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e effect of sonication time on removal efficiency of Ni2+ and Co2+ from wastewater in the presence of zero valence iron (ZVI)
nanoparticles is described. e results showed that the presence of cobalt ions in the solution enhances the removal efficiency of
nickel by ZVI nanoparticles to about 64% which is one of the advantages of this protocol.

1. Introduction

Zero valence materials are important for the PRB (permeable
reactive barrier) facilities. Over the past decades, PRBs have
been developed and used to treat contaminated ground
water by different contaminants [1–8]. In these barriers, zero
valence iron (ZVI) can be used as a reactivematerial to reduce
and stabilize different types of ions. Compared to powder or
granular ZVI, nanoscale ZVI can largely increase the uptake
capacity due to the high surface to volume ratio [9]. is
reactivity can be improved about 30 times relative to iron
powders [10]. High surface reactivity of ZVI nanoparticles
have been used for in situ remediation of several kinds
of contaminants. Most investigations have been originally
focused on the remediation of chlorinated hydrocarbons such
as tetrachloroethene (PCE), trichloroethene (TCE), carbon
tetrachloride (CT), organochlorine pesticides (like DDT and
lindane), and nitro aromatic compounds in aqueous streams
[11–20]. Recent investigations have shown that heavy met-
als including arsenic, lead, chromium, cadmium, uranium,
molybdenum, and mercury also can be reduced by ZVI
nanoparticles as well [21–29]. ZVI nanoparticles remove
chlorinated contaminants of aqueous media by reductive
dechlorination and eliminate aqueous metal ions by their
reduction to an insoluble form. A layer of ferrous hydroxide
is formed in aqueous solution and hydrogen gas is liberated.
As a result, ZVI particles typically have a core-shell structure

with the core being zero valence iron (Fe0) and the shell
being iron oxides/hydroxides due to the iron oxidation.
is structure presents the ZVI nanoparticles with high
surface and unique redox potential properties for removal
and transformation of contaminants [25, 27, 28].e removal
efficiency is related to the surface area or the size of used
ZVI nanoparticles, the pH, and composition of the solution.
Acoustic cavitations can increase the surface area of the
reactive solids by rupture of the particles. Sonication in the
presence of Fe0 has been explored for the dechlorination
of carbon tetrachloride. Results showed that the coupled
ultrasound and iron systems compare to the degradation by
direct reaction with Fe0 enhanced the overall degradation
rate about 40%. e enhancement was attributed to the
continuous cleaning and chemical activation of the Fe0
surfaces by the combined chemical and physical effects of
acoustic cavitations, to shatter the particles, and accelerate
mass transport of reacting substances to the Fe0 surfaces [28].

Herein, we describe the treatment of common ground
water heavy metals pollutants such as Ni2+ and Co2+ by
ZVI nanoparticles in separate as well as mixture batch
experiments, respectively. Nickel and cobalt were selected as
target substances, because they have been listed in the priority
pollutants by the United States Environmental Protection
Agency as a persistent inorganic pollutant.While the removal
of Ni(II) from wastewater by ZVI nanoparticles has been
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T 1: Standard reduction potentials at 25∘C [31].

Element Half-cell reaction 𝐸𝐸0 (V)
Iron (Fe) Fe2+ + 2e− → Fe −0.44
Nickel (Ni) Ni2+ + 2e− → Ni −0.23
Cobalt (Co) Co2+ + 2e− → Co −0.28

widely investigated, very little works have been performed
on the removal of Co(II), Ni(II), and their mixtures from
wastewater. In addition, there is no report on the application
of sonication in these systems. In this regard, particular
attention is devoted to the effect of sonication on the removal
of nickel and cobalt pollutants by ZVI nanoparticles near
neutral pH value.

2. Experiments

2.1. Materials and Instruments. All chemicals, including
nickel nitrate (Ni(NO3)2 ⋅ 6H2O, 99%, Merck), cobalt nitrate
(Co(NO3)2 ⋅ 6H2O, 99%, Merck), and iron nanoparticles
(Fe0, 97%, 12 nm diameter, spherical, Research Institute of
Petroleum Industry, Iran), were used as received. Sonications
were performed in a Sonopuls-HD3200 (Bandelin, Germany)
consisting of microtip MS 73, 3mm diameter at 70% ampli-
tude with a frequency of 20 kHz and a nominal power 200W.

