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Abstract
The objective of this work was to verify the sorption properties of granular filter materials (GEH,
CFH12, Bayoxide E33) during the process of removing antimony from water, and to monitor the impact of
magnetic and electromagnetic fields on the effectiveness of removing antimony from water. Pilot tests showed
that the use of iron-based sorption materials could possibly decrease the antimony content in water to the values limited for drinking water (5 µg/L Sb). The most suitable adsorbent for removing antimony was GEH.
At a concentration of antimony in raw water of 81.4 µg/L and a filtration rate of 3.4 m/h, a value of bed
volume 2,030 and adsorption capacity of 144.7 µg/g was determined; at the filtration rate of 5.6 m/h, the bed
volume was 1,342, and the adsorption capacity was 96.8 µg/g achieved at breakthrough concentration 5 μg
Sb/L. The results presented from testing the effects of a permanent magnet and electromagnet in removing
antimony are not well known, as only a few experiments have been conducted.

Keywords: drinking water, removal of antimony, iron-based sorption materials, permanent magnet,
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Introduction

Antimony is present in water as Sb3-, Sb0, Sb3+, and Sb5+
(Sb is 10 times more toxic than Sb5+), depending on water
pH, the oxidation-reduction potential (Sb3+/Sb5+ ratio), and
oxygen concentration. It is found mainly in the form of antimonate as oxyanions (H2SbO4)¯ and (HSbO4)2-, or it can be
present in the form of antimonite (H3SbO4) [1, 2].
Antimony is a toxic heavy metal with effects similar to
those of arsenic and lead. Intoxication by antimony is not
as severe as that from arsenic, since the antimony compounds are absorbed more slowly. The findings on the
health aspects of certain heavy metals in drinking water
are included in several publications [3-5]. The World
Health Organization and institutions dealing with monitoring carcinogens have not yet classified antimony as a
carcinogen.
3+

