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Abstract—The present review is devoted to the sorption properties of magnetite towards hexavalent chromium
ions and the possibility of its use as a sorbent for removing these toxic ions from contaminated aqueous solu-
tions. The behavior of magnetite nanoparticles in aqueous solutions has been also investigated. It has been
shown that two processes occur simultaneously during the sorption of chromium(VI) ions by magnetite: ordi-
nary adsorption and chemisorption (redox reaction between hexavalent chromium ions and magnetite). The
latter is accompanied by the oxidation of iron(Il) in magnetite to iron(I1II) and the reduction of chro-
mium(VI) ions to chromium(III) with the formation of maghemite and a number of other compounds,
including mixed chromium(I1I) compounds with iron, in the surface layer of magnetite (or onto its surface).
It has been demonstrated that the kinetics of the redox process between chromium(VI) and magnetite is
described by the first-order reaction equation with respect to the concentration of chromium(VI) ions in a
solution. As a result of chemisorption, unlike the case of traditional sorbents, chromium(VI) is irreversibly
bound by magnetite, which eliminates the reentry of its ions into the environment. Here, the sorption capacity
of magnetite irreversibly decreases in the course of its saturation with chromium. In addition, the sorption
capacity of magnetite towards chromium(VI) ions also decreases along with increasing pH of the purified
solution, and at pH > 11 it becomes almost zero.
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INTRODUCTION

Purification of natural and waste water from heavy
metal ions represents an urgent ecological task due to
their high toxicity [1, 2]. Hexavalent chromium ions
are among the most dangerous environmental pollut-
ants [3—5], which arrive into the environment mainly
with the wastewaters of industrial enterprises. Hexava-
lent chromium is used in the production of stainless
steels, textile paints, and preservatives for wood. Chro-
mium salts are widely used in electrotyping for chro-
mium plating, as well as in the leather and a number of
other industries. Here, hexavalent chromium com-
pounds easily penetrate into the cells of living organ-
isms. For human beings, they constitute one of the
causes of lung and stomach cancer. They can destroy
DNA, cause dermatitis and, kidney diseases, damage
the liver and nerve tissue, and serve as a cause of many
other diseases [1—5]. For this reason, in the European
Union, the RoHS directive introduced a restriction on
the use of hexavalent chromium compounds in indus-
try, and in Russia the maximum permissible concen-
tration of chromium(VI) ions in wastewater dis-
charged into the environment was limited to
0.02 mg/L.

Currently, there are a number of methods for
removing chromium(VI) ions and other heavy metals
from contaminated aqueous solutions [6—10]. How-
ever, many of them involve using various chemical
reagents. This results in a change in the salt content
and ionic composition of the treated water, which
makes it difficult to subsequently use it in public utili-
ties and industry. Therefore, the search for new meth-
ods of purifying natural and waste water from chro-
mium(VI) ions and various other pollutants continues.

One of the most promising ways to remove chro-
mium(VI) from solutions is the sorption method. Its
main advantage consists in the fact that it introduced
virtually no new foreign ions and substances into a
solution to be purified [10—12]. This allows using this
method for the regeneration of a number of techno-
logical solutions (for example, in electrotyping), as
well as to use it for purifying polluted natural waters for
their subsequent use in public utilities.

The sorption capacity of adsorbents is largely
determined by their specific surface area, which
increases along with the decrease of the size of sorbent
particles. However, the processes of separating a sor-
bent from a solution by traditional methods of settling
and filtering are getting consequently more compli-
cated. Therefore, it is important to fabricate sorbents
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that (1) have good sorption properties and (2) are eas-
ily separated from a solution. This task can be solved
by using a powder of small ferromagnetic particles as a
sorbent, which can be separated from a solution under
effect of a gradient magnetic field after the sorption of
pollutants. Magnetite (Fe;0,) is one example of such
a ferromagnetic sorbent.

One should mention that, over recent years, there
have appeared a large number of published works
devoted to the study of the properties of magnetite and
other iron oxides as sorbents for the treatment of
wastewater and natural water from various pollutants
[13—20]. However, in the present work, the main
attention has been paid to magnetite and the possibil-
ity of its use as a sorbent for the removal of hexavalent
chromium from polluted natural and waste water. The
prospect of using magnetite as a sorbent is also deter-
mined by the fact that it is an inexpensive material that
can be produced, in particular, from spent etching
solution, which is a wastewater of a number of metal-
lurgy and hardware plants [21]. It should be also noted
that, at present, a fairly large amount of experimental
data have been accumulated on the sorption of
hexavalent chromium ions from aqueous solutions by
magnetite and the behavior of magnetite particles in
aqueous solutions, and the present work was an
attempt to generalize them. Special attention was paid
to the analysis of the mechanism and kinetics of chro-
mium(VI) sorption by magnetite.

STATE OF CHROMIUM(VI) IONS IN
AQUEOUS SOLUTIONS

Hexavalent chromium(VI) exists in a solution
mainly as ions of chromic acid H,CrO,. Moreover, the
forms of the state of the ions change depending on the
pH of a solution. The equilibria between different
forms of chromium(VI) ions are described by the fol-
lowing equations [8, 11, 12, 22—24]:

H,CrO, <> H" + HCrO;,
HCrO; & H' +CrO; .
At pH < 1, the solution is dominated by molecules

of chromic acid H,CrO,; in the pH range from 1 to

6.5, by HCrO, ions; and at pH > 6.5, by CrOi_ ions.
With an increase in the concentration of chro-

mium(VI) above 1 g/L, CrOif dimers dominate in the
solution:

2HCrO; < Cr,0} +H,0.

However, for such high concentrations of chro-
mium(VI) ions in a solution, it seemed economically
unfeasible to use the sorption method to remove them
due to the increasing cost of purification.
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SOME PHYSICAL AND CHEMICAL
PROPERTIES OF MAGNETITE. BEHAVIOR
OF ITS NANOPARTICLES
IN AQUEOUS SOLUTIONS

Magnetite (Fe;O,) comprises a double iron oxide
FeO-Fe,0;. Its main distinguishing feature from other
iron oxides is that iron atoms exist in it simultaneously
in two degrees of oxidation: +2 and +3. This feature
provides this compound with unique properties, high
magnetization in particular. In addition, magnetite
exhibits good chemical and thermal resistance. The
transformation of magnetite into other iron oxides
(maghemite (y-Fe,0;) and hematite (a-Fe,03)) initi-
ates only when it is heated up to a temperature above
200°C:

200°C 400°C

Fe304 % ’Y— F€203 % (X.' F6203.

Magnetite is stable in an alkaline environment and
poorly soluble in acids [25]. This allows us to consider
it as a promising sorbent suitable for use in solutions of
different salt composition, acidity, and alkalinity.

Magnetite can be synthesized by mixing solutions
of divalent and trivalent iron salts with the following
alkalinization of the solution [13—15, 20, 23]:

Fe’* +2Fe’" + 8OH™ — Fe,0, + 4H,0.

This method is the most common and simple.
There are other methods of producing magnetite [21,
26—29]. For example, magnetite can be synthesized by
precipitation of divalent iron with alkali, followed by
heating and aeration of the resulting suspension [21,
29, 30]. The total equation of the set of chemical reac-
tions occurring in this case is as follows:

6Fe (OH), + 0, — 2Fe;0, + 6H,0.

This method makes it possible to obtain magnetite
from waste etching solutions of metallurgical and
hardware plants [21], which reduces the production
cost of this sorbent. Here, nanoscaled particles are
formed as in most other methods of magnetite synthe-
sis [31, 32].

The average particle size in the resulting magnetite
powders can be determined microscopically or calcu-
lated based on their specific surface area (assuming a
spherical shape of particles) determined by the BET
method, as well as on the coherent scattering region by
the X-ray phase analysis. At this, all the obtained val-
ues were in good agreement with each other. This indi-
cated the low porosity of the synthesized magnetite
particles and the absence of large porous agglomerates
among them [31, 32].

When a magnetite nanopowder is placed in an
aqueous solution, its particles form rather large aggre-
gates and acquire an electric charge, the magnitude
and sign of which depend on the pH and salt compo-
sition of a solution [14, 28, 32—37]. Here, according to
[32], nanomagnetite powder with a particle size of
about 26 nm in an aqueous solution of sodium sulfate
Vol. 57
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Fig. 1. Effect of ultrasound on the granulometric composition of aggregates of magnetite nanoparticles in Na,SOy4 solution
(400 mg/L) [32]: (a) granulometric composition of aggregates before ultrasound treatment of the suspension; (b) the same after
ultrasound treatment. Q is the mass fraction of aggregates of diameter (size) d; d,, is the average diameter of aggregates, and Ssp

is their specific surface area.

forms stable aggregates with an average size of about
23 um (Fig. 1a). When exposed to ultrasound, these
aggregates are partially destroyed and their average
size drops to 2.68 um, whereas the specific surface
area calculated according to the sedimentation analy-
sis method increases by almost an order of magnitude
(Fig. 1b). However, there was no complete dispersion
of aggregates to the initial state [32].

Measurement of the { potential showed that the
point of zero charge of magnetite particles, depending
on the composition of a solution, its temperature, and
the age of magnetite, lies in the range of pH 2—8 (most
often at pH 6—7) [25, 28, 33—37]. Here, the authors of

30

20

10 |

0 | | | J

ZP, mV

_10k
20| pH

30+

—40

Fig. 2. Dependence of the { potential (ZP) of magnetite
particles in distilled water on its pH [28].
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[28] determined the { potential and the size distribu-
tion function of magnetite nanoparticles with an aver-
age size of 84 nm dispersed by ultrasound in distilled
water at different pH values of the solution. The result-
ing dependences are shown in Fig. 2 and 3.

As can be seen from Fig. 2, in neutral (at pH = 7)
and alkaline (pH > 7—8) media, magnetite particles
have a negative charge, which is typical for metal
oxides [38]. In an acidic solution (at pH < 7), the
charge of magnetite particles becomes positive [28]. In
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Fig. 3. Dependence of the size distribution function (V) of
aggregates of magnetite nanoparticles in distilled water on
its pH [28].
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Fig. 4. Changes in the light transmission of distilled water
during sedimentation of the nanomagnetite powder in it,
depending on the pH of the solution [28].

this case, the observed change in the charge of magne-
tite particles (with a change in the pH of a solution)
has some effect on the shape of a function of their size
distribution shown in Fig. 3. It can be seen that it has
two maxima: one at 1 um and another at 5 um [28].
Changing the pH of the solution changes the magni-
tude of these peaks. However, their position almost
does not change. All this indicates that, in a magnetite
suspension, the forces of mutual magnetic attraction
between particles prevail over the forces of electro-
static repulsion.

