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AM. Amer”

HYDROMETALLURGICAL PROCESSING OF LOW GRADE
EGYPTIAN MAGNESITE

Received December 20, 2008, reviewed; accepted March 16, 2009

The pressure leaching with carbon-dioxide for the production of high purity magnesium oxide from
low grade magnestie oxide from (Halaib) deposit (Eastern Desert) has been studied. It was found that
more than 90% of magnesium can be extracted under the following conditions: calcinations temperature
700° C, leaching temperature 50° C, carbon dioxide pressure 600 kPa and leaching time 120 min. The
kinetics of the carbonation process was investigated and the activation energy of the process was
determined (30 kg/mole).

key words: magnesite, leaching, calcinations, kinetics

INTRODUCTION

Magnesite (MgCO;) is a basic raw material for manufacturing of the alkaline
refractories. It is used in the iron-steel, cement, glass, sugar, paper, and pharmaceutical
industries as well as in the production of many magnesium chemicals (Whaley, 1981;
Van Staden, 1994).

Beneficiation of magnesite is carried out using physical and chemical methods.
The physical methods of upgrading low-grade magnesite rely on the physical
differences between magnesium carbonate and impurities. The chemical beneficiation
relies on chemical leaching of magnesite with the use of common inorganic acids such

* Environmental Science Dept. Fac. of Science; Alexandria University, 21511 Moharrem Bek,

Alexandria , Egypt; e-mail: ashrafamer0408@yahoo.com
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as hydrochloric (Tunley, 1992) sulfuric (Treushchenko et al., 1991) and nitric acid
(Ekmekyapar, 1989; Li, 1991). The use of these acids in benefication of low grade
magnesites have not been commericalised because of complexity of purification and
acid generation.

Carbon dioxide (Sheila, 1991; Amer, 1996) has been used as a leaching agent to
selectively dissolve magnesia and form soluble magnesium bicarbonate leaving the
impurities unaffected. The solution is decomposed by heating to form basic
magnesium carbonate, which is next processed to obtain high purity magnesia.

A rapid growth of the steel industry in Egypt and particularly the increased use of
oxygen in steel making has created heavy demands for high grade magnesite and
refractories. Therefore, an increased attention is being paid in Egypt to the upgrading
of low grade and submarginal magnesite by chemical treatment.

In Egypt, magnesite deposits are found in the Southern part of the Eastern Desert
in Halaib, Gabal Mudargag and G. El-Mayit. The talc-magnesite deposits of the
Barramyia area appear to be of low grade magnesite rocks which, by the removal of
talc, might become valuable as a refractory material and in the production of
magnesium compounds (Said, 1991).

The extraction of magnesium from magnesite involves a thermal decomposition of
magnesite and leaching of the calcinated magnesite in an autoclave under carbon-
dioxide pressure to produce soluble magnesium bicarbonate. The solution is
subsequently decomposed by heating to precipitate basic magnesium carbonate, which
is then thermally decomposed to produce high purity magnesium oxide.

MATERIAL AND METHODS

In this study low-grade magnesite (Halaib deposit), from the Southern Eastern
Desert, was used. Its chemical composition is given in Table 1. It is clear that
magnesite contains 37.2% of MgO while the theoretical MgO content in pure
magnesite is 47.82%. This indicates that the studied magnesite samples are of low-
grade ore.

The X-ray diffraction analysis indicated, that in addition to magnesite, which is
present as a major mineral, there are dolomite (Ca,Mg,;,CO;) and antigorite
(3MgO0-28i0,-2H,0) which are present as minor constituents.

The calcination of magnesite samples was carried out in an electric muffle
furnace. Representative samples of magnesite ore (-12+3 mm in diameter) were
calcinated at 750°C for 2 hrs, crushed and ground to 100% passing through a 150 pm
screen for the leaching experiments.

All pressure leaching experiments were performed in a laboratory 2 dm’ volume
autoclave (Amer and Ibrahim, 1997). It had a maximum working pressure of 2 kPa, a
temperature of 140° C and a maximum stirring speed of 800 min"'. The experiments



Hydrometallurgical processing of low grade Egyptian magnesite 7

were carried out with circulating cold water through the cooling coils of the autoclave.
The stirrer used maintained good dispersion of carbon dioxide in the pulp. The slurry
samples were taken through a capillary tube, filtered, and chemically analysed.

Table 1. Chemical analysis of representative sample of Halaib magnesite

Constituent %

MgO 37.32
CO, 50.41
CaO 5.38
SiO, 3.78
F6203 0.47
Al,O4 0.36
Cr 0.33
SO; 0.24
Na,O 0.22
MnO, 0.14
K,O 0.08
P,05 0.05
Moisture 0.39
L.O.1* (1000° C) 49.75

*Loss on ignition

RESULTS AND DISCUSSION

EFFECT OF CARBON DIOXIDE PRESSURE

The effect of CO, partial pressure in the range from 200 to 900 kPa was studied.
CO, was bubbled into the slurry under different partial pressures where the dissolution
of magnesium increased with the increase of carbon dioxide pressure and leach time
as illustrated in Figure 1.

EFFECT OF TEMPERATURE

Leaching temperature has a considerable influence on the dissolution of
magnesium. Its influence was studied over the temperature range from 20 to 50°C
using a CO, pressure of 800 kPa, particle size of —-44 um and a solid liquid ratio of 15
g/dm’. The results are shown in Fig. 2. It can be concluded that the magnesium
conversion increases with the increase of temperature from 20 to 40°C.



8 AM. Amer

1
0.9 A
0.8
0.7 A
=
2 0.6
<
5 05 -
o
S o4 -
= Temp: a0°c
LE2)g solidAiquid: 15g/1
0.2 Graimn size: -44pum
0.1 Leaching: time a0 min
o T T
o 0.2 .4 0.6 0.8 1
CO2 Partial Pressure/ KPa
Fig. 1. Effect of CO, partial pressure on MgO conversion
1.2 ——30
- 40
1 u
/.r ? —*—50
0.8
0.6
0.4
C050.8 bar
0.2 SolidAdiquidc: 15 g/l
0 ) Grain size: -ddpm
o] 20 40 60 80 100

Fig. 2. Effect of leaching temperature

The observed decrease of MgO conversion at 50° C may be due to a low solubility
of MgO and precipitation of basic magnesium carbonate (Sheila et al., 1991 ).

EFFECT OF SOLID LIQUID RATIO

Figure 3 ilustrates the conversion of magnesium oxide as a function of solid-liquid
ratio at 40° C and CO, pressure of 800 kPa. For a solid-liquid ratio of 50 g/dm’, the
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precipitation of basic magnesium carbonate occurs due to a high magnesium
concentration.
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Fig. 3. Effect of solid/liquid

EFFECT OF PARTICLE SIZE

The effect of particle size on the dissolution of magnesium is shown in Fig. 4. In
these experiments different size fractions of calcinate (from 75 to 50 um, 44-75 um
and below 44 pm) were leached in the CO, atmosphere and all three size fractions
showed similar response to dissolution. It can be attributed to the hydration of
calcinated magnesite prior to carbonation. The Mg(OH), particles have different
surface properties from these of MgO. The Mg(OH), particles are finer than MgO and
hence the surface of MgO has no remarkable effect on the rate of magnesium
dissolution.
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Fig. 4. Effect of particle size on MgO conversion

KINETICS AND MECHANISM OF LEACHING PROCESS

The magnesium extraction from calcined magnesite in the presence of CO, can be
expressed by the following reactions:

MgO + H,0 ---> Mg(OH), hydration Q8
Mg(OH), + 2CO, ---> Mg(HCO3), (2)

To determine the reaction rate constant, the following model was used:
1-(1-aMgO)"”* = kt (3)

where k is apparent rate reaction constant, ¢ fraction of leached magnesium oxide
from magnesite and ¢ reaction time.

