nanoparticles.

•   Also, environmental conditions play a role in the removal 
of heavy metals using multicomponent nanoparticles. 
Tests conducted at different temperatures demonstrated 
good removal efficiencies between the toxic metals and 
the nanoparticles; however, at higher temperature the 
efficiency dropped about 1.6% due to Brownian motion. 
Hydrogen potential also influences the removal efficiency 
of heavy metals when using multicomponent nanoparticles 
for the uptake. Lower removal is achieved at acidic pH (pH 
3) due to competition with hydrogen ions. While at basic 

pH the removal is higher because surface of nanoparticles 
is negatively charged, thus attracting heavy metals.

Acknowledgments 
The authors thank to Dr. Jenny Gun and Dr. Ovadia 

Lev from Hebrew University for the XPS spectra and to 
Universidad de las Fuerzas Armadas for the financial support 
through the Grant PIC2013-T-012. We also appreciate the 
help given by Daniel Delgado and Carla Bastidas in the 
laboratory and Dr. Brajesh Kumar for his careful review of the 
manuscript.  

References
1. Vick S. 1990. Planning, design, and analysis of tailings. Dams. Bitech 

Publishers.

2. Peacey V, Yanful EK. 2003. Metal mine tailings and sludge co-
deposition in a tailings pond. Water, Air, and Soil Pollution 145(1): 307-
339. doi: 10.1023/A:1023624827766

3. Ritcey GM. 2005. Tailings management in gold plant. Hydrometallurgy 
78(1-2): 3-20. doi: 10.1016/j.hydromet.2005.01.001

4. James M, Aubertin M, Wijewickreme D, Wilson GW. 2011. A 
laboratory investigation of the dynamic properties of tailings. Canadian 
Geotechnical Journal 48(11): 1587-1600. doi:10.1139/T11-060

5. Balsberg-Påhlsson AM. 1989. Toxicity of heavy metals (Zn, Cu, Cd, 
Pb) to vascular plants: a literature review. Water, Air, and Soil Pollution 
47(3): 287-319. doi: 10.1007/BF00279329

6. Giller KE, Wittter E, Magrath SP. 1998. Toxicity of heavy metals to 
microorganisms and microbial processes in agricultural soils: a review. 
Soil Biology and Biochem 30(10-11): 1389-1414. doi:10.1016/S0038-
0717(97)00270-8

7. Ibrahim D, Froberg B, Wolf A, Rusyniak D. 2006. Heavy metal 
poisoning: clinical presentations and pathophysiology. Clin Lab Med 
26(10): 67-97. doi: 10.1016/j.cll.2006.02.003

8. Reddy K, Wang L, Gloss S. 1195. Solubility and mobility of copper, 
zinc and lead in acidic environments. In: Date RA et al. (eds) Plant 
Soil Interactions at Low pH. Kluwer Academic Publishers, Germany, 
pp 141-146.

9. Huaranga F, Méndez E, Quilcat V. 2012. Pollution by heavy metals 
in the Moche River Basin, 1980 –2012, La Libertad – Perú. Scientia 
Agropecuaria 3(3): 235-247. doi: 10.17268/sci.agropecu.2012.03.05

10. Wang X, Sato T, Xing B, Tao S. 2005. Health risks of heavy metals to the 
general public in Tianjin, China via consumption of vegetables and fish. 
Sci Total Environ 350(1-3): 28-37. doi: 10.1016/j.scitotenv.2004.09.044

11. Zhang Z, He L, Li J, Wu Z. 2007. Analysis of heavy metals of muscle 
and intestine tissue in fish - in Banan section of Chongqing from three 
gorges reservoir, China. Polish J Environ Stud 16(6): 949-958.

12. E-Law. Guía para evaluar EIAs de Proyectos mineros. 

13. Hudson-Edwards K, Jamieson H, Lottermoser B. 2011. Mine wastes: 
past, present and future. Elements 7(6): 375-380. doi: 10.2113/
gselements.7.6.375

14. Gavrilescu M. 2004.  Removal of heavy metals from the environment 
by biosorption. Eng Life Sci 4(3): 219-232. doi: 10.1002/elsc.200420026

15. National Science and Technology Council (U.S.) Biotechnology for the 
21st century: new horizons.

16. Watling H. 2002.  New microorganisms for faster bioleaching. In: 
Process CSIRO Research in Mineral Processing and Metal Production, 
pp 303-325.

