Advancesin .
Nanochemistry

A

Ultrasonic-assisted adsorption of Ni(ll) ions from aqueous solution
onto Fe304 nanoparticles

Neda Azimi?, Pedram Azimi 2, Mohsen Samimi*=, Tahereh Mansouri Jalilian®
Received 2nd June 2019,
Accepted 22nd July 2019,

) . . . . N
DOI-10.22126/anc.2019.4107.1012 Department of Chemical Engineering, Kermanshah Branch, Islamic Azad University, Kermanshah, Iran

2 Bistoon Thermal Power Plant, Kermanshah, Iran
3 Department of Chemical Engineering, Faculty of Energy, Kermanshah University of Technology, Kermanshah, Iran

Abstract

This paper focused on the study of the impact of ultrasonic waves on the intensification
of Ni(ll) removal from aqueous solution by adsorption onto Fe;04 nanoparticles. Co-
precipitation method was used to synthesis Fe30, magnetic nanoparticles (MNPs) and
the average size of the nanoparticles was obtained about 19 nm by SEM. Two layouts ®
including shaker and ultrasonic irradiation are examined. The effects of pH, adsorbent 50
mass and initial concentration of Ni(ll) on the removal efficiency of Ni(ll) were £,
investigated. The Ni(ll) removal efficiency had the highest value at pH=9. Ni(Il) removal
from aqueous solution using ultrasonic need to lower contact time than the shaker at
identical conditions. The highest removal efficiencies of Ni(ll) were 83.3% and 85.5% with
the contact times of 100 minutes and 60 minutes, respectively using the shaker and .
ultrasonic. Finally, Langmuir and Freundlich isotherms were employed to correlate sets 0
of experimental adsorption isotherm data. The fitting results showed that non-linear
Langmuir model could fit the data better than Freundlich model.
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Introduction

Heavy metals are among the most important pollutants that
enter into the environment through industrial activities. Nickel
(Ni) as one of the toxic metals is characterized as the group of
human with carcinogens agents by the United States Environmental
Protection Agency.%5 Ni(ll) species are highly soluble, mobile, and
toxic. Increasing demand for Ni(ll) in various industrial applications
such as battery production, electroplating, smelting, mineral
processing, etc., leads to more discharge of Ni(ll) in wastewater,
which is harmful to human health and the environment.6-° For this
purpose, strict and precise instructions have been situated for
discharge of Ni(ll) into surface waters. Adsorption is one of the
important techniques of separation processes in many natural,
physical, biological, and chemical industries, because of the high
capability of solid substances to attract the molecules of gases or
solutions. In recent years, the adsorption process has been used as
one of the best methods for the removal of metal ions, which is
preferred to other methods because of its easy to use and low
cost.10 However, the adsorption process has a low mass transfer
rate, difficulty to the regeneration with the adsorbent and
limitations for development and application.! To overcome this
weakness, some modifications to the conventional adsorption
process have been extensively investigated. Ultrasonic is a new
green technology that can intensify chemical and the mass transfer
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processes and break the bonded between the adsorbate and the
adsorbent.11-13 These effects are because of the phenomena of
shock waves, acoustic cavitation, and microstreaming. The shock
waves induce the microscopic turbulence within interfacial films
surrounding solid particles. Acoustic cavitation is the formation,
growth, and the collapse of micrometer-scale bubbles generated by
the propagation of ultrasonic wave into a liquid medium. Acoustic
microstreaming produced by the ultrasonic waves is the foundation
movement of the liquid.1416 These phenomena originated from the
ultrasonic energy in adsorption processes, esults in the increase in
the rate of mass transfer near the surface of the adsorbent. In
addition, when nanoparticles used as adsorbents for the adsorption
of metal ions, propagation of ultrasonic into aqueous solution can
break up the aggregates of nanoparticles into a stable and
homogeneous suspension because it has high energy density.
Furthermore, ultrasonic acts like an agitator or a mixer and can
apply the strong mechanical forces in the solution, so; it can
intensify the mass transfer rate in the solid-liquid interface.17.18

Schueller and Yang®® investigated the impact of ultrasonic on
the adsorption and desorption of phenol using activated carbon
and polymeric resin. They reported that for the adsorption process
in a batch adsorber, ultrasonic act as a mixer and improve the mass-
transfer coefficient owing to the generation of cavitation and
acoustic streaming.