Due to the formation of rather large aggregates of
magnetite nanoparticles, their sedimentation in an
aqueous solution proceeds rather quickly. Here, the
pH value of a solution also somewhat influences it
[28]. As can be seen from Fig. 4, the light transmission
of the magnetite nanopowder suspension in distilled
water starts to increase just a few seconds after the stir-
ring of the solution is stopped, which indicates the
beginning of the precipitation of the magnetite pow-
der. When the pH of the solution decreases, the light
transmission growth curves shift to the left and upward,
which indicates an increase in the sedimentation rate of
aggregates of magnetite nanoparticles (Fig. 4).

The observed effect is not entirely clear, since the
formation of the largest aggregates from magnetite
nanoparticles should be expected at pH of about 6.5,
which corresponds to the zero charge point of the
magnetite surface (see Fig. 2). At this pH value, there
are no electrostatic repulsive forces between the mag-
netite particles, only the forces of mutual magnetic
attraction act. For this reason, the largest possible
aggregates should be formed. Therefore, the sedimen-
tation rate of the magnetite powder should be the
highest. However, in practice, a different effect is
observed: with an increase in pH, the sedimentation
rate somewhat slows down, while it accelerates in an

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES
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Fig. 5. The effect of magnetite on the change in the pH of
a sodium sulfate solution (400 mg/L) when introducing
NaOH solution to it [31]. Vy,0n is the volume of 0.1 N
NaOH solution added.

acidic solution (Fig. 4). This is all presumably related
to the fact that the zero charge point of this magnetite
sample is shifted to the acidic region (pH < 6).

Potentiometric titration of a magnetite suspension
with a caustic soda solution indicates its ability to
adsorb hydroxyl ions on its surface (Fig. 5) [31].

Figure 5 shows that the suspension of magnetite,
unlike a pure solution of sodium sulfate, behaves as a
buffer solution, preventing an increase in the pH of the
solution when adding alkali to it, which indicates the
adsorption of OH™ ions by magnetite. Hydrogen ions
are adsorbed by the magnetite surface, apparently in
smaller amounts. This is evidenced by the data in Fig. 2.
From the dependence presented there, one can see
that, along with a decrease in the pH of the solution,
the C potential of magnetite particles becomes posi-
tive, increases, and gradually approaches the plateau
at a value of about +20 mV, which indicates a satura-
tion of the magnetite surface with H* ions. With an
increase in the pH of the solution, a different picture is
observed: the charge of magnetite particles becomes
negative and continues to increase in absolute value,
which indicates the ability of the magnetite surface to
further absorb OH™ ions. This agrees with the potenti-
ometric titration curve of the magnetite suspension
with alkali in Fig. 5. It seems clear that the plateau was
not yet reached. The dependences of changes in the {
potential of magnetite particles on the pH of the solu-
tion, similarly to in Fig. 2, were also observed in [24,
33]. There, too, at a pH of about 4, the { potential
curves approached the plateau at a value of about
+20 mV, and when the pH increased above 6.5, the
charge of magnetite particles became negative and
continued to decrease. A curve similar to one in Fig. 2
for the change in the { potential of magnetite particles
from the pH of the solution was obtained in [34].
However, there, in contrast to [28, 33], at pH 8.5—-9.5,
Vol. 57
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Table 1. Physical and chemical properties of the synthesized magnetite powders (M is magnetization, d, is average particle

diameter) [32]

Sample Method M, Ssp dyy
. Structure
No. Synthesis A m?/kg (by BET), m?/g (BET/X-ray), nm

1 Gas-phase Orthorhombic 81 443 26/22
2 Gas-phase Orthorhombic 70 71.2 16/21
3 Chemical precipitation Tetragonal 82 21.9 53/32

from aqueous solution

Gas phase Tetragonal 84 21.4 54/54
5 Laser sputtering Cubic 76 68.8 17 /not defined
6 Laser sputtering Cubic 74 49.9 23/not defined

it was possible to reach a plateau for the { potential at
about —140 mV. With an increase in the temperature of
the solution, the { potential of magnetite particles
changed: at pH < 6, it increased to +50—+90 mV, and,
in the alkaline region, it shifted to about —100 mV [34].

SORPTION OF CHROMIUM(VI)
IONS BY MAGNETITE

After adding the magnetite powder to an aqueous
solution containing hexavalent chromium ions, the
concentration of the latter in the solution decreases.
Therefore, the observed phenomenon can only be
explained by the process of sorption of chromium(VI)
ions on the surface of magnetite particles. Below, we
consider the influence of various factors on this pro-
cess, as well as possible mechanisms of its course.
Note that sorption can be reversible and irreversible in
nature. In the first case, it is determined by simple
physical (or ion-exchange) adsorption, in which a
dynamic equilibrium is established in the solution
between a sorbent and a sorbate, and the sorbent can
always be regenerated to its original state. In the sec-
ond case, sorption is caused by chemisorption, i.e., an
irreversible chemical reaction between a sorbate and a
sorbent, leading to the formation of a new chemical
compound involving a sorbate and a sorbent. Here, to
regenerate the sorbent, it is necessary to remove
(chemically or mechanically) its surface layer with this
newly formed chemical compound.

The Influence of Various Factors on the Sorption
of Chromium (V1) lons by Magnetite

Sorption of hexavalent chromium ions by magne-
tite powders synthesized by various methods has been
studied in a number of works [ 15, 16, 19, 20, 24, 25, 28,
31, 32, 36, 37, 39—42]. This list is incomplete; here, we
have mentioned works in which, in our opinion, the
most significant results were obtained on this topic.

The sorption value is strongly influenced by the
acidity of a solution. Thus, according to [36], the effi-
ciency of the chromium(VI) sorption by magnetite

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

decreases along with an increase in the pH of a solu-
tion. Hexavalent chromium ions are best sorbed by
magnetite at low pH values. However, at pH < 3, the
dependence reaches a plateau. When the pH of the
solution is increased up to a value above 9, the effi-
ciency of chromium(VI) sorption by magnetite
decreases linearly down to very low values [36].

The authors of [39] also found a linear decrease in
the efficiency of sorption of chromium(VI) ions by
magnetite with an increase in pH from 2 to 11. The
dependence of the sorption efficiency of hexavalent
chromium by magnetite, similarly to the data from
[36], was obtained in [40]. The entering on the plateau
there also occurs at pH < 3, but, at higher pH, a
decrease in the efficiency of sorption of ions of chro-
mium(VI) by magnetite proceeds not linearly, but in
accordance with a dependence similar to a hyperbole.
A similar dependence of the decrease in the efficiency
of chromium(VI) sorption by magnetite with an
increase in the pH of a solution was also established in
[41], where the sorption value dropped to almost zero
at pH > 11. It is interesting to note that the sorption of
hexavalent chromium ions by maghemite shows the
same almost linear decrease in the sorption efficiency
with an increase in the pH of the solution and with a
plateau at pH < 3 [18].

The authors of [32] investigated the effect of the
structure and particle size of magnetite synthesized by
different methods on the sorption of chromium(VI)
ions by it. The physical and chemical characteristics of
the synthesized magnetite powders are shown in Table 1.

The sorption of chromium(VI) was studied by peri-
odically stirring a solution with magnetite for 7 days
[32]. The results are shown in Fig. 6. For an objective
comparison of the sorption capacity of the synthesized
magnetite powders towards hexavalent chromium ions
(taking into account their different specific surfaces),
the experimental data obtained were presented in the
following coordinates: residual concentration of chro-
mium(VI) ions in the solution—total surface of the
magnetite powder added to the solution [32].

Figure 6 shows that all experimental points for dif-
ferent magnetite powders can be approximated by two
Vol. 57
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Fig. 6. Changes in the concentration of chromium(VI)
ions in the solution after the sorption by magnetite at a
temperature of 25 + 2°C depending on the total surface
area of the magnetite powders added to the solution. The
initial concentration of chromium(VI) ions in the solution
is 50 mg/L, S'is the total surface area of magnetite particles
placed in the model solution, and C'is the concentration of
hexavalent chromium ions in the solution [32].

straight lines. The lower line contains the experimen-
tal data for magnetite nanopowders that were synthe-
sized by the gas-phase synthesis (samples 1, 2, and 4)
and by the chemical precipitation from an aqueous
solution (sample 3), while the upper line contains
points for magnetite nanopowders synthesized by laser
sputtering (samples 5 and 6) [32]. It can be seen that
the latter powders have a lower sorption capacity.
However, for all synthesized magnetite powders,
regardless of the method of their preparation, there
was no influence of the structure and particle size on
their sorption efficiency observed. The reason for the
lower sorption efficiency of samples 5 and 6 was the
deviation of their composition from stoichiometry.
The corresponding measurements and calculations
showed that sample 5 agreed with the composition of
Fe, ;O,, while sample 6 agreed with that of Fe, 4,0,
[32]. Apparently, even such a small deviation from
stoichiometry has a significant effect on the sorption
capacity of magnetite towards hexavalent chromium
ions. However, when the solution temperature
increases, the differences in the sorption efficiency of
magnetite powders practically disappear and all the
experimental points are approximated by a single
straight line (Fig. 7) [32]. At this, there is a significant
decrease in the residual concentration of chro-
mium(VI) ions in the solution (compare Figs. 6 and 7),
which indicates an increase in the sorption efficiency
with growing temperature.

The effect of temperature on the efficiency of chro-
mium(VI) sorption by magnetite is more clearly shown
in Fig. 8.

One can see that, with an increase in the tempera-
ture of the solution, the residual concentration of

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

0 20 40 60 80 100 120
S, m?2

Fig. 7. The residual concentration of chromium(VI) ions
in the solution after sorption with magnetite at a tempera-
ture of 60—80°C depending on the total surface area of the
magnetite powders added to the solution. The holding
time for the solutions with magnetite is 24 h [32].

chromium(VI) ions in it consistently decreases,
approaching zero at 60°C, which indicates an increase
in the sorption efficiency. A similar result was obtained
in [37, 41].

As was shown above, magnetite nanoparticles form
micron-sized aggregates in an aqueous solution. In
this case, overlapping of their surfaces is possible, as
well as, accordingly, the reduction of the effective sur-
face available for sorption. However, experimental
examination of this hypothesis showed that this does
not happen [32]. Figure 9 shows data on the sorption
of hexavalent chromium by the magnetite suspension
before and after its ultrasound treatment. It can be
seen that the effect of ultrasound on the suspension, as
a result of which the calculated specific surface of the
formed aggregates of magnetite nanoparticles
increased by almost an order of magnitude (see Fig. 1),
did not lead to a subsequent decrease in the residual
concentration of chromium(VI) ions in the solution.
This indicates that the ultrasound did not change the
actual surface of the magnetite particles available for
sorption. This is also indirectly evidenced by the data
in Fig. 6, where there is a good correlation between the
residual concentration of chromium(VI) in the solu-
tion and the total surface area of magnetite powders
introduced into the solution, regardless of their parti-
cle size. Therefore, despite the aggregation of magne-
tite nanoparticles in the solution, their entire surface is
available for sorption.