Plots of this model equation, using the experimental data of MgO in solution, is
shown in Fig. 4. According to Fig. 4. the dissolution is controlled by chemical surface
reactions for different particle sizes. Figure 5 shows the Arrhenius plot, while the
reaction rate constant &, calculated from the experiments, is shown in Fig. 6. The
activation energy of 30 kJ/mol was calculated from the slope. This value falls above
the maximum theoretical values for chemical reaction (Krik-Othmer, 1995).
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CONCLUSIONS

A selective leaching of magnesium from a low grade Halaib magnesite ore can be
achieved by pressure leaching with carbon dioxide. It has been found that the
dissolution of magnesium is enhanced by low reaction temperature (40 °C) and high
carbon dioxide pressure (800 Pa) in the aqueous carbon dioxide during the leaching
process. The kinetic data were analysed in terms of the modified chemical reaction
rate equation and the apparent energy of activation of 30 kJ/mol suggests that the rate
controlling step is controlled chemically at the surface of the Mg(OH), particles.
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Amer A.M., Hydrometalurgiczna przerobka ubogiej egipskiej rudy magnezytowej, Physicochemical
Problems of Mineral Processing, 44 (2010) 5-12, (w je¢z. ang), http://www.minproc.pwr.wroc.pl/journal

Badano zastosowanie tugowania ci$nieniowego ditlenkiem wegla do produkcji wysokiej czystosci
magnezytu z ubogiego magnezytu pochodzacego z obszaru Halaiba na Pustyni Wschodniej. Osiagnigto
ponad 90-cio procentowy uzysk magnezu stosujgc nastgpujgce warunki: temperatura kalcynacji 700 °C,
temperatura tugowania 50 °C, cisnienie ditlenku wegla 600 kPa oraz czas tugowania 120 min. Badano
takze kinetyke procesu karbonatyzacji.

stowa kluczowe: magnezyt, tugowanie, kalcynacja, kinetyka
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R. Aranowski”, J. Hupka®, Ch. Jungnickel”

CHANGES IN RHEOLOGICAL PROPERTIES DURING
ANAEROBIC DIGESTION OF ACTIVATED SLUDGE

Received July 1; reviewed, accepted July 27, 2009

The measurements of rheological properties of activated sludge suspension after mechanical
disintegration indicate a substantial decrease in viscosity of up to 60%. Together with the decrease of
viscosity pseudoplastic properties increased and the flow limit dropped. Similarly, significant changes of
rheological properties occurred in the sludge, subjected to methane fermentation. One can observe that the
length of fermentation period influences the decrease in viscosity of the sewage sludge. It is postulated to
use the measurement of viscosity for the estimation of excessive sludge disintegration ratio as this method
is much faster than determination of COD.

key words: rheological properties, activated sludge, anaerobic digestion, rheology, sludge disintegration

INTRODUCTION

Due to substantial deviations from Newtonian properties occurring during the
flow of sewage sludge, hydraulic transport ought to take place only for well defined
rheological properties. Lack, or insufficient amount of information can lead to too fast
damage of plumbing fittings and pipes and in particular cases resulting in dangerous
accidents. Also, of utmost importance is the information on rheological properties of
sludge at the stage of designing new sewage treatment systems.

Currently, numerous sewage treatment plants apply systems decreasing the
amount of formed sludge through methane fermentation. With regard to a substantial

: Department of Chemical Technology, Gdansk University of Technology, ul. Narutowicza 11/12,
80-952 Gdansk, Poland, e-mail: aran@chem.pg.gda.pl
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concentration of dry matter in condensed sludge fed to fermentation chambers, the
transport process at this stage is of crucial importance for the whole sewage treatment
process.

With respect to complex composition of sewage sludge its properties undergo
continuous changes during treatment as well as methane fermentation process. Hence,
the knowledge of rheological properties changes that occur during transport and
fermentation process allows for optimization of the choice of pumps and mixers.
These elements are of crucial importance for correct working of closed fermentation
chambers (Baudez, 2006) and dewatering process (Gilles et al., 2005, Ormeci, 2007).

Activated sludge has pseudoplastic properties indicating the presence of
thixotrophic behavior (Moeller, Torres, 1997, Mori et al., 2006, Pham et al., 2009).
One can also find numerous contradictory opinions proving that activated sludge has
both Newtonian and non Newtonian properties. The presence of hysteresis on flow
curves is most frequently explained by disintegration of internal structure of liquid
suspension as a result of the operation of shear stress. As a consequence there is an
assumption that the higher the initial peak, the bigger force must be applied to
overcome the internal structure and the bigger the hysteresis loop the longer must be
the deformation of the liquid in order to achieve the steady state. When the forces
acting on the liquid are removed, the structure of the liquid should be restored,
however, there is documentation which does not confirm the occurrence of this
phenomenon. Thus, irreversible disintegration of internal structure of the liquid must
be explained differently. As it was proved by Magnin and Piau (1990) as well as
Greener and Connely (1986) the viscoelastic effect can produce a substantial
hysteresis on flow curves. In the research of rheology of polymers one can find
information explaining the presence of initial peak. It is the transition from elastic to
viscous phase. As proved by Mujumdar and coauthors (Mujumdar et al., 2002),
sewage sludge exhibit a non-Newtonian behaviour characterized by three domains: a
linear viscoelastic part below a first critical shear stress, then an intermediate regime
and beyond a second critical stress, a purely viscous part.

MATERIALS AND METHODS

FERMENTATION AND DIGESTION PROCEDURE

The process of mesophylic methane fermentation was carried out in a mobile
installation. For the tests two 600 dm’ containers filled with 300 dm’ of biomass were
used. The installation diagram is presented in Fig.1.

The process of fermentation was initiated by filling fermentation chambers with
300 dm® of biomass composed of 60% of primary sludge and 40% of thickened
excessive sludge from municipal waste water treatment plant in such a way that the
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content of dry matter in the mix was 3%. The method of periodical feeding of biomass
to fermentation chambers (once every 24 hours) in the amount of 5% of the volume of
the fermentation chamber (15 dm®) has been applied. Prior to feeding the new portion
of sludge 15 dm’ of fermented biomass was removed from the lower part of reactors.

The mix was fed via circulating pumps to the upper part of the reactor flowing
through the heater and mixing with the content of the reactor. The recirculation pump
sucked in the biomass from the lower part of the reactor and after heating in the heat
exchanger it was fed to the upper part of the reactor. The average number of
exchanges varied between 100 and 150 per 24 hours.

The fermentation process temperature was regulated by heating system with total
power of 12 kW with the accuracy of £1.0°C. The heating system was integrated with
the mixing system of circulating pump.

4 E-4 E11 E-R [__fl 3
Used in same of
the expenimenis E&
—————— Ed
Homass |

ve =

l
&

s s e g s
d

Fig. 1. Anaerobic digestion process flowsheet; E-1 - bioreactor Z2; E-2 internal tank; E-3 - bioreactor Z1;
E-10, E-11, E-15 - centrifugal pump; E-12, 14, 16, 17, 18 — washer; E-4,5,7 - heat exchanger; E-5,8 -
recirculation pump; E-6,9 - electric heater; E-19 — pump with fragmentize; V-1+9 — valve; I-1,6 - flow
meter; [-2,9 level meter; 1-3,7 - manometer, 1-5,8 - temperature sensor; 1-4,10 - volume meter

Another series of experiments performed to fermentation of sludge with
underwent mechanical disintegration in a centrifugal pump equipped with
fragmentize. The power of the pump was 500 W. Only the excessive sludge was
subject to disintegration. 30 dm® of excessive sludge was subject to one pass

disintegration. The estimation of disintegration ratio was performed with by means of
(DDCOD) method (Eq 1)
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COD, ~COD, 00,

DDy, =
P CODy,,; —COD, (1)

where:

CODy - COD of supernatant before dezintegration

CODp - COD of supernatant after dezintegration

CODnaon- COD of supernatant after dezintegration with 0.5 molar NaOH (22 hours at
20 °C).

RHEOLOGICAL MEASUREMENTS

Rheological measurements of sludge were performed using rotation rheometers
Broekfield LVDV I+ and Rheotest II fitted with measuring system of coaxial
cylinders. Prior to measurements, viscometers were calibrated with the Broekfield
standards of viscosity. The rheological measurements were carried out in the
temperature of 25 °C, and the examined samples were thermostated over 20 min
before measuring with the accuracy of +0.1 °C. The flow curves were made by the
increase of shear rate to the maximum value for which the measurement of shearing
stress was still possible, subsequently the shear rate was decreased. For each rate the
sample was stressed for 1 min.

Among numerous rheological models the involutive model is broadly applied

(Eq. 2.).

T=ky" 2)
where dynamic viscosity can be derived at from the following equation (3)
T o \H—.
== k()™ 3)

where: 7 - apparent viscosity [Pas], 7 - shear stress [Pa], 7 - shear rate [s'], k

consistency coefficient of fluid [Pa-s"'] (greater value of k the more viscous the fluid),
and n is the flow behavior index, which is a measure of the degree of deviation from
the Newtonian fluid behavior.