17. Zheng N, Wang Q, Zhang X, Zheng D, Zhang Z, et al. 2007. 
Population health risk due to dietary intake of heavy metals in the 
industrial area of Huludao city, China. Sci Total Environ 387(1-3): 96-
104. doi: 10.1016/j.scitotenv.2007.07.044

http://espace.library.uq.edu.au/view/UQ:338927
http://espace.library.uq.edu.au/view/UQ:338927
http://link.springer.com/article/10.1023/A:1023624827766
http://link.springer.com/article/10.1023/A:1023624827766
http://link.springer.com/article/10.1023/A:1023624827766
http://www.sciencedirect.com/science/article/pii/S0304386X05000265
http://www.sciencedirect.com/science/article/pii/S0304386X05000265
http://www.nrcresearchpress.com/doi/abs/10.1139/t11-060%23.VoI10vl97IV
http://www.nrcresearchpress.com/doi/abs/10.1139/t11-060%23.VoI10vl97IV
http://www.nrcresearchpress.com/doi/abs/10.1139/t11-060%23.VoI10vl97IV
http://link.springer.com/article/10.1007%2FBF00279329
http://link.springer.com/article/10.1007%2FBF00279329
http://link.springer.com/article/10.1007%2FBF00279329
http://www.sciencedirect.com/science/article/pii/S0038071797002708
http://www.sciencedirect.com/science/article/pii/S0038071797002708
http://www.sciencedirect.com/science/article/pii/S0038071797002708
http://www.ncbi.nlm.nih.gov/pubmed/16567226
http://www.ncbi.nlm.nih.gov/pubmed/16567226
http://www.ncbi.nlm.nih.gov/pubmed/16567226
http://dialnet.unirioja.es/servlet/articulo?codigo=5113818
http://dialnet.unirioja.es/servlet/articulo?codigo=5113818
http://dialnet.unirioja.es/servlet/articulo?codigo=5113818
http://www.ncbi.nlm.nih.gov/pubmed/16227070
http://www.ncbi.nlm.nih.gov/pubmed/16227070
http://www.ncbi.nlm.nih.gov/pubmed/16227070
http://www.pjoes.com/pdf/16.6/949-958.pdf
http://www.pjoes.com/pdf/16.6/949-958.pdf
http://www.pjoes.com/pdf/16.6/949-958.pdf
http://elements.geoscienceworld.org/content/7/6/375.abstract
http://elements.geoscienceworld.org/content/7/6/375.abstract
http://onlinelibrary.wiley.com/doi/10.1002/elsc.200420026/abstract
http://onlinelibrary.wiley.com/doi/10.1002/elsc.200420026/abstract
http://www.ncbi.nlm.nih.gov/pubmed/17765948
http://www.ncbi.nlm.nih.gov/pubmed/17765948
http://www.ncbi.nlm.nih.gov/pubmed/17765948
http://www.ncbi.nlm.nih.gov/pubmed/17765948


NanoWorld Journal   |   Volume 1 Issue 4, 2015 111

Synthesis of Multicomponent Nanoparticles for Immobilization of Heavy Metals in 
Aqueous Phase Cumbal et al.

18. Wang J, Zheng S, Shao Y, Liu J, Xu Z, et al. 2010. Amino-functionalized 
Fe3O4@SiO2 core–shell magnetic nanomaterial as a novel adsorbent for 
aqueous heavy metals removal. J Colloid Interface Sci 349(1): 293-299. 
doi: 10.1016/j.jcis.2010.05.010.

19. Xin X, Wej O, Yang J, Yan L, Feng R, et al. 2012. Highly efficient 
removal of heavy metal ions by amine-functionalized mesoporous 
Fe3O4 nanoparticles. Chem Eng J 184: 132–140. doi: 10.1016/j.
cej.2012.01.016

20. Ge F, Li M-M, Ye H, Zhao B-X. 2012.  Effective removal of heavy 
metal ions Cd2+, Zn2+, Pb2+, Cu2+ from aqueous solution by polymer-
modified magnetic nanoparticles. J Hazard Mater 211–212: 366–372. 
doi: 10.1016/j.jhazmat.2011.12.013

21. Sounthararajah DP, Loganathan P, Kandasamy P, Vigneswaran S. 2015. 
Adsorptive removal of 352 heavy metals from water using sodium 
titanate nanofibres loaded onto GAC in fixed-bed columns. J Hazard 
Mater 287: 306–316. doi: 10.1016/j.jhazmat.2015.01.067

