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Abstract. A new method has been devel oped to prepare an
inexpensive magnetite-based reagent with balanced
magnetic and sorption properties for colloidal removal from
water solutions. The reagent has been obtained from the
sdts of ferrous iron at the room temperature. The kadlinite
solution with the concentration range of 10 to 30 mg/l was
chosen to carry out laboratory tests. The reationship
between pH of the solution under treatment and the zeta
potential of the reagent was investigated. It was found that
the most effective heterocoagulation takes place at
pH=6.0-65. At pH>75 the efficiency of water
treatment decreases steeply because of the same sign of the
charge and the minimal difference of potentials between the
particles of the reagent and kaolinite.

Keywords. magnetite-based reagent, kaolinite, suspended
solids, water treatment, zeta potential.

1. Introduction

Widespread in nature, iron oxides find application in
different areas of human activities [1, 2], including the
nanotechnologies that have progressed rapidly in the last
few years [3-7]. Although the researchers go on with
investigations of maghemite (gFe,0O3;) and hematite
(a-Fe03) [1, 8-11], it is magnetite (Fe;0O,4) that has been
most deeply studied recently [12-18]. There are two big
aress in the application of magnetite on which particular
emphasis should be laid. On the one hand, this is medicine
with magnetic resonance imaging, deveopment of
immunoassays, magnetic hyperthermia and targeted drug
ddivery vehidles [3, 19-23]; on the other hand, this is
removal of different contaminations from aqueous media
[14, 17, 18, 24-29]. Magnetite may be used either inits pure
form [16, 30] or as a composite [14, 15, 17, 22, 24-26].
There are different methods to produce magnetite including
thermal decomposition [12, 13], coprecipitation of Fe** and

Fe”* with an agueous NaOH or NH,OH solution [3, 18, 31],
oxidation with hydrogen peroxide H,O, of ferrous
hydroxide Fe(OH), in the form of suspension [16, 34, 35],
microemulsion technique [37] and ultrasound irradiation
[22].

Preparation of magnetic nanoparticles  with
adjustable morphology and properties can be of great
importance (e.g. for magnetic hyperthermia) [16] or does
not matter alat (e.g. for removal of heavy metal ions from
wastewater) [4, 8, 27, 32, 33]. In keeping with the
application purpose, the preparation technique should be
chosen, that dso affects the price of the synthesized
nanoparticles.

The aim of this study was the synthesis of
inexpensive magnetite-based reagent for removal of
colloidal partides from agueous media as wdl as the
investigation of its properties under different conditions
(pH of the reagent obtaining, pH of the medium, the
solution temperature, the stirring gradient etc). The
application of pure magnetite as a reagent does not pay off,
because it has a low adsorption capacity, possessing,
however, good magnetic properties, which alow dudge
separation by devices creating external magnetic fields [38,
39]. Elimination of the colloidal particles occurs via the
heterocoagulation of the positively charged reagent with the
negatively charged particles of suspended solids like
kadlinite, bentonite, vermiculite, i.e. the minera particles
with the average size of 0.1-4 nm, and the specific surface
of 100-750 mf/g. The heterocoagulation takes place at pH
values bellow the point of zero charge (PZC) of the reagent
[40, 41]. The magnetite-based reagent in this sudy was
obtained by the air blowing of ferrous solution containing
iron in the divalent state with preliminary introduction of
alkali to obtain pH > 7, instead of conventional technique of
magnetite preparation via coprecipitation of ferric and
ferrous sdts, such as FeCldH0 and FeCl6H,0 [3, 18,
22, 31, 42] or FeSO,%H,0 and FeCl3%6H,0 [30].
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2. Experimental

2.1. Preparation of the Magnetite-Based
Reagent

The general technique of the reagent obtaining
consists of the following steps: the preparation of the Fe(I1)
solution; akalization of the solution; the partial oxidation of
the iron ions to produce the magnetite-based reagent.
FeSO, and didtilled water were used to obtain the Fe(ll)
solution. The iron ions concentration was 5¢g/l. The
solutions with pH ranged from 10 to 11.5 were prepared via
alkalization using sodium hydroxide. The ionic strength
was adjusted by an inert dectrolyte (sodium chloride).
After that, the air with the flow rate of 0.7-0.9 cm®/s was
blown to produce the nanoparticles of magnetite. The
magnetite-based reagent was obtained after 40 min of
blowing at room temperature.