Elemental antimony (Sb) is a silvery white, brittle solid
that, along with arsenic and bismuth, belongs to group VA
of the periodic table. It is classified as both a metal and a
metalloid.
Antimony is present in the Earth’s crust at a concentration of about 0.2-0.5 mg/kg. It is seldom found in the environment as a pure element, but it is often found as trivalent
and pentavalent sulphides and chlorides. Antimony may
enter the aquatic environment by way of natural weathering
of rocks, runoff from soils, effluents from mining and manufacturing operations, and industrial and municipal leachate
discharges.
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In Slovakia, an acceptable concentration of heavy metals in drinking water is defined under the Government
Regulation No. 496/2010 on Drinking Water. The limit concentration for antimony is 5 µg/L, which is in accordance
with WHO recommendations [6, 7] and the EU Directive
(98/83/EC 1998).
The Dúbrava group water supply system in Slovakia
was built in connection with the construction of the
Liptovská Mara Water Reservoir. The water resource
included three springs (Brdáre, Močidlo, and Škripeň).
Škripeň is currently the only spring used for a drinking
water supply since it contains no antimony. Two other
springs are contaminated with antimony.
A deposit of antimony ore is considered to be the main
cause of the increased antimony concentrations in the
spring of Močidlo and Brdáre. Furthermore, a high concentration of antimony in water from mining activities as well
as from rain falling on antimony-rich waste rock piles and
a sludge-settling pond has led to higher concentrations of
antimony in the relevant water resources.
Water quality monitoring data is provided by the Water
Company of the Region of Liptov. The highest contamination from antimony was observed in water from Brdáre
Spring, where the concentrations ranged from 80.3 to 91.3
μg/L. The concentration of antimony in water from
Močidlo Spring was 70.6-82.0 μg/L. Obviously, the best
water quality was monitored in Škripeň Spring, where the
concentration of Sb was lower than 1 μg/L. No other heavy
metals were present in the Dúbrava water resource.
During the model tests the quality of the raw water
(Brdáre Spring) was evaluated, and concentrations of several other parameters were determined: pH 7.6-7.9, alkalinity
1.7-2.2 mmol/L, conductivity 22.5-28.7 mS/m, Ca2+ 28-32
mg/L, Mg2+ 9.7-15.8 mg/L, Cl¯ [mg/L] 7.2-10.6, SO42[mg/L] 10.2-18.6, F¯ [mg/L] 0.01-0.12, and PO43- [mg/L]
0.01-0.08. Several technological methods can remove
heavy metal in the water treatment process: precipitation,
ion exchange, membrane processes, adsorption, electrochemical processes, and biological methods [8-10].
Adsorption using an appropriate sorption material is preferred for water treatment when considering small water
resources. Sorption is a simple (regarding its operation) and
effective method of heavy metal removal. The most frequently tested sorbents are as follows: iron oxides and oxyhydroxides, activated alumina, sand covered by iron hydroxide, activated carbon, magnesium hydroxide, media containing TiO2 or MnO2 layers on their surface, etc. [11, 12].
A number of experiments and model studies of the
adsorption of arsenic and other heavy metals are described
in various publications [13-31]. These studies describe
sorption processes at different pH values, initial heavy
metal ion concentrations in water, solid/liquid ratio, particle
size of a sorption material, filtration rate, temperature and
composition of water to be treated (concentration of iron,
manganese, phosphorus, silicon, fluorides, sulphates,
organic matter, etc.).
Works dealing with antimony removal from water by
adsorption on iron-based materials is less than the works
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concerned with the removal of arsenic. The authors of work
[32] monitored the efficiency of iron-based materials (GEH,
CFH18) used not only in the removal of arsenic but antimony from water, too. Mariussen et al., at work [33] monitored
removal of antimony in runoff water from a small-arms
shooting range with a combination of charcoal and iron
hydroxide. Results of removal of antimony from water with
iron-based materials are presented in papers of Mitsonobu et
al. [34] and Sazakli et al. [35]. Sazakli et al. studied the efficiency of a granular ferric oxide adsorbent (Bayoxide E33)
to remove arsenic and antimony from drinking water. Three
different water matrices – deionized, raw water treated with
a reverse osmosis domestic device, and raw water – were
spiked with arsenic and/or antimony to a concentration of
100 μg·L-1. Both elements were successfully adsorbed onto
the medium Bayoxide E33. The loadings until the guideline
value was exceeded in the effluent were found to be 0.351.63 mg·g-1 for arsenic and 0.12-2.11 mg·g-1 for antimony,
depending on the water matrix. Adsorption of one element
was not substantially affected by the presence of the other.
Granular ferric oxide could be employed for the simultaneous removal of arsenic and antimony from drinking water.
The objective of this work was to verify the sorption
properties of granular iron-based filter materials (GEH,
CFH12, CFH18, Bayoxide E33) in the Dúbrava water
resource during the process of antimony removal from
water and to monitor the impact of magnetic and electromagnetic fields on the effectiveness of antimony removal
from water. The effect of a magnetic field is not evaluated
in relation to water quality (elimination of inlay, reducing
water hardness), but its effect in increasing the adsorption
properties of the surface adsorbent layer (the interaction of
Fe materials and the magnetic field) is analyzed.

Experimental Procedures
The pilot tests for removing antimony were carried out
at the Dúbrava chlorination plant (Fig. 1). At present, only
water from the Škripeň well is conveyed into the storage
tank of the chlorination plant. After its disinfection, the
water is gravitationally distributed to the point of consumption. For the purpose of these simulation tests, there was a
need to convey the water from Brdáre well to the chlorination plant through a separate pipe in order to avoid mixing
it with the water from the Škripeň well.

Adsorbents
Bayoxide E33 is a granular iron oxide-based medium.
It was developed by Severn Trent in cooperation with Bayer
AG for the removal of arsenic and other contaminants from
water. The advantage of this material is its ability to remove
As3+ and As5+ together with iron and manganese [35-37].
CFH12 is a granular sorption materials based on iron
oxyhydroxides. They were developed by Kemira Finland as
effective products for the removal of arsenic and other contaminants from water by adsorption [38, 39].

The Use of Iron-Based Sorption...