The decrease in the efficiency of removal of
hexavalent chromium ions by magnetite with increas-
ing pH of the solution is a result of, according to most
researchers, the electrostatic interaction between the
Vol. 57
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Fig. 8. Effect of temperature on the residual content of
chromium(VI) ions in the solution during their sorption by
magnetite depending on the weight (m) of the magnetite
powder placed in the solution. The holding time for the
solutions with magnetite is 24 h [32].

positively charged surface of the magnetite particles
(at pH < 6—7) and negatively charged ions of chro-
mium(VI), which in a wide range of pH exist mostly in

the form of ions HCrO, and CrOff. At high pH values
of the solution, the charge of the magnetite becomes
negative and, accordingly, absorption of chro-
mium(VI) by magnetite decreases sharply (similarly
charged particles are known to repulse). However, in
our opinion, this explanation is not entirely correct,
since the change in the charge of the magnetite surface
is supposed to affect only the kinetics of the absorption
of chromium(VI) ions by magnetite, and not its sorp-
tion capacity towards them. Therefore, the only rea-
sonable explanation for the observed phenomenon, in
our opinion, is a decrease in the surface of magnetite
available for sorption of chromium(VI) ions due to
partial adsorption of hydroxyl ions on it. We have
already noted above that the sorption capacity of mag-
netite for OH™ ions is apparently quite substantial.
Therefore, at high pH values of the solution, due to
their adsorption, they can block part of the magnetite
surface for chromium(VI) ions.

Improving the efficiency of sorption of chro-
mium(VI) by magnetite with increasing temperature
of the solution indirectly indicates that there is a sig-
nificant contribution of chemisorption to the overall
sorption process, since, during a ordinary adsorption,
the opposite effect is observed—a decrease in sorption
with growing temperature.

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES
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Fig. 9. Effect of ultrasound on the sorption of chro-
mium(VI) ions by magnetite at a temperature of 25 + 2°C
[32].

Kinetics of Chromium('VI) Sorption by Magnetite

The data available in the published works on the
kinetics of sorption of chromium(VI) ions by magne-
tite are quite contradictory. Thus, according to [36],
the sorption of chromium(VI) ions with an initial con-
centration in a solution of 50—150 mg/L by a magne-
tite nanopowder with a particle size of about 10 nm at
a pH close to neutral proceeds quite quickly. The main
amount of chromium(VI) in the solution is sorbed by
magnetite after about 5 min from the start of the pro-
cess, and the remaining amount after 60 min [36]. The
sorption efficiency decreases with an increase in the
initial concentration of chromium(VI) in the solution,
which is probably due to the exhaustion of the sorption
capacity of the magnetite nanopowder placed in the
solution. A similar dependence of the change in the
sorption efficiency of chromium(VI) ions by magne-
tite on time was observed in [40], where the sorption
was studied at pH 2.5 and the initial concentration of
chromium(VI) in a solution of 50 mg/L.

A slightly different result was obtained in [37].
There, the sorption of hexavalent chromium ions by
magnetite with an average particle size of about 100 nm
was studied at pH = 2. The dependences from Fig. 5 of
this work recalculated in other coordinates are pro-
vided in Fig. 10, which shows that, in this case, as
opposed to the results of [36], the sorption of chro-
mium ions(VI) by magnetite proceeds very slow and,
even 380 min after the process started, the experimen-
tal curves of decreasing concentrations of chromium
ions(VI) in the solution do not reach the plateau,
which supposed to indicate the completion of the
sorption. As the solution temperature increased, the
sorption efficiency increased [37]. This is indicated by
a decrease in the residual concentration of chro-
mium(VI) in the solution with an increase in the tem-
perature of the process (Fig. 10).
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Fig. 10. Kinetics of the sorption of chromium(VI) ions by
magnetite at different temperatures of the solution. The
initial concentration of chromium(VI) ions in the solution
was 20 mg/L, pH 2, and the concentration of magnetite in
the solution was 2 g/L [37].

A similar result was obtained in [19]. There, the
total duration of the chromium(VI) sorption process
with a mixed sorbent consisting of maghemite and
magnetite at pH 3 was 200 min. Here, the experimen-
tal curve of the sorption efficiency on the time of stir-
ring the solution with the sorbent reached the plateau
approximately in 100 and 150 min after the start of the
process for the initial concentration of hexavalent
chromium ions in the solution of 1 and 2 mg/L,
respectively. The concentration of the sorbent in the
solution was 0.4 g/L.

In [32], the sorption of hexavalent chromium ions
from a model solution (400 mg/L Na,SO, + K,CrO,)
at room temperature, neutral pH, and periodic stirring
of the solution was investigated for 80 days (Fig. 11).

One can see that, in the initial period of the sorp-
tion process, there was a sharp decrease in the concen-
tration of chromium(VI) ions in the solution, and then
its slow gradual decrease continued further [32]. The
same significant decrease in the concentration of
chromium(VI) in the initial period of the process, fol-
lowed by its slow decrease with further holding of
magnetite in a solution, was also stated by the authors
of [31]. The same effect can be seen in Fig. 10 (see
above) for the curves corresponding to temperatures of
40 and 50°C.

A noticeable decrease in the concentration of chro-
mium(VI) ions in the solution during the initial period
of their sorption at pH 4 by a sorbent consisting of a
mixture of maghemite and magnetite was also
observed in [41]. After that, the chromium(VI) con-
tent in the solution gradually decreased for about
150 min and, then, reached a constant value. The ini-
tial concentration of chromium(VI) ions in the solu-
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tion was 1.5 mg/L, and the sorbent concentration was
0.4g/L.

Thus, the process of chromium(VI) sorption by
magnetite can be divided into two stages: fast and slow,
the presence of which can be easily explained if the
magnetite powders had a high porosity. In this case,
the first, fast stage of the process would correspond to
the adsorption of chromium(VI) ions on the outer sur-
face of the magnetite particles, whereas the second,
slow one would correspond to their diffusion transfer
and subsequent adsorption on the inner surface of the
pores. However, as was mentioned above, magnetite
powders are low-porosity. Therefore, intrapore diffu-
sion transfer is not the reason for the observed high
duration of the sorption process during the second
stage of the process.

The presence of two stages of the sorption of
hexavalent chromium ions on magnetite can be
explained by assuming that two processes occur simul-
taneously during the sorption of chromium(VI) by
magnetite: (1) simple physical (or ion exchange)
adsorption and (2) chemical reaction of chro-
mium(VI) interaction with magnetite (chemisorp-
tion). Moreover, at the initial stage of sorption, the
first process prevails. In addition, the kinetics of the
process seems to be significantly influenced by the
ratio between the initial concentration of chro-
mium(VI) ions in the solution and the concentration
of magnetite (more precisely, the total surface area of
the magnetite powder) in it. So, if the initial concen-
tration of chromium(VI) in a solution is small, and the
concentration of magnetite is high, then it seems obvi-
ous that, due to the course of adsorption, a rapid
decrease in the residual concentration of chro-
mium(VI) ions in the solution will be observed, fol-
lowed by reaching a plateau. If there is a reverse ratio
between the concentrations of chromium(VI) and
magnetite in a solution, then, after a rapid initial
decrease in the concentration of chromium(VI) ions
in the solution due to adsorption, a period of its slow
decrease due to chemisorption will follow (this type of
dependence is shown in Fig. 11). Naturally, an
Vol. 57
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increase in temperature will lead to an increase in the
sorption efficiency due to the acceleration of
chemisorption (Figs. 8 and 10).

In general, the adsorption kinetics can be described
by equations of the first (pseudofirst) or second (pseu-
dosecond) order. These equations were also used to
describe the kinetics of chromium(VI) sorption by
magnetite. Thus, the authors of [40] described the
kinetics of the sorption of chromium(VI) ions by mag-
netite at pH 2.5 with high accuracy by the pseudo-sec-
ond-order equation:

9: _ k(g - 0%, (1)
dt
where T is time, s; k, is the rate constant, g/(mg s); g
is the sorption value at a moment of time T, mg/g or
mg/m?; and g is the sorption equilibrium value, mg/g
or mg/m?>.

Here, rate constant k, equals 0.6 g/(mg min) =
0.01 g/(mg s). The authors of [40] concluded that the
sorption of chromium(VI) on the magnetite sample
studied by them had a chemisorption character. How-
ever, this contradicts their other result, according to
which the sorption of hexavalent chromium ions in
their experiments is described by the Langmuir iso-
therm, which implies the existence of a dynamic equi-
librium between the sorbent and the sorbate, which is
impossible with chemisorption.

The authors of [41] studied the Kinetics of the sorp-
tion of chromium(VI) ions, as mentioned above, on a
mixture of magnetite and maghemite. The study was
conducted at three different temperatures and pH 4.
The decrease in the concentration of chromium(VI) in
the solution from time was described by a first-order
equation, the integral form of which is as follows [41]:

k
log(g — q.) = logg — —'jr, 2
2(q —q.) gq (2‘303 (2)

where k, is the rate constant, s,

The value of k, for temperatures of 10, 22 and 55°C
had values of 0.014 min! (or 2.3 X 10~*s~!), 0.02 min~"!
(or 3.3 x 10~*s7") and 0.03 min~! (or 5 x 10~*s7),
respectively, which indicated a slight increase in the
rate of the sorption process with increasing solution
temperature [41].

Isotherms of Chromium(V1) Adsorption by Magnetite

One of the first known works on the sorption of
chromium(VI) with magnetite was carried out in 1994
[39]. The study was conducted at pH 9.8, and the
duration of the sorption experiments was 30 min. The
experimental data obtained were well described by the
Langmuir isotherm for monomolecular adsorption
(correlation coefficient of 0.98):

K,C

, 3
1+ K,C %

q=4n
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Fig. 12. Experimental data from [39] in the coordinates of
Eq. (3).

where g, is the capacity of the adsorption monolayer,
mg/g or mg/m?, and K| is the adsorption equilibrium
constant, L/mg.

The calculation based on the experimental data
presented in Fig. 1 of [39] provides the following val-
ues of the parameters of this equation: ¢,, = 10.5 mg/g
and K; =0.017 L/mg (Fig. 12).

The authors of [36] described the sorption of chro-
mium(VI) by magnetite by the empirical Freundlich
equation:

1
q = KC", (4)
where Ky and n are constants (n > 1).