Depending on the value of n, the power low describes three flow behaviors.
These behaviors include pseudoplastic (n<1.0) — effective viscosity decreases with
shear rate, Newtonian (n=1.0) — the viscosity does not change with the shear rate and
dilatants (n>1.0) - the viscosity increases with the shear rate. However, due to visible
flow limit for the description of rheological properties Herschel-Bulkley model (Tixier
et al., 2003, Gilles et al., 2005) has been applied (Eq. 4)

r=1,+K,(7) (4)
where: 7, - yield strength [Pa].
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RESULTS AND DISCUSSIONS

RHEOLOGICAL BEHAVIOR OF ACTIVATED SLUDGE

Rheological properties of sludge are complex and dependent on numerous factors.
Sewage sludge apart from mineral constituents also contains a substantial part of
organic substances with majority of microorganisms. The complexity of biological
structures poses significant difficulties in description of rheological properties of
sewage sludge. As demonstrated by Baudez (2006), the application of traditional
parameters, such as flow curves and departure cycles are not sufficient for
characterization of thixotropic properties of sludge. Rheograms of mixture of
excessive and primary sludge (Fig. 2) have peak at low shear speed and hysteresis
loop, which indicates the thixotropic characteristics of sludge and the presence of
strong internal structure of the suspension. Table 1 shows basic physical and chemical
data of sludge subjected to fermentation.
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Fig. 2. Flow curve of mixture of activated sludge fed to bioreactors
Table 1. Physical and chemical parameters of sludge fed to bioreactors
Determination Unit Value
Alkalinity pH 6.38
Volatile fatty acids mval/dm’ 13.6
COD mgO,/dm’ 1684
COD mg0,/g d.m. 795.968
Dry mass % 5.01
Calcination loss % 76.5
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EFFECT OF MINERAL PARTICLES CONTENT ON RHEOLOGICAL PROPERTIES OF SLUDGE

During anaerobic fermentation a series of biochemical processes occur in which
organic matter yields mainly methane and carbon dioxide. As a result of these
processes there occurs the decrease in the amount of solids in the sludge especially
those of organic mature. It has decisive influence on changes of rheological properties
of fermenting sludge. As presented in Fig. 3 viscosity and pseudoplasticity of sludge
decreases as fermentation proceeds, which is most frequently explained by the
significant influence of the content of solids. In Fig. 4 the expotential relationship of
viscosity and the content of solid particles are clearly visible. In the literature one can
encounter other methods of presenting the relationship between rheological properties
and the content of solids, however, all unequivocally indicate that Einstain’s equation
ought not to be applied (Pevere et al., 2007; Seyssiecq et al., 2008). According to
assumptions of Einstain’s theory this equation describes mixtures of solid particles
content above 10% v/v for systems without intermolecular interaction. Table 1
presents the changes of physical and chemical parameters of sludge during
fermentation process. According to Sanin (2002), rheological properties of sludge can
be influenced by reaction, however, in this case pH changes are minimal.
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Fig. 3. Rheological character of fermented sludge vs the content of solids
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Fig. 4. Consistency ratio vs. content of solids

Table 2. Changes of physical and chemical properties of sludge during fermentation process

Determination Unit Day of anaerobic digestion
0 10 15 17

Alkalinity pH 6.75 6.92 7.13 7.06
Volatile fatty acids mval/dm’ 32.0 39.2 48/6 45.2
COD mgO,/dm’ 25333 19200 22266 24933
COD mg0O,/g d.m. 790.41 648.97 592.11 1379.30
Dry mass (d.m.) % 3,70 3,66 3,55 3,51
Calcination loss % 70.45 69.12 71.42 71.04

EFFECT OF SLUDGE DISINTEGRATION ON RHEOLOGICAL PROPERTIES

Disintegration of sewage sludge is an increasingly frequently used operation in
connection with anaerobic fermentation. As a result of lysis of cells it is possible to
achieve a significant increase of fermentation speed and decrease of content of organic
matter. In the pilot tests mechanical disintegration carried out in the pump with a
fragmentizer was applied. Figure 5 presents the dependence of disintegration degree
(DD) on the time of the pump operation.
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Fig. 6. Sludge flow curves subject to mechanical disintegration
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Fig. 7. Relative changes of consistence ratio to sludge disintegration degree

During disintegration the sludge samples were collected and they had rheological
properties determined. As one can seen in the Fig. 6 rheological parameters changed
significantly during time of disintegration. Viscosity of sludge decreased and both
pseudoplasticity and consistency ratio increased. The changes were so significant that
they can be applied for a quick identification of disintegration degree on the basis of
rheological properties measurements. Figure 7 shows a relative increase of
consistency ratio due to disintegration degree.

CONCLUSIONS

As it results from the achieved rheograms, sewage sludge has flow limit and
exhibits pseudoplasticity, which most often results from thixotropy of the system.
Among numerous parameters influencing rheological properties, most significant is
the content of solids. Pseudoplasticity of sludge increases together with the increase of
solids content. Consequently, in the process of fermentation, as a result of decrease in
the content of organic matter even by 60%, pseudoplasticity and consistence ratio
increases.

Rheological parameters changes during disintegration of excessive sludge enable a
quick estimation of disintegration degree. In comparison with the DDcop method,
viscosity measurement is considerably more environmentally friendly (no chemicals
needed), cheaper and faster. In order to compare disintegration degree using viscosity
measurement preparation of the calibration curve is necessary.
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Wykonane pomiary wilasciwosci reologicznych osadéw nadmiernych poddawanych procesowi
dezintegracji mechanicznej wskazuja na znaczny spadek lepkosci siggajacy 60%. Wraz ze stopniem
dezintegracji rosty rowniez wtasciwosci pseudoplastyczne oraz malata granica ptynigcia. Podobnie istotne
zmiany wlasciwosci reologicznych nastgpowaly w osadach poddawanych fermentacji metanowe;.
Z analiz pobieranych probek po réznym okresie trwania procesu wynika, ze czas fermentacji wptywa na
zmniejszenie lepkosci osadow $ciekowych. Pomiar lepkosci moze by¢ stosowany do oceny stopnia
dezintegracji osadu nadmiernego, poniewaz metoda ta jest znacznie szybsza niz oznaczenie ChZT
(analiza zalecana przez ATV).

stowa kluczowe: wiasciwosci reologiczne, osad czynny, fermentacja metanowa, reologia, dezintegracja
osadow
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FLOTATION KINETICS
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Due to the random character of elementary processes (collisions, adhesion, detachment) flotation
can be considered as a stochastic process of birth and death. The probability of detachment of a particle
from a bubble is one of the parameters of the equation of flotation kinetics, obtained on the grounds of the
stochastic model. Applying this fact, the paper presents the results of investigations according to which
the authors determined the dependence of probability of detachment on particle size and ash content
during flotation in the laboratory flotation machine with mechanical agitation of the flotation pulp. Inter-
preting the probability of detachment as the partition number, the authors determined the parameters of a
division particle ( particle size and ash content) for certain physicochemical state of the flotation medium.
Such an approach enables the theoretical models of probability of detachment and the stability of flotation
aggregates to be verified for industrial flotation machines.

key words: flotation, stochastic model, process of birth and dead, probability of detachment

INTRODUCTION

Detachment of a particle from a bubble surface is the least known microprocess of
flotation. It is a result of action of external forces acting upon the flotation aggregates
which are generated by turbulent motions in the flotation chamber and concerns espe-
cially large and heavy particles with relatively low hydrophobic properties. The prob-
ability of occurrence of this event, apart from the above mentioned factors, depends
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upon the intensity of turbulence of the medium, characterized quantitatively by the
turbulent energy dissipation. Turbulence can be generated by the motion of flotation
aggregates, for example in the flotation column, and also by the motion of a rotor in
the flotation chamber with mechanical pulp agitation (Maksimov and Emalianov,
1983). Vortices formed in the chamber can be of different values (Schubert, 1999).
They can be several times smaller or larger than flotation aggregates, and be of the
same order of values as flotation aggregates. In the first case their energy is so small
that they do not affect the aggregate durability. In the second case the aggregate gets
taken by the vortex and due to the liquid thrust forces it rotates round the central vor-
tex axis. In this case the centrifugal force acts upon aggregate particles and is respon-
sible for tearing off the particles from the bubbles. In the third case the action of ag-
gregate and liquid vortex is the source of oscillatory motion of particles upon the bub-
ble surface.

PROBABILITY OF DETACHMENT OF PARTICLE FROM A BUBBLE
SURFACE

Detachment of the particles and disintegration of the flotation aggregate depends
on the balance of forces, i.e. internal - the particle-bubble interaction, i.e. adhesion
forces and external, acting upon the particle from the medium. The relation of the
detaching forces to the adhesion forces is a modified Bond B,” number and characte-
rizes the aggregate durability (Schulze, 1993):

B = o (1)
F ad
In the flotation chamber with the mechanical pulp agitation, the dissipation of energy
close to the rotor axis is from 10 to 100-fold larger than average energy dissipation in
the flotation chamber. In this zone, the flotation aggregates, built of large particles, are
not durable. Yet, the average energy dissipation is responsible for the average aggre-
gate durability in the flotation chamber (Schulze, 1977). If the probability of detach-
ment has an exponential distribution, it can be then expressed by the following formu-

la (Schulze, 1993):
F 1
P, =exp| 1-— | =exp| 1 —— |. 2
d I{ FdetJ P( B;j ()

Bloom and Handel (2003), according to the empirical investigations, modified this
model introducing the empirical constant A; = 0.5 into formula (2):

P - exp[As(1 - 31: H . 3)
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As it results from formula (2), the probability of detachment increases with the in-
crease of the detaching forces. The effect of physicochemical conditions in the flota-
tion chamber upon the probability of detachment is contained in the adhesion forces.
The empirical investigations carried out by Cheng and Holtham (1995) indicate
that a bubble agitated by external forces present in the flotation chamber with mechan-
ical pulp agitation behaves like an elastic mass, performing vibrational movements.
Those vibrations, transmitted onto particles attached to the bubble surface, constitute a
source of force F, proportional to the amplitude and frequency of vibrations.
Despite the vibrational movement, the particles perform circular movement upon
the bubble surface which constitute a source of centrifugal force F, .
Therefore, the maximum value of detaching force is equal to:

Faemax = Fy + F¢ + Fy “4)
where: F, — effective force of gravity.