1985

Table 1. Physical and chemical properties of select sorption materials.
Parameter

Bayoxide E33

CFH12

GEH

Fe2O3>70% and 90.1% α-FeOOH

FeOOH Fe3+>40%

Fe(OH)3 and 52-57% β-FeOOH

dry granular

dry granular

moist granular

amber

brown-red

dark brown

0.45

1.12-1.2

1.22-1.29

Specific surface area [m2·g-1]

120-200

120

250-300

Grain size [mm]

0.5-2.0

0.5-2.0

0.32-2.0

Grain porosity [%]

85

75-80

72-80

Operating pH range

6.0-8.0

6.5-7.5

5.5-9.0

Matrix/Active agent
Physical form
Color
Bulk density [g·cm-3]

Table 2. Chemical composition of select sorption materials.
Compound in mass [%]
Material
MgO

Al2O3

SiO2

P2O3

SOx

K2O

CaO

TiO2

Fe2O3

E33

0.97

6.59

12.75

0.34

0.31

0.37

2.01

0.91

75.28

CFH12

3.75

0.45

1.18

-

8.49

0.27

2.72

0.50

82.65

-

1.74

3.05

0.21

0.54

0.08

0.18

-

91.92

GEH

The GEH was obtained from the supplier (GEH
Wasserchemie, Germany). GEH is a sorption material
developed by the Department of Water Quality Monitoring
of the University of Berlin for the purpose of arsenic
removal from water. GFH consists of ferric hydroxide and
oxyhydroxide with dry solid content 57% (±10%) by mass,
and 43-48% by mass moisture content. Iron content is 610
g/kg (±10%) relative to dry solids [40-45].
Tables 1 and 2 include the basic physical-chemical
properties and chemical composition of the select sorption
materials used in the test.
The chemical composition of the dry sorption materials
(Table 2) was analyzed using X-Ray microanalysis, SEM,
and X-ray phase analysis.

Fig. 1. Dúbrava chlorination plant and model filtration columns.

The shape and the external surface of sorption materials
GEH, CFH12, and Bayoxide E33 were taken by scanning
electron microscope. Figs. 2 and 3 illustrate differences in
character of surfaces.

Model Filtration System
The effectiveness of antimony removal was verified
using adsorption columns containing the select sorption
material. The adsorption column was made of glass with a
diameter of 5.0 cm. The height of the media ranged from 50
to 53 cm, and the total height of the glass column was 80 cm.
Raw water (Brdáre Spring) passed through the filtration
system (Fig. 1), and the concentration of antimony was
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Fig. 2. Microstructures of GEH, Bayoxide E33, and CFH12 (40× magnification).

Fig. 3. Microstructures of GEH, Bayoxide E33, and CFH12 (5,000× magnification).

monitored in raw and treated water at the outlets of the filtration columns. Simultaneously, the flow rates were measured at the outlet of each column. A system of several
valves was used for feeding the water for the filtration system (from top to bottom) and for the filter backwash (from
bottom to top), as well as for regulating the filtration rates.

Magnetic Field
The objective of the model tests was to verify the effect
of a permanent magnet and electromagnet on the effectiveness of antimony sorption by iron-based sorption materials
(the interaction of the Fe materials and the magnetic field
increase the adsorption properties of the surface adsorbent
layer). The tests were carried out along with standard model
tests of antimony removal in order to perform them under
the same operating conditions (Fig. 4).
A magnetic hard water conditioner (magnetizer) and
EZV20D equipment were used in the model tests (Fig. 5).
The magnetizer is designed for the magnetic treatment of
liquids. A magnetizer can be placed on any type of piping
(steel, stainless steel, galvanized, plastic, rubber, etc.).
It is protected against the weather. A magnetizer is based on
permanent magnetism with a very high magnetic flux density (1.12 T). There is no conventional ferrite composition;
the construction material belongs among the so-called

ceramic magnets. The particular technical specification is a
single focal monopolistic structure with an affirmative performance that uses magnetic poles set against each other.
The basic principle of EZV equipment is physical water
treatment with an electronically controlled electromagnetic
field. The EZV type 20D contains a pulse generator, which
is controlled by a microcomputer and a coil with 11 turns
on the pipes that transport the water. The EZV equipment
sends precisely programmed, highly non-periodic impulses

C
1

A

E

2
D

3
B

p-magnet

F

e-magnet
Raw water

Fig. 4. Technological scheme of the model equipment for verifying the effect of the permanent magnet and electromagnet on
removing antimony from water.
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Fig. 5. Physical treatment of water by permanent magnet (magnetizer) and electromagnetic field (EZV 20D).

to the coil that disrupt the micro-particles in the water.
The EZV power supply is 230 V, while power consumption
is 2 W. The EZV has an output to the metal and plastic.
The coil that generates the magnetic field must be wound
on a straight section of the pipe (at least three times the
pipe’s diameter); the coil can be mounted in a horizontal or
vertical position.