Wau et al.20 assessed the effect of ultrasonic on the adsorption
and desorption processes of blueberry anthocyanins on macropor-
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ous resins. Their results show that ultrasonic mainly improved the
adsorption process by increasing the surface roughness of the resin
surfaces and strengthening the formation of hydrogen bonds. In
another work, Mehrabi et al.2! used a novel adsorbent for the
ultrasonic energy-assisted adsorption of Ni(ll) ions from aqueous
solution. In this work, Langmuir, Freundlich, Tempkin, and Dubinin-
Radushkevich isotherm models analyzed the experimental data and
the equilibrium data fitted very well in Langmuir isotherm equation.

In all of the above-mentioned researches, it is illustrated that
the mass transfer rate and adsorption process are enhanced by the
presence of ultrasonic. It should be noted that in most of these
works, low-frequency ultrasonic waves are used in order to
improve the adsorption process. The application of the ultrasonic
waves in the frequency spectrum above 1 MHz in mass transfer
processes is limited in the literature. The ultrasonic waves in the
range of MHz are able to generate more intense acoustic streaming
which is responsible for mass transfer rate augmentation. The main
difference of this work with the mentioned references!.7819.21 js
that the experiments undertaken in the present study are the
adsorption of Ni(ll) ions onto a sorbent while this process is
intensified by sonication under the high-frequency ultrasound
waves (1.7 MHz). Regarding the author's literature survey, there are
not any studies concerning the influences of the high-frequency
ultrasound waves on the adsorption process in a sono-container. In
this contribution, the purpose of this study is the investigation of
using ultrasonic technology for Ni(ll) removal from aqueous
solution and adsorption onto Fe3O4 nanoparticles. The effects of
five independent variables such as the initial concentration of Ni(ll)
ions, initial pH of the solution, adsorbent mass, and ultrasonic time
on the adsorption, as well as equilibrium adsorption isotherms and
kinetics models are analyzed.

Experimental
Experimental setup and apparatus

A real photograph of the cubic container equipped with five
ultrasonic transducers (namely sono-container) used in the present
work is depicted in Figure 1. The main body of the sono-container,
which is a cubic container, is fabricated from Plexiglass plates (10
¢cmx10 cm). The volume of the sono-container is about 1 liter. A
Plexiglass cube with the dimension of 15 cmx10 cmx7 cm as the
base is located in the bottom of the sono-container. Five
piezoelectric transducers (PZT) with a diameter of 2.5 cm and a
frequency of 1.7 MHz are located on the body of the sono-
container. So, four PZTs are located on the body of each vertical
face and one of them is placed on the center of the bottom plate of
the sono-container. This arrangement lead to the PZTs do not face
each other; the streams created by the PZTs have not collided
together. Five PVC keepers known as Glend are used to place the
PZTs on the body of the sono-container.

Scanning electron microscopy (SEM, Philips model XL30) is
used to produces images of a sample by scanning the surface with
a focused beam of electrons. A flame atomic absorption
spectroscopy (Thermo model) with a nickel hollow-cathode-lamp,
an operating current of 8 mA and wavelength and spectral
bandwidth of 232.0 and 0.2 nm, respectively, is used to determine
the recovery rate of Ni(ll) adsorption.

Preparation of solution
In all experiments, deionized water (DI-water) was used to make

the processes more efficient. A stock solution of Ni(ll) is prepared
by dissolving Ni(NO3),-6H,0 in Dl-water, and that solution is

diluted to the desired concentration for actual use. Firstly, 100 mg
of Ni(NO3),-6H,0 powder is dissolved in 1 liter of DI-water in a
separate container (initial concentration of 100 mg/L). Then, by
using a shaker at 150 rpm, the desired solution at room
temperature (25°C) is completely mixed. In order to determine
the effect of pH, NaOH and HCI solutions with 0.1 molar
concentrations are used and pH is measured using pH meter
(model: Eutech pH 700, Singapore). In this study, the effect of
adsorbent dose (Fe3O4 magnetic nanoparticles) on the removal of
Ni(ll) ions from the base solution is investigated. The adsorbent
dose is investigated as a variable with the domain of 2-10 g (2, 4,
6, 8 and 10) Fe304 nanoparticles. In order to make any solution, a
certain amount of adsorbent dissolved in a solution containing
Ni(ll) ions. At this step, each solution containing Ni(ll) ions and
adsorbent at five different pH values of 2, 4, 7 and 9 are
investigated.

nnnnnnn tainer
Top view

Figure 1. (a) Real photograph and (b) schematic diagram of the
experimental setup used in the present work.