Woodburn et al. (1971) studied the model of tearing off a particle from a bub-
ble, treating the bubble surface as an elastic body, which cracks under the influence of
the tension exceeding the permissible value and the particle placed on it is shed. It is
assumed that in the initial moment the bubble and particle (flotation aggregate) move
with velocity u,. If under the effect of the rotational motion of the liquid the aggregate
accelerates suddenly, the force of inertia, acting upon the particle, will cause a slight
shift in the direction opposite to the bubble movement and it will result in an elastic
linear deformation of the bubble surface (elongation towards the action of the force of
inertia), equal to the particle shift, which is the source of bubble tension force 7.

rd’ du (1)
Ty =k, —u, 0k == "0, = 5)

where: k;, — coefficient of elasticity of the bubble surface, u,(¢) — change of momentary
velocity of the particle versus the bubble, u, — velocity of the flotation aggregate,

o u,(0)—u,(0)
HO="
time range (0,£), while u,(0) = 0.

- average change of the momentary velocity of particle in the

The expression on the left side of Eq. 5 describes the force of elasticity (tension),
acting upon the bubble surface while, on the right side, the force of inertia acting upon
the particle.

The maximum value of force Ty, is (Woodburn et al, 1971):

zp, d3 )2
TNmaxzuakb[ 3’;{ ”] exp(-0.5). (6)
b
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As it is shown in Eq. 6, the maximum value of bubble tension force is proportional to
d,". Tt is possible then to assume that P, ~ d,"’. So, the maximum value of particle
size dpmax €Xists, above which they will detach from bubbles. That is why for the par-
ticle detachment probability, the following equation may be applied (Woodburn et al.,

1971):
d 1.5
P, = (d P j for d, < dymax (7a)
pmax
P, =1 for d, > dpmax. (7b)

Yoon and Mao (1996) for probability of detachment applied a formula analogical to
the formula for adhesion probability. Consequently:

P = exp(— Mj (8)

k
where: W, - adhesion work, E;_ flotation
2 2
W,=xr, o(1-cosf)’. )
Thus, probability of detachment is:

zr2o(l—cos@) +E
P, =exp| — p( : ) L
Ek

(10)

PROBABILITY OF DETACHMENT IN THE STOCHASTIC MODEL OF
KINETICS

Recovery of particles risen to the froth layer, calculated according to the stochastic
model of flotation, is expressed by the formula (Brozek and Mlynarczykowska, 2006):
R(t): ﬂ“o [l_e*(lnﬂlo)’] (11)

Ao+ H,
while constants A, and g, respectively are the constants of the permanent adhesion and
detachment of particles from air bubbles, whereas k =4, + g, is the flotation rate

constant or constant of flotational adhesion.
It results from formula given in Eq. 11 that:

lim R(r) = — Y _p (12)
t—0 _|_

0 o
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KO 5, (13)
6t t—0
where: R, - value of ultimate recovery.

Fitting the model dependence to the empirical one, it is possible to estimate of
processes of adhesion and detachment under the given physicochemical and hydrody-
namic conditions of the flotation chamber.

From theEq. 11, the recovery of useful mineral in to the froth product R, = 1,
which means that after long enough time the floatable mineral will be completely
transferred to the froth product (all particle attached to the bubbles will report go to
the froth product). The flotation rate constant is:

d—R(z =0)=k. (14)
dt
When this formula is compared to Eq. (11), it can be concluded that in the case of
flotation without detachment the flotation rate constant is equivalent to the total adhe-
sion rate constant. All the particles attached to the air bubbles will pass to the froth
product and none will be detached from the flotation aggregate.
From Eq. (11) for R, = 1 the flotation rate constant and, at the same time, the total
adhesion rate constant is:

1 dR _ 1 AR

k= —= —. (15)
1-R dt 1-R At
Since
R= L and AR = A—Z (16)
n() nU
flotation rate constant is equal to:
1
7Sb lc
po— AL __ 4 Al :lsbf;Pa (17)
At(n, 1) Atln,=1) 1o, 4
4 b “c

where: n, — initial number of floatable particles in the flotation chamber, / —number of
particles attached to the air bubbles up to the time ¢, A/ - number of particles attached
to the bubbles in the time Af, /. — number of particles colliding with the bubbles in the
unit of time, P, and P, — respectively, probabilities of collision and adhesion, equal to:

/ Al

P=——— P=—. (18)
At(n, —1) 1 S 7

P fe

4 .
The occurrence of adhesion is conditional to a prior particle-bubble collision.
Thus, the total adhesion rate constant is the product of the probability of collision and
the probability of adhesion to the surface of air bubbles flowing through a unit of
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transverse cross-section surface of the flotation chamber in the unit of time. In the case
of the flotation model which considers the process of detachment of particles from the
bubbles surfaces, the following schema of the adhesion process can be assumed, in the
sense of the balance of the number of particles:

total adhesion = permanent adhesion + detachment (19)

If the fact, that the flotation rate constant equals the total of adhesion rate is taken into
consideration, the above scheme results from the fact that the flotation rate constant is
equal to:

k=2, +u,. (20)
It is obvious that the particles which were already attached to the bubbles are sub-
jected to detachment. Consequently, the detachment rate constant will be the product
of the total adhesion rate constant and the probability of detachment:

1

M, =kF, :ZSchFLRJ- e2))
According to Eq. (20) the permanent adhesion rate constant is:
1 1 1
A, =k—p,= ZSchPa - ZSchBde = ZSchPa (1-F). (22)

Applying Eqs 17 and 22 the value of ultimate recovery can be calculated:

R % _0255,RP(1-R)
) ﬂ'0 + ﬂo 0’25 Sb PL Ija
Therefore, from the empirical dependence R(?) it is possible to determine the probabil-
ity of detachment. This fact gives a tool to investigate the basis of the process of air
bubble mineralization in the large scale process. In this paper the dependence of
probability of detachment of coal particles as a function of ash content and particle
size in a laboratory mechanical flotation machine is presented.

—1-P,. (23)

EXPERIMENTAL

METHOD OF SAMPLES PREPARATION

Coal (type 33, Polish classification), originating from a coal mine, crushed to -0.5
mm, was used. Particle size and density analyses were performed. Narrow size and
density fractions, according to the Polish standard, were analyzed for ash content. To
study the kinetics as a function of particle size the density fraction 1.3 — 1.4 Mg/m’
was selected, whereas as a function of ash content the size fraction 0.2-0.315 mm and
the density fractions of -1.35 Mg/m’ and + 1.35 Mg/m’ were used.
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Narrow size and density fractions were stored under vacuum and they were used
for analyses during a possible short period of time in order to limit possible oxidation
of coal surface. This material was used as the flotation feed.

DETERMINING THE FLOTATION KINETICS

Flotation experiments for coal were carried out at room temperature in a Denver
type laboratory machine of 1 dm’ chamber capacity at a constant 2020 number of rotor
rotations per minute (rpm) and fixed air flow rate. The content of solids was the same
in all experiments, i.e. 80 g/dm’. Such conditions provided a constant size of air bub-
bles in the chamber with limited pulp turbulence caused by the rotor. A low solids
concentration in the flotation pulp was due to practical reasons to provide favorable
coal flotation results which can be achieved at low pulp density (Sablik, 1998).

An aqueous solution of n-butanol was used as a collecting and froth making rea-
gent. It does not change pulp’s pH but only reduces the surface tension on gas-liquid
interfaces, increasing at the same time air dispersion in the suspension. Also the ad-
sorption of alcohol occurs on the surface of air bubbles which ensures their stabiliza-
tion and prevents coalescence (Malysa, 2000; Krzan and Malysa, 2002).

On the basis of initial investigations, appropriate reagent concentrations were cho-
sen which guaranteed froth of appropriate structure and durability. The fractioned
flotation was performed and concentrates were collected during the following time
intervals: 15, 15, 30, 30, 30 i 60 s. The time of flotation depended up the particle size
and fraction density. Usually the last froth product was collected after 6 minutes of
flotation. After drying the samples were weighed and their ash content determined.
The investigations of flotation kinetics of respective density fractions of 0.2-0.315
mm were performed at the butanol concentration which corresponded to the surface
tension of 68.5 mN/m of the solution. Subsequent flotations were performed at the
surface tension of the flotation solution equal to 70 mN/m for size fractions of 0.1-0.2,
0.2-0.315, 0.315-0.4, 0.4-0.5 mm and density 1.3—1.4 Mg/m’. The ash contents of the
tested samples were close to each other.