Results and Discussion
Model Test without Magnetic Field
The first stage of the model tests was aimed at monitoring the effectiveness of the iron-based sorption materials
GEH, CFH12 and Bayoxide E33 for the removal of antimony from water. The concentrations of antimony in the
raw water ranged from 55 to 62 μg/L (an average of
58.3 μg/L); the media height was 50 cm, the volume of
adsorption column was 982 cm3, the medium mass were
1,227.5 g for GEH, 441.9 g for Bayoxide E33, and 1,102.8
for CFH12, the filtration rates were 4.7-5.3 m/h for the
GEH, 4.3-4.9 m/h for the Bayoxide E33, and 4.3-5.1 m/h
for the CFH12, and the empty bed contact times (EBCT)
were 6.0, 6.4, and 6.3 min, respectively.
Fig. 6 shows the breakthrough curves of antimony as a
function of water volumes treated in terms of bed volumes,

Antimony samples after passing through columns were
collected in plastic bottles and immediately acidified with
highly pure nitric acid (Merck). All bottles were submerged
in 10% nitric acid solution over three days and triple rinsed
with de-ionized water. Agilent 7500CE ICP-MS (ORS
technology) was used to determine antimony concentration
in solution. The detection limit for Sb by ICP-MS was
1 μg/L.
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Fig. 6. Breakthrough curves of antimony (A) and the bed volumes and adsorption capacity achieved (B) at breakthrough concentration
of 5 μg Sb/L (raw water concentration 58.3 μg Sb/L, media height 50 cm).
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and the values of the bed volume or the adsorption capacity for each sorption material when reaching the limit concentration of antimony (5 μg/L).
Considering the minimum differences in the filtration
rates and based on the results presented in Fig. 6, it can be
concluded that GEH is the most suitable material for antimony removal compared to the other sorbents used in the
test. The following bed volumes were measured for the
antimony concentration (5 μg/L) at the outlet of the adsorbent media: bed volume 1,700 for GEH, 790 for CFH12,
and 715 for Bayoxide E33. The adsorption capacities were
as follows: GEH=83.6 μg/g, Bayoxide E33=91.4 μg/g (a
higher adsorption capacity of Bayoxide E33 is caused by
the 2.5 times lower bulk density of this material), and
CFH12=42.4 μg/g.
The values of adsorption capacity for the GEH and
Bayoxide E33 media are in contrast to the development of
the antimony concentration at the outlets of the GEH and
Bayoxide E33 media, depending on the bed volume.
A significantly higher effectiveness of the antimony
removal from the water using GEH can be seen in Fig. 6.
Therefore, if there are used and compared sorbents with
different bulk densities (Table 2), the effectiveness of
sorption materials would be suitable for expression using
of the bed volume.
Like at work, EPA/600/R-09/016 [32] as well in our
experiments for the removal of antimony GEH was the
most effective for a given water quality (pH, concentration
of Sb, etc.) and conditions during experiments (filtration
rate, contact time).

