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ABSTRACT

In this work a few nanopowders of magnetite (Fe;O4) produced by different methods were
used as a sorbents. Three techniques were applied to make the nanopowders: (1) gas-phase
synthesis, (2) chemical precipitation from water solution, and (3) laser atomization. Using
these methods, the particles with different sizes and crystal structure have been produced.
The effects of the particles size and structure of nanopowders on the removal of toxic Cr(VI)
from an aqueous solution imitating ground waters and wastewaters with pH=7.4-7.8 were
studied at different solution temperatures. It is shown that magnetite is effective sorbent for
the removal of Cr(VI) from polluted natural waters and sewage. It is found that sorption of
Cr(VI) by magnetite is irreversible and has chemisorption character, and even small rise in
temperature of the solution during the sorption process sharply increases efficiency of the

sorption.
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1. Introduction

Purification of natural waters and wastewaters
from Cr(VI) represents extremely important problem
on account of high toxicity of chrome(VI). There is a
variety of methods for the removal of Cr(VI) from
water solutions. However, almost all of them are
connected with use of various chemical reagents. In
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result, after their use, the total mineralization of the
refined sewage grows and often they become unsuit-
able for dump into environment or wastewater
systems. Especially, it concerns sewage in which
concentration of Cr(VI) exceeds 5-10mg/1.

One of the perspective ways of removal Cr(VI)
from solutions is a sorption method. Its main
advantage is that it practically does not bring into
refined solutions new ions and substances. It allows to
use the given method for regeneration of some
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technological solutions (for example, in galvanic
technology), and also for purification of polluted natu-
ral waters for the purposes of their subsequent use in
municipal services.

The sorption capacity of sorbents is substantially
defined by their specific surface area, which increases
with reduction in sizes of particles of the sorbents.
However, the small size of sorbent particles compli-
cates processes of separation of them from solutions
by traditional methods of precipitation and filtration.
Therefore, the important problem is production of
sorbents that (1) have good sorption properties and
(2) may be easily separated from solutions. This prob-
lem can be solved, if powders of small ferromagnetic
particles are used like sorbents. And after sorption of
pollutants, the powders may be separated from solu-
tion under action of magnetic field. One of the exam-
ples of such ferromagnetic sorbent for the removal of
Cr(VD) from solutions is magnetite Fe;O4 [1-6].

The purpose of the present work was to research a
possibility to apply powders of magnetite as sorbents
for the removal of Cr(VI) from natural waters and
wastewaters. As these powders had different structure
and size of particles and were produced by various
methods, a question on influence of these parameters
on sorption properties of magnetite also represented a
great interest.

2. Experimental

The study of sorption of Cr(VI) by magnetite was
carried out in a water solution imitating natural
waters and sewage. It should be noted that often
industrial wastewaters (for example, in galvanic tech-
nology) have only two components: Na,SO, and
K,CrO,. Therefore, for their imitation, a solution with
such composition may be used. The solution was
prepared by dissolving sodium sulfate (NaSO4) and
potassium chromate (K,CrO4) in distilled water.
Volume of the imitating solution in each experiment
was 50ml. Concentration of sodium sulfate in the
imitating solution (before sorption) was equal
400mg/1, and Cr(VD)-50mg/l. After preparation, the
solution had pH=7.4-7.8. The researches were
performed in static conditions with use of a series of
70-ml glass flasks, at different temperatures and at
periodic mechanical agitation of the solutions in the
glass flasks. After introduction of a powder of magne-
tite into the imitating solution the total time of
exposition of the solution was varied from about 24 h
(sorption at temperatures of 30-80°C) to seven and
more days (sorption at a room temperature 25+2°C).
At sorption at temperatures of 30-80°C, the series of
70-ml glass flasks was placed into special air thermo-

stat with the required temperature where they were
periodically agitated. Concentration of Cr(VI) in solu-
tions was determined by colorimetric analysis with
diphenylcarbazide at 540nm [7]. For this the Russian
spectrophotometer KFK-2 was used. As a sorbent a
few samples of nanopowders of magnetite obtained
by different methods were used. Three techniques
were used to make nanopowders: (1) method of gas-
cycle synthesis [8], (2) method of chemical precipita-
tion from water solutions of FeSO, [9] and (3) method
of laser atomization [10].