RESULTS AND DISCUSSION

Figures 1 and 2 present the flotation kinetics, respectively for narrow density frac-
tions of coal particles 0.2-0.315 mm in size (Brozek and Mlynarczykowska, 2006) and
narrow size fractions of 1.3-1.4 Mg/m’® density. The model relationship based on Eq.
11 were in agreement with the empirical relationship of recovery of combustible and
volatile matter upon time.
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Fig. 2. Curves of flotation kinetics of narrow size fractions. Numbers indicate particle size in mm

Model curves shown in Fig.1 are based on the following formulas:

R()=0.63 (1 -¢e"**")  for p<1.35 Mg/m’ A,=1.06% (24a)
R() =048 (1-¢"**"  for p=1.35-1.5 Mg/m’ A4,=791% (24b)
R() =041 (1-¢e"*"" for p=1.5-1.7 Mg/m’ A4,=23.18% (24c)
R(H)=0.30 (1 —-¢e"**"  for p=1.7-1.8 Mg/m’ A4,=36.32% (24d)
R(H)=020(1-¢e"**"  for p=1.8-2.0 Mg/m’ A,=48.71% (24e)
R(H)=0.12(1-¢e"**"  for p>2.0 Mg/m’ A,=77.63% (241)
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On the basis of the Eqs 23 and 24 it is possible to determine the dependence of proba-
bility of detachment upon the ash content. This dependence is presented in Fig.3. The
probability of detachment as a function of ash content is expressed by the following
formula:

Py4,) = 1 - 0.65 exp(-2.234,). (25)

It results from formulas (24) that the value of the flotation rate constant k , i.e. the total
adhesion rate constant, does not depend upon the ash content. On the other hand,
product kR, i.e. A,, depends upon the ash content (Brozek and Mlynarczykowska,
20006). If the classical model of flotation kinetics is applied to the analysis of flotation
kinetics (in which &k and R,, are parameters), only the information about the change
of the value of maximum recovery (without the information about the rate of the
process) could be obtained at the change of hydrophobic properties of particles, result-
ing from the change of ash content. Analogical situation occurs when a change of ad-
dition of the reagent causes a change of R, value without causing any change of &
value (Xu, 1998). In such cases the application of the stochastic model enables us to
obtain full information about the kinetic and thermodynamic side of the flotation
process.

The following equations (Fig. 2) were obtained for flotation kinetics for different
size fractions:

R(1)=1.0(1 —e**"") for d,=0.1-0.2 mm P;=0 (26a)
R(t)=0.72(1 —¢°**") for d,=0.2—-0.315 mm P,=0.28 (26b)
R(t) = 0.46(1 —e**") for d,=0.315—-0.4 mm P, = 0.54 (26¢)
R(t)=0.23(1-¢"*") for d,=0.4—0.5mm P,=0.77 (26d)

From formula 7a it can be concluded that P, = 0 for d, = 0 which has no physical
interpretation. The authors propose the following modification of this formula:

d -d )
Pd:[ﬁ] (27)

pmax — % pmin
where: d,..» — the size of floating particles below which P, = 0, d,.. — the size of
particle above which P, =1, n — empirical constant.

In the flotation machines with mechanical agitations of the flotation pulp it is
possible to calculate the minimum particle size below which there is no detachment of
particles and the maximum size of floating particles from fitting dependence (27) to
the empirical data. Figure 4 presents the dependence of probability of detachment on
the coal particle size.
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Denoting d,,ax - dpmin = Ad , Eq. 27 takes the form:

P = dp _dpmin
! Ad

The best consistency of expression (28) with the empirical data was achieved by
means of the least square method (after finding the logarithm) for d,,;, = 0.15 mm:

d —0.15)"
P = —+—
0.43

From the above formula it is possible to calculate the maximum size of floatable par-
ticles under given physicochemical conditions in the flotation chamber and fixed pa-

(28)

(29)
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rameters of the flotation machine (number of rotor rotations, air flow-rate): d,,.. = Ad
+d,,in = 0.58 mm.

The probability of detachment can be also considered as a measure of probability
of transfer of particle to the lower (chamber) product. Then, the value of this proba-
bility will be equivalent to the partition number and the curves of the dependence
P,(d,) or P4A,) to partition curves. This approach to the interpretation of probability
of detachment was applied by Drzymala (1994). The size of the particle for which P,
= (.5 denotes the maximum size of floatable particles because they can or cannot un-
dergo flotation with the same probability. With such an interpretation, the maximum
size of floatable particles, according to formula (29) is equal to dpax = 0.35 mm.

Dependence P,(4,) can be interpreted analogically. Particles of such an ash con-
tent for which P4(4,) = 0.5 are the border line particles. If the contact angle depend on
ash content by means of, for example, the flotometry method (Drzymala, 1994), it
may be possible to try verifying the theoretical relationship probability of detachment
and hydrophobic properties, particle size, type of raw material (coal type), etc. in a
given type of a flotation machine.

CONCLUSION

1. The application of the stochastic model of flotation kinetics enable us, on the basis
of empirical dependences obtained in a particular flotation machine, to calculate prob-
ability of detachment of a particle under given physicochemical conditions and, on
this basis to determine the maximum size of floatable particles.

2. Interpreting the probability of detachment as a partition number and the dependence
of detachment upon the particle size or ash content as partition curves in the case of
coal, an attempt could be made to verify the theoretical models of probability of de-
tachment and stability of flotation aggregates in industrial flotation machines.
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Ze wzgledu na losowy charakter procesow elementarnych (zderzenia, adhezji, oderwania) flotacjg
mozna rozpatrywacé jako proces stochastyczny narodzin i ginigcia. Jednym z parametréw rownania kine-
tyki flotacji uzyskanego na gruncie modelu stochastycznego jest prawdopodobienstwo oderwania ziarna
od pgcherzyka. Wykorzystujac ten fakt w artykule przedstawiono wyniki badan, na podstawie ktorych
okreslono zalezno$¢ prawdopodobienstwa oderwania od wielkosci ziarna oraz od zawartosci popiotu przy
flotacji w laboratoryjnej maszynce flotacyjnej z mechaniczna agitacja zawiesiny flotacyjnej. Interpretujac
prawdopodobienstwo oderwania jako liczbe rozdzialu wyznaczono parametry ziarna podzialowego (wiel-
kos$¢ ziarna i zawarto$¢ popiotu) dla okreslonych warunkéw fizykochemicznych osrodka flotacyjnego.
Ten sposOb postgpowania stwarza mozliwos¢ weryfikacji teoretycznych modeli prawdopodobienstwa
oderwania i trwalosci agregatow flotacyjnych w przemystowych maszynach flotacyjnych.

stowa kluczowe: flotacja model stochastyczny, prawdopodobienstwo odrywu
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HYDROGEN-BOND PUZZLE
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A scientist creating the models of material structures works in a way similar to the artist painting
from the nature. Various models, similarly as different images may describe the same reality in a better or
worse way. We think that it is the time to admit that the models of the percolating lattice and dynamic
clusters are two images of the same structure of water, viewed from different perspectives. We believe
that the most important will be such improvement of the basic model of the structure of water molecule
that both ways of its modeling would give practically the same consistency with experimental results.

key words: hydrogen bond, percolating lattice, connectivity of bonds, water clusters

The molecule of water is one of the smallest in the Nature. Prof. Kamienski has
even used to say that it is an atom of a double negative oxygen, that has hidden in its
orbitals two protons of not fully compensated charges. This results in huge electric
moments of the molecules that are the source of hydrogen bonds. To describe the
interactions of charges located at atomic distances in each water molecule a
modification of the coulomb potential rather than the ,,diameter” of these molecules is
needed.

Such necessity clearly results from Prof. Adamczyk’s statement, that ,,everything”
is determined by charges. In the newest works much attention is paid to the Yukawa
potential, (Blum et al. (1999) and to the experiments that combine the power of the
hydrogen bond with the local charge densities in the anti-bonding orbitals oo™
(Kumar et al. (2007)).

* Medical Center of HCP Poznan, janina.grodzka@wp.pl
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Maybe this year is the last one, when we can call the hydrogen bond a mysterious
one. Although in one of the recent papers, Gilli et al. (2009), concerning the structure
of liquid water the statement ‘H-bond puzzle’ appears, several other papers indicate
that in reviews published in Chemical Review 2010 this puzzle should practically
disappear.

It is therefore reasonable to summarize the long period of the development of
various competing descriptions of the hydrogen bond with the expectation that the
present generation of our PhD graduates will develop a homogeneous and generally
accepted theory of this bond. Why do we think so? After a long period of the
competition of various basic assumptions concerning different models of the water
molecule, the ideas of their combination have appeared. Two theories of the structure
of liquid water that apply the same models of water molecule lead to the results
equally close to experimental results.

Somewhat older theory, known as the theory of the percolating lattice of the
liquid water was developed in the late 70-ties, by Stanley and Teixeira (1980) and 10
years later come up the theory of water clusters (Chaplin, 2008). The first one
describes water as the dynamic lattice of locally variable structures, while the second
one treats it as the equilibrium mixture of dynamic aggregates of water molecules,
differing in size and structure.

In some more recent works there has appeared the proposal of creating the model
of water molecules, based on the known parameters of all studied structures of ice,
including those anisotropic ones, starting from the experimentally confirmed fact that
the average strength of hydrogen bonding is the function of both, temperature and
pressure (Dougherty, 1998; Dougherty and Howard, 1998). In such a virtual molecule,
whose construction uses both the model lengths of bonds and their angles between the
hydrogen bonds, might take the values remaining within the regions known from the
experiments carried out in the wide range of pressure and temperature values. The
modeling is usually performed in the NTV system that takes into account also the
structures present in the equilibrium interface regions. The laws of the statistical
thermodynamics make possible the transfer of the results of the calculations onto the
pVT system.

