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*rough preparation of multicomponent nanoparticles (MCNPs) using ferric chloride (FeCl3), sodium sulfate (Na2SO4), and the
extract of mortiño fruit (Vaccinium floribundum Kunth), we dramatically improved the removal/immobilization of heavy metals
from water and in soils. As-prepared nanoparticles were spherical measuring approximately 12 nm in diameter and contained
iron oxides and iron sulfides in the crystal structure. Removal of copper and zinc from water using MCNPs showed high
efficiencies (>99%) at pH above 6 and a ratio of 0.5mL of the extract:10mL 0.5M FeCl3·6H2O :10mL 0.035M Na2SO4. *e
physisorption process followed by chemisorption was regarded as the removal mechanism of Cu and Zn from water. While, when
MCNPs were used to treat soils contaminated with heavy metals, more than 95% of immobilization was accomplished for all
metals. Nevertheless, the distribution of the metallic elements changed in the soil fractions after treatment. Results indicate that
immobilization of metals after the injection of nanoparticles into soils was effective. Metals did not leach out when soils were
drained with rain, drinking, and deionized water but fairly leached out under acidic water drainage.

1. Introduction

In this century, the applications of nanotechnology are in-
creasing, particularly those related to the use of nanoparticles
(NPs). All NPs show outstanding physical, mechanical, op-
tical, catalytic, and chemical properties due to a variety of
morphologies, sizes, and reactivities [1–3]. Even though the
current NPs have found broader and potential applications in
the fields of medicine, energy, cosmetics, environmental re-
mediation, and catalysis, an enormous amount of hazardous
chemicals have been used in their synthesis [4]. A massive
quantity of fabricated nanoparticles includes only a single
element, but more beneficial properties can be attained when
the nanoparticles contain two ormore dissimilar elements that
altogether formmulticomponent nanoparticles (MCNPs).*e
inclusion of two or more components can add supplementary

functionality to the particles, such as antimicrobial activity,
chemical-mechanical polishing [5], magnetic capability [6],
and others. Among the MCNPs prepared up to now, Fe/FeS
nanoparticles were formed by the interaction between dis-
solved iron species and hydrogen sulfide using sodium bo-
rohydride (NaBH4) as a reducing agent at room temperature
[7]. Using this procedure of fabrication, the FeS precipitates on
the Fe0 surface. *ese nanoparticles were successfully used in
the removal of trichloroethylene and pesticides from water.
Similar nanoparticles were prepared using sodium sulfate
instead of dithionite to selectively immobilize heavy metals
from the aqueous phase [8]. In both studies, the performance
of the MCNPs was excellent; however, researchers used
NaBH4 as the reducing agent. *is chemical is expensive,
hazardous, and harmful to the ecosystem [9, 10]. On the
contrary, in this research, we exploit green nanoscience to
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reduce the risks of using nanomaterials on human health
and the environment.

With the evolution of green chemistry, ecofriendly
dispersing agents such as polymers and oligomers have
increasingly been used for the stabilization of multicom-
ponent nanoparticles [5]. Natural products like plant ex-
tracts have attracted attention for this purpose because they
are easy to handle, readily available, low cost, and highly
biocompatible, and their own polyphenols (e.g., flavonoids
and flavones), carotenoids, reducing sugars, glucosinolates,
terpenoids, glutathiones, metallothioneins, and so on are
ecological [11–14].

Mortiño (Vaccinium floribundum), sometimes called
Andean berry, belongs to the Ericaceae family. *e fruit is
round, is bluish black in color, and is about 8mm in diameter.
*e berry grows in a shrub 1.5m tall, with lanceolate leaves
2 cm long possessing a serrated edge. In Ecuador, it grows in
high altitudes, between 3400 and 3800 meters above the sea
level. It is a well-known fruit because of its high antioxidant
activity for the presence of anthocyanins (delphinine, peo-
nidin, malvidin, and cyanidin) and other phenolic compounds
(quercetin, myricetin, gallic acid, ellagic acids, hydroxycin-
namic and hydroxybenzoic acid derivatives, and others) in
very high concentrations. *e berry is consumed fresh, dried,
in sausages, jellies, and jams, and in a special beverage called
“colada morada” [15, 16]. Furthermore, mortiño contains a
high content of glucose and fructose. In this research, we use
the mortiño berry extract (MBE) as a reducing and stabilizing
agent in the synthesis of MCNPs.