With an increase in the temperature of the solution
from 10 to 40°A, there was a small increase in constant
K observed in this equation from the value of 10.38 to
12.20. Constant n, conversely, decreased from 3.23 to
3.12. The correlation coefficient varied from 0.986 to
0.994 [36]. However, the calculation based on the data
in Fig. 2 of this work shows that the dependence pre-
sented there can also be well described by the Lang-
muir equation with a correlation coefficient of 0.981
and the following parameters: ¢,, = 18.94 mg/g =

0.096 mg/m? (the specific surface area of magnetite
was 198 m?/g) and K, = 0.017 L/mg (Fig. 13).

A similar result was obtained in [19]. There, the
sorption of hexavalent chromium ions at pH 4.5 was
also described by the Freundlich isotherm with con-
stants K= 6 and n = 1.71. The duration of the sorption
process was 24 h. It was not a pure magnetite used as a
sorbent, but its mixture with maghemite (30.8%
maghemite and 69.2% magnetite). Recalculation of
the experimental data [19] presented in Fig. 7a of this
work shows that they are also well described by the
Langmuir equation (correlation coefficient of 0.99) with
the following parameters: g,, = 7.2 mg/g = 0.15 mg/m?

(specific surface area of the sorbent is 49 m?/g) and
K; =2.96 L/mg (Fig. 14).

The sorption of chromium(VI) by the synthesized
magnetite powder with a specific surface area of
Vol. 57
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Fig. 13. Experimental data from [36] in the coordinates of
Eq. (3).

86.6 m?/g at room temperature (25 & 2°C) and an ini-
tial pH value of 2.5 was studied in [40]. The isotherm
of the sorption of chromium(VI) ions by magnetite in
this work is well described by the Langmuir equation
(correlation coefficient of 0.999) with the following
parameters: g,, = 21.7 mg/g = 0.251 mg/m? and K, =
0.262 L/mg. The duration of the sorption process was
120 min.

In [41], as in [19], the sorption of chromium(VI)
was studied on a mixture of iron oxides: 70% of
maghemite + 30% magnetite. The specific surface
area of such a mixed sorbent was equal to 49 m?/g.
Here, the sorption isotherm was well described by the
Langmuir equation with the following parameters:
g, = 6.9 mg/g=0.141 mg/m? and K, = 3.1 L/mg (the
following data were provided: pH 4 and temperature of
22°C) [41]. The duration of the sorption process was
24 h. As the solution temperature increased, a small
increase in g,, and K; values was observed.

To sum up, the data in the published works indicate
that the sorption of chromium(VI) ions by magnetite
with a sorption process duration of no more than 24 h
is well described by the Langmuir equation. The val-
ues of the parameters of this equation obtained in the
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Fig. 14. Experimental data from [19] in the coordinates of
Eq. (3).

above-mentioned works (or calculated from the
experimental results of these works) are shown in
Table 2.

We did not construct a similar table for the param-
eters of the empirical Freundlich equation found in
[19, 36], since it was shown above that the experimen-
tal data of these works were also satisfactorily
described by the Langmuir equation, which is well
theoretically justified and the parameters of which
have a clear physical meaning. Let us note that the sit-
uation in which the sorption isotherm is described
with approximately equal accuracy by the Freundlich
and Langmuir equations is typical for many sorbents.

It can be seen from Table 2 that, in the mg/g
dimension, the values of the capacity of the adsorption
monolayer (g,,) of magnetite powders differ signifi-
cantly from each other. However, in the mg/m?
dimension, these differences are smoothed out and
there is a relationship between the capacity of the
adsorption monolayer of magnetite powders towards
hexavalent chromium ions and the pH of the solution.
So, at pH 2.5, the capacity of the adsorption mono-
layer of magnetite powders is 0.251 mg/m?; at pH 4—
4.5, it is already 0.141—0.15 mg/m?; and, at pH > 7, it
decreases to 0.096 mg/m?. This correlation is in good
agreement with the above mentioned published data

Table 2. Parameters of the Langmuir equation for the sorption of chromium(VI) ions by magnetite at a temperature of 22—
27°C (1, is the duration of the sorption process, R, is the correlation coefficient)

pH T Gm> ME/g 4, Mg/m? K;, L/mg R, Source
45 2%h 72 0.15 2.96 0.99 [19]*
=7 120 min 18.94 0.096 0.017 0.984 [36]
9.8 30 min 10.5 — 0.017 0.98 [39]
2.5 120 min 21.7 0.251 0.262 0.999 [40]
4 24 h 6.9 0.141 3.1 0.99 [41]**

* Mixed sorbent: 30.8% y-Fe,O3 + 69.2% Fe;0,.
**Mixed sorbent: 70% y-Fe,03 + 30% Fe30y,.
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on a decrease in the efficiency of sorption of chro-
mium(VI) ions by magnetite with an increase in the
pH of the solution. This relationship is shown graphi-
cally in Fig. 15. However, there are no grounds to con-
sider the same well-defined correlation for the adsorp-
tion equilibrium constant, since the value of K; for pH
2.5, found in [40], does not agree with the data
obtained by other researchers (see Table 2).

Let us also note the similarity of the found values of
the capacity of the adsorption monolayer of mixed
sorbents (magnetite + maghemite) with the corre-
sponding values for pure magnetite powders. Hence, it
can be concluded that the adsorption capacity of
maghemite with respect to hexavalent chromium ions
is close to the corresponding capacity of magnetite.

Factors Indicating the Chemisorption Character
of Chromium(V1) Ion Sorption by Magnetite

The chemisorption nature of the sorption of chro-
mium(VI) by magnetite is stated in almost all the
above-mentioned works on this process. At the same
time, a contradiction is observed: sorption is most
often described by the Langmuir isotherm, which cor-
responds to the course of simple physical (or ion-
exchange) adsorption and assumes the presence of a
dynamic equilibrium between an adsorbed substance
and a sorbent, which is not possible with chemisorp-
tion, as already noted above.

Thus, in [39], the isotherm of sorption of chro-
mium(VI) ions by magnetite was described by the
Langmuir equation, but the authors noted the pres-
ence of chemisorption, since repeated washing of
magnetite after the sorption with water leads only to
partial desorption of chromium(VI) ions from it.

A similar contradiction was found in [42], where a
complex composite sorbent was used for the sorption
of chromium(VI) containing magnetite, hematite
(a-Fe,05), as well as specially treated eucalyptus saw-
dust. The sorption of chromium(VI) on this mixed
sorbent was also best described by the Langmuir iso-
therm. Here, the capacity of the sorbent increased
with an increasing temperature of the solution, which
indirectly indicated the contribution of chemisorption
to the overall sorption process (since, in the case of
simple physical adsorption, the opposite effect would
be observed—reduction of the capacity of the sorbent
with increasing temperature). The X-ray photoelec-
tron spectroscopy (XPS) of the sorbent after the sorp-
tion showed that chromium in it was partially in the
trivalent state; i.e., chromium(VI) was reduced during
the sorption process. Chromium(III) and iron(1II)
ions predominated on the surface of magnetite con-
tained in the sorbent [42]. All this, in fact, also consti-
tutes evidence of the chemisorption of chromium(VI)
ions on the magnetite surface. The authors suggested
that this is a reaction of oxidation of iron(II) to
iron(IIT) and reduction of chromium(VI) to chro-
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Fig. 15. Dependence of the adsorption capacity of magne-
tite on the pH of the solution (according to Table 2).

mium(III) [42]. In this case, according to the authors,
the formation of a mixed compound Fe,Cr(; _ ,,(OH);
on the magnetite surface is possible, since the ionic
radii of iron(III) (0.067 nm) and chromium(III) (0.065
nm) are close to each other. Therefore, in the magne-
tite lattice, it is possible that Fe(III) ions are replaced
with Cr(IIT) [42]. Chemisorption is also evidenced by
the absence of chromium(I1I) ions in the solution after
the sorption process is completed.

The X-ray photoelectron spectroscopy of the mag-
netite surface after the sorption of chromium(VI) per-
formed in [40] also showed peaks typical for Cr(I1I).
In addition, a small change in the positions of Fe2p
iron peaks was found, which, according to the authors
of [40], could indicate the substitution of iron(III)
ions for chromium(III) ions in the magnetite lattice
due to the proximity of their ionic radii. Cyclic exper-
iments were also carried out on the regeneration of
magnetite with an alkali solution, followed by repeated
sorption of chromium(VI) ions on it. These experi-
ments showed that the sorption capacity of magnetite
decreased from cycle to cycle, which indicated the
irreversible nature of chromium(VI) sorption on mag-
netite. The authors also note that, as opposed to mag-
netite, the sorption of chromium(VI) on maghemite is
reversible [40].

The authors of [32] also noted the irreversible
nature of chromium(VI) sorption on magnetite.

A thorough analysis of a mixed sorbent (magnetite +
maghemite) after the sorption of chromium(VI) on it
was carried out in [41] using X-ray diffraction, X-ray
photoelectron (XPE), and Raman spectroscopy. This
study showed that, after the sorption, the iron(II) con-
tent in magnetite decreased from 8.2 to 3.6%, and the
amount of maghemite in the sorbent increased from
70 to 89%. Here, peaks corresponding to chro-
mium(1IT) were detected in the X-ray photoelectron
spectra. The Raman spectroscopy data showed that a
mixed compound of chromium and iron was formed
in the sorbent [41]. All this also indicates that there is
Vol. 57

No.2 2021



246

C,at %

Fe Ol 02 o3 Cr

Fig. 16. Content of iron, chromium, and oxygen on the
surface of magnetite particles synthesized by three meth-
ods: (a) gas-phase, (b) laser sputtering, and (c) chemical
precipitation from the aqueous solution after the sorption
of chromium(VI) ions on them [43].

a redox reaction between iron(Il) in magnetite and
chromium(VI) ions during their sorption on the mag-
netite surface.

The appearance of chromium(III) in the magnetite
sediment after the sorption of hexavalent chromium
ions on it was also detected in [43]. The magnetite
powders were prepared by three methods: gas-phase,
laser sputtering, and chemical precipitation from an
aqueous solution. Their physical and chemical prop-
erties were provided above in Table 1. These magnetite
powders were thoroughly analyzed before and after
sorption of chromium(VI) ions on them using the
X-ray photoelectron spectroscopy [43]. For example,
Fig. 16 shows the data on the chemical composition of
the surface of magnetite powder particles after the
chromium(VI) sorption [43]. It can be seen that chro-
mium appeared in the composition of all three magne-
tite powders after the sorption process was completed.
The relative concentration of absorbed chromium cal-
culated relative to the iron content in the surface layers
of magnetite is 1—2%.

Figure 17 shows the typical for all the samples Cr2p
chromium spectrum in the composition of magnetite
after the sorption of chromium(VI) ions on it, when
photoemission is excited by both MgK,, and AlK|, radi-
ation. It can be seen that, in both cases, the spectrum
contains the band Cr2p;, corresponding to the bind-
ing energy of 576.6 eV. The position and shape of the
Cr2p spectrum clearly indicate that chromium on the
surface of the magnetite particles has an oxidation
state of +3. In addition, after the sorption of chro-
mium(VI) ions, a band from Fe(OH), was present in
the Ols spectra of all three samples, while the Fe2p
spectra were similar in shape to those in Fe,O; and
Fe(OH), [43].