The experimental works prove that water is not a ,,van der Waals” liquid because
it does not meet the assumptions of this model. No single molecules but their
aggregates, ,,clusters”, are the objects of translational movements. The condition
required that the vdW equation describes the behavior of water to a good
approximation is that the dynamic clusters of water should be sufficiently large and
,»Stable” so as to interact with the neighboring clusters only by the London dispersive
forces, due to the saturation of their internal hydrogen bonds (depending on the value
of the parameters of state, the strength of a hydrogen bond may be of the order of kT).
It is assumed that large, symetric clusters contain the tetrahedrally combined
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molecules of water but the strength of a local hydrogen bond within the cluster, within
the range of the whole order of values, depends on its location

Particularly important seems to be the fact that water, in addition to the ,,classical”
triple point has two additional breaks on the density — temperature curve. (,,Light”
water — at about 4°C and about 45°C, and the ,,heavy” one — at about 11°C and about
60°C). The first kink corresponds to the temperature of maximum density, while the
second one — to the minimum solubility of hydrophobic compounds.
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Fig. 1. a) Isotherm of a fluid at subcritical temperature. Meta-stable and unstable parts
of the Van der Waals loop are shown by different lines. Respectively. L1 and L2 show
isotherms of finite systems of different sizes, with L1<L2. b) Isotherm of a macroscopic fluid.
Model isotherm of supercooled ST2 water at T=235 K, simulated in the restricted NPT
ensemble. Four branches of this isotherm, (given by points, on separate lines) correspond to
the four phases of supercooled liquid water.

Such behavior is typical for mixed solvents, and in the case of water — for the
mixture of its structures. (This reminds rather the ,,resonance of structures” than the
homogeneous mixture with its local fluctuations. It causes the necessity of considering
at equilibrium the simultaneous run of several processes of different relaxation times.

The condition necessary for the system to create the lattice of percolating
hydrogen bonds during reduction of volume (V), containing (N) particles, at fixed
temperature (7) is that the system must reach the so called “percolation threshold” ,
Blumberg et al. (1984). In the work of Bernabei et al. (2008), it has been shown that
the probability of the increase of the number of these bonds may be higher in the
lattice points neighboring with oxygen atoms of four bonds. Hydrogen bonds are
formed even in the gaseous phase, in water vapor. But the condition required for their
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,connectivity” is the threshold value of the average number of bonds nyg, per one
oxygen atom in the lattice point. For the three-dimensional lattice the critical
percolation threshold takes the value of: n. = 1.55 per one water molecule in the
system considered. It is rather commonly accepted that after the melting of ice there
remain on average 3.6 hydrogen bonds from each 4 bonds, and at the boiling point
there remain still 3.2 bonds, per each oxygen atom. At present, the possibility of the
existence of the percolation lattices even in the supercritical states of water (Bernabei
et al., 2008) has become the subject of interest.

The tetrahedral system with four water molecules at the corners, characteristic for
the crystals of hexagonal ice (Ih) is generally accepted for hydrogen bonds. Oxygen
atoms of five molecules are bound with hydrogen bridges: —Oe<sesH—O0 , and each
of them is both a donor and an acceptor of electric charges". In this idealized system
the length of a hydrogen bond is equal to about 2.82A, and the angle between the
bonds of the hydrogen bridge and the covalently bound hydrogen atom (O—H) takes
about 109.5°. In various places of the percolation lattice the local and temporary
locations of water molecules cause a significant deformation of both the above given
distances and angles, as well as the local electron density of the oo™ orbitals.

The graphs shown above are taken from a most recent work of Brovchenko and
Oleinikova (2008). They illustrate the trend in such application of the experimental
data on the influence of temperature and pressure on the radial distributions of oxygen
and hydrogen atoms, and on the electric densities of liquid water and ice, that it would
make possible the use of this information for improving the models of water molecule.
The final goal is an equation of state for liquid water, showing clearly inadequacy of
the van der Waals equation.

Under the imposed NTV conditions the model calculations should give the
dependence of the average energy of hydrogen bond upon temperature and pressure
for liquid water consistent with experiments. This labor-consuming way has been
confirmed by the early work by Berendsen et al. (1987), in which the theory of
percolating bonds has been applied. It has been shown that the results of calculations
carried out using the SPC model of water are clearly approaching the experimental
ones, when in addition to the stable dipole moment (in the SPC/E model) also the
existence of induced moments is taken into account.

The more complex attempt to describe the structure of liquid water, using the
information on the defined lattice elements has been presented in the already cited
work of Brovchenko and Oleinikova (2008). The authors have assumed that liquid
water formed after melting ice has the structure of a percolating lattice, where in
addition to the structures of the parameters characteristic for the hexagonal lattice of
ice appear also increasing numbers of groups of molecules in the pentagonal system.
In the latter case, the angle between hydrogen bonds and hydroxide bonds is reduced
to 108°. The number of pentagonal structures increases up to about 4°C. At this
temperature the tetrahedral structures (Ih ice) are transformed into the plane hexagonal
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groups of the bond angle equal to 120°. This last structure is the most numerous at
about 45° C when large hydrophobic molecules are the least soluble in water. Starting
from this temperature, in the percolating lattice, the systems of pentagonal symmetry
are replaced by the groups of molecules characteristic for the simple cubic lattice of
the overheated water and critical regions. The authors have simulated radial
distributions of water molecules for each of the assumed models of its particles and
have obtained the results similar to the results of experiments carried out for water at
varying temperature.

Summing up, we may state that the scientist creating the models of material
structures works in a way similar to the artist painting from the nature. Various
models, just as different images, may describe the same reality in a better or worse
way. We think that it is the time to admit that the models of the percolating lattice and
dynamic clusters are two images of the same structure of water, viewed from different
perspectives. We believe that the most important will be such improvement of the
basic model of the structure of water molecule that both ways of its modeling would
give practically the same consistency with experimental results.
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Grodzka J., Pomianowski A., Tajemnica wigzania wodorowego, Physicochemical Problems of Mineral
Processing, 44 (2010), 35-40 (w je¢z. ang), http://www.minproc.pwr.wroc.pl/journal

Uczony — tworzac modele struktur materialnych — postgpuje jak artysta malujacy obrazy z natury.
Podobnie jak rozne obrazy, tak tez r6zne modele mogg lepiej lub gorzej opisywac fg samg rzeczywistoSc.
Sadzimy, ze nadszed! czas aby uzna¢, ze modele, zarowno perkolujacej sieci, jak tez dynamicznych
klasterow to dwa obrazy tej samej struktury wody, lecz ogladanej z innych perspektyw. Odnosimy
wrazenie, ze srodek cigzkosci zagadnienia przenosi si¢ wyraznie na fakie udoskonalenie podstawowego
modelu molekuly wody, aby obie drogi modelowania jej struktury, dawaly praktycznie taka samag
zgodnos$¢ z wynikami prac do§wiadczalnych.

stowa kluczowe: wigzania wodorowe, klastery wody, tqcznos¢ wigzan
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OCCURRENCE OF BARITE MINERALIZATION IN
BAHARIYA DEPRESSION, WESTERN DESERT, EGYPT
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Barite vein mineralization has been recorded South of Gebel El Haufhuf in the ground surface of El
Bahariya depression, Western Desert of Egypt. The barite veins that trend in different directions are
actually associated with major fold and fault structures that are retricted to the oldest sandstone rock of
the Sabaya Formation. Some of these veins attain more than 7m length and a width ranging between 0.5
and up to 4m. The discovered barite veins are exclusively composed of barite and quartz with barite
attaining 56% by weight. Besides the genetic aspects of the studied mineralization, the degree of
liberation have been discussed.

key words: barite mineralization, genetic aspects, liberation degree, Bahariya depression, Western
Desert of Egypt

INTRODUCTION

Barite (BaSQ,) is the only commercial source of barium except for minor sources
of witherite (BaCO;), which is generally restricted to China. By virtue of its relatively
high specific gravity (4.5), over 70% of barite demand is used primarily as a weighting
agent in drilling muds in the oil and gas industry as well as to cap oil and gas wells.
Barite for drilling purposes must be free of soluble salts, contain a minimum of 92%
BaSO, and have a specific gravity of 4.2, several percent iron oxide is not
objectionable and 90-95% of the ground materials must pass a -325 mesh screen. Due
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to its physical attribute and/or chemical inertness, barite is also used in construction
and as functional filler in paints, plastics, rubber, printing inks and papers industries.

Barite is widely distributed in several districts of the USA (Carterville, Georgia)
(Bate, 1996) and in western Ouachita mountaines, Arkansas (Mitchell, 1984). Barite
deposits are also known in several other countries; namely Canada, Southern America
(Peru, Argentina, Brazil, Chile and Colombia), Germany, former USSR, Italy besides
Algeria, Morocco, Zimbabwe, China and Australia.