22. Kim EJ, Kim JH, Azad AM, Chang YS. 2011. Facile Synthesis and 
characterization of Fe/FeS nanoparticles for environmental applications. 
ACS Appl Mater Interfaces 3(5): 1457-1462. doi: 10.1021/am200016v

23. Lee SW, Lee BT, Kim JY, Kim KW, Lee JS. 2006. Human risk 
assessment for heavy metals and as contamination in the abandoned 
metal mine areas, Korea. Environ Monit Assess 119(1-3): 233-244. 
10.1007/s10661-005-9024-5

24. Schwab P, Zhu D, Banks MK. 2007. Heavy metal leaching from mine 
tailings as affected by organic amendments. Bioresour Technol 98(15): 
2935-2941. doi: 10.1016/j.biortech.2006.10.012

25. Gong J, Liu T, Wang X, Hu X, Zhang L. 2011. Efficient removal of 
heavy metal ions from aqueous systems with the assembly of anisotropic 
layered double hydroxide nanocrystals@carbon nanosphere. Environ Sci 
Technol 45: 6181-6187. doi: 10.1021/es200668q

26. Greenberg AE, Clesceri LS, Eaton AD. 1992. Standard methods for 
the examination of water and wastewater, APHA. 

27. Wang Y, Herron N. 1991. Nanometer-sized semiconductor clusters: 
materials synthesis, quantum size effects, and photophysical properties. 
J Phys Chem 95(2): 525-532.

28. Elliott S. 1998. The Physics and Chemistry of Solids. Wiley & Sons, 
USA.

29. Lu A, Salabas E, Schuth F. 2007. Magnetic Nanoparticles: synthesis, 
protection, functionalization, and application. Angew Chem 46(8): 1222 
-1244. doi: 10.1002/anie.200602866

30. Amendola V, Riello P, Polizzi S, Fiameni S, Innocenti C, et al. 2011. 
Magnetic iron oxide nanoparticles with tunable size and free surface 
obtained via a “green” approach based on laser irradiation in water. J 
Mater Chem 2011(46): 18665-18673.

31. Mullet M, Boursiquot S, Abdelmoula M, Genin JM, Ehrhardt JJ. 2002. 
Surface chemistry and structural properties of mackinawite prepared 
by reaction of sulfide ions with metallic iron. Geochim Cosmochim 66(5): 
829-836. doi:10.1016/S0016-7037(01)00805-5

32. Bhattacharyal AK, Naiya TK, Mondal SN, Das SK. 2008. Adsorption, 
kinetics and equilibrium studies on removal of Cr(VI) from aqueous 
solutions using different low-cost adsorbents. Chem Eng J 137(3): 529-
541. doi: 10.1016/j.cej.2007.05.021

33. Ho YS, McKay G. 1998. A comparison of chemisorption kinetic 
models applied to pollutant removal on various sorbents. Process Saf 
Environ Prot 76(4): 332-340. doi: 10.1205/095758298529696

34. Xiao HY, Ai ZH, Zhang LZ. 2009. Nonaqueous sol-gel synthesized 
hierarchical CeO2 nanocrystal microspheres as novel adsorbents for 
wastewater treatment. J Phys Chem C 113(38): 16625-16630. doi: 
10.1021/jp9050269

35. Cook S. 2009. Assessing the use and application of zero-valent iron 
nanoparticle technology for remediation at contaminated sites. 
Washington DC, USA.

36. Özverdi A, Erdem M. 2006. Cu2+, Cd2+ and Pb2+ adsorption from 
aqueous solutions by pyrite and synthetic iron sulphide. J Hazard Mater 
137(1): 626-632. doi: 10.1016/j.jhazmat.2006.02.051

37. Ramos MAV, Yan W, Li XQ, Koel BE, Zhang WX. 2009. Simultaneous 
oxidation and reduction of arsenic by zero valent iron nanoparticles: 
understanding the significance of the core-shell structure. J Phys Chem 
C 113(33): 14591-14594. doi: 10.1021/jp9051837

38. Li X, Zhang W. 2007. Sequestration of metal cations with zerovalent 
iron nanoparticles a study with high resolution X-ray photoelectron 
spectroscopy (HR-XPS). J Phys Chem C 111(19): 6939-6946. doi: 
10.1021/jp0702189

