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ABSTRACT

The objective of this work was to verify the granular activated alumina (AA) sorption properties, during the
process of removing copper, lead and cadmium from water, and to monitor the impact of magnetic field (MF)
on the effectiveness of removing copper, lead and cadmium from water. Activated alumina adsorption is known
to be an effective and inexpensive technology for the removal of selenium and arsenic from water, and was sug-
gested by EPA as a BAT for point-of-use applications. The removal of copper, lead and cadmium from water
using AA and impact of magnetic field was reported to a lesser extent. Pilot tests showed that the use of AA
sorption materials with MF impact could possibly decrease the copper, lead and cadmium content in the model
water. The MF also had a positive effect on the efficiency of removal copper, lead and cadmium on AA. Increas-
ing the efficiency of heavy metals removal in the samples exposed to magnetic field varied from 1.9% to 8.2%

compared to the control samples.
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INTRODUCTION

Recently, the papers containing the laboratory
studies on the influence of the magnetic field on
the efficiency of adsorption process have been
published. The research team of Julian Ferreira de
Brito [Ferreira De Brito et al. 2012] tested, under
laboratory conditions, the removal of methylene
blue and phenol (water contaminants characteris-
tic of the textile industry) by means of adsorption
on activated charcoal with additionally applied
magnetic field of induction equal to 40 mT. The
results of their experimental studies have shown
that MF increased the efficiency of adsorption
in the case of methylene blue and phenol [Fer-
reira De Brito et al. 2012]. Thus, adsorption at a
particular magnetic field induction may be an al-
ternative to the adsorption process itself; it may
reduce the need for the adsorbent and increase the
efficiency of removal of individual components
from an aqueous solution. Another example of
weak magnetic field use to increase the sorption

capacity of a sorbent by influencing the physi-
cochemical properties of aqueous solutions are
the studies by Hao and his research team [Hao et
al. 2012] carried out on methylene blue adsorp-
tion on magnetic field assisted organic bentonite.
These studies related to the effect of an adsorbent
dose, initial concentration of pigment, pH value,
magnetic field intensity, and type of magnetic
field on methylene blue adsorption. As a result of
the experiment, it was proven that PM enhanc-
es the adsorption coefficient in the Freundlich
model by 49%.

Typically, the adsorption is used for the re-
moval of water soluble organic impurities caus-
ing the colour and smell of the water, metals, and
anions. The adsorption process is used to remove
dissolved organic substances, but also to remove
specific micro-pollutants, even impurities, the
traces of which may constitute a health hazard
or are undesirable in an aqueous solution. The
activated carbon is the most common adsorbent,
but it is not the only recommended material. One
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of the inorganic sorbents used for removing the
components present in water is activated alumi-
na. It is a mixture of amorphous aluminum oxides
obtained by dehydrogenation of aluminum hy-
droxide Al(OH), at temperatures of 300-600°C.
The adsorbent has a specific surface area equal
to 50-300 m?/g. It exhibits amphoteric proper-
ties, and the parameter indicating its nature is pH,
namely pH of the zero charge, which is 8.2. In
the medium characterized by the pH below 8.2,
the adsorbent material exhibits anion-exchange
properties, and at the pH above 8.2 — it becomes
a cation-exchanger. For example, the mechanism
of arsenate ions removal from aqueous solutions
of this adsorbent is close to the removing of arse-
nates on weakly basic anion exchangers [Hering
et al. 2004; Mc Neill, Edwards 1995]. Activated
alumina is much less likely to be used for water
treatment than activated charcoal; however, it is
used to remove inorganic contaminants such as
fluorides, arsenic, selenium, and silicates. The
European Commission has granted activated alu-
mina oxide as an absorbent material for the re-
moval of fluoride ions from water. In addition,
adsorption on activated alumina oxide has been
proposed by the EPA (Environmental Protection
Agency) as an effective and inexpensive technol-
ogy to remove arsenic and selenium from drink-
ing water, considered among the best available
BAT techniques [Davis, Misra 1997; Singh, Pant
2004; EPA 2007; Lin, Wu 2001].

