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Abstract Several studies related to zero-valent iron
(ZVI), which is employed for water remediation, have
been made during the last years. It was found in the
literature that the tests made with ZVI in situ, especially
for groundwater remediation, were performed using ZVI
and nano zero-valent iron (nZVI) as well. Particles usu-
ally are used like a “trench-and-fill” installation. In this
arrangement, ZVI or nZVI is disposed in the contami-
nated areas, applied alone or mixed with other materials.
The aim of the current work is to evaluate the use of
nZVI, which is synthesized in laboratory, for copper ion
removal in aqueous solution. The present study will
serve like a base focusing, in a future stage, on the use
of nZVI on groundwater remediation. For this purpose,
commercial ZVI particles were also tested in order to
compare the removal behavior. During this study, a
relation between the solution characteristic (pH, ion
concentration) and the surface purity of the iron particles
was found. This relation generally is not reported in the
literature. Finally, the copper removal was satisfactory
with ZVI and nZVI.

Keywords nZVI . ZVI . Copper removal . Boron
dissolution . Iron oxide

1 Introduction

In the last decade, several studies have been performed in
order to characterize and synthesize metal nanoparticles
(NPs). Several NPs of noble metals like silver and gold
are being synthesized and tested, due to its optical elec-
tronic, catalytic, and magnetic properties. These proper-
ties are very different if compared in the macro and the
nano magnitudes. They are in the nanoscale magnitude.
According to the literature, the uses of NPs of noble
metals are focused on applications in several fields. For
example, they have been tested in communication and
microelectronics areas, as well as in medical fields, like
diagnostic and therapeutic fields. For these uses, small
amounts of NPs are needed and its success has a strong
relation with their size and shape. Moreover, the NPs of
non-noble metals, such as that of the zero-valent iron
(ZVI), have also been widely studied, mainly for their
application in the field of environmental remediation
(O’Carroll et al. 2013). Thus, they have been tested for
treating contaminated water sources and therefore for
their application on a large scale. Furthermore, one tech-
nique in which ZVI is used for environmental remedia-
tion is the permeable reactive barrier (BPR) (Sasaki et al.
2008; Di Natale et al. 2008; Bennett et al. 2010). ZVI has
been the most widely used reactive material in the BPRs,
interacting with the contaminant and converting it to a
nontoxic or immobilized form (Rao et al. 2009; Bennett
et al. 2010; Li and Benson 2010; Matthew et al. 2008).
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Also, several studies have been made to elucidate the
mechanism by which nano zero-valent iron (nZVI) in-
teracts with contaminants. Focusing on the removal
mechanism, numerous target compounds which are suc-
cessfully removed have been evaluated, for example,
Co2+, U, Al, Zn, Cd, Ni, Pb, and organochlorines, among
others (Üzüm et al. 2008, 2009; Yang et al. 2010;
Xiaoshu et al. 2012). nZVI could be synthesized in
laboratory, and consequently, there are in this area also
several studies which focused on the understanding of the
mechanism by which the synthesized nZVI removes
metal ions. Consequently, the goals of several works
are the synthesis, characterization, and use of nZVI
obtained using a chemical reduction method (Wang et
al. 2010). By this method, a percentage of particles in the
nanometer range is obtained, which varies according to
the author and which could improve the removal proper-
ties of ions in aqueous solution if compared with the
micrometer range (Yan et al. 2010). In kinetic studies, it
has been suggested that the ion uptake can occur through
redox reactions, adsorption phenomena, precipitation,
and/or by complex formation (Shih et al. 2011; Li and
Zhang 2006, 2007; Çelebi et al. 2007). Moreover, some
of these works have shown evidence of the oxides pres-
ent in its surface, as well as the presence of impurities
(Yan et al. 2010; Li and Zhang 2006, 2007; Çelebi et al.
2007; Sun et al. 2006; Kanel et al. 2006). For example, Li
and Zhang (2007) have suggested that the mechanism for
the metal ion removal through nZVI depends on its
respective redox potentials. Thus, they say that the mech-
anism can occur by electrochemical reduction or by
adsorption, depending on whether the interaction also
occurs in the fraction of the surface containing elemental
iron or in the fraction of the surface formed by iron
oxides. These conclusions have been reached by com-
plete and detailed characterization of nZVI, which are
well documented in the literature (Dickinson and Scott
2010; Yan et al. 2010). There is also corroboration about
the adsorption properties of the iron oxides (Kairies et al.
(2005). However, even with evidence of the presence of
iron oxides in the nZVI surface, there are few studies
which evaluated the adsorption mechanism possible
among metal ions and the nZVI surface (Çelebi et al.
2007; Xiaoshu et al. 2012). There is also evidence in
the literature that the metal ions can be absorbed by
iron oxides (Boujelben et al. 2009). The adsorption
equilibrium established between a liquid phase and
a solid phase could be described through adsorption
isotherms. Experimental data of metal ions adsorbed on