2.2. Preparation of the Kaolinite Solution

Kadlinite (Al,032Si0,2H,0) was chosen to
smulate mineral colloidal contaminations of water. The
suspension of kaolinite was prepared using distilled water at
pH = 7 and room temperature.

2.3. Zeta Potential Determination

The zeta potential was estimated using a micropho-
retic cell made of optical glass and then calculated as the
arithmetic average of twenty measurements carried out at
the congtant ionic strength. It was achieved by the use of
indifferent eectrolyte (sodium chloride). The zeta potential
was estimated 24 h after the reagent had been prepared.

3. Results and Discussion

The removal of mineral colloidal contaminations
from water with the use of the magnetite-based reagent
occurs by means of heterocoagulation followed by the
withdrawal of the agglomerated particles with the help of a
magnetic filter. The surface charge of the partices is of
paramount importance in the process. The zeta potential
allows estimating the surface charge.

There are factors that may have an influence on the
zeta potential, such as temperature and sat content.
However, they can be neglected, as applied to superficia
water [43].

The correation between the zeta potential, pH of the
reagent preparation and pH of the treated agueous medium
is presented in Fig. 1. As evident from the figure, the PZCs
of the magnetite-based reagent shift to the left, into the zone
of neutral pHs, as pH of the reagent preparation increases.
The reason is that the oxidation of Fe(Il) is more intensive
a higher pHs, and the content of the hydrated magnetite
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(FeEO¥Fe,03xH0) in the prepared reagent rises. Later, the
PZC of the reagent shifts to the zone of the low pHs, asthe
investigation of the one-year old reagent shows (Fig. 1).
This is because the solid phase is dehydrated and the
oxyhydrated forms turn to the oxide ones.
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Fig. 1. Rdationship between the zeta potential and pH
of trested aqueous medium

The corrdation between the zeta potential of
kadlinite and pH of the solution is presented in Fig. 1 as
well. The ionic strength of the solution was constant at
different pHs. The PZC of kadlinite corresponds to pH = 5.
The zeta potential is equal to 15 mV at the neutral pH, as
showninFg. 1.

When the zeta potential of kaolinite is compared
with that of the magnetite-based reagert, it is apparent that
the signs of potentials are different and their difference
makes up about 30 mv a pH = 55-70. The
heterocoagulation must be the most effective inthisrange.
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Fig. 2. Efficiency of kaoliniteremoval asafunction of pH. Initial
concentration of kadliniteis 20 mg/l,
pH of the reagent preparation is 10.0

It was confirmed in the course of the further
laboratory investigations. The reagent was dropped into the
water with kadlinite. After that the solution was run through
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amagnetic filter. Fig. 2 presents the removal of kadlinite as
a function of pH. Here C, is the initial concentration of
kadlinite; C is the concentration of kaolinite after the filter.
Because of big linear dimensions of the units in filtering
medium and its big porosity (see Table 1), the removal of
nonferromagnetic substances is less than 5% (by mass) at
filtration rate of 40 m/h.

Table1
Filter bed porogity of crushed barium ferrite
Diameter Porosity?, %
of fraction, | Packed filter bed Bulked filter bed
mm
7-10 48.4-56.0 51.7-70.0
57 48.5-55.6 54.7-68.7
355 50.0-54.6 56.7-67.5

*Thefirst valueis for the unmagnetized material and the second
oneis for magnetized materia

The efficiency of the kaolinite removal decreases
steeply at pH > 7.5 as shown in Fig. 2. Thisis consstent
with the abatement of difference between the zeta potentials
of kadlinite and the magnetite-based reagent under akaline
conditions (Fig. 3). At pH > 8.5 the zeta potential of both
kadlinite and reagent has the same sign. Moreover, the
amount of anionic groups, which hinder heterocoagulation
being adsorbed on the kaolinite surface, increases with pH.