2.2. Experiment Procedure. Solutions of nickel and cobalt
with the same initial concentrations (50mg/L) were prepared
separately in glass reactor and ZVI nanoparticles (0.03 gr)
were added to each one at ambient temperature (22–25∘C).
e nanoparticles were dispersed by sonications from 0 to
40 minutes with 5 minutes intervals to obtain the opti-
mum sonication time for the highest removal efficiency
(Figure 1). en, the absorbed metals on the surface of
ZVI nanoparticles were separated by magnetic �eld (0.5
Tesla) and lastly the suspension was centrifuged for one hour
at 3600 rpm. e concentration of the residual metal ions
in the solution was measured with an atomic absorption
(AA) spectrometer (Perkin-Elmer AA 2380) using standard
absorption conditions (Figure 1).

To investigate the effect of Co2+ on the removal of Ni+2
and to determine the optimum sonication time, six solutions
containing, the same concentration of Ni+2 (50mg/L) and
various concentrations of Co+2 (5, 15, 25, 35, 50, and
75mg/L) were prepared (Figure 2).

3. Results and Discussion

Figures 1 and 2 show the effect of sonication times on
the removal efficiency of Ni2+ and CO2+ in solutions with
concentration of 50mg/L by ZVI nanoparticles, respectively.
As one can see, the maximum removal efficiency of Ni2+ is
about 38% at 20 minutes of sonication while this value for
Co+2 is about 59% at 30 minutes. With increasing the soni-
cation time, the nanoclusters break down and subsequently
their size decreases to reach a minimum value (optimum
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F 1: e effect of sonication times on the removal of Ni2+
(50mg/L) in the presence of ZVI nanoparticles (0.03 gr/L).
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F 2: e effect of sonication times on the removal of Co2+
(50mg/L) in the presence of ZVI nanoparticles (0.03 gr/L).

time). At higher sonication times, the size of nanoparticles
increases again due to the aggregation of nanoparticles. is
behavior was previously reported by Kwak and Kim [31] for
nanoclusters of CuO at different sonication times. In other
words, the ratio of surface to volume of the nanoclusters
enhances as the ZVI nanoclusters break down.

Another feature in Figures 1 and 2 is the difference
between the maximum removal efficiencies of Co2+ (59%)
and Ni2+ (38%). is discrepancy may be attributed to three
parameters that effect on the removal efficiency of metal ions.
First, according to Table 1, the standard reduction potential of
Co2+ is lower than Ni2+.erefore, one can expect that nickel
ions have more reduction to cobalt ions.

Secondly, the adsorption of smaller cation will be more
effective than the larger one, on the same surface. Comparing
the radius of nickel and cobalt ions (55 and 69 ppm for Ni2+
at coordination number (CN) of IV and VI, 58 and 74 pm
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T 2: Comparative applicability of ZVI nanoparticles for removal of nickel and cobalt ions.

Surface area of nanoparticles
(m2/g)

Initial concentration of ions
(mg/L) Ion Removal percentage Amount of

nanoparticle (g/L) Reference

55–75 50 Ni2+ 100 0.8 Present work
55–75 50 Co2+ 100 0.8 Present work
35 100 Ni2+ 100 5 [28]
— 100 Ni2+ 71 5 [25]
14.2 50 Co2+ 96 1.25 [31]

T 3: e removal efficiency of nickel and cobalt ions in solutions containing both ions by applying sonication in optimum times.

Entry Initial concentration of
Ni2+ (mg/L)

Initial concentration of
Co2+ (mg/L)

Optimum sonication
time (min) Removed Ni2+ (mg/L) Removed Co2+ (mg/L)

1 50 5 30 25 5
2 50 15 30 30 10
3 50 25 30 30 14
4 50 35 30 30 13
5 50 50 30 31 14
6 50 75 30 32 13
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F 3: e effect of sonication times on the removal of Ni2+
(50mg/L) and Co2+ (15mg/L) in solutions containing both ions by
ZVI nanoparticles (0.03 gr/L).

for Co2+ at CN of IV and VI, resp.) shows that the radius
of these ions has not any role in this enhancement. Finally,
due to the more magnetism of Co2+ than Ni2+ (𝜇𝜇Co2+=√15
BM, 𝜇𝜇Ni2+=√8 BM), the more adsorption of Co2+ on the
surface of iron ZVI nanoparticles is expected. Since the ZVI
nanoparticles have permanent magnetism, more magnetism
of Co2+ plays an important role on the removal efficiency of
these ions in their solutions.