2. Experimental Section

2.1. Materials. Chemicals purchased from Fisher Scientific
were ferric chloride (FeCl3·6H2O, 99.8%), sodium sulfate
(Na2SO4, 99.9%), ascorbic acid (USP/FCC), hydrochloric
acid (HCl, 37.3%), nitric acid (HNO3, 69.5%), sodium hy-
droxide (NaOH, 98%), and buffer solution (0.2M sodium
acetate, 96%) and from HiMedia were potassium iodide
(KIO3, 99%). Fresh and ripe mortiño berries were purchased
in a nearby popular market. Millipore Milli-Q water was
used in all experiments.

2.2. Preparation of the Mortiño Extract. First, fresh mortiño
berries were washed with Milli-Q and cut into small pieces.
*en, 300 grams of crushed mortiño fruit were immersed in
300mL of 99.6% ethanol for 2 days. *e resultant solution
was filtered using theWhatman no.1 paper and dried at 40°C
under reduced pressure and then freeze-dried for 24 hours to
give a dark reddish gummy extract.

2.3. Biosynthesis of Multicomponent Nanoparticles. 10mL of
0.5M FeCl3·6H2O was used as an iron source. *e pH of the
solution was adjusted to 8.7 with 0.1M NaOH, and the
resulting suspension was centrifuged at 3000 rpm for 10min.
*e supernatant was discarded, and 10mL of 0.035M
Na2SO4 was added to the Fe precipitate. Afterwards, the
mixture was stirred, and the concentrated fruit extract was

added, keeping a ratio of 10 :10 : 0.5 (v/v/v) for ferric
chloride, sodium sulfate, and MBE.

2.4. Characterization. *e particle size distribution of
MCNPs was determined using the HORIBA, DLS Version
LB-550 program. Transmission electronmicroscope images
were digitally recorded (Tecnai G2 Spirit TWIN, FEI,
Holland). XRDstudies on thinfilmsof the nanoparticlewere
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 Å.
FTIR-ATR spectra were recorded on a Spectrum Two IR
spectrometer (PerkinElmer, USA) to detect the different
functional groups involved in the capture of heavymetals by
the multicomponent nanoparticles. *e UV-Vis spectrum
was obtained using a spectrophotometer (Analytik Jena
SPECORD S6008, Germany).

2.5. Removal of Heavy Metals. Batch kinetic tests for heavy
metal removal from the liquid phase after treatment with
nanoparticles were carried out using 100mL Boeco bottles
under the oxidant environment and pH 6.5± 0.2. *e re-
moval was initiated bymixing 1mL ofMCNPs with 10mL of
artificially contaminated water, which resulted in concen-
trations of 5.2mg/L Cu2+, 4.95mg/L Zn2+, 4.05mg/L Mn2+,
2.51mg/L Ni2+, 2.98mg/L Cd2+, and 1.12mg/L Cr6+. Bottles
were placed in a water bath and agitated for 2.5 h at 25°C.
During the test, six samples of 2mL of the treated aqueous
phase were filtered with a 0.2 μmPVDF filter for heavy metal
analyses at 5, 20, 40, 60, 120, and 150min.

2.6. Soil Characterization. Cation exchange capacity of the
soil was performed using the 9081 EPA method. Briefly, the
soil sample was saturated with a solution of 1.0N of sodium
acetate to replace cations bound to the soil with sodium ions
at pH 8.2. *e sample was then placed on a rotary shaker at
40 rpm for 1.0 h and centrifuged for 5min, and the super-
natant decanted. *e precipitate was washed 5 times with
99% isopropyl alcohol. *en, 100mL of 1.0N ammonium
acetate at pH 7 was added, and the content was placed on the
rotary shaker at 40 rpm for another hour and centrifuged. A
sample of 1mL was taken from the supernatant diluted with
9.0mL of ammonium acetate and filtered with a membrane
of 0.45 μm, and the sodium concentration was analyzed by
atomic absorption. *e organic matter contained in the soil
was measured using the method reported by [17]. After
oven-drying of soil to constant weight (12–24 h at 105°C),
10 g of dry soil was weighed in a porcelain dish (DW105) and
placed in a Wild Barfield muffle, model MI 254, at 550°C for
six hours. After total calcination, the sample was allowed to
cool down and weighed again, and the value was recorded
(DW550). *e organic matter content was estimated with the
following equation:

OM �
DW105 −DW550

DW105
∗ 100. (1)

For the doping of soil with heavy metals, deionized water
containing different concentrations of Cu2+, Zn2+, Ni2+, Mn2+,
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Cd2+, and Cr6+ was used to saturate 521.8 g of soil taken from
a mining site with a continuous agitation for four days. Af-
terwards, the soil sample was centrifuged at 3000 rpm for
10min, and the supernatant was separated. �e remaining
solids were washed twice with distilled water to remove the
soluble fraction of heavy metals. Finally, the supernatant and
washed fractions were  ltered through a membrane  lter of
0.45μm, and the dissolved metal concentrations were mea-
sured using an atomic absorption spectrometer by the �ame
method. Doped soil reached concentrations of 636mg/kgCu2+,
737mg/kg Zn2+, 21.2mg/kg Ni2+, 408mg/kgMn2+, 19.2mg/kg
Cd2+, and 195mg/kg Cr6+.

2.7. Immobililization Tests. Experiments of immobilization
of heavy metals were performed by adding dropwise dif-
ferent volumes of MCNPs at pH 6.5± 0.2 (5, 10, 15, and
20mL) into a glass chromatographic column packed with
2.0 g of previously doped soils. Concentrations of heavy

metals in soil samples, before and after treatment, were
obtained using a sequential extraction method [18]. �e
extraction was performed consecutively on an initial weight
of 1.0 g of soil, following a three-step procedure: Step 1: for
the exchangeable-weakly sorbed, 20mL of 0.11M acetic acid
was added to 1.0 g of soil sample in a Falcon tube and shaken
for 16 h at room temperature.�e extract was then separated
from the solid residue by centrifugation at 3000 rpm for
20min, and the supernatant liquid was  ltrated with a
0.45 μmmembrane. Subsequently, the  ltrate was chemically
analyzed by atomic absorption to measure concentration of
heavy metals. �e solid residue was washed by adding 20mL
of deionized water, shaken for 15min, and centrifuged at
3000 rpm for 20min. Step 2: heavy metals bound to Fe/Mn
oxides were extracted by adding 40mL of 0.1M hydroxyl-
amine hydrochloride to the residue from Step 1 and resus-
pended by mechanical shaking for 16 h at room temperature.
�e separation of the extract,  ltration of the supernatant,
analysis of the  ltrate, and rinsing of residues were carried out
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Figure 1: Multicomponent nanoparticles synthesized with the mortiño berry extract: (a) TEM image, (b) TEM image analyzed with
MATLAB software, (c) DLS size distribution, and (d) fractal roughness.
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as indicated in Step 1. In Step 3: heavy metals strongly bound
or incorporated into organic matter or other oxidizable
species. �e residue from Step 2 was treated twice with 10mL
of 8.8M hydrogen peroxide (H2O2). �en, the digestion was
allowed to proceed at room temperature for 1.0 h with oc-
casional manual agitation, followed by digestion for another
hour at 85± 1°C in a water bath. During the digestion, the
Falcon tube was loosely capped to avoid loss of hydrogen
peroxide. Next, the tube was uncapped, and heating was
continued until the volume decreased to approximately
2-3mL. An additional 10mL of peroxide was added to the
tube, capped, and digested at 85± 1°C for 1.0 h. Heating
continued as before until the volume was reduced to 2-3mL.
Finally, 25mL of 1.0M ammonium acetate was added to the
cold mixture and shaken for 16 h at room temperature. �e
separation of the extract,  ltration of the supernatant,
analysis of the  ltrate, and rinsing of residues were carried
out as described in Step 1. Heavy metals sorbed or
carbonate-bound were discarded in this study because the
amount of carbonates in soil were insigni cant.