As a result of the analysis on the collected
information, it was found that in the future, the
influence of magnetic field on the physicochemi-
cal properties of water and properties of the sorp-
tion materials may be more frequently and widely
used, since in many cases, it restricts the use of
chemicals and consumption of energy, which
contributes to the protection of the natural envi-
ronment in many aspects. It seems appropriate
to investigate the mechanism of magnetic field
effect on the process of adsorption on activated
alumina. This sorbent has the ability to remove
metals, anions, and other specimens present in the
water. Furthermore, removal of these components
is carried out by adsorption or chemical precipita-
tion of formed hydroxides or complexes. AA is an
amphoteric material, and the parameter indicat-
ing its character is the pH of so-called zero point
charge (ZPC) amounting to 8.2. In the medium
characterized by the pH below 8.2, this adsor-
bent material exhibits anion exchange properties,
and at the pH above 8.2 — it becomes a cation-
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exchanger. Taking into account the characteristics
of the activated alumina and the lack of literature
references to the studies or tests of magnetic field
effect on the ability of sorption by ALO,, it seems
reasonable to verify and learn about the mecha-
nism of the MF effect on the adsorption process
on the sorbent in question. The objective of this
work was to verify the granular activated alumina
(AA) sorption properties, during the process of
removing copper, lead and cadmium from water,
and to monitor the impact of magnetic field (MF)
on the effectiveness of removing copper, lead and
cadmium from water.

MATERIAL AND METHODS

The study consisted in determining the mag-
netic field effect on the efficiency of removal
copper (Cu), lead (Pb) and cadmium (Cd) with
a single component of the model solutions. The
experiment was conducted at a laboratory scale
using model solutions with the concentration of
component of 500 ug/l in the process of dynamic
adsorption. The process was carried out with a
flow rate equal 6l/h. Laboratory tests were per-
formed in a 1 1volume of laboratory distributors
filled with A1,O,. Table 1 shows the characteris-
tics of the activated alumina. The dosage of sor-
bent was 450 g/lI. In parallel, an untreated control
sample, which was not exposed to magnetic field,
was prepared.

The model solution in polyethylene bottle
was exposed for 10 min to a weak static magnet-

Table 1. Main characteristics of activated alumina

White, sphere,
Appearance . odorlegs,
insoluble in the
water, unreliable
Type KA405
Crystal type Gamma
Chemical composition ALO.% >93
Na20% <0.3
% <8
LOI G/ml 0.75-0.80
Mass density m?/g 2300
Surface ml/g 0.30-0.50
Pore volume % 17-19
Static absorption, RH=60% % <0.8
Dew point °C -40
Crushing force (N/pcs) 3-5mm 2150
4-6 mm =180
5-7 mm =200
6-8 mm 2300

Source: Safety data sheet from the manufacturer.
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ic field (MF) generated from a stack of magnets
(B = 118 mT). The properties of the magnets are
shown in Table 2.

The bottle was surrounded by ferrite per-
manent magnets. Magnetic induction measured
through the bottle wall reached 57 mT. Ferrite
magnets do not require corrosion protection and
can be used in water. They are ceramic magnets
and, therefore, they are fragile. The measure-
ment of the magnetic induction was performed by
means of HGS-10A, an apparatus for induction. A
control was also kept for 10 minutes in the same
vessel without the MF only in order to eliminate
the possible effect of adsorption of the tested
component of the water on the walls of the vessel.
Subsequently, both samples were filtered through
a funnel filled with activated alumina. Figure 1
shows a schematic experiment. The concentration
of the test component of the model solution (con-
centration of Cu, Pb, Cd) prior to the adsorption
process and after the process was determined by
means of Thermo Scientific iICE3300 atomic ab-
sorption spectrometry apparatus using flame and
graphite furnace method.

The experiment was repeated 5 times. These
samples were filtered through a column packed
with AA. Then, water samples were analyzed

for metal concentrations with atomic absorption
spectrometry, the electrolytic conductivity, redox
potential and pH. In parallel, a sample without
the influence of the magnetic field was examined.
The obtained results were analyzed statistically.
The scope of the statistical analysis included ba-
sic measures: the arithmetic mean, median, stan-
dard deviation, variance and extreme values of
individual components. All calculations and sta-
tistical analyzes were performed using the Statis-
tica 12.5 package in the Polish language version
of the Windows 10 Home Edition platform.

RESULTS AND DICUSSION

Pilot tests showed (Table 3) that the use of AA
sorption materials with MF impact could possibly
decrease the copper, lead and cadmium content
in the model water. The MF had also a positive
effect on the efficiency of copper, lead and cad-
mium removal on AA.