Preparation of Fe304

The synthesis approaches of Fe3Os nanoparticles are reported
elsewhere,2223 and the basis of these methods is relying on the
co-precipitation method. In summary, the synthesis of Fe;0O4
nanoparticles by co-precipitation method is given below
(equation (1)):

Fe2* + 2Fe3* + 80H- - Fe304 + 4H20 (1)

FeCls.6H,0 and FeCl,.4H,0 salts are supplied by Merck Inc to
precipitation of Fe3* and Fe2* and ammonium hydroxide (NH4OH,
28%) is provided by Fluka.

2.7 g of FeCl3.6H20 and 1 g of FeCl,.4H,0 salt were dissolved
in 120 mL deionized water. Then, 11 mL of ammonium hydroxide
(28%) was added to the mixture of FeCls.6H,0, FeCl,.4H,0 and DI
water under intensive stirring. The temperature of the reacting
sample in a water bath is kept at 60°C for one hour while it was
under intensive stirring. In addition, it was dispersed by sonicator
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for 30 min. As Fe;04 nanoparticles were formed, the solution
became black. So, the synthesized Fe30s nanoparticles were
transmitted to a beaker and separated from liquor with a strong
magnet. Nanoparticles were washed several times with deionized
water until the pH value reached 7.0. Finally, nanoparticles were
collected in a vacuum drying chamber after drying at 60°C for 4
hours.2223 The average size of the nanoparticles is obtained about
19 nm by scanning electron microscopy as shown in Figure 2.

SEM HV: 20.0 kV. |
View field: 1.32 um Det: SE 200 nm

Figure 2. SEM image of the synthesized Fe30. nanoparticles.

WD: 4.52 mm

Experiment procedure

In this study, the experiments are carried out in two layouts.
Firstly, a solution containing Ni(ll) ions and the sorbent is poured
into a 1-liter beaker similar to a sono-container and placed on a
shaker at 400 rpm for a specified period. The solution is then
passed through a Whatmen filter with the size of 0.45 microns
(made in Germany) to remove all magnetic nanoparticles. Then,
the solution is analyzed by atomic absorption spectroscopy to
determine the recovery rate of Ni(ll) adsorption.

Secondly, in order to investigate the effect of high-frequency
ultrasonic waves on Ni(ll) adsorption, the previous experiments in
the layout of using shaker are repeated in the sono-container.
One liter of suspension containing Ni(ll) ions and adsorbent are
poured into the sono-container, the piezoelectric actuator
switched on ultrasonic transducers, and the ultrasonic waves
propagate into the solution. The solution is subjected to
ultrasonic waves for a specified period. In the presence of high-
frequency ultrasonic waves, the need for mixing with a
mechanical stirrer will be eliminated. After the prescribed time,
the solution is removed from the sono-container and finally, the
solution is passed through a Whatmen filter to remove the
nanoparticles. It should be noted that instead of Whatmen filter,
it could use of permanent magnets for separation of magnetic
nanoparticles.

So that, all Fe304 nanoparticles are taken with the Whatmen
filter and the solution is free of adsorbent. Then, the solution is
analyzed to determine the mass transfer rate of Ni(ll) in
adsorption process. All experiments are carried out at room
temperature and each experiment is repeated three times, and
the average of the three obtained values is reported as the final
amount of adsorbed Ni(ll) ions.

Experimental data processing

When the time of the adsorption is long enough, the adsorption
system reaches to an equilibrium state and thus the equilibrium
amount adsorbed of Ni(ll) ions can be calculated by equation
(2)21,24;

Co—Ce
qe =2V )

m

where ¢, is the absorption capacity of Ni(ll) ions in the
equilibrium state, Co and C. are the initial and equilibrium
concentration of Ni(ll) ions in solution, respectively. V is the
volume of solution, and m is the adsorbent mass.