EmVv)
45

40

35 Vm pH of reagent preparation: —|

. /N o |

R TN\ one |
\\_’/ \ \D ©11,5

20

) AN

. N2

5 N4

Q t

2 3 4 5 6 7 8 9 10 1P 2

Fig. 3. Difference between the zeta potentials of kadlinite
and the magnetite-based reagent

At lower pHs, when the zeta potential of kaolinite
gets over its zero value and obtains the same sign as the
reagent, the efficiency of kadlinite-reagent interaction
doesn't decresse, because there is no anionic groups
adsorbed on the surface,

In the pH range of the reagent preparation from 10.0
to 11.5, the smaller value of pH corresponds to the bigger
value of zeta potential, that causes more effective
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heterocoagulation of kaolinite and the magnetite-based
reagent. The application of the reagent prepared at
pH=10.0 makes it possible to reduce the kadlinite
concentration in the solution more then in case of the
reagents prepared at pH 10.9 or 11.5, asshownin Fig. 4.
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Fig. 4. Rdationship between the kaolinite removal and the reagent
dosage. Initial concentration of kaoliniteis
20 mg/l, pH of thesolutionis 7.8
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Fig. 5. Efficiency of water treatment at different initial
concentrations of kaolinite as afunction of the resgent dosage. pH
of the reagent preparation is 10.0

To reach the value C/Co= 0.1, it is necessary to take
35407? 65402 and 9.0407 g Fe**/dm® reagent, prepared
a pH = 10.0, 10.9 and 11.5, respectively. However, only
the reagent dosage of 4.740% 11.340% and 24.4x
107 g Fe?*/dm?® respectively, allows decressing of C/Cyto the
vaue of 0.05. Thereby, pH of the reagent preparing is very
important to achieve the high quaity of weter treatment.

The spread of the specific reagent dosages (per 1 mg
of suspended solids) reduces as the degree of purification
increases (Fig. 5). It is necessary 1.540% 3.640% 5.86x
207 g Fe?"/dm?® to reach C/Co = 0.1 at the initial kadlinite
concentrations of 10, 20 and 30 mg/dm®, respectively. The
specific reagent dosage is equal to 1.540%10 = 0.15x
R0? g Fe”'/mg; 3.6/20 = 0.18402 g Fe*/mg; 5.86/30 =
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=0.2040% g Fe*'/mg for CICo = 0.1 and 2.740%10 =
=0.2740? g Fe*'Img; 5540220 = 0.2754072 g Fe*'/mg;
9.040%/30 = 0.3407 g Fe**/mg for C/Cy= 0.05. The reason
is that the higher degree of purification requires the bigger
amount of the reagent. In consegquence of this, the number of
particles in solution and the frequency of collisonsincrease,
culminating in agglomeration of particles with big magnetic
moment that can be easily removed by a magnetic filter.

The frequency of particle collisions increases with the
dtirring rate and the gtirring time. The residual concentration
of kaolinite in the solution falls exponentially with the
dirring time, as presented in Fg. 6. 90% of the initia
suspended solids are removed within the first five minutes.

The effect of the time and rate of irring was
estimated based on the Camp term [44], conventionally used
to appreciate, how the gtirring parameters impact on agglo-
meration/disagglomeration of particles [45-49]. The Camp
term GT is the product of velocity gradient G and the ftirring
time T. The velocity gradient was estimated as follows:

G= |
Vm

where V is the mixer volume (m?), mis the dynamic
viscosity of the fluid (kg/nmvs), P is the average power
consumption (W), obtained via:
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Fig. 6. Rdationship between the stirring time and efficiency of
kadliniteremoval. Initia concentration of kaoliniteis 20 mg/l; the
temperature of the solution is 289 K; pH of the solutionis 7.2; pH

of the reagent preparation is 10.0; the reagent dosage
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P=11rN°D°® ©)

where r is the fluid density (kg/m®), N is the rotational
speed of theimpeller (s%), D is the diameter of the impeller
(m).