GEH, Bayoxide E33, and CFH12 (the media height was 52
cm, the volume of adsorption column 1,021 cm3; the medium masses were 1,276.6 g for GEH, 459.6 g for Bayoxide
E33, and 1,146.9 g for CFH12) in six glass columns.
Raw water (the Brdáre well) passed through the media contained in the first three columns. The other three columns
were fed by water that had previously flowed through a permanent magnet.
The antimony concentrations in raw water ranged from
69 to 77 μg/L (average of 72.6 μg/L) during the tests of the
effect of the permanent magnet, and filtration rates were
5.0-5.8 m/h, and the EBCTs were 5.6-5.8 min for each filtration column.
Fig. 7 shows the breakthrough curves of antimony as a
function of bed volumes, and the values of the bed volume
or the adsorption capacity for each sorption material when
reaching the limit concentration of antimony (5 μg/L).
As can be seen in Fig. 7, no effect of the permanent
magnet on the increase in the effectiveness of CFH12 and
Bayoxide E33 was observed. On the contrary, the permanent magnet had a positive effect on the increase in the
effectiveness of GEH in antimony removal.
In removing antimony using GEH, the concentration of
antimony at the media outlet reached the limit value
(5 μg/L) at bed volume 610, but this value increased to
1,550 with the effect of the permanent magnet. This means
that the value of the bed volume increased 2.5 times. The
value of the bed volume decreased from 430 to 205 for
CFH12 and from 110 to 64 for Bayoxide E33. Moreover,
the permanent magnet had an effect on the increase in
adsorption capacity from 34.3 μg/g to 87.9 μg/g (Fig. 7).
Figs. 6 and 7 show a significant difference in the measured values of the bed volume and adsorption capacity for
Bayoxide E33 media, which was caused by the use of new
material (pellets) during the second stage of the model
tests.
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0
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B
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CFH12

Concentration Sb [ȝg/l]
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A

80

E33

The objective of the second stage of the model tests was
to evaluate the effect of a permanent magnet (p-magnet) on
antimony removal from water using the sorption materials

CFH12+p
-magnet

Model Test with Permanent Magnet

Fig. 7. Breakthrough curves of antimony (A) and bed volumes and adsorption capacity achieved (B) at breakthrough concentration of
5 μg Sb/L (raw water concentration 72.6 μg Sb/L, media height 52 cm, filtration rate 5.0-5.8 m/h).
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was 144.7 μg/g for GEH with no effect from the magnet,
while under the effect of the permanent magnet and electromagnet it was 135.8 μg/g and 134.3 μg/g, respectively.
Fig. 9 shows the breakthrough curves of antimony as a
function of bed volumes (at a filtration rate in a range of
5.4-5.6 m/h), and the values of the bed volume or the
adsorption capacity for each sorption material when reaching the limit concentration of antimony.
The limit concentration (5 μg/L) was observed at bed
volume 1,342 for GEH with no effect from the magnet.
The limit concentration under the effect of the permanent
magnet and electromagnet was reached at bed volume 789
and 839, respectively. The adsorption capacities, which correspond to such conditions, were lower in comparison to
the filtration rate in a range of 3.1-3.4 m/h due to a higher
hydraulic loading of sorption media: 96.9 μg/g for GEH
with no effect from the magnet, 60.6 μg/g under the effect
of the permanent magnet, and 58.6 μg/g under the effect of
the electromagnet (Fig. 9).
As can be seen from Figs. 8 and 9, the effect of the permanent magnet and electromagnet on the increase in the
effectiveness of the antimony removal from water by using
the GEH sorption material was not observed in these tests.

Model Test with GEH, Permanent Magnet,
Electromagnet, and Different Filtration Rate
The third stage of the experiments was aimed at verifying the effect of the permanent magnet and electromagnet
on the increase in the effectiveness of GEH for removing
antimony from water (GEH was the most efficient sorbent
in antimony removal) in relation to the filtration rate.
The filtration systems were operated in the following way:
only raw water flowed through the media in two columns;
the other two columns were supplied with water that had
previously flowed through the permanent magnet; the
remaining two columns were fed by water after its exposure
to the effect of the electromagnet. The tests were carried out
under the same flow conditions for tree columns at a filtration rate of 5.4-5.6 m/h and for tree columns at a filtration
rate of 3.1-3.4 m/h. The height of the filtration media GEH
in the columns was 51-52 cm, the volume of adsorption column was 1,001-1,021 cm3, and the medium mass was
1,121.5-1,143.5 g). The concentrations of Sb in the raw
water were significantly higher compared to the previous
experiments (in a range from 78 to 88 μg/L; average value
81.4 μg/L), and this led to the increased concentration loading of the media.
Fig. 8 shows the breakthrough curves of antimony as a
function of bed volumes (at a filtration rate in a range of
3.1-3.4 m/h), and the values of the bed volume or the
adsorption capacity for each sorption material when reaching the limit concentration of antimony.
The results demonstrate that at a given filtration rate, the
limit concentration of antimony (5 μg/L) was exceeded at
bed volume 2,030 for GEH with no effect from the magnet,
while the limit concentration under the effect of the permanent magnet and electromagnet was exceeded at bed volumes 1,883 and 1,885, respectively. The adsorption capacity in relation to the limit concentration at the media outlet