iron oxides are usually fit with the Langmuir and
Freundlich isotherms. According to Boparai et al.
(2011), the Freundlich isotherm is appropriate to both
monolayer (chemisorption) and multilayer adsorption
(physisorption). The linear form of Freundlich equation
is expressed as

ln qe ¼ ln kF þ 1

n
� lnCe ð1Þ

where kF and n are the Freundlich isotherm constants
related to adsorption capacity and adsorption intensity,
respectively, and Ce is the equilibrium concentration (in
milligrams per liter). Furthermore, the Langmuir iso-
therm assumes a monolayer adsorption. The Langmuir
isotherm in the linear form is described as

Ce

qe
¼ 1

qm � kL þ
Ce

qm
ð2Þ

where kL is the Langmuir constant and qm is the maxi-
mum adsorption capacity (in milligrams per gram). In
metal ion removal with nZVI, there are also other rele-
vant aspects to be considered, for example, the influence
of the nZVI on the solution properties, such as the pH, the
dissolution of iron, and the dissolution of boron.
However, these behaviors are not further explored in
the literature (Yan et al. 2010; Li and Zhang 2006,
2007; Çelebi et al. 2007; Sun et al. 2006; Nurmi et al.
2005; Kanel et al. 2006; Dickinson and Scott 2010; Yan
et al. 2010; Kwon et al. 2010; Huang et al. 2007; Kanel et
al. 2006; Sen et al. 2002). The objectives of the current
work were to investigate the presence of impurities on the
nZVI surface and how these impurities could affect the
solution properties. The main properties observed in solu-
tion were the pH, the iron concentration, and the boron
concentration. The iron oxide formation on the nZVI
surface was observed also. For this regard, an experiment
was conducted to observe the ion concentration and the pH
with time. The particles were characterized before and after
their use, and adsorption experiments were performed.

2 Experiment

2.1 Preparation of nZVI Called Simply Washed nZVI
(SWnZVI)

All chemicals used in this work were reagent grade
and water was deionized. NaBH4 (Vetec) and
FeCl3·6H20 (Vetec) were used to prepare synthesized
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iron. The cation salt used for solution preparation was
CuSO4·5H2O (Labsynth). The reagent 65 % HNO3

(Quimex) was used for cleaning purposes and ethanol
(Vetec) was employed to rinse Fe particles. Granular
commercial iron LAFAN (100±10 μm) was used for
comparison purposes and was called in the current
work as microscale zero-valent iron (mZVI). In a
typical synthesis, a NaBH4 (0.26 M) solution was
added into a FeCl3·6H2O (0.04 M) solution in the ratio
of 1:1 volume, at room temperature and atmospheric
pressure. To facilitate a fast and uniform growing of
iron particle crystal, an excessive concentration of
borohydride was needed (Zhang 2003). Soon after-
wards, Fe3+ was reduced and metallic iron was formed
as a black powder, with a notorious gas evolution. The
reaction synthesis could be expressed as follows:

Fe H2Oð Þ63þ þ 3BH4
� þ 3H2O

! Fe0 þ 3B OHð Þ3 þ 10:5H2 ð3Þ
The beaker containing the solution mixture was

placed in a T500 Thornton-Inpec Eletrônica LTDA ul-
trasound equipment, at room temperature for 5 min.
This equipment was used to minimize particle floccula-
tion. As a preliminary result, the pH value in the reaction
solution was obtained (water and products by reaction 3)
and every time the value was around 9. Soon after, the
obtained particles were separated with vacuum filtra-
tion. The product retained in the filter paper was washed
first with water and then with alcohol, in order to re-
move impurities and to retard the oxidation of the iron,
respectively. This washing procedure was called simple
wash and the iron particles produced in this way were
called SWnZVI. On the other hand, if reaction 3 is
observed, the presence of boron compounds on the iron
surface due to the remaining by-products could be
expected. Therefore, for comparison purposes, another
product called multiple washed nano zero-valent iron
(MWnZVI) was also synthesized.

2.2 Preparation of nZVI Called MWnZVI

To obtain the MWnZVI particles, the same procedure
for the SWnZVI particles was made, up to the filtration
process. However, the SWnZVI particles retained in the
paper filter were subjected to multiple washing proce-
dures, i.e., they were washed several times with water
and alcohol alternatively until a pH value near the
neutrality was achieved. That pH value was established

in the washing water and this procedure was called
multiple wash. In this multiple wash procedure, the last
washing was also done with ethanol to avoid iron oxi-
dation. After the washing procedure, the MWnZVI par-
ticles such as SWnZVI were dried at 70 °C in an oven
for 2 h. The particles (MWnZVI and SWnZVI) were
stored as dry powder in capped containers.

2.3 Equipments

A CILAS 1064 laser particle size analyzer equipment
was used to obtain the size distributions of the synthe-
sized particles. This equipment contains two lasers in
order to cover a wider range of particles from 0.04 to
500 μm. The measurement condition could be chosen
by “The Size Expert” software whose graphical dis-
play shows a symbolic representation of the different
particle size analyzing functions, including the laser,
ultrasound, pumps (wet mode), and vibratory feeder
(dry mode). In this work, the wet mode was used.
Hence, particles are prepared by dispersing them in
ethanol using ultrasounds.

Brunauer–Emmet–Teller (BET) surface areas were
determined using the nitrogen adsorption method with
a Quantachrome Instruments version 11.0 surface an-
alyzer. These measurements were performed in the
LASID laboratory of the Universidade Federal do
Rio Grande do Sul (UFRGS) through the multipoint
BET method. Prior to each measurement, samples
were placed in an oven overnight, and afterwards, they
were loaded in the equipment in a container and evac-
uated at 150 °C overnight.

X-ray diffraction (XRD) technique for characteri-
zation was done in the Geociences Institute of the
UFRGS. Powder iron samples were analyzed with
Cu Kα radiation using a Siemens-Bruker-AXS model
D5000 diffractometer. Scanning started at 2° and fin-
ished at 72°, at a scan rate of 0.02° s−1.

The dry metal particles were also observed by scan-
ning electron microscopy (SEM). It was performed on a
XL20 PHILIPS microscope, at the LAMEF Laboratory
of the Metallurgic Department in the UFRGS. For the
elemental analysis, an energy-dispersive spectrometer
(EDS) coupled with the SEM instrument was used.

The concentration of the metal ions in the solutions
was determined using inductively coupled plasma op-
tical emission spectroscopy (ICP-OES). These mea-
surements were performed in the laboratory of the Soil
Department of the Faculty of Agronomy in the
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UFRGS. Iron and boron contents in the MWnZVI
particles were determined using acid dissolution
followed by ICP.

2.4 Experimental Procedure

The copper uptake tendency was evaluated by a batch
process. A typical batch reactor contained 200 mL of
solution and 0.2 g of iron particles. Initial concentra-
tions of copper sulfate were set to give 50 mg/L of
Cu2+. At selected time intervals, the liquid sample was
filtered with a syringe which was provided with a
0.45-μm Millipore membrane and the pH was mea-
sured. Afterwards, it was acidified and stored at −4 °C.
The concentration of copper in the solution was deter-
mined by ICP-OES. Each experiment was made in
duplicate.