At the gas-cycle method, a strongly overheated
drop of molten iron was evaporated in a buffer Ar
gas media containing some percent of oxygen [8].
Some variation of the partial argon pressure and of
the speed of its leakage near the evaporation zone
allowed to change the average particle size. The
method of chemical precipitation consisted in precipi-
tation of Fe(OH), at pH=10-12 from solution of
FeSO, with following aeration of the obtained
suspension by air and heating it to 60-90°C [9]. At
laser atomization magnetite was prepared by
evaporation of target from a powder of Fe,O; using
impulse-periodic laser.

The structure and size of the obtained particles of
magnetite were analyzed by X-ray and TEM. The
specific surface area was evaluated by BET method
(from desorption of Ar). Magnetization was measured
with the help a Vibrating Sample Magnetometer in
fields to 27 kOe at a room temperature. TEM research
was carried out with microscope Philips CM30.

3. Results and discussion

Some physical properties of the tested magnetite
samples are summarized in Table 1. Fig. 1 displays
visual and TEM images of one of them.

The synthesized powders of magnetite had a dark
brown colour, and they consisted of separate particles
in the range of 16-54 nm in diameter. The average size
of the particles determined by means of the X-ray
analysis was close to results of its calculation using
data about their specific surface area (the magnetite
density used at these calculations was taken as
5,180kg/m> [11]). Besides, direct microscopic
measurements of the sizes of the obtained particles of
magnetite also have confirmed it (Fig. 2). This proves
that all obtained powders of magnetite really
consisted from separated nanoparticles of above sizes
and did not represent porous agglomerates.

At placing of the synthesized powders into the
imitating solution a formation of large aggregates of
nanoparticles of magnetite was found. The aggregates
had sizes above several microns. The particle-size
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Table 1

Properties of Fe;O4 nanopowders produced by different methods (dav-the average diameter of particles; Ssp—the specific

surface area of particles)

Sample  Preparation method  Structure

1 1 Orthorombic 81
2 1 Orthorombic 70
3 2 Tetragonal 82
4 1 Tetragonal 84
5 3 Cubic 76
6 3 Cubic 74

Magnetization, A m?/kg

Ssp (BET), m*/g  dav (BET/X-ray), nm

443 26/22
71.2 16/21
21.9 53/32
214 54/54
68.8 17/-
49.9 23/-

Fig. 1. Typical visual and TEM images of prepared magnetite powder (sample 4).
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Fig. 2. Size distribution of magnetite particles in sample 5.
Qn is the fraction of particles of size (diameter) d.

distribution of these aggregates has been defined by
photo-sedimentation method using a speed of their
sedimentation in the imitating solution [12]. The
calculated specific surface area of these aggregates
(the calculation was done using the average size of
these aggregates) was about 1,000 times less the
specific surface area of the initial nanoparticles of
magnetite. These formed aggregates were very steady
and were not completely destroyed during mechanical

agitation of solutions. However, ultrasound treatment
of the suspension resulted in some partial destruction
of the aggregates (Fig. 3). In particular, their average
size decreased and their calculated specific surface
area increased almost in 10 times.

The chemical analysis of the solutions after their
exposition during seven days at a room temperature
has shown that with increase in mass of magnetite in
them, the concentration of Cr(VI) in the solutions
decreased, that is a process of sorption of Cr(VI) was
observed. However, the influence of the ultrasound
resulting in increase of the calculated specific surface
area of the formed aggregates of nanoparticles of
magnetite (see Fig. 3) did not lead to the subsequent
decrease in concentration of Cr(VI) in the solutions
(Fig. 4). It points out that the ultrasound did not
change the real surface area of the particles of magne-
tite in the solutions. Hence, in spite of aggregation of
nanoparticles of magnetite in the solutions, all their
surface remained accessible for sorption. It, in turn,
has allowed to compare among themselves sorption
efficiency of the powders of magnetite synthesized by
different methods (Fig. 5).