The study of the magnetite powders composition
after the sorption of chromium(VI) by electrochemical
method performed in [44] also corroborated the pres-
ence of chromium in it in the trivalent state.
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Fig. 17. X-ray photoelectron spectra of Cr2p chromium of
magnetite powder after the sorption of chromium(VI) ions
on it under excitation of photoemission by (/) MgK, and
(2) AlK,, radiation [43].

A sharp increase in the efficiency of the chro-
mium(VI) sorption by magnetite with an increase in
the temperature of the solution, found in a number of
studies [31, 32, 37, 41] (see also Figs. 8, 10), also evi-
dences the presence of chemisorption during the
absorption of chromium(VI) ions by magnetite. This is
also indicated by the prolonged duration of the sorption
process, which, at room temperature, can last for dozens
of hours and days (Fig. 11). At the same time, according
to [31], the pH of the solution changes (Fig. 18).

As can be seen from Fig. 18, during prolonged
holding of the magnetite powder in the solution, the
pH of the latter, regardless of the concentration of
magnetite in it, initially shifted to the alkaline region
(the initial solution had a pH of = 7.5). However, then,
after 7—38 days of exposure, further changes in the
alkalinity of the solution proceeded unevenly. Thus, at
S = 20—40 m?, the pH of the solution still increased up
topH = 9.2—9.4, and at .S > 40 m?, on the contrary, it
decreased down to pH = 8—9. 2. After 134 days of
exposure, a further decrease in the pH of the solution
was observed. After 302 days, at .S = 20 m?, the solution
had a pH of 8.2; at S > 20 m?, pH = 7.3 [31]. The
observed phenomenon was presumably determined
not only by the process of chemisorption of chro-
mium(VI) by magnetite, but also by the interaction of
the latter with water, and this requires further study.

With prolonged holding of magnetite in the solution
with chromium(VI) ions, the sorption process can no
longer be described by the Langmuir isotherm [31]. This
is evidenced by the dependences shown in Fig. 19.

It can be seen that, for the duration of the sorption
process of chromium(VI) ions by magnetite of 240 min
and 28 h, the experimental points are well approxi-
mated by straight lines with different angles of inclina-
tion to the abscissa axis, indicating that simple adsorp-
tion described by the Langmuir isotherm occurs and
prevails during this time period [31]. Here, the param-
eters of the isotherm change with time, which indi-
cates a nonequilibrium state of the system. With a lon-
Vol. 57
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Fig. 18. Changes in the pH of the solution depending on
the total surface area of the magnetite powder placed in the
solution with chromium(VI) ions and the duration of the
sorption process (temperature 25 £ 2°C) [31].

ger sorption process (7 days or more), the depen-
dences become already curved (Fig. 19), which can be
interpreted as evidence of the predominance of
chemisorption during this stage of the process (curves
for the sorption duration exceeding 7 days are not
shown in Fig. 19 so as not to overload it) [31]. These
dependences confirm the above assumption that two
processes occur simultaneously during the sorption of
chromium(VI) by magnetite: a simple physical (or
ion-exchange) adsorption and a chemical reaction of
interaction of chromium(VI) ions with magnetite
(chemisorption), which leads to the formation of a
mixed chromium-iron compound. Here, during the
initial stage of the sorption, the first process prevails;
the second one then predominates. In the Kkinetic
curves, the adsorption process corresponds, appar-
ently, to a short initial stage of a sharp decrease in the
concentration of chromium(VI) ions in the solution,
while the chemisorption corresponds to its subsequent
slow decrease (Fig. 11).

To sum up, the course of chemisorption during the
sorption of chromium(VI) ions by magnetite is indi-
cated by

— the irreversible nature of the sorption, which
leads to a decrease in the capacity of magnetite
towards chromium(VI) ions up to zero with repeated
use of the sorbent, as well as the impossibility of its
complete regeneration with alkali;

— prolonged duration of the sorption process,
accompanied by a change in the pH of the solution;

— the impossibility of describing the sorption by
the Langmuir isotherm when the process lasts for a
long period of time;

— a sharp increase in efficiency of the sorption of
chromium(VI) ions by magnetite with a growth in the
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Fig. 19. Data on the sorption of chromium(VI) ions by
magnetite at different durations of the sorption process in
the coordinates of Eq. (3) [31].

temperature of the solution, which is not possible in
the case of simple physical or ion-exchange adsorp-
tion;

— a change in the oxidation states: of chromium
from +6 to +3 and of iron ions from +2 to +3 in mag-
netite, which indicates the redox reaction between
chromium(VI) ions in a solution and iron(1l) ions in
magnetite; and

— the appearance of chromium(III) in magnetite,
which indicates the formation of a mixed compound
of chromium(III) with iron and the possible partial
replacement of iron(IlI) in magnetite with chro-
mium(III) due to the proximity of their ionic radii.

Let us add that, apparently, the different contribu-
tion of the adsorption and chemisorption to the overall
process of chromium(VI) sorption by magnetite
explains the available spread of data on the adsorption
capacity of magnetite towards chromium(VI) (see
Table 2) and discrepancies in the equations describing
the kinetics of the sorption process.

Mechanism of Chemisorption
of Chromium(VI) by Magnetite

Thus, the published data indicate that the sorption
of hexavalent chromium ions by magnetite leads to a
redox reaction, in which Fe(II) in magnetite is oxi-
dized to Fe(11I), and chromium(VI) on the surface of
magnetite is reduced to chromium(III). Here, a new
mixed compound of chromium(III) with iron(III) or,
possibly, with iron(Il) is formed in the thin surface
layer of magnetite (or on its surface). For example, the
authors of [42] hypothesized that this compound has
the general formula Fe,Cr(, _ ,)(OH);; however, this
was not confirmed experimentally.
Vol. 57
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According to another study, iron chromite FeCr,0,
is formed in the surface layer of magnetite after its
interaction with chromium(VI) ions at pH 2.5 [36]. Its
formation was confirmed by the X-ray phase analysis.
An equation for the reaction of hexavalent chromium
ions with magnetite was proposed in [36]:

3Fe’" + CrO; +4H,0 = Cr’" +3Fe’" + 8OH™. (5)

However, in our opinion, this equation does not
comply with the resulting compound FeCr,0,. There-
fore, it should have a different form:

6Fe’" +2CrO; +4H"
=Cr,0; +6Fe’" +40H .
In the molecular form, reaction (6) can only be
written if we assume that, besides FeCr,0,, it pro-
duces iron(Ill)oxide, for example, maghemite, and
hydroxide Fe(OH);. This results in two equations with

different ratios of reaction products and reacting sub-
stances:

(6)

7Fe;0, + 2K,CrO, + 11H,0

7Fe;0, + 2K,CrO, + 8H,0

In the case of these reactions, the interaction of
chromium(VI) with magnetite should be followed by
an increase in the pH of the solution, which is consis-
tent with the experimental data of [31]. Bands corre-
sponding to Fe,O; and Fe(OH); (or ones very close to
them) were found in the X-ray spectra in [43]. How-
ever, the formation of FeCr,0, in the surface layer of
magnetite was no longer confirmed by the X-ray phase
analysis in any of the published works known to us.

Along with the above-mentioned works on the
sorption of chromium(VI) by magnetite, where the
chemical interaction between hexavalent chromium
ions and iron(II) in magnetite was detected, there are
published works in which sorption was virtually not
taken into account and magnetite was considered as a
reducing compound for chromium(VI) [45—49].
Here, in [45], the following equation for the redox
reaction between chromium(VI) ions and magnetite
was proposed:

6Fe;0, + 2Na,CrO, + 4H"

= 9y-Fe,0, + 2CrOOH +4Na" + H,0.

This reaction can be rewritten in the molecular
form:

(7

®)

®)

6Fe,0, + 2Na,CrO, + 3H,0
= 9y-Fe,0, + 2CrOOH + 4NaOH.

The reduction of chromium(VI) by magnetite
according to Eq. (10) should be accompanied by the
appearance of maghemite (y-Fe,05) in the sediment

(10)
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and an increase in the pH of the solution. The latter, as
was mentioned above, is consistent with the experi-
mental data of [31]. The formation of maghemite in
the sorbent was established by the authors of [41].

The thickness of the surface layer of magnetite
reacted with chromium(VI) ions at pH 7 according to
[45] is about 2.4 nm. Thereafter, the reaction of inter-
action of chromium(VI) with magnetite does not
develop because of the passivating action of these new
compounds formed on the surface of magnetite. As a
result, calculations [45] showed that the maximum
sorption capacity of magnetite for chromium(VI) ions
did not exceed 1.1 mg/m?. By comparing this value
with the data in Table 2, one can see that it is about an
order higher than the values presented there for q,,,.

The authors of [46], as a result of the analysis of the
X-ray spectra of magnetite after interaction with a
solution of chromium(VI), concluded that either chro-
mium(IIT) hydroxide or mixed iron(III) hydroxide (solid
solution) with chromium(IlI) Fe,Cr, _ ,,(OH); can be
formed on the surface of magnetite (or in its surface
layer).

According to the experimental data provided in
[47], the thickness of the surface layer of magnetite
that reacts with hexavalent chromium ions at pH 6
increases with increasing concentration of the latter in
the solution and increasing time of interaction with
magnetite. According to [47], the maximum thickness
of the surface layer of magnetite reacting with chro-
mium(VI) ions is approximately 1.5 nm. The X-ray
absorption fine structure spectroscopy (XAFS)
showed that chromium and iron are present on the
magnetite surface in the oxidation states of +3. A large
number of hydroxyl groups were also found there [47].
Based on this, the authors suggested that chromium
forms CrOOH or (Cr,Fe)OOH oxyhydroxide on the
magnetite surface [47]. Meanwhile, Fig. 1 of this work
clearly shows the proximity of the X-ray absorption
spectra of iron chromite FeCr,0, and magnetite after
the latter is soaked in Na,CrO, solution. However, the
authors of [47] did not discuss this fact in detail.