The removal efficiency of Ni(ll) ions is calculated by equation
(3)21:24;

Removal efficiency= =% x 100 ©)
m

where Co and C; are the ion concentration at initial and after time
t, respectively.

Results and discussion

Effect of pH on the adsorption of Ni(ll) ions

pH is a key factor in the adsorbing of heavy metal ions from
solutions. Therefore, pH dependence is investigated for the
removal of Ni(ll) ions at a constant contact time in both layouts of
using the shaker and ultrasonic waves. Figure 3 shows the
percentage removal of Ni(ll) ions from the solution using the shaker
and the sono-container at the temperature of 25°C, adsorbent mass
(m) of 2 g, and the different contact times. At this step, all PZTs on
the body of the sono-container switched on and the ultrasonic
waves propagated into the sono-container. As shown in Figure 3,
for both layouts, the efficiency of Ni(ll) removal increased from 2 to
9 and it has the highest amounts of Ni(ll) removal at pH=9. In fact,
pH is one of the most important parameters for the controlling of
the metal-ion adsorption processes.

There are two main factors influencing the effect of pH on the
adsorption of metal contaminants on the magnetic nanoparticles.
One of them is the metallic pollutant ion, and the other is the
surface of adsorbent. In this section, the effect of pH on each of
these factors investigated separately. The surface of Fe;O4
nanoparticles has a negative charge. In order to have a high
adsorption capacity, the pollutant must have a positive charge.
Fes04 nanoparticles can easily be converted to iron hydroxide (I1)
and (lll). In order to investigate the effect of pH on the metal
contaminants, it should be noted that the metal in the acidic
environments are ionic and when they enter in the base
environment, they lose their ionic state and react with the OH-
groups in the environment. This process causes the metal to lose its
positive charge and become neutral or negative (in the
complexation between metal and OH- groups). Therefore,
according to the mentioned factors, there is only a small range of
acid-to-base pH, in which the amount of metal ion adsorption on
the surface of adsorbent is high. Optimization studies showed that
the optimal pH value is about 9, which indicates that at this pH, the
magnetic adsorbent and nickel metal ions are completely active in
the environment.2>26 According to Figure 3, it can be seen that with
increasing pH, the amount of Ni(ll) ion adsorption has increased, so
that at pH=9 and pH=2, the maximum and the minimum values
have been obtained, respectively. The comparison between Figure
3 (a) and (b) shows that with increasing contact time from 40 min
to 80 min, the removal percentage of Ni (ll) ions in the shaker
increased while for the use of the sono-container it decreased.
Therefore, the contact time is an important parameter and should
be investigated further. In the next section, the effect of this
parameter is evaluated.
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Figure 3. Removal efficiency of Ni(ll) using shaker and ultrasonic at T= 25 °C
and m=2 g at (a) t= 40 min, (b) t=80 min.

Effect of contact time on the adsorption of Ni(ll) ions

Figure 4 shows the time-dependent removal behavior of Ni(ll) ions
from aqueous solution using magnetic adsorbent. As shown, for
both layouts, the amount of Ni(ll) removal increases with increasing
the contact time and the equilibrium time from 10 min to 100 min.
However, with regard to the use of the shaker, the removal
percentage of Ni(ll) ions from the contact time between 10 min and
60 min are stillincreasing and in 80-90 min, the removal percentage
approximately is equal. In fact, the removal percentage of Ni(ll) ions
in the shaker have reached its maximum value of 78% within 100
min.

Initially, the adsorption process of Ni(ll) ions is very fast due to
a large number of sites on the nanoparticles. According to the
results obtained for using the shaker, the contact time of 100 min
is chosen as the most effective contact time to remove Ni(ll) ions.
However, as shown in Figure 4, in the case of the sono-container,
the removal percentage of Ni(ll) is very fast in the first 10-100
minutes, and its maximum value at contact time of 60 min reached
to 76 % and after that, the removal percentage of Ni(ll) ions have
been constant. In fact, the adsorbent surface and its sites initially
increased by ultrasonic propagation in the solution. This means that
high-frequency ultrasonic waves can produce high percentages of
removal of Ni(ll) from aqueous solution, due to the creation of
micro-screams and acoustic cavitation phenomena. The application
of ultrasonic waves into the sono-container increases the
adsorption rate over a short time using a small amount of
adsorbent material.