The adsorption experiments were carried out in a
batch process by using aqueous solution of copper ions.
Standard solutions containing 10 to 500 mg/L of copper
were prepared by dilution of a copper salt solution
containing 1,000 mg/L of metal ion. All experiments
were performed by using beakers of 200-mL capacity
containing 0.2 g of iron particles. Adsorption experi-
ments were done with SWnZVI, MWnZVI, and mZVI
particles for comparison purposes. The suspensions
(copper solutions and iron particles) were mixed at
constant temperature (25 °C) in a Tecnal TE-420 shaker
at 110 rpm for 3 h until equilibrium was reached.
Aliquots of the suspensions were filtered with a syringe
which was provided with a 0.45-μm Millipore mem-
brane and the pH was measured. Afterwards, they were
acidified and stored at −4 °C. The concentration of
copper in the solution was determined by ICP-OES.
Each experiment was carried out in duplicate.

3 Results and Discussion

3.1 Diameter Distribution and Surface Area

Figures 1 and 2 show the particle size distribution of
the SWnZVI and MWnZVI particles, respectively. A
great span of size—ranging from 1 to 10 μm—can be
seen. Furthermore, a fraction with a diameter in the
interval of 200–300 nm could also be observed.
However, it is smaller due to particle agglomeration.

The range of diameters found agrees with pre-
vious papers such as that of Sun et al. (2006) in

which the diameters of NPs were in the range of
5 nm to 1,000 μm. The two regions shown in this
work meet also the result of the distribution found
by Kanel et al. (2006) who observed two groups
with different diameters, assigning a region to
individual particles and another region to aggre-
gates. The MWnZVI particles have a distribution
of diameters without gaps and do not have a
significant frequency in the nanometer region
(Fig. 2). This may indicate the loss of smaller
particles in the successive washes. In addition,
the surface area obtained by nitrogen BET of the
SWnZVI and MWnZVI particles was 17 and
12 m2/g, respectively. The minor area obtained
with MWnZVI also could be a result of the loss of
smaller particles in the successive washes. The surface
area of the mZVI particles was 0.15 m2/g.

Fig. 1 Diameter distribution of SWnZVI

Fig. 2 Diameter distribution of MWnZVI
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3.2 Solution Behavior

The diameter distribution parameter such as the high
surface area of the nZVI (synthesized by the
tetrahydride method) has been associated with the
high capacity of nZVI to remove cations in an aqueous
solution. Besides that, a study such as that of Li and
Zhang (2007) has associated the versatility of the
nZVI particles with its electrochemical activity (attrib-
uted to elemental iron) and its adsorption capacity
(attributed to its oxide layer). Moreover, the synthesis
process itself can affect the composition of the
obtained nZVI. In consequence, they can affect the
properties of the solution in which they are contained.
For example, in previous studies which were carried
out with nZVI in aqueous solution, the dissolution of
iron and boron ions has been observed (Wan et al.
2010). Then, in the present work, the values of pH and
the concentrations of total iron (Fet), copper (Cu), and
boron (B) were measured. These values obtained at the
end of the test are shown in Table 1. The different
systems tested were named Cu-SWnZVI, Cu-
MWnZVI, and Cu-mZVI. They are related to the
systems containing the copper ions (50 mg/L) in aque-
ous solution in contact with the SWnZVI, MWnZVI,
and mZVI, respectively.