The interaction of magnetite with hexavalent chro-
mium ionsat pH 1, 7, and 13 was studied in [48]. Here,
the formation of maghemite and goethite (0.-FeOOH)
was detected. With an increase in the pH of the solu-
tion, the proportion of goethite in the sediment
increased, while that of maghemite, on the contrary,
decreased. The entire set of the processes occurring,
according to the authors, can be described by the fol-
lowing chemical reactions [48]:

Fe,0, + OH™ + H,0 = y-Fe,0; + Fe(OH);, (1)
2Fe(OH), +0.50, + 2H"

(12)
= 20-FeOOH + 3H,0,
3Fe(OH), +CrO; +5H" (13)
= 20-FeOOH + 2Cr,Fe, _  OOH + 5H,0.
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Table 3. Published data on the composition of compounds formed in the surface layer of magnetite (or on its surface)
during its interaction with chromium(VI) ions in solutions with different initial pH values (Cj, is the initial concentration of
hexavalent chromium ions in the solution, Cg is the concentration of magnetite in solution)

. Co, Ceols Co/Cyor

pH Reaction Products mgO/L g;i ror{g/sgl Source
I |y-Fey05 + 0-FeOOH + Cr,Fe, _, OOH 52 10 5.2 [48]
2 | CrOOH and/or Fe,Cr; _,(OH); 2-59 4-20 0.1—14.8 [42]
25 |y-Fe,05+ 22?2 50 5 5 [40]
2.5 FeCr,0,4 50—150 5 10-30 [36]
4 |y-Fe,04+ 272 1.5 0.4 3.8 [41]
6 CrOOH or Cr,Fe(, _,y,OOH 2.6—260 — — [47]
6 CrOOH and/or Cr(OH); + Fe,05 2.6—260 — — [49]
7 v-Fe,O0; + CrOOH 106 20 5.3 [45]
7 |y-Fe,05 + a-FeOOH + Cr,Fe _,,OOH 52 10 5.2 [48]
72 |Fe,Cr_,(OH); 50 6.5—13 3.9-7.7 [46]
13 |y-Fey05 + 0-FeOOH + Cr,Fe,; _,,OOH 52 10 5.2 48]

It can be seen that, here, just like in [47], the for-
mation of mixed oxyhydroxide Cr,Fe _ ,,OOH was
assumed. Here, the reduction of chromium(VI) by
magnetite, according to these reactions, occurs due to
the partial dissolution of magnetite with the formation
of maghemite in the solid phase. Let us note that reac-
tion (11) can explain the decrease in the pH of the
solution observed in [31] with prolonged holding of
magnetite in it (see Fig. 18).

According to very detailed studies [49], two layers
are formed on the surface of magnetite when it inter-
acts with hexavalent chromium ions in the solution at
pH 6. The upper layer in contact with the solution is
chromium oxyhydroxide CrOOH or, possibly,
hydroxide Cr(OH);. The thickness of this layer is esti-
mated to be about 1.5 nm [49]. Below, there is a layer
of iron(III) oxide, and then there is unreacted magne-
tite. The authors of [49] were not able to estimate the
thickness of the iron(III) oxide layer.

Therefore, the published data on the mechanism of
interaction of magnetite with hexavalent chromium
ions are quite contradictory. For convenience of their
further analysis, they are summarized in Table 3.

From the data given in Table 3, it can be seen that
the initial pH value of the solution practically does not
affect the composition of the products of the redox
reaction between magnetite and chromium(VI) ions.
Most researchers agree (and this was proven in a num-
ber of works reviewed above) that one of these prod-
ucts is maghemite [40, 41, 45, 48, 49]. The authors of
[48] discovered the formation of goethite in addition.
Opinions differ regarding the composition of chro-
mium-containing reaction products. These can be
chromium oxyhydroxide CrOOH or hydroxide
Cr(OH); [42, 45, 47, 49], or a mixed hydroxide (solid

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

solution) of the composition Fe,Cr, _ ,)(OH); [42,
46], or oxyhydroxide Cr,Fe, _ ,,OOH [47, 48]. All this
is stated in the published works in the form of sugges-
tions, since these compounds are very difficult to dis-
tinguish experimentally due to the proximity of their
spectral, energy, and other characteristics. In most of
the studies considered, in fact, only the appearance of
chromium(III) on the surface of magnetite and the
predominance of iron(III) ions there was found,
which indicated the presence of a redox reaction
between chromium(VI) ions in a solution and magne-
tite [42, 45, 46—49].

In [36], as was already mentioned, the X-ray dif-
fraction analysis demonstrated the formation of iron
chromite FeCr,0,. However, maghemite was not
detected, which, according to reactions (7) and (8),
was also supposed to be formed in the system.

The mechanism proposed in [48] for the formation
of goethite and oxyhydroxide Cr,Fe, _,JOOH by reac-
tions (11)—(13), in our opinion, is improbable, since
the solubility of magnetite in a neutral and alkaline
medium is very small. Therefore, the process of reduc-
tion of chromium(VI) by magnetite over the course of
a combination of these reactions is supposed to be
extremely slow, which does not correspond to the
actual observed rate.

When comparing the experimental conditions for
the reaction between chromium(VI) and magnetite in
the studies reviewed above, one can see that they differ
significantly (see Table 3). In particular, there are dif-
ferences both in the initial pH value of the solution
and in the ratio between the initial concentration of
chromium(VI) ions and the content of magnetite in
the C,/C,, solution, on which, in our opinion, the
composition of the reaction products depends. Here,
Vol. 57
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at low initial pH values of the solution and at a small
value of the C,/C,, ratio, a rapid increase in the pH of
the solution should be expected already during the
first minutes of the process due to both the redox reac-
tion between chromium(VI) and magnetite and the
partial dissolution of the latter in an acidic medium.
Therefore, the following interaction of chromium(VI)
ions with magnetite in these experiments should prob-
ably occur already at a higher pH of the solution, close
to neutral. In other words, at low concentrations of
chromium(VI) in a solution and, on the contrary, a
high concentration of magnetite in it, despite the low
initial value of pH of a solution during the redox reac-
tions between the ions of chromium(VI) and magne-
tite, as well as partial dissolution of the latter in acidic
medium, will shift pH to a neutral value, with the
magnitude of this shift determining the composition
of the resulting reaction products.

It can be seen from Table 3 that most of the exper-
iments on the reduction of chromium(VI) by magne-
tite were carried out precisely at a low C;/C,, ratio not
exceeding 8. Therefore, after a short initial period, the
main interaction of chromium(VI) with magnetite in
the experiments of these works occurred, apparently,
at higher and proximate pH values of the solution.
This, in our opinion, explains the practical lack of
influence of the initial pH value of a solution on the
composition of the reaction products. Only in [36]
were experiments carried out at a rather high Cy/C,
ratio of 10—30 and with an increased initial concentration
of chromium(VI) ions in a solution (50—150 mg/L). As a
result, the increase in the pH of the solution during the
reaction of chromium(VI) interaction with magnetite
and its partial dissolution in the solution was appar-
ently insignificant, and the reaction proceeded in an
acidic medium. This presumably led to the formation
of iron chromite FeCr,0, in the solid phase. If this is
the case, then it becomes clear why this compound
was not detected in the other works discussed above.

Let us also add that, when hexavalent chromium in
a solution reduced with iron(II) ions at pH > 3.9, a
mixed X-ray amorphous hydroxide of the composition
Fe, ;5Cr ,5(OH); was also formed [50]. When chro-
mium(VI) is reduced by metallic iron at pH > 4, the
authors of [51] demonstrated the formation of com-
pounds the composition of which can be described by
the formula Crj4Fey33(OH); or Crg4;Fey;;00H.
However, in some cases, at an initial pH value of <2,
the formation of chromite FeCr,0, was also observed
[52]. All the above, in our opinion, indirectly confirms
the above hypotheses regarding the effect of the pH of
a solution and the C,/C, ratio on the composition of
the products of the chromium(VI) reduction reaction
with magnetite.
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Kinetics of Chemisorption
of Chromium(VI) by Magnetite

As was mentioned above, the published data on the
kinetics of adsorption of hexavalent chromium ions on
magnetite were quite contradictory. The kinetic equa-
tions found there are, in our opinion, empirical, since
they suggest that the sorption of chromium(VI) ions by
magnetite has a purely adsorptive nature [40, 41]. They
do not take into account the fact that, in this case, two
processes occur simultaneously during the sorption:
adsorption and chemisorption. The ratio of the rates of
these processes can be different and is largely deter-
mined by the conditions of a sorption experiment
(temperature, pH, initial concentration of hexavalent
chromium ions in a solution, the concentration of
magnetite in it, etc.). Therefore, depending on the
sorption conditions, its kinetics can be described by
different adsorption kinetic equations.

Meanwhile, there are published works [25, 31, 37,
45, 53] in which the kinetics of chromium(VI)
chemisorption on magnetite or, rather, the kinetics of
the redox process between hexavalent chromium ions
and magnetite were studied. However, the possible
adsorption of chromium(VI) ions on the magnetite
surface during the initial period of the process was not
considered.

It can be seen from the above data on the mecha-
nism of chemisorption that, apparently, this process is
awhole set of simultaneously or sequentially occurring
chemical reactions. Therefore, the study of its kinetics
could allow us to establish the chemical reaction that
is the basis of it and determines its rate. These results
are also of great practical importance for the industrial
application of magnetite as a sorbent for the removal of
toxic chromium(VI) ions from contaminated solu-
tions. However, it is necessary to observe and fulfill a
number of conditions so that the data obtained are
reliable and can be unambiguously interpreted. First
of all, it is necessary to consider or minimize the con-
tribution of adsorption during the interaction of chro-
mium(VI) with magnetite, due to which a significant
decrease in the concentration of chromium(VI) in the
solution can occur during the initial stage of the pro-
cess. This can be done, for example, by conducting a
sorption process at an elevated temperature. Further,
the initial concentration of chromium in the solution
should be such that its subsequent decrease due to the
chemisorption can be recorded with sufficient accu-
racy. In addition, it should be taken into account that,
in this case, a heterogeneous reaction takes place, the
speed of which is determined not only by the concen-
tration of chromium(VI) ions in a solution, but also by
the value of the total surface of magnetite powder
placed in a solution. Its active surface that is available
for interaction with hexavalent chromium ions, as the
redox reaction between chromium(VI) and magnetite
proceeds, decreases due to the passivating effect of
new chemical compounds formed in the surface layer
Vol. 57
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Fig. 20. Kinetics of the sorption of chromium(VI) ions by
magnetite at temperatures of 60 and 80°C in the coordi-
nates of Eq. (15) [31].

of magnetite (or on its surface), reducing, as a result,
the overall rate of the process. Therefore, to avoid this
effect, in the kinetic experiments, such an amount of
magnetite powder should be introduced into the solu-
tion with chromium(VI) that the reduction of its active
surface during chemisorption can be disregarded.