Ultrasonic through secondary activities such as cavitation
(nucleation, growth, and temporary collapse of small gas bubbles)
increases the mass transfer through the physical phenomena such
as micro-streams, micro-turbulences, acoustic waves (or shock),
and micro-jets.1516  These phenomena occurred without
significantly altering the equilibrium properties of the adsorption

/desorption system.2! According to the results obtained for using
the sono-container, the contact time of 60 min selected as the most
effective contact time for the removal of Ni(ll) ions under the
influence of high-frequency ultrasonic waves.

There are many parameters that can affect the adsorption rate
of Ni(ll) ions, such as structural properties of the sorbent (Fes04
nanopatrticles), Ni(ll) ion properties, initial concentration of Ni(ll)
ions, temperature, and complex formation rate. It is known that
sorption kinetics is dependent or controlled by different kinds of
mechanisms such as mass transfer, diffusion control, chemical
reactions, and particle diffusion. In order to explain the kinetic
characteristics of the sorption, three well-known kinetic models are
used to consider the experimental data. For this purpose, the
Lagergren’s pseudo-first-order kinetic model, the pseudo-second-
order kinetic model, and the intraparticle diffusion model are
used.2”
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Figure 4. Influence of contact time on the removal efficiency of Ni(ll) using
shaker and ultrasonic at T= 25 °C, m= 2 g, and pH=9.

First-order kinetics

The linearized form of the first-order rate equation presented by
Lagergren and Svenska is as follow?7:

log(qe — 4¢) = l0g(qe) — 52 )

where ge and g: are the amounts of Ni(ll) ion adsorbed (mg/g) at
equilibrium and at time t (min), respectively and Kags is the sorption
rate constant (min). The plot of log (ge-gr) versus t gives a straight
line and the rate constants (kags) and theoretical equilibrium
sorption capacities, ge (theory), can be calculated from the slopes
and intercepts.

As depicted in Figure 5, the straight lines obtained from
Lagergren plots suggest the applicability of the pseudo-first-order
kinetic model to fit the experimental data. However, it is also
required that theoretically calculated equilibrium sorption
capacities, Qe (theory), should be in accordance with the
experimental sorption capacity, ge (exp.) values. Constants related
to this plot are given in Figure 5. Linear correlation coefficients of
the plot for shaker and ultrasonic are good. The values for shaker,
(e (theory=0.0766) and ge (exp=0.076) approximately are in
agreement with each other. In addition, the values for ultrasonic,
ge (theory=0.0777) and ge (exp=0.0767) are in acceptable
agreement with each other.

Second-order kinetics

The experimental data are also applied to the pseudo-second-order
kinetic model, which is given with the following equation?7:
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Figure 5. The pseudo-first-order reaction plot for Ni(ll) adsorption capacity
onto Fes304 nanoparticles (T= 25 °C, pH=9, m=2g).

t 1 t

- ()

a (k202 4.

where k (g mg® min‘t) is the rate constant of pseudo-second-order
sorption reaction. Second-order kinetic is being applicable if the
plot of t/q: versus t shows linearity. Figure 6 depicted the plots
obtained from the graphical interpretation of the data for the
second-order kinetic model. As can be seen from the results given
in Figure 6, correlation coefficients are higher compared to the
results obtained from the first-order kinetics. Also, theoretical and
experimental ge values are in very good accordance with each
other. So, it is possible to suggest that the sorption of Ni(ll) metal
ions onto Fe30, followed second-order type reaction kinetics.

Intraparticle diffusion

The intraparticle diffusion model is expressed with the equation
given by Weber and Morris?’:

qc = kig- t2 (6)

where gy is the amount of Ni(ll) ions adsorbed at time t (mg/g), ki
is the intraparticle diffusion rate constant (mg/g (min2/2)1).

The Webber and Morris plot for Ni(ll) adsorption process is
givenin Figure 7. It is obvious that the plot in Figure 7 is divided into
three regions. The initial region describes a rapid adsorption stage
that is external surface adsorption. The second stage is the
moderate adsorption stage that belongs to the intraparticle
diffusion process and the third zone belongs to the final equilibrium
stage. In this step, the intraparticle diffusion extremely declines due
to decrease of solute concentration. Therefore, the adsorption
process achieves the equilibrium condition gradually. The high
regression coefficient values showed a poor fitting between Ni(ll)
adsorption data with Weber Morris model.