2.8.Chemical andPhysicalAnalyses. Almost all heavy metals
(Cu2+, Cd2+, Ni2+, Mn2+, and Zn2+) were analyzed with an
atomic absorption spectrometer, PerkinElmer AA 800, using
APHA standardized methods. Calibration curves with
a correlation index R≥ 99% were run before analyzing each
sample. For the analysis of anions such as CrO4

2− (Cr6+), an
ion chromatograph Dionex ICS 1100, equipped with a guard
columnAG14 and an analytical column AS14, both of 4mm,
and a sample loop of 50 μL, was used. A solution of 35mM
sodium hydroxide was used as the eluent solution.

3. Results and Discussion

3.1. Characterization of Multicomponent Nanoparticles. A
TEM image showed a spherical morphological structure
(Figure 1(a)).�e nanoparticle size distributionwas obtained
with a dynamic light scattering (DLS). �e Gaussian distri-
butionwithanaverage sizeofpolydispersednanoparticles lies
in a range of 9.5± 1.5 nm indiameter (Figure 1(c)).�e size of
the nanoparticles was similar to that obtained with TEM.
Roughness of nanoparticles was estimated using MATLAB
software developed by Arroyo et al. [19]. �is software cal-
culated roughness as a fractal dimension (Figures 1(b) and
1(d)), and the value was given as 1.8 (Ds� 1.8). Gagnepain
and Roques-Carmes exploited this technique to characterize
theuniformity of surfaces for pro les in twodimensions,with
Ds falling within a range between 1 and 2, in which 1 cor-
responds to a smooth surface and 2 to a highly rough surface
[20]. Recently, in the fabrication of Fe/FeS nanoparticles was
evidenced an enhancement in roughness of the particles’
surfaces [7, 8]. Evidently, a high roughness favors the re-
activity of the nanoparticle due to the increase of its surface
area, thus promoting the formation of more reactive sites
[7, 21]. Figure2(a) shows theUV-Vis spectrumof themortiño
berry extract. Two broad peaks between 240 and 340 nm and
480 and 530 nm were observed, which are related to the
presence of gallic acid, vanillic acid, hydroxybenzoic acid,

ca¨eic/ferulic acid, chlorogenic acid, coumaric acid, myr-
icetin, quercetin, delphinidin, and cyanidin [15, 16, 22].

�e as-synthesized multicomponent nanoparticles
(Figure 2(b)) showed a broad contribution in the visible
light, in addition to the strong band at ∼200nm and the small
one at ∼240nm. As reported by Sherman and Waite [23],
species based on iron oxides and hydroxides have four pre-
dominant regions of absorption: ligand to metal charge transfer
(250–400nm) along with contribution of Fe3+ ligand  eld
transition (290–310nm), pair excitation process (400–600nm)
of magnetically coupled Fe3+ ions, and two strong absorption
bands near 640 and 900nm of ligand  eld transitions of Fe3+
cation in the octahedral environment.�e peak found at 290nm
is related to the formation of iron oxide nanoparticles [24]
mediated by complex polyphenols contained in the mortiño
extract. Recently, these polyphenols induced the reduction of
silver ions to metallic silver during the synthesis of the silver-
graphene nanocomposite [22]. A peak at 270 nm corre-
sponding to the oxidized polyphenols can also be shown.�is
peak emerges on the as-synthesized nanoparticle spectrum
due to the limitations of the antioxidant activity of the fruit
extract. Additionally, peaks from 210 to 260 nm are seen in the
two analyzed samples, and it is suggested that they resemble
the presence of polyphenols. Markova et al. [25] bio-
synthesized nanoparticles with green tea leaves and compared
with nanoparticles synthesized with sodium borohydride.
Nanoparticles prepared with green tea leaves showed peaks at
210, 220, and 270 n, whereas in the inorganic samples
(nanoparticles with sodium borohydride), these peaks do not
show up. Moreover, XRD analyses revealed that the as-
synthesized nanoparticles contain iron oxides in the core
and a small amount of iron sul de on the surface as shown in
Figure 3. Peaks at 35.54° and 75.3° matched to iron oxides and
the peak at 34.03° corresponded to iron sul de. Benitez in
2010 found iron oxides linked to peaks at 31° and 45.5° [26].
Nevertheless, the displacement of the positions of peaks
observed in the study is due to the synthesis protocol. Lastly,
FTIR measurements were carried out to understand the