For each model solution, the lower concen-
tration of the investigated metal was observed in
the magnetized samples after the adsorption pro-
cess, compared to the control samples. After the
adsorption process, the electrolytic conductivity

Table 2. Main characteristics of ferrite permanent magnets

Diameter . Magnetization Density Resistivity Induction of .
[mm] Height [mm] direction [g/cm?] [Ohmxcm] remanence [T] Weight [g]
50+2.5 10 £0.1 along the 10 mm 45 10410 0.37 ~88.3
dimension

Activated @
alumina

ferrite permanent magnets

57 mT (118mT)
s /._\
[ | [ l |

Control sample Magnetized sample

|
Control sample Magnetized sample

Figure 1. Scheme of equipment used in experiment was the same
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Table 3. The average values with standard deviation of the measured parameters of the samples

Copper (Cu) Lead (Pb) Cadmium (Cd)
Parameter
*1 *2 *3 *1 *2 *3 *1 *2 *3
Concentration 534.9 456 35.4 530.3 68.2 24.6 651.4 179.1 145.4
of element [ug/l] +15.7 +6.4 5,2 +14.1 +8.5 +2,6 +18.8 +8.3 +6.1
Conductivity [uS) 60.4 178.7 171.1 62.7 104.8 97.3 60.8 118.6 125.3
onductivity [uS/cm] +3.1 +37 +23 +1.9 +26 +3.6 +26 +16 +27
Redox botential My 272 107 97 283 134 121 269 130 141
edox potential [mV] +17 +10 +8 +26 +13 +16 +30 +14 +10
HE 6.07 9.09 9.21 5.19 7.82 9.00 8,06 8.35 8,87
P +0.07 +0.07 +0.07 +0.09 +0.09 +0.10 +0.06 +0,08 0,07

*1 — model sample before adsorption process, *2 — control sample, *3 — magnetized sample

in the magnetized samples was higher than for
the copper and lead ion solution, while the re-
dox potential was also lower in the magnetized
copper and lead ions.

The lowest concentration value in the model
solution prior to the process of adsorption, was
obtained in the case of lead and amounted to
510.21 pg/l (Table 4), taking into account the
control sample gave the lowest concentration
value in the case of copper (35.42 ug/l). When
analyzing the values of samples exposed to the
magnetic field, the lowest value was obtained in
the lead solution (21.21 ug/l). The highest values
of the cadmium concentration were obtained in
the sample prior to the adsorption process (680.37
ug/l), in the control samples as well as after the ex-
posure to the magnetic field following the adsorp-
tion process; the lowest values were also obtained
in a series of cadmium solutions. The obtained
results of variance show that the most scattered
results were obtained for the samples before the
adsorption process in a series of cadmium solu-
tions (354.1 ug/l). Controls after adsorption were
characterized by the highest scattering around the
mean for lead (variance of 71.9 pg/l). In a series
of MF samples after adsorption, the highest vari-
ance was obtained in a series of samples contain-
ing cadmium (37.6 ug/l).

Only in the case of cadmium ions, electrolytic
conductivity and redox potential, the values were
lower in control samples without the influence of
magnetic field. The reason for pH increase of pu-

rified water after the step associated with the acti-
vated alumina is the amphoteric nature of the ma-
terial. When water comes into contact with AL O,
on the surface, hydroxides that raise the pH of wa-
ter flowing through the adsorbent bed are formed.

Many authors have tested the effectiveness of
arsenic and fluoride ions removal on the activated
alumina [Su et al. 2008; Lescano et al. 2015]. Su
et al. (2008) tested the activated alumina applied
to the removal of As (V), Se (IV), and V (V) from
water, depending on different pH values and the
sorbate load (Su et al. 2008). The scientific team of
Naiyi (2009) conducted the application research
using samples of industrial wastewater contain-
ing Cd (II) and Pb (II), which showed the use-
fulness of activated alumina for the wastewater
purification of these metals. Kartinen and Martin
(1995) carried out the pilot studies on the remov-
al of arsenic from water containing As(III) at the
level about 100 pg/l, using activated alumina as
an adsorbent. Their results indicate the potential
of 50% reduction in the concentration of As, and
in the case of oxidizing all As (III) to As (V) con-
tained in the water, even a 70% increase in the ca-
pacity of an adsorbent bed [Kartin, Martin 1995].

The second tested process MF is efficient,
energy-saving, chemical-free, and environmental
friendly. The analysis of the collected informa-
tion, indicated that in the future, the influence of
magnetic field on the physicochemical proper-
ties of water and properties of the sorption ma-
terials may be used more frequently and widely.

