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Iron nanoparticles were produced using the extract of mortiño berry (Vaccinium ﬂoribundum) (vZVI) as reducing and stabilizer
agent. Fresh nanoparticles were characterized using TEM, XRD, and FTIR techniques, while laboratory experiments were
conducted to assess the removal of total petroleum hydrocarbons (TPHs) from water and soil after treatment with synthesized
nanoscale iron particles. Nanoparticles as produced were spherical in the range of 5–10 nm. After treatment with vZVI
nanoparticles, water contaminated with two concentrations of TPHs (9.32 mg/L and 94.20 mg/L) showed removals of 85.94% and
88.34%, respectively, whereas a contaminated soil with a TPHs concentration of 5000 mg/kg treated during 32 h with nanoparticles reached a removal of 81.90%. Results indicate that the addition of vZVI nanoparticles produced strong reducing
conditions, which accelerate removal of TPHs and suggest that these nanoparticles might be a promising technology to clean up
TPHs contaminated water and soils.

1. Introduction
Total petroleum hydrocarbons (TPHs) encompass a broad
family of several hundreds of chemical compounds that
originally come from crude oil [1]. These nature-based
hydrocarbons embody a group of persistent organic contaminants [2], which pollute diﬀerent environmental
compartments such as air, water, soils, and sediments, and
cause a probable toxic impact on diﬀerent biological receptors [3]. The strategies employed to remediate soils
contaminated with hydrocarbons can be physical, chemical,
and biological processes [4, 5]. However, these techniques
have shown drawbacks due to high cost, long-term treatment, diﬃculty in reducing the concentration of pollutants
to the regulated levels, and ability to reach the contaminant

in the subsurface [6, 7]. Recently, a new experimental setup
has been proposed using iron nanoparticles [8]. Remediation of soils with engineered nanomaterials (ENMs)
promises more eﬀective and cheaper approaches than
conventional methods because of the increased reactivity of
nanoparticles and the possibility of in situ treatment [9].
Microscale granular metallic iron (mZVI) has been widely
used as a reducing agent for the remediation of a variety of
contaminants in permeable reactive barriers. However, the
cost of this method is deemed high and the process extent
could be approximately 15 years [10]. Also, zerovalent iron
nanoparticles have been successfully used in the past to
remediate groundwater. Due to its small size and large
surface area per unit mass, properties of the nanoparticles
can be useful in hazardous waste site remediation and
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contaminant reduction [11, 12]. Nevertheless, almost all tiny
particles are prepared with toxic chemicals or require high
capital costs and also generate hazardous toxic wastes. To
overcome these shortcomings, this study examines an environmental friendly way to synthesize zerovalent iron
nanoparticles using an endemic fruit from Ecuador, mortiño
berry (Vaccinium ﬂoribundum). This fruit contains large
amounts of polyphenols that are biodegradable and soluble
in water at room temperature and have molecules carrying
alcoholic functional groups that can be used for the reduction as well as for the stabilization of the nanoparticles
[13]. In this work, peel and pulp of the fruits were used to
obtain high concentration of polyphenols and high antioxidant capacity. The iron nanoparticles were synthesized by
a simple procedure using the extract of mortiño berry to
produce zerovalent nanoparticles iron from solutions of
ferric ions. As-fabricated nanoparticles were then applied for
the degradation of TPHs from contaminated water and soils.