39. Wang Y, Herron N. 1991. Nanometer-sized semiconductor clusters: 
material synthesis, quantum size effects, and photophysical properties. J 
Phys Chem 95(2): 525-532. doi: 10.1021/j100155a009

40. Bohli T, Villaescusa I, Ouederni A. 2013. Comparative study of bivalent 
cationic metals adsorption Pb(II), Cd(II), Ni(II), and Cu(II) on olive 
stones chemically activated carbon. J Chem Engi Process Technol 4(4): 
158. doi: 10.4172/2157-7048.1000158

41. Kadirvelu K, Faur-Brasqnet C, Cloirec PL. 2000. Removal of Cu(II), 
Pb(II) and Ni(II) by adsorption onto activated carbon cloths. Langmuir 
16(22): 8404-8409. doi: 10.1021/la0004810 

42. Kumar AK, Mishra GK, Rai PK, Rajagopal C, Nagar PN. 2005. 
Removal of heavy metal ions from aqueous solutions using carbon 
aerogel as an adsorbent. J Hazard Mater 122(1-2): 161-170. doi: 
10.1016/j.jhazmat.2005.03.024 

43. Galán-Huertos E, Romero-Baena A. 2008. Contaminación de suelos 
por metales pesados. Macla 10: 48-60. 

44. Ücer A, Uyanik A, Aygün SF. 2006. Adsorption of Cu(II), Cd(II), Zn(II), 
Mn(II) and Fe(III) ions by tannic acid immobilized activated carbon. 
Sep Purif Technol 47(3): 113-118. doi: 10.1016/j.seppur.2005.06.012

45. Izquierdo M. 2001. Eliminación de metales pesados en aguas mediante 
adsorción. Evaluación de materiales y modelación del proceso. Tesis 
doctoral. Universidad de Valencia. España, 45.