These values were reached at the end of each test,
requiring a total time of ~75 h for both SWnZVI and
MWnZVI and ~600 h for mZVI. As it can be seen, the
copper removal was complete with SWnZVI while it
was only 76 % with MWnZVI. This lower efficiency of
MWnZVI can be attributed to the larger diameters and
lower surface area with respect to SWnZVI in the same
contact time. Additionally, the removal efficiency using
mZVI was 100 %, which could suggest another factor
besides the high superficial area, helping in the removal
mechanism. The total removal of copper ions by mZVI
could be attributed in part to the redox reactions of Cu
and Fe. According to the redox potential values of Cu
and Fe, the Cu2+ ions are electrochemically reduced by
elemental iron. Therefore, the occurrence of a redox

reaction on the entire surface of the particles would
imply high iron dissolution. Then, it was noted in
Table 1 that in any case, the dissolution of iron exceeds
the concentration of 40 mg/L. This reasoning can be
applied on “clean” surfaces like MWnZVI and mZVI
where an interaction between the copper ions and the
iron surface could exist. On the other hand, the SWnZVI
particles showed an iron dissolution value of 500 orders
of magnitude smaller. This result leads us to think that
there is some impediment or physical barrier on the
particles’ surface which prevents the iron dissolution.
It should be made clear also that the iron concentration
was kept in low values during all the experiment time
indicating no dissolution and precipitation.

In Fig. 3, the two characteristic peaks of metallic
iron can be seen. These spectrograms correspond to
mZVI (a) and MWnZVI (b), before being used in the
tests. Based on these figures, impurities are not

Table 1 Values of pH and Cu, B, and Fet concentrations

System Cu removal (%) pHf B (mg/L) Fet (mg/L)

Cu-mZVI 100 5.0 – 37

Cu-MWnZVI 76 5.5 15 18

Cu-SWnZVI 100 8.7 135 0.04

Fig. 3 X-ray diffraction patterns of fresh (a) mZVI and (b)
wnZVI. Filled circles indicate the peaks of Fe

Fig. 4 Fresh SWnZVI spectrogram. Filled circles indicate the
peaks of Fe, filled squares indicate those of NaCl, and filled
inverted triangles indicate those of Na2B4O7·5H2O
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observed in the spectrum corresponding to MWnZVI.
However, the result of the acidic digestion of a deter-
mined mass of MWnZVI showed 1.1 % of boron.
Consistent with this fact, the data in Table 1 indicate
a concentration of 15 mg/L of boron at the end of the
test. This result suggests that boron remains as impu-
rity even after the multiple washing procedures, with-
drawing the available sites of iron or iron oxides.

3NaBH4 þ 9H2O ! 12H2 gð Þ þ 3Naþ

þ H2BO3
� þ H3BO3 aqð Þ

þ OH� þ BO2
� ð4Þ

Furthermore, the NaBH4 hydrolysis reaction (4) was
proposed by Liendo et al. (2012). Consequently, the
high concentration of boron found in solution could be

due to the excess of the NaBH4 reagent remaining and to
some by-products of reaction 4 as well. Moreover, the
spectrogram of the fresh SWnZVI is shown in Fig. 4.
The patterns indicate, besides the presence of metallic
iron, the existence of Na2B4O7·5H2O and NaCl,
confirming therefore the existence of impurities, which
were derived from the SWnZVI synthesis method. This
result agrees with Nurmi et al. (2005) who suggested
that besides the presence of a layer of iron oxides in
nZVI obtained with the samemethod used in the current
work, there is a further outer layer that was predomi-
nantly formed by a sodium borate salt. In consequence,
considering the by-products of reaction 4, the following
reaction could be suggested:

Naþ þ H2BO3
� þ H3BO3 aqð Þ ! 1=2Na2B4O7 � 5H2O

ð5Þ
The compound Na2B4O7·5H2O was confirmed by

the fresh SWnZVI spectrogram shown in Fig. 4.
Hence, in the used ZVI particles, iron oxide formation
on the surface must be expected.