Effect of adsorbent mass on the adsorption of Ni(ll) ions

In order to investigate the effect of adsorbent mass on the Ni(ll)
ions adsorption process, four values for adsorbent containing 2, 4,
6, 8 and 10 g of magnetic nanoparticles in two liters of Ni(ll) solution
are tested. Figure 8 shows the effect of adsorbent mass on the Ni(Il)
ion removal from aqueous solution for both layouts of the using the
shaker and the sono-container (PZTs with the frequency of 1.7
MHz). Based on this Figure, the adsorption rate of Ni(ll) in the high
amount of adsorbent increased due to increasing its surface area.
Increasing the specific area and the availability of more active
adsorbent sites in a higher amount of adsorbent is associated with
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Figure 6. The pseudo-second-order reaction plot for Ni(ll) adsorption
capacity onto FesO4 nanoparticles (T= 25°C, pH=9, m=2 g).
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Figure 7. Intraparticle diffusion plot for Ni(ll) adsorption capacity onto Fes0s
nanoparticles (T=25 °C, pH=9, m=2g).

an increase in adsorption rate. By using the shaker and the sono-
container, the highest removal percentages of Ni(ll) are 83.3% and
85.5%, respectively, with the contact times of 100 min and 60 min,
respectively. These contact times were selected as the efficient
contact times due to achieving the highest removal percentages of
Ni(ll) ions.

In both cases, the efficient adsorbent dose is m=6 g and no
significant increase in removal efficiency is observed with
increasing adsorbent dose of more than 6 g. Considering that in all
of the above experiments, the sono-container with a shorter
contact time compared to the shaker, performed better in
removing Ni(ll) ions from aqueous solution, so in the next
experiments, the sono-container is used.

100 r

< 9

S T ES T

z 3 —7

o

St T

k=] I

50}

S

g —@—shaker

g 60 t ultasonic
50 L L L L L J

0 2 10 12

4 6 8
Absorbent dose (g)

Figure 8. Influence of adsorbent mass on the removal efficiency of Ni(ll)
using shaker and ultrasonic at T= 25°C and pH=9.
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Effect of initial concentration of Ni(ll) ions on the adsorption process

The effect of initial nickel concentration is another parameter that
studied for the removal of Ni(ll) by magnetic nanoparticles.? In all
experiments in the before sections, the initial concentration of Ni(Il)
is 0.1 g/L. In this section, three concentrations including 0.05 g/L,
0.15 g/L and 0.2 g/L are investigated. Figure 9 shows the effect of
the initial concentration of Ni(ll) ions in the aqueous solution on its
percentage removal at m=6 g and pH=9 while all PZTs are activated.
In this Figure m=6 is selected as adsorbent dose, because according
to Figure 8, the efficient dose of adsorbent is 6 g and no significant
increase is observed with increasing adsorbent dose of more than
6 g for Ni(ll) removal.

From Figure 9, it can be concluded that there is a high
dependency between the removal efficiency and the initial
concentration of Ni(ll) ions. So, by increasing the initial
concentration, the available adsorbent sites are reduced and, as a
result, the removal efficiency decreases.!* Since in the low
concentration, available sites to the adsorbent surface are
greater.1* As shown in Figure 9, by an increase in the concentration
of Ni(ll) ions from 0.05 to 0.1 g/L, the percentage of Ni(ll) ions
decreased from 84% to 85.5%, respectively. While by increasing
Ni(ll) from 0.1 to 0.15 and 0.2 g/L, the percentage of Ni(ll) ions has
decreasing trend, which is due to the reduction of the adsorption
capacity of Ni(ll) by nanoparticles and filling their capacity. By
increasing the initial concentration of Ni(ll) ions in the solution, the
removal efficiency is reduced. Increasing the initial concentration
of Ni(ll) ions causes less adsorbed sites to adsorb more nickel in the
solution. Therefore, the adsorbent in lower initial concentration has
better adsorption properties.
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Figure 9. Influence of initial concentration of Ni(ll) on its removal efficiency
using ultrasonic at T= 25 °C, m=6 g and pH=9.