Furthermore, there is dissimilarity in optimum sonica-
tion times for Ni2+and CO2+, which are about 20 and 30
minutes, respectively (Figures 1 and 2). e more optimum

sonication time for CO2+ can be attributed to the kinetic
mechanism of electron transfer from ZVI nanoparticles to
Co2+ ions.

In the next step, the amount of ZVI nanoparticles was
increased from 0.03 to 0.8 gr/L while the concentrations of
nickel and cobalt solutions were kept constant (50mg/L).
By increasing the amount of ZVI nanoparticles, the removal
efficiency was increased so that 0.8 gr ZVI nanoparticles can
remove all of the cobalt and nickel ions from their solutions
(Table 2).

We have compared some previously reported data and
ours for the removal of nickel and cobalt ions in terms of
the surface area, initial concentrations, size, and amounts
of ZVI nanoparticles (Table 2). As one can see, our system
shows awide applicability and a very good comparabilitywith
previously reported data. e improved performance may be
attributed to the smaller size and the higher surface to volume
ratio of our ZVI nanoparticles and the use of sonication.

In continue, the effect of Co2+ on the removal of Ni2+ was
investigated. Six samples containing constant concentrations
of Ni2+ (50mg/L) and different concentrations of Co2+ (15
to 75mg/L) were prepared and sonicated at different times
(5–40 minutes). Figure 3 presents the effect of sonication
time on the adsorption of Ni2+ (50mg/L) andCo2+ (15mg/L)
in the same solution in the presence of ZVI nanoparticles
(0.03 gr/L).

e removal efficiency of these ions along with the
optimum sonication times are summarized in Table 3. As
one can see, the Ni2+ adsorption was increased at initial
Co2+ concentrations and then became constant at around
25mg/L. e maximum removal efficiency of Ni2+ is as
high as its amount in Figure 1. Increasing the amount of
cobalt ions had less effect on the removal efficiency of nickel
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(Figures 1 and 3), and the optimum sonication time was
changed from 20minutes to 30minutes. Although the overall
removal efficiency (regarding to both Ni2+ and Co2+ ions) is
increased, but the level of cobalt adsorption is less than when
wehave only cobalt ions in the solution (Table 3). It seems that
the adsorption mechanism of Co2+ and Ni2+ from Co2+ and
Ni2+ solution is different from the adsorption mechanism
of Co2+ and Ni2+ from pure Co2+or Ni2+ solution. In the
Co2+ and Ni2+ solution, Co2+ rapidly surround the ZVI
nanoparticles and redox reactions occurred. In this state, a lot
of Co0 tend again to do redox reactions with Ni2+. erefore,
removal efficiency of Ni2+ is more than removal efficiency
of Co2+. In other words, initial layer of cobalt around ZVI
nanoparticles increases the removal efficiency of Ni2+ at the
speci�c time. e above results clearly indicated that Ni2+

and Co2+ removal by ZVI nanoparticles was signi�cantly
in�uenced by the ions in the reacting solution.

4. Conclusions

In summary, the nickel and cobalt ions were removed
effectively by sonicating the aqueous solutions containing one
of the entitled ions in the presence of ZVI nanoparticles. e
procedure was simple, quick, and economical and removal
efficiency was comparable with previously reportedmethods.
Optimum sonication times for removal of nickel and cobalt
ions were 20 and 30minutes, respectively. Compared to Ni2+,
Co2+ removal is favored probably due to its moremagnetism.
In the presence of cobalt ions, the highest removal efficiency
of nickel ions by ZVI nanoparticles was observed to about
64% which is one of the advantages of this methodology.
It should be noted that the presence of both metals in
the solution affects on the adsorption efficiency, depending
on the initial ion concentrations. For example, removal
efficiency of cobalt ions in solutions containing both cobalt
and nickel ions decreased signi�cantly.
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