Based on the Camp term, the rdationship between
Cl/Cp and Ig(GT) was developed for the gtirring parameters,
laying in the range from 2 to 12 s* (stirring rate) and from
0.5to 70 min (gtirring time). The residual concentrations of
kaolinite reach their minimum at GT =10°-10°, as shown in
Fig. 7. After that, the dight increasing of resdud
concentrations occurs pertai ning to the reagent atering.
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Fig.7. Residual kadlinite concentration
asafunction of Camp term

The magnetite-based reagent compared to the
conventional  coagulant  (Alx(SO,)3) and flocculant
(polyacrylamide) [43] has the advantage of wide range of
operating temperatures. The temperature has a greater
impact on the treatment efficiency, when a coagulant is
used (see Table 2). The residua concentration of kadlinite
in solution rises twice as the temperature decreases from
293 to 278K (in case of coagulant) [43]. As for a
flocculant, the temperature decreasing improves the
treatment efficiency [43]. The magnetite-based reagent is
unsusceptible to the temperature owing to the preformed
dructure of its partidles and the absence of chemica

is2.32402 g Fefdm® conversions after adding the reagent to the solution.
Table2
Theinfluence of the solution temper atur e on the residual concentr ation of kaolinite®,%
Temperature, K
274 | 283 | 293
Type of thereagent Time of treetment, min
5 10 | 20 | 50 5 10 | 20 | 50 5 10 | 20 | 50
Coagulant (Alx(S0,)3) 83| 70 | 54| 39 | 80 | 5 | 39| 29 | 69 | 58 | 28 | 17
Hocculant (polyacrylamide) 72 | 50 | 19 16 | 72 | 50 | 20 | 17 | 79 | 59 | 28 | 20
Magnetite-based reagent — | — | — | — | 20| 18 | 18 | 18 | 19 18 | 18 | 18

2 The dosage of coagulant is 20 mg/dm? flocculant is 0.25 mg/dm?® magnetite-based reagent is 20 mg/dm® at n = 5 s%; the
residual concentration is given as a percentage of theinitial concentration.
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The settling vel ocity of aggregated particles after the
treatment with the magnetite-based reagent is dightly over
the settling velocity of the particles after the coagulant
treatment. The process time shortens as the Hirring rate
increases and/or percolation of the solution through a
magnetic filter is carried out. Moreover, the magnetite-
based reagent allows considerable decreasing of the process
time compared with coagulant or flocculant on retention of
thetreatment efficiency, asit is presentedin Fig. 8.
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Fig. 8. Efficiency of the kadlinite removal with coagulant,
flocculant and magnetite-based reagent (pH of reagent preparation
is10.0, pH of the solution is 7.2, the dosage of magnetite-based
reagent is 2.32 mg/dm?, the coagulant dosage is 20 mg/dm?, the
flocculant dosageis 0.25 mg/dm®)

The equal residua concentrations of kaolinite in the
solution are obtained after 50 min with coagulant, 20 min
with flocculant and 5 min with the magnetite-based reagent
(the Camp term GT = 3.940>, filtering vel ocity is40 mvh).

The heterocoagulation of kadlinite and the
magnetite-based reagent go faster with increasing of the
stirring rate. Even at the stirring rate n = 12s* and GT =
=7.140® thereis no destruction of aggregated particles and
the residual concentration of kadlinite is less than 2% on
retention of other initial conditions (the temperature of the
solution, the concentrations of kaolinite and the magnetite-
based reagent).