Table 4. The variance, minimum, maximum value of the results of element concentrations

Copper (Cu) Lead (Pb) Cadmium (Cd)
Parameter
*1 *2 *3 *1 *2 *3 *1 *2 *3
Variance [ug/l] 246.9 40.3 27.2 198.5 71.9 6.7 3541 69.0 37.6
Minimum value [ug/l] 515.6 35.4 29.5 510.2 58.9 21.2 621.8 165.4 136.2
Maximum value [ug/l] 555.3 54.5 44.9 550.1 80.1 291 680.3 190.3 154.3

*1 —model sample before adsorption process, *2 — control sample, *3 — magnetized sample
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In many cases, it restricts the use of chemicals
and consumption of energy, which in many as-
pects contributes to the protection of the natural
environment. It seems appropriate to investigate
the mechanism of magnetic field effect on the
process of adsorption on activated alumina. This
sorbent has the ability to remove metals, anions,
and other specimens present in the water. Further-
more, removal of these components is carried out
by adsorption or chemical precipitation of formed
hydroxides or complexes.

The changes in the adsorption efficiency of
the investigated metals by the magnetic field on
active alumina are shown in Figure 2. The high-
est efficiency of magnetic adsorption was ob-
tained with a lead solution of 95.36%, which is
8.22% greater than that of the control solution
was without magnetic field (87.14%). The lowest
difference in adsorption efficiency, amounting to
1.90%, was observed for copper ions. Consider-
ing the cadmium-containing model solution, the
highest efficiency was obtained with a control
solution of 72.52% and 77.67% with a magnetic
field, resulting in 5.15% greater efficiency in the
case of a magnetized sample.

The research conducted by the Geng-Fuhrman
research group (2007) has shown that the 11 most
potential sorbents of the filter bed for second-
ary rainwater treatment of heavy metals includ-
ing Cd and Cu are the best active alumina. The
studies were also carried out on rainwater model
solutions. The water after the adsorption process
on active alumina also had an elevated pH. The
work of the Yan research group (2016) provides a
systematic comparison of different adsorbents for
remediation of metallurgical industry wastewa-

100 -
95 - 91.48 23.38

T | | 87.14
85

80

75

70 -
65

60 - - . -
55 -
50

Cu Cu* Pb

| =% 91.48 93.38 87.14

ter containing high concentrations Cd. Out of the
four adsorbent media evaluated, involving TiO,,
AA, GFO, and nZVI, TiO, is the most efficient
adsorbent due to its unique features: high adsorp-
tion capacity, wide applicable pH range, full re-
generability, and great chemical stability. Accord-
ing to the research team of Hao, the application
of the MF increases the adsorption capacity and
affects the behaviour of sorbent — organic ben-
tonite [Hao et al. 2012]. The MF also improves
the adsorption capacity of metallic iron that is
also often used as a sorbent for removing various
components from aqueous solutions. The studies
on the removal of selenium Se (VI) from water
during the process of adsorption on metallic iron
due to the presence of a weak MF revealed an in-
creased rate of Se (VI) removal. In the case where
the selenium removal occurs on metallic iron,
the pH range increased from 4.0-6.0 to 4.0-7.2.
The use of MF in order to increase the selenium
removal by metallic iron is promising and envi-
ronmentally friendly process, since it does not
require additional energy and expensive reagents
[Liang et al. 2014]. Other researchers tested the
increased efficiency of arsenic As (III) and As
(V) adsorption under the influence of magnetic
field also on metallic iron [Sun et al. 2014]. The
experiment indicating that MF can significantly
enhance the arsenic removal by metallic iron,
even in the presence of various cations and anions
was performed by Sun et al. (2014). The authors
confirmed that applying the MF accelerates the
conversion of arsenic from (III) onto (V) at the
interphase solution-solid within pH range 5.0-9.0
and improves the oxidation of As (III) to (V) in
solution of pH 3.0. Kim et al. (2011) reported that

95.36
77.67
72.52
Pb* Cd cd*
95.36 72.52 77.67

Figure 2. Adsorption efficiency of Cu, Pb, Cd in the activated alumina — control and magnetized sample

*- magnetized sample
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magnetic field applied (<40 mT) for metallic iron
suspension considerably increases the removal of
4-chlorofenol from 26% up to 54%. The research
team of Li (2016) tested the impact of magnetic
field on the adsorption of methylene blue pigment
on the material obtained from the wheat hay py-
rolysis, and the efficiency of the PM effect on pig-
ment adsorption was confirmed.