In addition, in systems with MWnZVI and SWnZVI,
the dissolution of the sodium borate salts must be
expected too. The XRD spectra for the MWnZVI,
SWnZVI, and mZVI particles after their use are shown

Fig. 5 SWnZVI, MWnZVI, and mZVI spectrograms. Filled
circles indicate the peaks of Fe, filled squares indicate those of
hematite, filled upright triangles indicate those of lepidocrocite,
and filled inverted triangles indicate those of goetita

Fig. 6 Image of particles after their use in the Cu-SWnZVI
system

Fig. 7 EDS spectrogram of particles after their use in the Cu-
SWnZVI system

Table 2 Parameters from Langmuir and Freundlich isotherms
for adsorption of Cu2+

System Freundlich Langmuir

kF n R2 qm kL R2

Cu-mZVI 0.251 0.951 0.995 – – 0.084

Cu-MWnZVI – – 0.891 500 0.033 0.983

Cu-SWnZVI – – 0.368 – – 0.800

1541, Page 6 of 8 Water Air Soil Pollut (2013) 224:1541



in Fig. 5 (a, b, and c, respectively). As expected, the
presence of iron oxides in the three spectrograms is
expected. The iron oxides formed in mZVI and
MWnZVI were lepidocrocite and goetita, while
SWnZVI produced metallic iron, hematite, lepidocrocite,
and goetita. SWnZVI evidenced therefore more hetero-
geneity in relation to the surface composition.
Furthermore, the absence of Na2B4O7·5H2O and NaCl
is noted. This fact suggests the dissolution in the aqueous
solution of both compounds. Besides that, through ob-
serving Table 1, it could be noted that a high pH value
was established in the system containing the SWnZVI
particles. The absence of copper could indicate that it is
covered by the iron oxide layer.

Two facts could contribute to the rise in pH: the
lowest dissolution of iron (which confers acidic character
due to ferric ion hydrolysis) and the occurrence of reac-
tion 4. The products formed in reaction 4, which include
OH−, BO2−, and H2BO3

−, could be responsible for the
alkaline character. Moreover, the lowest quantity of
dissolved ironmay be related to the passivating character
of some boron compounds in aqueous solution.

These products may prevent or decrease the iron
dissolution. Thus, the iron particles in the presence of
boron compounds, i.e., SWnZVI, showed the lowest
iron concentration value during the test duration
(Martini and Muller 1999). Figures 6 and 7 represent
respectively the SEM picture and the EDS spectrogram,
after the SWnZVI particles were used in the tests. The
presence of an oxide layer on the surface may be noted
in Fig. 6, as these particles did not show oxidation
before contact with the copper solution. It is inferred
therefore that this layer has been formed during contact
with the solution. In Fig. 7, corresponding to the EDS
spectra of SWnZVI after their use, the presence of
copper can be identified, although its oxidation state
has not been identified.

It should be remembered that iron oxides have good
adsorption properties of cations. Furthermore, the re-
sults of the copper ion adsorption tests, using
MWnZVI, SWnZVI, and mZVI are discussed next.

3.3 Adsorption Isotherms

The results obtained in the adsorption experiments for
Cu2+ in the different systems were adjusted with both
isotherms, Freundlich and Langmuir. The resulting
parameters corresponding to the adsorption on
MWnZVI, SWnZVI, and mZVI are presented in

Table 2. It can be noted from the regression factors
(R2) that the systems containing the synthesized parti-
cles fitted the Langmuir isotherm. However, the low
value of the correlation coefficient obtained in the
system with the SWnZVI equal to 0.8 is not satisfac-
tory. The data system containing MWnZVI met the
Langmuir isotherm, while mZVI met the Freundlich
isotherm.

4 Conclusions

Copper uptake with nZVI occurs through a com-
plex mixture of mechanisms. Besides the frequently
mentioned mechanisms in the literature (redox,
coprecipitation, adsorption), the existence of impurities
on the particle surface must also be considered. These
impurities could be dissolved during the solution–parti-
cle contact and therefore modify the properties of the
solution and the surface properties as well. Therefore, in
SWnZVI, metal iron is revealing in some points of the
surface, whereas in other points, the surface remains
composed of iron oxide. Due this phenomenon, nZVI
could present a redox mechanism (iron metal), adsorp-
tion mechanism (iron oxide), and precipitation (pres-
ence of basic compounds that could rise the pH and
then they could assist the ion precipitation). On the other
hand, besides pH modification, iron concentration and
boron concentration could vary according to the pres-
ence of impurities on the nZVI (SWnZVI) surface.
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