100 200 300 400 500 600

–0.4

–0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Wavelength (nm)

Ab
so

rb
an

ce

(b)

(a)

Figure 2: UV-Vis spectra of (a) the mortiño berry extract and
(b) as-prepared multicomponent nanoparticles.
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participation of the MBE molecules in the formation of
nanoparticles. As seen in Figure 4(a), peaks in the range of
3650–3200 cm−1 are related to the vibrations of the –OH
groups of the phenolic moiety of MBE, and positions from
1620 to 1690 cm−1 are attributed to the aldehydes (C�O) of an
ester sugar. �ese peaks in conjunction with the 1089 cm−1
peak (CO stretching) represent the amount of carbon that
belongs to the extract. Conversely, the peaks observed at
positions 577 and 489–826 cm−1 are characteristic of the vi-
brations produced by iron oxides (FeO) and sulphides (S–S),
respectively (Figure 4(b)). Herlekar and Palanisamy et al.
studied the formation of peaks for Fe–O (636.16–550 cm−1)
using the FTIR technique [27, 28]. �e peak appearing in the
spectrum of multicomponent nanoparticles (577 cm−1) is in
between the given peaks, while peaks at 489 and 826 cm−1 are

attributed to the vibrations of sulphides. A previous study
locates FTIR peaks at 480 cm−1 and 600 cm−1 for the sul de
group [29]. �erefore, it can be suggested that multicompo-
nent nanoparticles were actually formed.

3.2. Kinetic Study. Figure 5 shows results of kinetic tests for
the removal of heavy metals from arti cially contaminated
water using multicomponent nanoparticles (FexO/FeS). It is
observed that most of metals achieved maximum removal
after 5min (99.8% Cu, 99.5% Zn, 99.6%Ni, 71.4%Mn, 99.6%
Cd, and 99% Cr), showing a sharp slope and then reaching
the steady state at around 60min.

Also, it is seen that there is no di¨erence in the removal
rate for each metal. It is remarkable to mention that kinetic
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data for the adsorption of heavymetals  t very well a pseudo-
second-order model (2) as seen in Figure 6:

t

qt
�

1
k2q2e

+
1
qe
t, (2)

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) [30]. All  tting curves showed good linearity with
a correlation factor equal to unity (R2�1). As observed in
Figure 5, there was not any change in the concentration of
heavy metals in the time period between 5 and 60min. �is
implies that chemisorption is the principal mechanism for
the uptake of heavy metals [31–33]. However, the electro-
negativity and the hydrated ionic size of the metallic ele-
ments play the role in the selectivity of the adsorption [34].
For example, in our study, the hydrated radius ofMn2+ is larger
than that of Cu2+ (Mn2+rH� 0.438nm and Cu2+rH� 0.419nm)
[35] di®culting coulumbic interactions of Mn with the
reactive sites of nanoparticles. Also, Mn is the element with
the least electronegativity in the series of the studied metals
(Mn � 1.55) [36]. �erefore, its tendency to attract elec-
trons is less, which in turn decreases the interactions with
the nanoparticles. Also, precipitate formation of metallic
sul des speeds up the removal of heavy metals from water
[37–40]. In previous studies of our group, it is reported that
multicomponent nanoparticles of zerovalent iron and iron
sul de (Fe/FeS) rapidly removed heavy metals from an arti-
 cially preparedmine tailing due to processes of physisorption
and chemisorption [8].

3.3. Simultaneous Immobilization of Heavy Metals in Fixed-
Bed Columns. A simultaneous immobilization of heavy
metals was performed in a  xed-bed column packed with
2.0 g of soil (properties in Table S1) and treated with MCNPs.
In Figure 7 is shown that immobilization of heavy metals is

higher than 95%. However, the distribution of heavy metals in
the soil fractions changed after treatment. Nickel, copper,
cadmium, chromium, zinc, and manganese (Figures 8(a)–8(f))
decreased in concentration in the exchangeable phase (22.1%,
9%, 7.9%, 2.6%, 1.82%, and 0.6%, resp.), while Ni2+, Cu2+, and
Cd2+ showed an increase in concentration in the oxidable
fraction (9.1% 3.3.7%, and 2.6%, resp.) (Figures 8(a)–8(c)).