In Egypt barite is widely distributed in the North Eastern Desert such as Um
Monqul area besides the veins in the pink granite at east of Aswan and at Gebel El
Hudi near Aswan. Also, it occurs as sediments and veins in El Shieh El Shazly area in
South Eastern Desert. Additionally, barite is present as a cementing material for
sandstones in Kharga Oasis, Western Desert. Several modes of formation of barite
deposits have been identified with most commercial sources belonging to replacement
deposits in limestone, dolomite sandstone and shales or residual deposits in which
lumps of barite are enclosed in clay caused by differential weathering. Barite
sometimes occur in veins and as a gangue mineral in metallic ores such as lead, zinc
and silver and is frequently associated with fluorspar.

High grade barite mineralization has actually been recorded for the first time in
the Cretaceous Sabaya Formation occurring in El Bahariya Oasis, Northwestern
Desert. Field investigation and mineralogical studies were carried out in order to
define its characteristics and to elucidate its origin as well as its economic
significance.

SAMPLING AND TECHNIQUES

A representative bulk composite sample of the defined barite veins was collected
(weighing about 12 kg) from the different mineralized zones in the study area. For a
proper mineralogical and chemical characterization of the discovered mineralization, a
portion of the collected sample was subjected to both XRD and XRF analyses. On the
other hand, for the liberation investigation, the representative bulk sample was
subjected to proper crushing, grinding and sieving using screens: 0.80, 0.63, 0.40,
0.20, and 0.045mm. The obtained size fractions were subjected to heavy minerals
separation using bromoform (sp. gr. = 2.85 gm/cm’). The obtained heavy and light
fractions were then microscopically examined under the binocular microscope to
determine the degree of barite liberation. In addition, picked composite and pure
grains were subjected to examination by the Environmental Scanning Electron
Microscope (ESEM). The latter is supported by energy dispersive spectrometer unit
(EDS), model Philips XL 30. The analytical conditions included 30 kV accelerating
voltages, 1-2 mm beam diameter and 60-120 second counting time, and minimum
detectable weight concentration from 0.1 to 1 wt%. All of the mentioned analyses
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were carried out at the laboratories of the Egyptian Nuclear Materials Authority

(NMA).
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FIELD INVESTIGATION

GENERAL STRATIGRAPHY OF THE EL BAHARIYA OASIS

The El Bahariya Oasis is an oval shaped depression (Fig. 1) trending in a NE-SW
direction. Within the depression, the Cretaceous rocks outcrop at its base as well as at
the base of the conical hills and the scarp. The Cretaceous rock succession (Sabaya,
Bahariya, El Heiz and El Hathuf Formations) comprises fluvialite to fluviomarine
clastics of sandstone, claystone and shale. The Sabaya Formation of Lower
Cenomanian age (Morsy, 1987) is coverd by Bahariya Formation which also belongs
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to the Lower Cenomanian (Soliman and El Badry, 1980). The Bahariya Formation is
unconformably overlain by the Upper Cenomanian fluviomarine marly shale, sandy
dolomitic limestone and calcareous sandstone of El Heiz Formation as well as by the
Campanian cherty cavernous dolostone, crossbedded sandstone and phosphatic
limestone of El Haufhuf Formation (Morsy, 1987).

The succeeding maeastrichtian Khoman Formation is mainly represented by chalk
and chalkly limestone. It overlies conformably El Hauthuf Formation on both sides of
the depression and extends southward with increasing thickness (Fig. 1). The Eocene
rocks are represented by the Nagb Formation which belongs to the Middle Eocene
(Said, 1962) and comprises gray and pink limestone and by the Qalamoun Formation
which belongs to the Lower Eocene (El Shazly, 1962). The Qalamoun Formation is
deposited on the Bahariya Formation and El Haufhuf Formation to the North of El
Bahariya depression (Fig.1). The succeeding Oligocene Qatrani Formation (Morsy,
1987) covers El Bahariya Formation at the top of the conical hills besides occurring as
small outcrops within the depression. This formation consists of quartizitic sandstone,
quarzite, shale and silt.

At the northern part of Gebel El Haufhuf, Oligo-Miocene basaltic and doleritic
extrusions (sheets, sills and dikes) are recorded (Morsy, 1987; Meneisy and El
Kaleubi, 1975).

MODE OF OCCURRENCE OF EL BAHARIYA BARITE

High grade barite mineralization is found mainly in the form of different veins
restricted to the ground surface of El Bahariya depression (Fig. 1). The barite veins
trend in different directions and are actually associated with the major folds and faults
that are restricted to the oldest rocks of Sabaya Formation which form the floor of the
depression. In order to study the barite veins, the structure configuration of the El
Bahariya Oasis depression must first be studied. The latter occurs within a major
northeast trending belt of considerable extension about 100 km long and 40 km wide.
Several other folds of the same or later tectonic phase but of lesser extension occur
parallel to or perpendicular to the main anticlinal trend i.e. trending either NE or NW.
Morsy (1987) discussed the structure of the Bahariya Oasis and concluded that more
than two folding generations can be identified. The trends of these folds are
chronologically arranged from the younger to the older according to the following
sequence; viz, NW-SE, NE-SW and E-W.

The following is a brief description of the major fold trends restricted to the
northern part of the El Bahariya Oasis.

i- Anticline No.l is a NE trending fold. Its axis has NE-SW direction and

plunges 5° due North. The length of the anticline is about 30 km.
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ii- Anticline No.2 has the same NE trend of anticline No.1 and its axis plunges 4°
due North. Many small to medium size synclines occur parallel to the axis of
this anticline.

iii- Anticline No.3 is a major fold restricted in southern part (Fig. 1).

On the other hand, several faults of different directions and magnitudes are also
observed in the El Bahariya Oasis (Fig. 1). These faults include E-W faults that dip
due South with more than 30 m vertical displacement as well as NE-SW faults that dip
to the north or south and extend for a length reaching 100 km with 10-40 m vertical
displacement.

The discovered barite mineralization veins are hosted in the sandstone beds of the
Sabaya Formation. This Formation is composed of channel sediments of tabular cross-
stratification, medium to coarse grained sandstone and of flood plain deposits of
clayey sandstone (Fig. 2A).

The lithological features suggest the sandstone beds were deposited in a fluviatile
environment. The barite veins are widely distributed to the south of Gebel El Hafthuf
which is composed of a rock sequence including sandstone, shale, limestone,
phosphatic limestone and phosphatic calcareous sandstone. This succession is capped
by the Oligo-Miocene basaltic sheet which takes the form of open circle of about 20 m
thickness (Fig. 2B).

The barite veins are restricted to the fractures that are parallel to the main E-W or
NW-SE striking faults in the Sabaya Formation (Fig. 1). These veins occur subparallel
sets with more than 7 m length and ranging in width between 0.5 to 4 m. They dip 50°
towards N, S or NE directions. The barite veins are hard, massive, siliceous and white
to gray in color (Fig. 2C). These veins are numerous and distributed in association
with tectonically formed fractures and fissures.

GENETIC ASPECTS OF EL BAHARIYA BARITE MINERALIZATION

From the field investigation and the geologic setting of the barite veins host
rocks, it has been possible to elucidate the origin of the studied barite mineralization.
Accordingly, the following genetic model and succession has been proposed:

i- The Cretaceous shallow marine to fluvial siliciclastic strata have been first

deformed by both folding and faulting.

ii- Barium was leached from the basaltic extrusion during high temperature
circulation (Von Damn et al, 1985). Tertiary Oligocene basalt at Gebel El
Haufhuf, Bahariya Oasis is related to continental intraplate volcanism, which
is contiemporaneous with the opining of the red sea and uplift of Afro-arabian
mountain. Fumarolic and geyser activities belong to Oligocene period were
consider as gas maar resulting from a phreatic explosion (El-Kammar, 2000).
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iii- Release of sulphate fluids from the sulphate-rich minerals involved in the
Brine deposits distributed within El Bahariya Depression at the Qaternary
(Haroun, 1990) ; namely polyhalite, kieserite and kyanite.

iv- Migration of these fluids through the deformed strata followed by barite
mineralization as a result of a rapid primary precipitation at or above the
sediment / fluid interfaces.

Fig. 2.

A- Outcrop of Sabaya sandstone (Lower Creataceous) hosting barite mineralization. Crossbedded
sandstone represent the channel deposits of fluvial environment. B- Photograph showing the area of barite
veins. Subparallel barite veins (B) are hosted in sandstone of the Sabaya Formation (S). Barite
mineralization restricted south Gebel El Hathuf (H) which is composed of Creataceous rocks
(Campanian) (C) caped by Oligomiocene Basaltic sheets (V). Barite veins trending NE-SW. Looking
North West. C- Closed up view of barite vein dipping 50 toward NW direction with length more than 7
m. (Hammar = 20 cm).D- Closed up view of barite samples characterized by well developed quartz
granules. Barite occur as aggregates and tabular forms with white to grey coloration.
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MINERALOGICAL AND LIBERATION CHARACTERISTICS

MINERALOGICAL INVESTIGATION

As mentioned above, the collected samples of the barite -bearing veins are hard,
compact, heavy and siliceous. The barite veins are almost exclusively composed of
barite cementing quartz sand grains. The barite mineral itself occurs as aggregates of
tabular form crystals and is characterized by a white to grey coloration. The sand
grains in the veins are of coarser grain size and are ill sorted indicating a low degree
of maturity (Fig. 2 D).