From Fig. 5, it is seen that magnetite is enough
effective sorbent for the removal of Cr(VI) from



O. Linnikov et al. | Desalination and Water Treatment 52 (2014) 324-330 327

25

dav=23 pm
a 3
20 + T Ssp=51.4 m¥/kg

15 4+

Q, %

10 +

8 16 24 32 40 48 56 64 72
d, pm

35

dav=2.68 pnm

30 +
b Ssp=432.5 m*/kg

25 +

20 +

Q, %

15 ¢+

10 +

d, pm

Fig. 3. Influence of ultrasound on particle-size distribution of aggregates of particles of magnetite (sample 1) in the
imitating solution: a-particle-size distribution of aggregates of magnetite particles in the imitating solution before
ultrasound; b-the same after ultrasound. Q is the mass fraction of aggregates (particles) of diameter (size) d.
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Fig. 4. Ultrasound influence on sorption of Cr(VI) by
magnetite (sample 3) at temperature 25+2°C. C is the
concentration of Cr(VI) in the imitating solution after
sorption; m is the mass of magnetite in the solution.

solutions. At its placing in the imitating solution,
considerable reduction in concentration of Cr(VI) was
reached. This coordinates well with results of [1-6]
where adsorption of Cr(VI) by magnetite was also
observed.

From Fig. 5, one can see that two straight lines can
approximate all received experimental data. The
experimental points for the powders of magnetite,
which have been obtained by methods of gas-cycle
synthesis (samples 1, 2, 4) and by chemical precipita-
tion from water solutions (sample 3) lay down onto
the bottom straight line in Fig. 5. And experimental
points of the nanoparticles of magnetite produced by
the method of laser atomization (samples 5, 6) fall
onto the upper straight line in Fig. 5. It is seen that
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Fig. 5. Change of concentration of Cr(VI) in the imitating
solution after sorption at temperature 25+2°C. S is the
total surface area of particles of magnetite placed in the
solution.

the last powders possess lower sorption ability.
However, for all synthesized powders of magnetite,
irrespective of the method of their production, in the
studied range of their sizes the absence of influence of
structure and size of the particles on their sorption
ability is observed.

To find out the reason for the lowered sorption
ability of samples 5 and 6 an additional more thor-
ough research of them has been conducted. So, X-ray
analysis of the nanopowders has shown that they
consist of monophase and have maghemite structure
with a cubic crystal lattice of type P4332. However,
the values of parameters of the lattices of these pow-
ders (1=8.357+0.0015A and a=83627+0.0008 A)
were considerably more than for Fe,O; (1=834A)
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Fig. 6. Influence of size of non-stehiometry & in Fe; . 5 O4
on the parameter a of a crystal lattice: ll-the data of work
[13]; @-sample 5; A-sample 6.

and less than for Fe;0, (2=8.396 A). This fact may be
explained if it is assumed that these nanopowders in
comparison with Fe,O; have some deficiency of
oxygen, and the part of ions of iron is in a bivalent
condition. To check this assumption, we used linear
approximation of a dependence of the parameter of
the crystal lattice of Fe;O0, on a degree of nonstoichi-
ometry o (Fig. 6) presented in [13]. From this, it
follows that sample 5 corresponded to structure of
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Fe, sO4 while nanopowder 6 corresponded to structure
Fe; 8,04.

The made experiments have shown that efficiency
of removal of Cr(VD) from a solution at use of magne-
tite can be greatly increased if to carry out the
sorption process at high temperatures (Fig. 7(a)). As a
result, it is possible to reach complete removal (within
sensitivity of the method of chemical analysis) of Cr
(VD from the imitating solution. Besides, in this case it
is not observed any considerable differences in
sorption abilities of the nanopowders of magnetite
obtained by different methods. All experimental
points, irrespective of the size of the particles of the
nanopowders of magnetite and the method of their
production, lay down practically onto one and the
same straight line (Fig. 7(b)).

Additional experiments have shown that sorption
of Cr(VI) by magnetite is an irreversible process. So
placement of the samples of magnetite after sorption
process at high temperatures into pure (without
chrome) imitating solution does not lead to appear-
ance of ions of chrome in the solution. It points out
that sorption of Cr(VI) by magnetite is a chemisorp-
tion process. A long time required for reaching
equilibrium of the sorption process also confirms this
(Fig. 8).