On the contrary, concentrations of Ni2+ and Cd2+
(Figures 8(a) and 8(c)) were higher than those of Cu2+ and
Cr6+ (Figures 8(b) and 8(d)) in the reducible phase after
treatment of soils. �e drop in the exchangeable fraction
could be related to a rapid capture of the toxic cations
from soil by MCNPs, forming metallic sul de precipitates
and therefore increasing the oxidable phase. In harmony
with Figure 3, multicomponent nanoparticles contain
FeS and iron oxides. Once FeS thin  lm contacted with
free heavy metals in the pore water of soil samples, S2−
promptly reacted with the toxic metals, forming chemically
stable sul des [41–43] because their solubility products fa-
vored the reaction (Ksp,Cu �∼10−47; Ksp,Cd �∼10−29; and
Ksp,Ni �∼10−12) [44]. Additionally, concentration of ions
with E0 values close to Fe2+ (E0 �−0.44 V) may be lowered
much less to reducible forms (Ni2+�−0.25V, Cd2+�−0.4V)
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compared to that of ions with higher reduction potential
(Cu2+ �+0.337 V and Cr6+ �+1.33 V) [45]. As result, Ni2+

and Cd2+ are increased in the reducible fraction, whereas
Cu2+ and Cr6+ (CrO4

2−) decreased. As indicated before,
MCNPs also contain iron oxides in the core. �ese metallic
oxides in the pore water could easily release Fe2+ or form
hydrated iron oxides [46]. Also, Fe2+ ions from the ionization

of FeS were in the pore water. Hence, both sources of Fe2+

could trigger reduction of toxic metallic ions.

3.4. Leaching of Heavy Metals from Treated Soils. Leaching
test results of soils treated with nanoparticles and without
treatment under di¨erent extractive solutions are observed
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Figure 8: Distribution of heavy metals in soils after treatment (T) using 2 g of soil and 5mL of MCNPs at pH 6.58 and without treatment
(UT): (a) Ni, (b) Cu, (c) Cd, (d) Cr, (e) Zn, and (f) Mn.
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in Table 1. In general, concentration of heavy metals in the
aqueous phase (free metals) is lower for soils treated with
MCNPs. However, when acidic water (pH∼ 2) was used as
the extracting fluid, the release of heavy metals from soils
increased. Zn2+, Cr6+, and Mn2+ were the most soluble
metals in the extractant medium. Acidic liquids reacting
with soils are more aggressive initiating accelerated leaching
of heavy metals [47, 48]. At pH< 5, the mobility of metals is
improved as a result of the higher concentration of com-
peting protons [49, 50].

4. Conclusion

Kinetic tests revealed a high reactivity of the multicom-
ponent nanoparticles for the removal of heavy metals from
artificially contaminated water. *is removal is regarded to
both physisorption and chemisorption processes.*e initial
uptake is a physical phenomenon, and it requires only five
minutes to remove more than 90% of all heavy metals
existing in the aqueous phase. *e completion of the re-
action takes around 60min without any leaching of metallic
elements due to a chemisorption uptake. On the other hand,
the effluent of the column packed with contaminated soils
treated with MCNPs showed minimal concentration of
heavy metals after five days. All heavy metals were well
immobilized within the soil matrix. Nevertheless, the dis-
tribution in the soil fractions varies after treatment. In
general, the amount of heavy metals in the exchangeable
phase decreased, while copper, cadmium, and nickel in-
creased in the oxidable fraction. In contrast, concentrations
of nickel and cadmiumwere higher than those of copper and
chromium in the reducible phase. As reported, immobili-
zation of the toxic metals in soil was a successful procedure;
metals do not leach even when flowing rainwater, drinking
water, and deionized water through the soil. Yet, leaching of
heavy metals is moderate when acidic water is used as an
extracting solution.
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