The technological tests performed on the groundwater
from the spring in Dúbrava showed that the use of sorption
materials can possibly decrease the content of antimony in
water to the values limited by Government Regulation No.
496/2010 on Drinking Water.
Based on the pilot tests, the most suitable sorption material for removing antimony from water is GEH. Achieved
values of adsorption capacity and bed volume for GEH
material during all experiments are shown in Table 3.
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Fig. 8. Breakthrough curves of antimony (A) and bed volumes and adsorption capacity achieved (B) at breakthrough concentration of
5 μg Sb/L (raw water concentration 81.4 μg Sb/L, filtration rate 3.1-3.4 m/h, EBCT 9.1-9.8 min).
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Table 3. The values of bed volume and adsorption capacity of GEH material for different concentrations of antimony in raw water, filtration rates, height media, and EBCT.
Concentration of Average Filtration
Sb [µg/L] in RW
rate [m/h]

Material

Height media
[mm]

EBCT
[min]

Bed volume
(V/V0)

Adsorption
capacity [µg/g]

GEH

58.3

5.0

50

6.0

1,700

83.6

GEH

72.6

5.5

52

5.7

610

34.4

GEH + p-magnet

72.6

5.5

52

5.7

1,550

87.9

GEH

81.4

3.4

51

9.1

2,030

145

GEH

81.4

5.6

51

5.4

1,342

96.9

GEH + p-magnet

81.4

3.3

52

9.5

1,883

136

GEH + p-magnet

81.4

5.4

52

5.7

839

60.6

GEH + e-magnet

81.4

3.1

51

9.8

1,885

134

GEH + e-magnet

81.4

5.4

52

5.7

789

58.6

A

30

GEH
GEH + p-magnet
GEH + e-magnet
Limit

25

B

200

Adsorption capacity [μg/g]

Concentration Sb [μg/l]

from the Dúbrava water supply reservoir using at least two
enclosed filter systems containing a GEH medium (serial
filters) with a filtration rate no higher than 4.5 m·h-1.
The results prove that CFH12 and Bayoxide E33 materials can also be used to decrease the concentration of Sb in
drinking water below the limit value of 5 µg/L. The adsorption capacities and bed volumes are lower for these sorption
materials in comparison to GEH.
The current results from testing the effect of a permanent magnet and electromagnet for antimony removal using
select adsorption materials are not well known, as only a
few experiments have been conducted. No stronger positive
effect of a permanent magnet on the effectiveness of antimony removal using GEH than in a situation where the bed
volume for the limit concentration of Sb at the outlet of the
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58.6
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40
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Bed volume
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Bed volume

Filtration rate, height of the filter media (i.e. EBCT),
and antimony concentrations influence the value of adsorption capacity and bed volume in raw water. Therefore, pilot
tests to verify these values directly on a water source are
needed.
The effectiveness of sorption materials is expressed in
their adsorption capacity, but in the cases of use (comparison) of sorbents with different bulk densities is not correct,
and the effectiveness of sorption would be suitable to be
expressed using bed volume.
To improve the economics of water treatment, it is necessary to continue with experimental work to determine if
this method could be suitable for removing antimony from
water. In the case of the increased water demand for the
Liptovský Mikuláš Region, it is possible to treat the water

0
GEH

GEH+p- GEH+emagnet magnet

Fig. 9. Breakthrough curves of antimony (A) and bed volumes and adsorption capacity achieved (B) at breakthrough concentration of
5 μg Sb/L (raw water concentration 81.4 μg Sb/L, filtration rate 5.4-5.6 m/h, EBCT 5.4-5.7 min).
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medium increased from 610 to 1,550 (which would mean a
2.5 times longer adsorption cycle) was observed in additional experiments. WHO and public health authorities currently do not recommend using technologies based on the
principle of applying a magnetic field to drinking water
treatment. However, partially positive outcomes related to
the effect of a magnetic field on the increase in GEH
adsorption capacity in antimony removal indicate the need
to continue with model tests technologically aimed at the
specification of the factors influencing this process, at least
to a certain extent.
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