2. Materials and Methods
2.1. Materials. In this study, a soil from the Ecuadorian
Amazon region, La Joya de los Sachas County, Francisco de
Orellana province, was collected to investigate TPHs remediation using vZI. For soil sampling, the protocol suggested in [14] was used. Concisely, a 500 m2 of soil surface
was divided into 5 × 5 m2 squares. At the center point of each
square, using an auger for soil drilling, 0.5 kg of soil was
taken at a depth of 30 cm. Plant materials and stones were
removed before mixing all soil samples. Then 4 kg of the
mixed soil were taken for the study, stored in labeled ziploc
plastic bags, and transported to the laboratory in a freezer at
4°C. Absolute ethanol and iron chloride (FeCl3·6H2O,
99.8%) were purchased from Scharlau and Fisher Scientiﬁc,
respectively. A sample of petroleum hydrocarbons (22° API
(American Petroleum Institute)) was obtained from the Joya
de los Sachas Petroleum Storage Station, Ecuador. Double
deionized water was produced using a Thermo Scientiﬁc
Smart 2 pure deionized system.
2.2. Fabrication of Nanoparticles
2.2.1. Extraction of Liquid Mortiño. Fruit extract of V. ﬂoribundum (peel and pulp) was prepared by maceration with
ethanol and magnetic stirring for 48 h in darkness. To
minimize the passage of particles, the fruit extract was ﬁltered three times through a ﬁlter paper of 1 mm diameter
and a ﬁlter millipore millex-GV hydrophilic PVDF of
0.22 µm. Lastly, the extract was concentrated on a rotary
evaporator (Buchi-850) removing the solvent.
2.2.2. Polyphenol and Antioxidant Capacity Tests. The
polyphenol concentration of the extract was found with the
Folin–Ciocalteu method. Brieﬂy, the extract was sonicated on
a CV33-Daigger ultrasonic processor and concentrated on
a rotary evaporator. Thereafter, the polyphenol concentration
was estimated. The antioxidant capacity was obtained, following the protocol developed by Brand-Williams et al. [15].
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This method is based on the absorbance reduction of the
antioxidant, measured at 515 nm for the DPPH radical. The
concentration of DPPH in the reaction medium was calculated from a calibration curve obtained by linear regression.
The results were expressed as activity equivalent to trolox
(AET) (μM/g of fresh weight sample).
2.2.3. Synthesis of Zerovalent Nanoparticles Using V. ﬂoribundum (vZVI). Solutions of 0.5, 0.1, and 0.001 M of FeCl3
were prepared as precursors of zerovalent iron. The extract
of V. ﬂoribundum with a ﬁxed pH between 9 and 10 was
added to solutions of FeCl3 at the volume ratio of 2 : 1 under
sonication. The development of a black precipitate in the
ﬂask was an indication of the zerovalent nanoparticle formation, in all cases. Moreover, powder zerovalent nanoparticles were prepared by water evaporation, placing the
liquid solution on a hot plate (DLab M57-H550-5). Additional drying of the wet solution was performed with a line of
nitrogen gas in a fume hood for two hours. Finally, the solid
sample was washed several times with deionized water to
remove sodium chloride crystals.
2.3. Characterization of Iron Nanoparticles. Mineral composition of the nanoparticles was analyzed with a X-ray
diﬀractometer (EMPYREAN, PANalytical) with 2θ conﬁguration (generator-detector) wherein a copper disc emits
X-rays at a wavelength of λ � 1.54 Å. For size distribution of
nanoparticles, a submicron particle analyzer (HORIBA LB550) was employed. Transmission electron microscope
(TEM) images were digitally recorded for morphological
studies (Tecnai G2 Spirit TWIN, FEI, Netherlands). The
functional groups of the extract and the nanoparticles
covered with the extract were recorded on a Spectra Two IR
spectrometer (PerkinElmer, USA) and by UV-Vis (Analytik
Jena).
2.4. Batch Experiments to Remove TPHs from Contaminated
Water and Soil Using vZVI Nanoparticles. Laboratory experiments were performed following published protocols
[16–18]. For the removal of TPHs dissolved in water, 1 g of
vZVI was placed in amber-colored Boeco bottles ﬁlled with
100 mL of water containing 10 and 100 mg/L of TPHs in
triplicate. Samples were stirred for 10 min in a Branson 3510
sonicator at amplitude of 70%. The supernatant was
centrifuged, ﬁltered, and sent for TPHs analysis in an
accredited laboratory. TPHs removal from soils was performed following the procedure developed by Chang et al.
[17] with some modiﬁcations. First, a series of 10 g soil
samples were placed into 250 mL amber borosilicate glass
bottles sealed with Teﬂon-lined screw caps. Petroleum was
dissolved completely in hexane, and the solution was immediately poured into the bottles and then mixed for 2 h.
Vial caps were left open in a fume hood for 8 h at ambient
temperature to allow hexane evaporation thus resulting in
homogeneous distribution of petroleum in the soil samples
with 5000 mg TPHs/kg soil. Immediately, a solution of vZVI
was added into the bottles containing the petroleum-spiked