4. Conclusions

A new method has been developed to prepare an
inexpensive magnetite-based reagent with balanced
magnetic and sorption properties for removal of colloidal
particles from agua media. The reagent has been obtained
from the salts of ferrous iron at the room temperature. In
this case, the formation of the reagent goes through the
stage of the mix of the ferrous and ferric iron hydrates, then
the stage of oxyhydrates and finally to the compounds of
hydrated oxides and oxyhydrates. The sorptive capacity
decreases and the magnetic susceptibility grows along this
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chain. Being optimized relative to the concentration, the
gpeed of the oxidizer inlet and pH of the solution, the
reagent with balanced magnetic and sorption properties
were obtained.

The weak solution of kadlinite that has the
commensurable size of particles with the magnetite-based
reagent was used to investigate the removal of inorganic
colloidal contaminations from water. The kadlinite
concentration was 10-30 mg/dm®. The reagent was
prepared at pHs of 10.0; 10.9 and 11.5. The water treatment
consisted of dropping of the magnetite-based reagent into
the kadlinite solution, mixing and filtering through the
magnetic filter. The use of the reagent obtained at pH of
10.0 alows the better removal of kaolinite compared to the
higher pH values (10.9 and 11.5). The reason is that the
sorption component decreases and the magnetic component
of the reagent increases with the growth of pH.

pH of the agua medium has an effect on the zeta
potentials of the reagent and kaolinite and finally on the
treatment efficiency. In the pH range from 6.0 to 6.5 the
heterocoagulation is maximal, and the residua kadlinite
concentration in the treated solution is less than 5 % of the
initial concentration. The interaction between the particles
of the reagent and kaolinite abates as pH increases because
the difference of their zeta potentids gets smaler.
Moreover, the amount of hydroxyl groups, which are
adsorbed on the surface of particles and inhibit their
aggregation, rises.

The particlesinteract moreintensive as the speed and
the time of mixing increase, that leads to the exponential
decreasing of the residual kaolinite concentration. The
minimal residual concentration of suspended solids were
observed at the Camp term GT = 10°-10°. There is a small
rise in the resdua concentration as the Camp term
increases further. This is because of the partial desorption
of suspended solids owing to the reagent syneresis.
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BWJIYYEHHSI KOJIOIIIB 3 BOJHUX
CEPEJIOBHII] 3A JOTIOMOT OIO
®EPOPEATEHTY

Anomauin. Po3pobneno Hosuii Memoo OJisi npucony8amis
Heoopo202o (pepopeazenny 3i 30ANAHCOBAHUMU MACHIMHUMU A
COPOYIIHUMU  BIACIUBOCTISIMU. OISl BWIYYEHHSI KONOIOI8 3 GOOHUX
posuunie. Peazenm ompumanuii i3 coneii 08608aIeHMHO20 3aNi3a Npu
KiMHamuiti  memnepamypi. [[isi  npoeedenns  1aOOpaAmMOpHux
00CTiOdCeHb  BUKOPUCIOBYBABCST  PO3HUH  KAOMIHIMY Y  OlanaszoHi
xonyenmpayiti 6i0 10 0o 30 meln. [Jocnioxcenuii 36's30x migic pH
06po6I08aH020 pO3YUHY MA 03eMa-NOMeEHYIanoM gepopeazeHmy.
Bcmanosneno, wo  naubinow  eghexmusno - eemepoxoacynayis
6iobysaemvcsi npu PH = 6.0-6.5. Ilpu pH > 75 epexmusnicmo
OUUWeHHA BOOU PIZKO 3MEHULYEMbCA BHACTIOOK OOHAKOBO20 3HAKY
Nn0BEPXHEB020 3apsdy ma MIHIMAIGHOI PI3HUYE NOMEHYIANE MIdiC
4aCmKamMu peazennmy ma KaoaiHimy.

Knwuogi cnosa. peazenm na ocrosi maznemumy, KAomiHim,
3A6UCT PEHOBUHU, OUULYEHHS 800U, O3eMA-NOMEHYIAL.