Adsorption isotherms

The adsorption of Ni(ll) significantly is affected by the initial
concentration of Ni(ll) ions in the aqueous solution. In this section,
the initial concentration of Ni(ll) varies from 0.05 to 0.2 g/L, while
the adsorbent dose is 6 g, pH= 9, and the contact time is 60 min for
use of the sono-container. In this section, m= 6 is selected as the
adsorbent dose because according to Figure 8, the efficient dose of
adsorbent is 6 g and no significant increase is observed with
increasing adsorbent dose of more than 6 g for Ni(ll) removal.

Experimental data are adapted to Langmuir and Freundlich
isotherm models. Langmuir isotherm model is used to describe the
chemical composition and coating of an adsorber layer on the
nanoparticles, and its linear form can be expressed by the following
equation5-27;

+— Ce (7)

Where, g, is the amount of Ni(ll) adsorbed in equilibrium state in
mg/g, Cc is equal to the liquid equilibrium concentration of Ni(ll) in
mg/L, gnax @nd K; are the Langmuir constants, indicating the
adsorbent saturation capacity and K, is the equilibrium constant
related to the affinity of binding sites. qeis calculated according to
equation (2) by measurement Co and Ce that are the initial and final
equilibrium concentration of Ni(ll) ions in solution. By data fitting

with the Langmuir model, as shown in Figure 7, qi isequal to 0.5436

that means gq,, = 1.84“2—’ mg/gand K, = 3.235. The related

isotherm parameters evaluated from the nonlinear analyses of the
data are given in Table 1.

The Freundlich isotherm model illustrates the distribution of
active and energy sites and heterogeneous adsorbent surfaces by
the following equation25-27;

qe = K;C ®)

where, Ky and i are Freundlich constants related to absorption

capacity and absorption intensity. As shown in Figure 11, in the
Freundlich model, the value of K; is equal to 1.03 mol*-L"/g.
According to Table 1 and Figures 10 and 11, the comparison
between these two models shows that both models are well fitted
with experimental data, and of course, the value of R? is higher in
the Langmuir model, and therefore the data compatibility with this
model is greater.
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Figure 10. Data fitting by Langmuir adsorption model using ultrasonic at T=
25°C, m=6 g and pH=9.
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Figure 11. Data fitting by Freundlich adsorption model using ultrasonic at T=
25°C, m=6 g and pH=9.
Conclusions

Experimental investigation of intensifying Ni(ll) removal from
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agueous solution by adsorption onto magnetic nanoparticles under
the effect of high frequency ultrasonic has been performed. Fe;04
magnetic nanoparticles (MNPs) are synthesized by co-precipitation
method and the average size of the nanoparticles is obtained about
19 nm by SEM. A cubic container equipped with five 1.7 MHz
ultrasonic transducers has been fabricated to introduce ultrasonic
waves into the agueous solution. The results of Ni(ll) removal
efficiency and mass transfer characteristics of using ultrasonic are
compared with those of shaking. The effects of four independent
parameters such as pH, adsorbent mass, initial concentration of
Ni(ll) and sonication time on the removal efficiency of Ni(ll) are
investigated. The corresponding esults depicted that the optimal
pH value is ca. 9, which indicates that at this pH, the magnetic
adsorbent and nickel metal ions are fully active in the environment.
Increasing the adsorbent dose (m) cause to increase the adsorption
rate of Ni(ll) due to the presence of a higher specific surface area of
magnetic nanoparticles. In the identical conditions, sonication time
for Ni(ll) adsorption is lower than the contact time by shaking to
reach equal removal efficiency. Indeed, the highest removal
efficiency of Ni(ll) for the shaker and the sono-container are 83.5%
and 85.5%, respectively, with the contact times of 100 minutes and
60 minutes, respectively. It concluded that acoustic and micro-
streams generated by high frequency ultrasonic have the high
ability to induce mixing and strong mechanical effect inside the
sono-container. In addition, microjets induced by high frequency
ultrasonic collided with the surface of nanoparticles and so the
adsorption of Ni(ll) on the adsorbent is increased. The comparison
of Langmuir and Freundlich isotherms show that both investigated
models are well suited to experimental data and the data
compatibility with the Langmuir model is better. From this study, it
is found that it is possible to reach the high removal efficiency of
Ni(ll) by magnetic nanoparticles and high frequency ultrasonic in
the little time compared to shaking.
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