Journal of Nanotechnology

2.5. Analytical Methods. Total petroleum hydrocarbons
were analyzed using a gas chromatograph (PerkinElmer
Clarus, Model 400) equipped with a flame detection system
(FID), capillary columns, and electronic pressure control
split/splitless. Sample injection was carried out manually,
and the running time for samples was fixed in 27 min.
Equipment preparation and measurements were performed
with Software Navigator TotalChrom Ver 6.3.1. For analytical validation, some samples were sent to an accredited
laboratory for TPHs analysis.

3. Results and Discussion
3.1. Polyphenol Content and Antioxidant Capacity.
Polyphenols in mortiño berry extract was found to be 2127 ±
805 mg GAE/100 g sample. The content of polyphenols is
similar to those found by Murgueitio et al. [19]. The antioxidant capacity of the fruit extract was measured as 50 µmol
trolox/g of sample (fresh weight), and this value is similar to
those found by other authors [20–22].
3.2. Visual and UV-Vis Study. Figure 1 shows the absorption
spectrum of the mortiño extract and the nanoparticles
formation versus time. For the extract alone, it is observed
a broaden peak between 570–585 and 610 nm due to the
presence of anthocyanins (galloyl esters, hydroxybenzoic
acid derivatives, flavan-3-ols, proanthocyanidins, flavonols,
hydroxycinnamic acid derivatives, and anthocyanins) [23].
The biosynthesis of vZVI was monitored periodically at 2, 4,
6, and 8 h. It is observed that, in comparison with the brownyellow FeCl3, the color of the colloidal solution changed to
blackish after the addition of the fruit extract This is a direct
proof for the reduction of Fe3+ to Fe0 and the formation of
vZVI. The UV-Vis spectra indicate the disappearance of the
extract peak when this interacts with the inorganic reagents
during the growth of the nanoparticles as the time increases.
This is because the structure of the polyphenols of the
mortiño extract underwent changes throughout the synthesis of nanoparticles, forming aggregates of vZVINPs in
the range of 5–35 nm. This trend is also associated with the
high pH used in the preparation process of the nanoparticles
[24, 25].
3.3. Characterization of Nanoparticles. Figure 2 shows TEM
images of nanoparticles prepared with mortiño. As seen in
the figure, particle sizes are in between 5 and 35 nm in
diameter. Using statistical and algorithmic calculations
developed by Arroyo et al. [26], nanoparticle diameters were
also estimated. The highest percentage of formed vZVI
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Figure 1: UV spectra of extract (V. floribundum) and vZVI.

nanoparticles in relation to 0.001 M FeCl3 is 61% for 5–
10 nm in diameter while the lowest percentage is 3% for
30–35 nm (Table 1). On the contrary, with 0.1 M FeCl3, the
highest percentage is 45% for 15–20 nm and the lowest is 2%
for 30–35 nm. Thus, calculated sizes of nanoparticles are in
the range of 5 to 35 nm as well.
The mineral structure of the nanomaterials was characterized using XRD. Figure 3 shows the XRD pattern of
synthetized vZVI nanoparticles. The major Bragg reflection
at 2θ values are 45.2537, 65.9598, and 83.6821° which correspond to the planes (110), (200), and (211) of αFe crystalline (code 98-042-6989 Fe1) with a body-centered cube
crystal structure (bcc). The mineral composition of the
fabricated nanoparticles is similar to those reported before
by Murgueitio et al. [19]. Besides, XRD results revealed the
as-produced nanoparticles contain 24% of metallic iron.
Finally, FTIR measurements were carried out to understand the contribution of the mortiño berry extract
molecules in the formation of nanoparticles. As seen in
Figure 4(a) and Table 2, peaks in the range of
3650–3200 cm−1 are related to the vibrations of the −OH
groups of the phenolic moiety of mortiño berry extract,
positions from 1620 to 1690 cm−1 are attributed to the aldehydes (CO) of an ester sugar [27]. These peaks in
conjunction with the 1089 cm−1 peak (CO stretching) represent the amount of carbon that belongs to the extract [28].
Conversely, for the nanoparticles, peaks of CC alkene
conjugate cis and benzene ring 1634.98 cm−1 can be seen
[23]. In addition, bands belonging to the goethite phase
(α-FeO (OH)) with its vibration of the Fe–O bond in
stretching mode are seen at 630 cm−1 [29]. Thus, these
groups may have participated in the nanoparticles synthesis.
Hence, FTIR analysis confirms the presence of phenolic
compounds and anthocyanins in mortiño berry extract, and
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(a)