The above conditions were most fully met in [31],
in which an excessive amount of magnetite was intro-
duced into a model sodium sulfate solution (400 mg/L)
containing hexavalent chromium ions (K,CrO,), so
that the reduction of its surface available for
chemisorption during the sorption process could be
disregarded. To reduce the impact of adsorption, the
experiments were carried out at an elevated tempera-
ture of a solution. To describe the kinetics of the inter-
action of chromium(VI) ions with magnetite, the fol-
lowing equation was proposed [31]:

_dc_ kgexp(—i)CZ =K
ar v RT

S, (14)
|4

where v is the solution volume, m?; k is the rate con-
stant of the chemisorption reaction; E is the activation
energy of the chemisorption reaction, J/mol; R is the
universal gas constant; 7 is the absolute temperature,
K; z is the order of the equation; and K is the integral

rate constant of the chemisorption process rate.

Integration of Eq. (14) at z = 1 yields the following
formula:

In o) pu —kgexp(—i)ﬂz = —KET,
RT %

0 |4

(15)

where, as above, C, is the initial concentration of
hexavalent chromium ions in the solution.

The results of the experiments performed in the coor-
dinates of Eq. (15) are shown in Fig. 20 and 21 [31].
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Fig. 21. Kinetics of the sorption of chromium(VI) ions by
magnetite at a temperature of 98°C in the coordinates of
Eq. (15) [31].

The linear shape of the dependences shown in Figs. 20
and 21 indicates that Eq. (14) adequately describes the
experimental data at z = 1. Here, at temperatures of 60
and 80°C, the approximating lines do not pass through
the beginning of the ordinate axis and the first experi-
mental points deviate from the theoretically expected
linear dependence (Fig. 20). This indicates a signifi-
cant contribution of adsorption to the initial moment
ofthe process in these experiments. However, after the
temperature increases up to 98°C, such a deviation is
no longer observed (Fig. 21). It seems obvious that, in
the latter case, an increase in the process temperature
up to 98°C led to the chemisorption rate exceeding the
adsorption rate. As a result, the deviation of the
approximating lines from the origin of the ordinate
axis observed at temperatures of 60 and 80° C disap-
peared [31].

To generalize the experimental data on chemisorp-
tion at different temperatures, formula (15) can be
converted into the following shape [31]:

ln[lzlng} .
5 C RT

The generalized experimental results for several
temperatures at pH 10.5 in the coordinates of Eq. (16)
are shown in Fig. 22. It can be seen that all the exper-
imental points are well approximated by a straight line,
which again confirms the validity of Eq. (15) [31].

The conducted experiments demonstrated that the
parameters of the chemisorption process depended on
the initial pH value of the solution in which the sorp-
tion proceeds (Table 4) [31].

The data presented in Table 4 show that the chem-
ical reaction of interaction of chromium(VI) with
magnetite has sufficiently high activation energy.
Therefore, at a nanometer size of magnetite particles,
the diffusion transfer of hexavalent chromium ions in

(16)

Vol. 57 No.2 2021



252 LINNIKOV

_19 _
20k ® 1=98°C
o t=80°C
f:—_\ =21 A t=68°C
S] ISy
5
s —23F
~le —24}
L 1
g 25t
_26 =
_27 | | |
0.0026 0.0027 0.0028 0.0029
/7, K

Fig. 22. Experimental data on the kinetics of sorption of
chromium(VI) ions by magnetite at pH 10.5, S = 54.45 m2,
and temperatures of 68, 80, and 98°C in the coordinates of
Eq. (16) [31].

a solution to the surface of magnetite particles does not
become a stage that determines the overall rate of the
process and, even in a solution that is not stirred by a
mixer, chemisorption proceeds in the kinetic mode.

The high values of correlation coefficients and
Fisher’s criterion confirm that formula (14) reliably
describes the obtained experimental data at z =1 [31].

An increase in the activation energy of the
chemisorption process and preexponential factor k in
Eq. (14) was observed with an increase in the initial
pH value of the solution (see Table 4). This is presum-
ably determined by the displacement of the surface
charge of magnetite particles to the negative region
and the appearance of an additional electrostatic bar-
rier during their interaction with magnetite.

Let us examine other similar works. Thus, the
authors of [37] investigated the absorption of chro-
mium(VI) by magnetite at pH 2 and at three different
temperatures: 30, 40, and 50°C. The obtained depen-
dences are shown in Fig. 5 in [37]. Their processing
was performed according to several kinetic equations.
Here, the highest correlation coefficient corresponded
to the second-order equation with respect to the con-
centration of chromium(VI) ions in the solution. It

was slightly lower for the first-order equation [37].
However, the impact of adsorption, which can distort
the appearance of kinetic dependences at the begin-
ning of the process, was not taken into account. For
this reason, we recalculated these experimental data.
The results of recalculation in the coordinates of Eq.
(15) are shown in Fig. 23.

One can see that the dependences in Fig. 23 are
similar to those obtained by the authors of [31] (see
Figs. 20, 21). The first experimental points at the solu-
tion temperatures of 40 and 50°C, just like as in Fig. 20,
deviate from a linear dependence, which can be
explained, as above, by the influence of adsorption.
However, at a temperature of 30°C, the linear depen-
dence occurs from the very beginning of the process,
which is not entirely clear, since here the influence of
adsorption and, accordingly, the deviation from the
linearity were believed to be the most pronounced.

In Fig. 24, the same experimental data are pre-
sented in the coordinates of Eq. (14) after its integra-
tion at z = 2. In this case, this equation takes the fol-
lowing form:

l:i+k§exp(£)’t=i+1{§’l (17)
Cc G, 14 RT o 14

It can be seen that here, too, the first experimental
points for temperatures of 40 and 50°C deviate from
the expected linear dependence. This is also presum-
ably determined by the influence of adsorption. And,
just like in Fig. 23, there is a linear dependence for the
experimental data at a temperature of 30°C. Thus, the
results of [37] do not enable one to determine unam-
biguously which equation of the first or second order
with respect to the concentration of chromium(VI)
ions in the solution, describes the kinetics of absorp-
tion of hexavalent chromium by magnetite in the
experiments of this work. In fact, this is not surprising,
since it can be shown mathematically that, for a small
range of changes in the C/C, ratio, the equations (15)
and (17) describe the experimental data with approxi-
mately the same accuracy. And, in order to get reliable
differences between them, it is necessary to increase
the range of changes in the C/C, ratio. To illustrate
what has been said in Fig. 25 in the coordinates of

Table 4. Dependence of the parameters of Eq. (14) at z = 1 on the initial pH value of the sodium sulfate solution
(400 mg/L), in which the sorption of hexavalent chromium ions proceeded (S, is the standard deviation of E, » is the num-

ber of experimental points, Fis the Fisher criterion) [31]

pH k, m/s FE, kJ/mol S,, kJ/mol n R, F
33 5953.89 89.9 4.5 34 0.962 401.3
4.8 108.535 x 10° 113.7 7.3 40 0.929 240.8
7.5 230.436 x 10° 117.2 6.4 34 0.956 338.8
9.15 2829.84 x 103 126.7 5.5 23 0.980 523.7
10.5 25990.2 x 10° 133.4 4.3 26 0.988 982.3
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Fig. 23. Experimental data from Fig. 5 of [37] in the coor-
dinates of Eq. (15). The initial concentration of chro-
mium(VI) in the solution was 20 mg/L. The concentration
of magnetite in the solution was 2 g/L..

Eq. (17) is shown the experimental results obtained in
[31] presented above in Fig. 21.

It can be seen from Fig. 25 that, in this case, the
range of changes in the C/C,, ratio was quite wide, and
in the coordinates of Eq. (17), there is a pronounced
curvilinear dependence instead of linear, which allows
us to unambiguously conclude that the second-order
equation is not suitable for describing the experimen-
tal data obtained in [31] on the kinetics of interaction
of chromium(VI) ions with magnetite.

Let us consider the experimental data on the kinet-
ics of sorption of chromium(VI) ions by a magnetite
nanopowder presented in Fig. 8 of [32]. They were
shown above in Fig. 11. The results of their processing
according to Egs. (15) and (17) are shown in Fig. 26.

One can see that, due to the small range of changes
in the C/C, ratio, the results obtained with approxi-
mately the same accuracy can be described by Eq. (14)
atz=1land z=2.

The authors of [25] investigated the reduction of
chromium(VI) ions in aqueous solutions with natural
and synthetic magnetite at pH 4, 6, and 8. Some of the
experimental data obtained are presented in Fig. 1 of
this work. The results of their processing according to
Egs. (15) and (17) are shown in Fig. 27.

As follows from Fig. 27, chemisorption of chro-
mium(VI) on natural magnetite can be also described
with approximately the same accuracy by Egs. (15)
and (17). None of them can be definitively preferred.
The reason for this is the same—an insufficiently wide
range of changes in the C/C, ratio in experiments with
natural magnetite [25].

The results of processing of the experimental data
on the interaction of hexavalent chromium ions with
synthetic nanomagnetite presented in Fig. 1¢ from the
same work are shown in Fig. 28.
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Fig. 24. Experimental data from [37] in the coordinates of
Eq. (17).

As can be seen from Fig. 28a, the kinetics of reduc-
tion of chromium(VI) ions by synthetic magnetite at
pH 6 and 8, same as in [32, 37], as well as when using
natural magnetite (Fig. 27), can also be described with
equal accuracy by Egs. (15) and (17). However, at
pH 4, where the range of changes in the C/C, ratio
was quite wide, the picture changes and it is possible to
correctly describe the results obtained only by formula
(15). While in the coordinates of Eq. (17), a curvilinear
dependence is observed (see Fig. 28b).

The reduction of hexavalent chromium ions by mag-
netite at pH 7 was investigated in [45]. The results of
processing the experimental data obtained there
according to Egs. (15) and (17) are shown in Fig. 29.

One can see that the results of this work clearly
indicate that the kinetics of chemisorption of hexava-

1.2

10000 15000 20000
Time, s

0 5000

Fig. 25. Experimental data presented in Fig. 21 in the coor-
dinates of Eq. (17).
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Fig. 26. Experimental data presented in Fig. 8 from [32] in
the coordinates of Egs. (a) (15) and (b) (17).

lent chromium ions on magnetite is best described by
Eq. (15).

Another work by the same authors shows that mag-
netite reduces chromium(VI) ions to chromium(III)
on its surface, and Fig. 1 of this paper presents the data
on the kinetics of absorption and reduction of chro-
mium(VI) by magnetite [53]. The results of processing
these data in the coordinates of Egs. (15) and (17) are
shown in Fig. 30. It can be seen that the same picture
is observed here as above: in the coordinates of for-
mula (15), there is a good linear dependence, which
confirms the applicability of this equation to describe
the redox reaction between hexavalent chromium ions
and magnetite, and, in the coordinates of formula
(17), there is a clearly defined curve, indicating that it
is impossible to describe the process by this equation.

To sum up, the analysis of the published experi-
mental data indicates that the kinetics of reduction of
chromium(VI) by magnetite (i.e., the process of
chemisorption of hexavalent chromium ions on mag-
netite) is well described by the first-order reaction
equation with respect to the concentration of chro-
mium(VI) in solution. It seemed of interest to further
compare the values of integral rate constant of the
chemisorption process K in the works discussed above
(where possible). The results of this comparison for a
temperature of 25°C are graphically presented in Fig. 31.