http://www.ncbi.nlm.nih.gov/pubmed/20542278
http://www.ncbi.nlm.nih.gov/pubmed/20542278
http://www.ncbi.nlm.nih.gov/pubmed/20542278
http://www.sciencedirect.com/science/article/pii/S1385894712000198
http://www.sciencedirect.com/science/article/pii/S1385894712000198
http://www.sciencedirect.com/science/article/pii/S1385894712000198
http://www.ncbi.nlm.nih.gov/pubmed/22209322
http://www.ncbi.nlm.nih.gov/pubmed/22209322
http://www.ncbi.nlm.nih.gov/pubmed/22209322
http://www.ncbi.nlm.nih.gov/pubmed/25668299
http://www.ncbi.nlm.nih.gov/pubmed/25668299
http://www.ncbi.nlm.nih.gov/pubmed/25668299
http://www.ncbi.nlm.nih.gov/pubmed/25668299
http://pubs.acs.org/doi/abs/10.1021/am200016v
http://pubs.acs.org/doi/abs/10.1021/am200016v
http://pubs.acs.org/doi/abs/10.1021/am200016v
http://www.ncbi.nlm.nih.gov/pubmed/16741824
http://www.ncbi.nlm.nih.gov/pubmed/16741824
http://www.ncbi.nlm.nih.gov/pubmed/16741824
http://www.ncbi.nlm.nih.gov/pubmed/17157002
http://www.ncbi.nlm.nih.gov/pubmed/17157002
http://www.ncbi.nlm.nih.gov/pubmed/17157002
http://pubs.acs.org/doi/abs/10.1021/es200668q?src=recsys&journalCode=esthag
http://pubs.acs.org/doi/abs/10.1021/es200668q?src=recsys&journalCode=esthag
http://pubs.acs.org/doi/abs/10.1021/es200668q?src=recsys&journalCode=esthag
http://pubs.acs.org/doi/abs/10.1021/es200668q?src=recsys&journalCode=esthag
http://pubs.acs.org/doi/abs/10.1021/j100155a009
http://pubs.acs.org/doi/abs/10.1021/j100155a009
http://pubs.acs.org/doi/abs/10.1021/j100155a009
http://onlinelibrary.wiley.com/doi/10.1002/anie.200602866/pdf
http://onlinelibrary.wiley.com/doi/10.1002/anie.200602866/pdf
http://onlinelibrary.wiley.com/doi/10.1002/anie.200602866/pdf
http://pubs.rsc.org/en/content/articlelanding/2011/jm/c1jm13680a
http://pubs.rsc.org/en/content/articlelanding/2011/jm/c1jm13680a
http://pubs.rsc.org/en/content/articlelanding/2011/jm/c1jm13680a
http://pubs.rsc.org/en/content/articlelanding/2011/jm/c1jm13680a
http://www.sciencedirect.com/science/article/pii/S0016703701008055
http://www.sciencedirect.com/science/article/pii/S0016703701008055
http://www.sciencedirect.com/science/article/pii/S0016703701008055
http://www.sciencedirect.com/science/article/pii/S0016703701008055
http://www.sciencedirect.com/science/article/pii/S1385894707003543
http://www.sciencedirect.com/science/article/pii/S1385894707003543
http://www.sciencedirect.com/science/article/pii/S1385894707003543
http://www.sciencedirect.com/science/article/pii/S1385894707003543
http://www.sciencedirect.com/science/article/pii/S0957582098707657
http://www.sciencedirect.com/science/article/pii/S0957582098707657
http://www.sciencedirect.com/science/article/pii/S0957582098707657
http://pubs.acs.org/doi/abs/10.1021/jp9050269
http://pubs.acs.org/doi/abs/10.1021/jp9050269
http://pubs.acs.org/doi/abs/10.1021/jp9050269
http://www.ncbi.nlm.nih.gov/pubmed/16621248
http://www.ncbi.nlm.nih.gov/pubmed/16621248
http://www.ncbi.nlm.nih.gov/pubmed/16621248
http://pubs.acs.org/doi/abs/10.1021/jp9051837
http://pubs.acs.org/doi/abs/10.1021/jp9051837
http://pubs.acs.org/doi/abs/10.1021/jp9051837
http://pubs.acs.org/doi/abs/10.1021/jp9051837
http://pubs.acs.org/doi/abs/10.1021/jp0702189
http://pubs.acs.org/doi/abs/10.1021/jp0702189
http://pubs.acs.org/doi/abs/10.1021/jp0702189
http://pubs.acs.org/doi/abs/10.1021/j100155a009
http://pubs.acs.org/doi/abs/10.1021/j100155a009
http://pubs.acs.org/doi/abs/10.1021/j100155a009
http://www.omicsonline.org/comparative-study-of-bivalent-cationic-metals-adsorption-pbii-cdii-niii-and-cuii-on-olive-stones-chemically-activated-carbon-2157-7048.1000158.pdf
http://www.omicsonline.org/comparative-study-of-bivalent-cationic-metals-adsorption-pbii-cdii-niii-and-cuii-on-olive-stones-chemically-activated-carbon-2157-7048.1000158.pdf
http://www.omicsonline.org/comparative-study-of-bivalent-cationic-metals-adsorption-pbii-cdii-niii-and-cuii-on-olive-stones-chemically-activated-carbon-2157-7048.1000158.pdf
http://www.omicsonline.org/comparative-study-of-bivalent-cationic-metals-adsorption-pbii-cdii-niii-and-cuii-on-olive-stones-chemically-activated-carbon-2157-7048.1000158.pdf
http://pubs.acs.org/doi/abs/10.1021/la0004810
http://pubs.acs.org/doi/abs/10.1021/la0004810
http://pubs.acs.org/doi/abs/10.1021/la0004810
http://www.ncbi.nlm.nih.gov/pubmed/15878798
http://www.ncbi.nlm.nih.gov/pubmed/15878798
http://www.ncbi.nlm.nih.gov/pubmed/15878798
http://www.ehu.eus/sem/macla_pdf/macla10/Macla10_48.pdf
http://www.ehu.eus/sem/macla_pdf/macla10/Macla10_48.pdf
http://www.sciencedirect.com/science/article/pii/S138358660500198X
http://www.sciencedirect.com/science/article/pii/S138358660500198X
http://www.sciencedirect.com/science/article/pii/S138358660500198X

	Synthesis of Multicomponent Nanoparticles for Immobilization of Heavy Metals in Aqueous Phase Author
	Abstract
	Keywords
	Introduction 
	Materials and Methods
	Materials
	General procedure for preparation of the multicomponent nanoparticles
	Characterization
	Removal of heavy metals

	Results and Discussion 
	Characterization of MNPs 
	Kinetic study
	Adsorption isotherms study
	Study of simultaneous removal of heavy metals from the aqueous phase
	Effect of temperature
	Effect of pH

	Conclusion
	Acknowledgments
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7