Depending on the physicochemical param-
eters water should have, different methods are
used to remove individual components of the
solution. The adsorption on various packings
(sorbents) is a frequently used process. Adsorp-
tion, in terms of the mechanism, is divided into
physical and chemical while taking into account
the way the process is conducted, dynamic and
static adsorptions are distinguished. Viscous
forces determine the retaining of the sorbent par-
ticles in a given bed. The phenomenon that also
determines the adsorption effects is attracting the
removed particles to the grains of the sorption
bedding. The effectiveness of this phenomenon is
the result of attraction and repulsion forces, and
it largely depends on the size and zeta potential
of the removed particles and grains of the sorp-
tion material, as well as the ionic strength of the
processed solution. The research team of Toledo
(2008) proved that the magnetic field remarkably
affects the physicochemical parameters of water,
including viscosity. Thus, applying the magnet-
ic field can have a significant impact on the ef-
fectiveness of physical adsorption. Meanwhile,
chemical adsorption consists in binding the mol-
ecules of the adsorbate (particles of contaminant)
in the active sites of the adsorbent. The adsorbate
particles can be maintained on the sorbent sur-
face (activated carbon bed or other suitable ab-
sorbent, e.g. activated aluminum oxide) by such
forces as hydrogen bonding, dipole-dipole inter-
actions, van der Waals, and electrostatic forces.
Magnetic field significantly affects the cleavage
of hydrogen bonds between water molecules. The
magnetic field affects the competitiveness of in-
tra and intermolecular hydrogen bonds, which
entails a weakening of large structures and the
formation of small structures with stronger hy-
drogen bonds within the water clusters that can
be easily bound to other molecules, e.g. on a sur-
face of the potential sorbent [Toledo et al. 2008].
Sorption as a primary process, or intensified by
the action of other factors, is effectively used to
remove various substances from water and aque-
ous solutions, from relatively simple to hardly
removable complex organic compounds.
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The influence of the magnetic field on the
heavy metal adsorption process on active alumina
can be explained by the application of magnetic
field as a factor causing changes in the structure
of water and aqueous solutions, which results in
changes in the solution viscosity, surface tension,
and the vaporization enthalpy, leading to a change
in the process of solution components adsorp-
tion on activated aluminum oxide. The research
planned within the project will determine the na-
ture of the changes and mechanism of the mag-
netic field effect on the changes in the process
of adsorption on activated aluminum oxide. The
magnetic field itself is a state of a space or area
where magnetic forces act on the moving electric
charges, and objects having a magnetic momen-
tum, regardless of their movement. These forces
are a special type of interaction, taking place at a
distance, associated with the presence of charged
particles, magnets, or carriers, in which electric
current flows. Water is a dipole having an uneven
distribution of electric charge in the molecule,
which causes the magnetic field to affect water in
a certain manner and changes its properties. The
changes in the properties of water are translated
into a change of the molecular interactions be-
tween the water molecules and molecules or ions
of other compounds. Magnetic field can also inter-
act with the mechanism of adsorption process by
changing the physicochemical properties of water
and aqueous solution subjected to this process.

CONCLUSIONS

1. Activated alumina showed high adsorption ca-
pacity of the tested heavy metals, as confirmed
by other researchers. It has been shown that the
magnetic field has a positive influence on Cu,
Pb, and Cd adsorption.

2. The observed increase of the heavy metal re-
moval efficiency in the samples exposed to
magnetic field varied from 1.9% to 8.2% com-
pared to the control samples. The highest ef-
ficiency of magnetic adsorption was obtained
with a lead solution of 95.36%, which is 8.22%
greater than that of the control solution was
without magnetic field (87.14%). The lowest
difference in the adsorption efficiency, which
was 1.90%, was observed for copper ions.
Copper ion adsorption efficiency was 91.48%
in the control solution and 93.38% in the solu-
tion treated with magnetic field.
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3. The biggest increase in the adsorption under
the influence of the magnetic field was found
in the case of lead. The magnetized samples of
lead solutions after adsorption were character-
ized by the smallest diffusion around the mean
(variance 6.7 pg/l).

4. The results of this study indicated that the com-
bined magnetic field and adsorption process
has a significant role in water treatment tech-
nology. MF is efficient, energy-saving, chemi-
cal-free, and environmental friendly. The anal-
ysis of the collected information showed that
in the future, the influence of magnetic field on
the physicochemical properties of water and
the properties of the sorption materials may in-
crease. It can be used more often and widely,
thus contributing to the optimization of water
treatment processes.
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