(b)

Figure 2: TEM images of vZVI.
Table 1: Percentage of vZVI produced in relation to the FeCl3
concentration.
Diameter range
5–10
10–15
15–20
20–25
25–30
30–35

0.001 M FeCl3 (%)
61
12
9
12
4
3

0.1 M FeCl3 (%)
3
21
45
19
10
2

further it acts as reducing/capping agents for the functionalization of vZVI.
3.4. Treatment of Water Contaminated with TPHs Using vZVI
Nanoparticles. The chromatograms in Figures 5(a)–5(d)
show the distribution of TPHs peaks in water before and
after treatment with vZVI, respectively. Calculated percentages of TPHs removal are 85.94% (CTPHs,i � 9.32 mg/L
and CTPHs,f � 1.31 mg/L) and 88.34% (CTPHs,i � 94.20 mg/L
and CTPHs,f � 26,80 mg/L). It is observed in Figure 5(b) that
peaks in the range of 7.5 min to 8 min and beyond 8.2 min
disappear, compared to Figure 5(a). Besides, the long peak at
8.2 min remains after treatment because this corresponds to
ortho-terphenyl, the compound that is used as a surrogate
for quality control. The same tendency is observed in Figures 5(c) and 5(d) (for high TPHs concentration); however,
peaks in Figure 5(d) (after treatment) are shorter compared
to peaks in Figure 5(c) (before treatment). It is further
observed in Figures 5(a) and 5(b) that compounds with C7C10 carbons may volatilize because peaks are absent. The
performance of nanomaterials in the removal of TPHs can
be attributed to their increased surface area, and higher
reactivity, and the possibility of in situ treatment.
3.5. Treatment of Soils Contaminated with TPHs Using vZVI
Nanoparticles. Results show that vZVI with 24% of zerovalent iron removed 81.90% of petroleum hydrocarbons
from soil after 32 h of treatment (CTPHs,i � 5000 mg/kg and

CTPHs,f � 931.8 mg/kg). Removal of TPHs from soils can be
attributed to the high reactivity and sorption of the nanoparticles [9], as shown in Figure 6, zone a. The reducing
power of the iron nanoparticles is provided by its core, which
is mainly composed of zerovalent iron. The coverage of the
nanoscale particles contains iron oxides and hydroxides that
supply reactive sites for the immobilization of large petroleum hydrocarbons and the formation of chemical complexes (Figure 6, zone b). Measurements of TPHs in soil after
40, 56, and 64 h of treatment were also performed (inset
Figure 6). It shows no more TPHs removal, indicating that
the treatment reached steady state. A previous study has
shown that 70% reduction of pyrene contained in soil
samples was achieved in 60 min by contacting the soil with
nanoscale ZVI powders in aqueous solution under ambient
conditions with no pH control (Chang et al. [16]). Our
treatment takes more time because TPHs are a cocktail of
hundred derivatives with diﬀerent molecular weight, size,
viscosity, solubility, hydrophobicity, and so on, which may
inﬂuence in the removal.
The removal mechanism of TPHs from water and soils
using the vZVI could be a Fenton reaction. In the preparation of nanoparticles, it was used ultrasonication, as
a result of this process, water of the iron solution could be
splitted and produce hydrogen peroxide, although in small
quantities [30, 31] (Equation (1)):
Ultrasound

H2 O ⟶ HO∗ + HO∗ ⟶ H2 O2

(1)