As can be seen, there are significant differences
between the values of K calculated from the experi-
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Fig. 27. Experimental data on the interaction of chro-
mium(VI) ions with natural magnetite shown in Fig. la
from [25] in the coordinates of Egs. (a) (15) and (b) (17).

mental data in [25] and [31, 32]. Moreover, the values
of the integral rate constant of the chemisorption pro-
cess, which were calculated based on the results of [45,
53], were equal to 1.78 X 1079 and 1.74 x 1071 m/s,
respectively, which are several orders of magnitude
higher than the analogous values in [25, 31, 32].
Therefore, they are not shown in Fig. 31. Despite this,
Fig. 31 still shows some patterns. Here, the calculated
points for K in [31, 32] are in agreement with each
other and fall on the same curve, although these works
used magnetite samples synthesized by different
methods. They had only one thing in common—in
both cases, sorption was carried out in a solution of
sodium sulfate with a concentration of the latter of
400 mg/L. A good correlation is also observed
between the values of K calculated from the experi-
mental data [25]. All of them, for both natural and
synthesized magnetite, fall on one curve (the dotted
line in Fig. 31). Only one point for natural magnetite
at pH 8 deviates significantly from this dependence,
which seems to be due to an experimental error. Figure 31
also shows that the dependences from works [31, 32]
2021
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Fig. 28. Experimental data on the interaction of chro-
mium(VI) ions with synthetic magnetite shown in Fig. 1c
from [25] in the coordinates of Egs. (a) (15) and (b) (17).

and [25] have the same shape and run almost parallel
to each other, although they differ in values by several
times. The observed differences in the value of K are
probably explained by the influence of the chemical
composition of the solution in which the sorption pro-
cess took place. For example, chemisorption in [31,
32], as was mentioned above, was studied in a solution
of sodium sulfate (400 mg/L); in [25], it was studied in
a solution of 0.01 M NaCl. The authors of [45, 53]
studied the interaction of chromium(VI) ions with
magnetite in 0.1 M NaCl solution. According to [54],
the composition and concentration of the background
electrolyte have a significant effect on the sorption of
chromium(VI) by magnetite.

The found first order (in regards to the concentra-
tion of hexavalent chromium ions in a solution) of the
process of reduction of chromium(VI) by magnetite,
at first glance, does not agree with the equations of this
reaction discussed above. However, it is apparently
explained by the fact that the reduction of chro-
mium(VI) ions to chromium(I1I) by iron (1I), which is
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Fig. 29. Experimental data presented in Fig. 1a from [45]
in the coordinates of Egs. (a) (15) and (b) (17).

part of magnetite, actually occurs as a result of not
one, but three consecutive redox reactions [7]:

Cr(VI) + Fe(II) = Cr(V) + Fe(III), (18)
Cr(V)+Fe(II) = Cr(IV) + Fe(I1I),  (19)
Cr(IV) + Fe (1) = Cr (1) + Fe(III).  (20)

These reactions proceed on the magnetite surface.
Here, a chromium(VI) ion after interacting with a
Fe(II) ion on one site of the magnetite surface by reac-
tion (18), in order to continue its further reduction to
chromium(IV), must migrate to another site of its sur-
face, where there is an unoxidized Fe(Il) ion. After
being reduced there by reaction (19) to Cr (1V), it must
then again jump to a new site of the magnetite surface,
on which there is also an Fe(II) ion, and so on. In
those sites on the magnetite surface where iron(II) was
reduced to iron(III), the structure of the solid phase
obviously changes and maghemite is formed. Thus, it
was shown in [55] that magnetite transforms into
maghemite in an oxidizing medium. The appearance
of maghemite in the composition of magnetite powder
after the sorption of hexavalent chromium ions is con-
firmed, as mentioned above, in multiple works [40, 41,
45, 48, 49].
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Fig. 30. Experimental data presented in Fig. 1 from [53] in
the coordinates of Egs. (a) (15) and (b) (17).

It can be easily seen that each of reactions (18)—
(20) has the first order with respect to the concentra-
tion of chromium ions in the solution, with the slowest
of them determining the overall rate of the process.
According to some researchers, this is reaction (19),
since it is associated with a change in the coordination
number of ligands in chromium ions, with a transition
from a tetrahedral configuration to an octahedral one
[7, 56].

Ratio between the Adsorption and Total Sorption
Capacity of Magnetite towards Chromium(VI) Ions

When using magnetite as a sorbent to remove toxic
hexavalent chromium ions from contaminated solu-
tions, it is crucial to know its adsorption and total
sorption capacity towards them. The authors of [31]
estimated this value for a sulfate solution (400 mg/L
sodium sulfate). The resulting dependences are shown
in Fig. 32.

These dependences are described by the following
equations [31]:

g,, =—0.0086pH + 0.0913, 21
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Fig. 31. Dependence of the integral rate constant of the pro-
cess of chemisorption of chromium(VI) ions on magnetite K
at a temperature of 25 + 3°C on the initial pH value of the
solution according to the data from [25, 31, 32].

q; =—0.0615pH + 0.7168, (22)

where g, is the total sorption capacity of magnetite,
mg/m?.

Here, the adsorption capacity indicates the amount
of chromium(VI) ions absorbed by the magnetite sur-
face during the first minutes of the sorption process,
when the contribution of chemisorption can be disre-
garded. The total sorption capacity implies the maxi-
mum amount of chromium(VI) ions that can be
sorbed by magnetite during its very long exposure to a
solution to be cleaned or at an elevated sorption tem-
perature, when the chemisorption process prevails.

As can be seen from Fig. 32, with an increase in the
initial pH value of the purified solution, the adsorp-
tion and total sorption capacities of magnetite towards
chromium(VI) decrease and at pH 11 they are almost
equal zero. At pH 3.3, the full sorption capacity of
magnetite is almost an order of magnitude higher than
its adsorption capacity.

If we compare Figs. 32 and 15, it is easy to see that
the values of the sorption capacity of magnetite
towards hexavalent chromium ions shown in Fig. 15
occupy an intermediate position between the depen-
dences of the adsorption capacity and the total sorp-
tion capacity shown in Fig. 32. So, according to Fig. 15,
the sorption capacity of magnetite towards chro-
mium(V1) at pH 6 is approximately 0.1 mg/m?, while,
according to Fig. 32, the adsorption capacity of mag-
netite at the same pH value of the solution is about
0.05 mg/m? and the total sorption capacity is about
0.35 mg/m?2. The observed ratio is rather consistent,
since the values of the sorption capacity in Fig. 15 cor-
respond to the duration of the sorption process of
about 24 h. It seems clear that, with such a duration of
the process, the contribution of chemisorption
becomes noticeable, which leads to an increase in the
found value of the sorption capacity. Therefore, it
Vol. 57
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exceeds the same value of the adsorption capacity in
Fig. 32 (0.05 mg/m?). However, since the chemisorp-
tion process was not yet completed, it is lower than the
total sorption capacity of magnetite at a given pH of
the solution (0.35 mg/m?).

According to [45], the total sorption capacity of
magnetite at pH 7 towards chromium(VI) ions, as
mentioned above, is about 1.1 mg/m?. This value is
about three times higher than the estimation that fol-
lows from Fig. 32 and is probably determined, yet
again, by the difference in the chemical composition
of the solution, where the interaction of magnetite
with chromium(VI) occurs. It was already mentioned
above that the concentration and composition of the
background electrolyte greatly affected the rate of the
chemisorption process. In [45], the background elec-
trolyte was a 0.1 M NacCl solution, in which the inte-
gral rate constant of the chemisorption process is
about two orders of magnitude higher than the same
value for a sodium sulfate solution with a concentra-
tion of 400 mg/L. As a result, in [45], the depth of the
magnetite layer that entered into the redox reaction
with hexavalent chromium ions was apparently greater
than in [31], which led to a higher value of the total
sorption capacity in this work.

Let us note another interesting fact. It follows from
Fig. 32 that, with an increase in the pH of the solution,
the total sorption capacity of magnetite towards chro-
mium(VI) ions decreases. This phenomenon is not
entirely clear, since, in this case, a heterogeneous reac-
tion occurs and the value of the total surface area of
magnetite particles does not change with a change in
the pH of the solution. Therefore, the acidity of the
solution is not supposed to affect the total sorption
capacity of the magnetite.

This phenomenon can be explained if we assume
that it is caused by two factors. On the one hand, this
is a slowdown in the rate of redox reaction between
chromium(VI) and magnetite with an increase in the
pH of the solution (see Fig. 31), and, on the other
hand, a possible decrease in the effective surface of
magnetite due to the adsorption of hydroxyl ions on it.
We already noted above that, with an increase in the
pH of the solution, the adsorption of these ions on the
magnetite surface increases (Figs. 2, 5).

CONCLUSIONS

To sum up, magnetite represents a promising sor-
bent for the removal of toxic hexavalent chromium
ions from contaminated natural and waste waters.

It has been shown that two processes occur simul-
taneously during the sorption of chromium(VI) ions
by magnetite: ordinary adsorption and chemisorption
(redox reaction between hexavalent chromium ions
and magnetite). The latter is accompanied by the oxi-
dation of iron(II) in magnetite to iron(III) and the
reduction of chromium(VI) ions to chromium(III)
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Fig. 32. Dependence of the adsorption (o) and total sorp-
tion (e ) capacity of magnetite towards chromium(VI) ions
on the initial pH value of the solution to be purified [31].

with the formation of maghemite and a number of
other compounds, including mixed chromium(III)
compounds with iron, in the surface layer of magnetite
(or on its surface). The chemical composition of these
compounds is determined by the initial acidity of the
solution from which chromium(VI) ions are sorbed
and the ratio between their concentration and the
amount of magnetite powder introduced into the solu-
tion.

As a result of chemisorption, unlike the case of tra-
ditional sorbents, hexavalent chromium ions are irre-
versibly bound by magnetite, which prevents their
reentry into the environment.

The kinetics of the redox process between chro-
mium(VI) and magnetite is described by the first-
order reaction equation with respect to the concentra-
tion of chromium(VI) ions in a solution. The parame-
ters of this equation are determined by the acidity and
composition of the chromium-containing solution.
With an increase in pH, the rate of the interaction of
chromium(VI) ions with magnetite decreases.

The sorption capacity of magnetite, as it is satu-
rated with chromium, irreversibly decreases. To
recover it, it is necessary to remove the surface layer of
magnetite particles (for example, by partial dissolution
in acid). The sorption capacity of magnetite towards
chromium(VI) ions also decreases with increasing pH
of the purified solution, and at pH > 11 it is almost
Zero.
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