Apparently from Fig. 8, the sorption of ions of Cr(VI)
by magnetite at a room temperature proceeds very
slowly, and even after 80 days from the beginning of the
sorption process it does not reach an equilibrium state.
Such slow interaction is a characteristic of chemical
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Fig. 7. Influence of temperature on process of sorption of Cr(VI) by nanoparticles of magnetite: (a) sample 1, sorption at
different temperatures of the imitating solution; (b) sorption at temperatures 60-80°C.
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Fig. 8. Kinetics of sorption of Cr(VI) by magnetite at
temperature 25+2°C, sample 2.

reactions with high activation energy and it is not typical
for adsorption processes, which are usually coming to
an end for 0.5-2 h. From this, it follows that experimental
data in Fig. 5 are not in equilibrium, that is, represent not
isotherms of adsorption and reflect some intermediate
status of the system, and, therefore, the use of adsorption
isotherms such as the Langmuir isotherm and Freund-
lich isotherm in this case is incorrect. Further, it is quite
natural that the rise in temperature of realization of the
chemical reaction of interaction of Cr(VI) with magnetite
leads to significant acceleration (Fig. 7) of the sorption
process. On the contrary, the simple physical adsorption
supposes the presence of dynamic balance between
adsorbent and adsorbate and should decrease with the
rise in temperature of the process [14,15]. However, as it
was mentioned previously, the made experiments testify
that sorption of Cr(VI) by magnetite, on the contrary,
increases when temperature rises (see Fig. 7). One can
assume that at the interaction of Cr(VI) with magnetite
some oxidation-reduction reaction takes place in which
Cr(VD is deoxidized to Cr(Ill), and Fe(Il) in magnetite is
oxidized to Fe(Ill). If this assumption is true, then it
becomes clear that the low sorption efficiency of samples
5 and 6 is caused by reduced (in comparison with pure
magnetite) content of Fe(Il) in them. The given assump-
tion, however, requires an additional experimental
check.

It is necessary to notice that a possibility of chemi-
sorption at removing of Cr(VI) from aqueous solutions
by magnetite was also mentioned in works [1-5]. So
in [1] some traces of additional phases, which could
not be identified were observed in a deposit of mag-
netite after sorption process. In work [2], it was estab-
lished that process of desorption of Cr(VI) proceeded
not completely.

According to very careful research [5] at adsorption
of Cr(VI) by magnetite Cr(VI) is deoxidized to Cr(III)
and probably even replaces Fe (IIl) in the lattice of
magnetite. Results of the present experiments by indi-
rection confirm this assumption. So in the conditions of

our experiments (pH >7) solubility of Fe(IIl) and Cr(III)
is very, very small. Chemical analysis of the solutions
after sorption process showed the absence of ions Fe
(I), Fe(I) and Cr(III) in them. TEM analysis also did
not establish new solid particles in the sediment. There-
fore, formation of Cr(IIl) is possible only in thin surface
layer of particles of magnetite.

4. Conclusions

Results of this study allow to draw following
conclusions:

(1) Magnetite is a highly effective sorbent for the
removal of Cr(VI) from polluted natural waters
and sewage.

(2) Even a small rise in temperature sharply
increases efficiency of the sorption process.

(3) Process of sorption of Cr(VI) by magnetite is
irreversible and has a chemisorption character.

(4) For all synthesized powders of magnetite, irre-
spective of a method of their production, in the
studied range of their sizes the absence of influ-
ence of structure and the sizes of the particles
on their sorption ability is observed.

(5) Nanoparticles of magnetite form large aggre-
gates of micron sizes in water solutions.
However, it does not influence on process of
sorption and all surfaces of the nanoparticles of
magnetite in the aggregates are accessible for
sorption.

(6) After completion of sorption process, magne-
tite, thanks to formation of large aggregates
from its nanoparticles, can be easily separated
from the solution by usual methods used in
industry (desilting, filtration).

The mechanism of interaction of Cr (VI) with
magnetite is not clear yet and investigation in this
direction will be continued.
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