Fenton oxidation process stars when oxygenated water is
activated with ferrous ions (Fe2+) coming from the oxidation
of Fe0 nanoparticles. Fe2+ is in turn is oxidized to Fe3+,
producing hydroxyl ions and radicals. Then, Fe3+ is reduced
to Fe2+ with hydrogen peroxide producing hydronium ions
and peroxydryl radicals, OH∗2 (Equations (2) and (3)). The
radicals oxidize organics by abstraction of protons and
producing organic radicals (R∗) as shown in (4), which are
highly reactive and can be further oxidized (Equations
(5)–(7)) [32].
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Figure 3: XRD pattern of iron nanoparticles prepared with mortiño berry (vZVI).
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Figure 4: FTIR spectra of vZVI nanoparticles and V. floribundum extract.
Table 2: FTIR peaks for extract and nanoparticles.
Extract
Peak
name
1
3
4
5

Nanoparticles

cm−1

Peak
name

cm−1

3409.72

a

3354.02

b
c
d

1634.98
1068.42
630.23

Vibrations of the −OH groups of phenolic
moiety
1594.46
CC ring stretching in polyphenols
1405.43 In-plane bending vibration of −OH in phenol
1070.42 ν sim. C–O ether forming ring or aryl ether
O2

H+

Fe0 ⟶ Fe2+ + H2 O2 ⟶ Fe3+ + OH− + OH+
K  76(L/mol s)

+

H

Fe3+ + H2 O2 ⟶ Fe2+ + H+ + OH∗2

(2)

K  0.001(L/mol s)

(3)

The route of the petroleum hydrocarbon transformation
can be as follows (Equations (4)–(8)) [33]:
∗

∗

RH + OH ⟶ R + H2 O
R∗ + O2 ⟶ RO∗2

(4)
(5)

2RO∗2 ⟶ R − O − O − O − O − R (6)

Vibrations (inter o intramolecular) of −OH
groups of the phenolic
CC alkene conjugate cis and benzene ring
ν sim. C–O ether forming ring or aryl ether
Fe–O bond in stretching mode (tension)

R − O − O − O − O − R ⟶ 2RO∗ + O2

RO∗ ⟶ TPH∗ + TPH

(7)
(8)

where RH is the petroleum hydrocarbon compound with H+
as the extractable proton and TPH∗ and TPH are fraction of
hydrocarbon radical and fraction of stable hydrocarbon,
respectively.

4. Conclusions
According to TEM images, around 90% of nanoparticles
prepared with V. floribundum show 5 to 25 nm in diameter
regardless of the iron precursor concentration. The mineral
content of the vZVI nanoparticles is 24% of alpha iron with
a body-centered cubic crystal structure, and the remaining
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Figure 5: Chromatograms of THPs derivatives in water before and after treatment with vZVI: (a) initial concentration  9.32 ppm, (b) final
concentration  1.31 ppm, (c) initial concentration  94.20 ppm, and (d) final concentration  26.80 ppm.

90

(mg/kg)

100
CTPHs,i =500 mg/kg

80
70

b

pA

60

5000
4000
3000
2000
1000
0

0

20

50
40

40
(h)

60

80

a

30
20

CTPHs, f =931.8 mg/kg

10
0

80

100

120

140

160
(Minutes)

180

200

220

240
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fraction is composed of iron oxides. FTIR studies indicate
–OH and CC groups of the mortiño berry extract could have
participated in the formation and stabilization of the iron
nanoparticles. In general, the removal of TPHs with the Fe
nanoparticles was successful as demonstrated by the chromatographic peaks of TPHs derivatives. Nevertheless, the
treatment is strongly influenced by the content of iron in the
nanoscale particles. Removals of 88.24% and 81.90% of petroleum hydrocarbons from water and soil samples were
achieved after 12 min and 32 h of treatment with the vZVI
particles, respectively. The good performance of vZVI

particles can be associated with their increased surface area,
higher reactivity, the possibility of in situ treatment. Thus,
this technique may be efficacious to be used in the remediation water and soil contaminated with petroleum
hydrocarbons in less time compared to a conventional
bioremediation process.
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