Table 1. XRD pattern for barite veins bulk sample

Sample Barite Quartz

ASTM 5-0448 ASTM 5-0490

dA° /Ty dA° Ty dA° Ty

4.44 5 4.44 17

4.33 13 4.34 36

4.25 17 4.26 35

3.90 16 3.90 57

3.77 4 3.77 12

3.57 35 3.576 31

3.44 100 3.442 100

3.34 75 3.343 100

3.32 31 3.317 67

3.10 37 3.101 97

2.83 16 2.834 53

2.72 15 2.726 47

2.48 5 2.481 14

2.46 6 2.444 2 2.458 12

2.32 5 2.322 15

2.28 3 2.281 7 2.282 12

2.21 8 2.209 27

2.12 24 2.120 80

2.10 25 2.104 76

2.05 6 2.056 23

1.98 4 1.980 6

1.93 3 1.930 7

1.86 5 1.857 16

1.81 13 1.817 17

1.79 5 1.787 3

1.76 3 1.760 9

1.67 9 1.673 14 1.672 7

1.63 1.8 1.636 8

1.59 2 1.593 8

1.54 7 1.534 18 1.541 15

1.53 4 1.536 11

1.47 2 1.474 10
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Table 2. Trace elements concentration in barite veins

Elements (ppm) | Cr | Cu | Ni |Zn | Zr [ Y |Pb|Sr| V | Nb | U*
Sample |20 | 8 | 4 |11 ud |2 1449|134 | 3 |ud

u.d Under limit of detection

* Gamma-ray spectrometry

As previously mentioned, the barite veins are associated with El Haufhuf major
fault and although various radiometric anomalies have been recorded in the altered
sediments affected by this fault (Morsy, 1987 and El Agami et al, 2005), however,
radioactivity is not associated with the studied barite mineralization. The lack of
radioactive elements in the discovered barite mineralization is greatly advantageous in
increasing its economic significance.

On the other hand, to define the mineral composition of the studied barite veins,
the representative collected bulk composite sample was subjected to the XRD
analysis. From the obtained results shown in Table 1, it was verified that the barite
veins are only composed of barite and quartz.

In the meantime, to elucidate the purity of the studied mineralization a
representative portion of the collected bulk composite sample was subjected to the
XRF analysis to determine the presence of trace elements and their concentration
(Table 2).

From the obtained data, it was revealed that the studied barite sample is almost
pure where V and Sr assay 134 and 49 ppm respectively while the assay of Cr, Cu, Ni,
Zn, Y, Pb and Nb ranges between only 2 and 20 ppm. In the meantime, Zr is under its
limit of detection. In this regard, it is interesting to mention that a laboratory gamma-
ray spectrometry has indicated that uranium is also under its limit of detection. These
results indicate that except for Cr, the barite of Bahariya is almost not contaminated
with harmful metallic elements; a matter which is greatly beneficial in reducing
environmental hazards associated with the disposal of spent drilling mud.

LIBERATION INVESTIGATION

Wills (1979) noted that a correct degree of liberation is the key to the success in
mineral processing, especially when the economic mineral is soft and the accompanied
gangue mineral is hard. Although, some degree of separation is possible between
locked particles by crushing , it should be evident that production of a reasonable
degree of liberation is a pre-requisite to make a fair separation (Gaudin, 1980). As a
mattar of fact, liberation is increased by comminution through two means; namely
liberation by size reduction and liberation by detachment.

Due to the softness of barite and the the hardness of the accompanied gangue
mineral (quartz), comminution must be carfully performed to avoid the possibility of
overgrinding and excessive slime production. Accordingly, for the liberation
investigation a controlled crushing was carried out on the representative bulk sample
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of the study barite vein in order to reduce the size of the head sample to pass 0.800
mm screen. The comminution process involved indeed a combination of jaw and roll
mill crushers in a closed circuit. The crushed product was then deslimed using a
desliming cone, dried and screened using a suitable set of screens; viz 0.800, 0.630,
0.400, 0.200, and 0.045 mm. The obtained size fractions were collected and a
representative portion from each fraction was subjected to heavy liquid separation by
bromoform. The obtained heavy and light fractions were then weighed and
microscopically investigated under the binocular microscope to check mineral
liberation. The microscopic examination for the various heavy fractions has actually
indicated that barite represents almost exclusively the main constituent together with
some scattered quartz crystals in some composite barite grains. The barite grains
occur indeed as coarse massive crystals of vitreous luster and range in color from
white to yellowish white. The crystals are transparent to translucent and are generally
present in the form of angular to subangular shape. On the other hand, the heavy liquid
separation of the bulk representative barite sample revealed that the average content of
barite assays 56 % by weight of the original bulk rock sample and the rest is almost
exclusively represented by quartz. It is quite clear that the weight percentages of the
size fractions and their barite content increase with the decreasing of grain size (Fig.
3).

% l:l Grain size wt.% - Barite %

-0.80 -0.63 -0.40 -0.20 -0.045
+0.63 +0.40 +0.20 +0.045 mm &
mm mm mm mm Slimes

Fig. 3. Histogram show grain size distribution of the studied barite bulk sample and distribution of barite
among various size fractions

Due to the variation in the friability between barite (a relatively soft mineral) and
quartz, the degree of liberation of barite is relatively low in the two coarser size
fractions i.e. -0.800+0.630 mm and -0.630 + 0.400mm; a matter which reflected in the
presence of most barite grains as locked or composite crystals with quartz. However,
microscopic investigation for the various size fractions indicated that both the degree
of liberation and the percentage of barite increase with decreasing grain size.

Several liberated and composite barite crystals were hand picked and subjected to
elemental analysis using the Environmental Scanning Electron Microscope (ESEM).
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The SEM microphotograph (Fig. 4A) for a locked barite crystal (bright) together with
quartz (dark) reflects the degree of liberation of barite in the coarser size. On the other
hand, the back scattered images (Figs 4D and F) represent liberated barite and quartz

Dat WD 1 204
BSE 11.4 0% mBar

1
2 o
Tie AC L33 BN THeu ITL0 1MLF D66 1SGC LED Si%  fon @O0 SR8 ALC ILER 7551 1468 TN L0 FNGD TRee Tm

R L E

Faa A0S SEE ALF LB (FRT GakB TEAT ML DMes SPas M

R LT

Fig. 4. A- backscattered image of composite grain consisting of barite (bright) and quartz (dark). B&C-
chemical analyses spectra for barite and quartz respectively. D&E- BSE image for barite crystal and
crossponding analyses. F&G- back scattered image of quartz grain and its chemical analyses.

crystals respectively. The corresponding EDAX analyses (Figs. 4 B, C, E and Q)
reflect the chemical composition of barite and quartz either in the locked or free
grains. These analyses indicate that the major elements in barite are Ba (75.90%) and
S (23.50%) together with a minor amount of silica.
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Finally, it is interesting to mention that the quartz crystals were found to be
present in two main habits in the studied barite samples. The first is represented by
liberated rounded to subrounded crystals and have most probably attained their
liberation by detachement rather than size reduction (Fig. 4F). The second habit is
represented by angular to subangular crystals that are mainly present as locked crystals
within barite (Fig.4A) and would thus attain their liberation by size reduction (Fig.
4D). The first type has been most probably brought to the already formed barite veins
by mechanical weathering through wind and water currents. These rounded to
subrounded quartz granules must have filled any cracks and fissures that have been
formed after the formation of the barite veins. The second type is the silica that has
been leached from the Tertiary basalt together with barium. The leaching fluids have
subsequently filled the cracks and fissures to form the mineralization by rapid
precipitation.

CONCLUSIONS

A high grade barite vein mineralization has been recorded for the first time in the
ground surface of the El Bahariya Depression, Western Desert of Egypt. This
mineralization is usually hosted in the sandstone beds of the lower Cretaceous Sabaya
Formation and covers a great area south Gebel El Haufhuf. The barite veins occupy
indeed the fractures that have been set up parallel to the main faults that are restricted
in the Sabaya Formation. These fractures have actually been well developed along the
fault zone trending E-W and NW-SE with more than 7m in length, a width ranging
between 0.5 to 4m and a dipping angle attaining 50° towards NE direction.

A genetic model of the discovered barite mineralization has been proposed
depending on barium leaching from the existing basaltic extrusion. On the other hand,
it was mineralogically revealed that the discovered mineralization assays 56% by
weight, associated with quartz as the sole gangue mineral. Liberation investigation
indicated that a high liberation degree could be obtained in mesh size below 0.40 mm.
Trace elements analyses has shown a very low assay where apart from V (134 ppm)
and Sr (49 ppm), the other elements were found to range from only 2 to 20 ppm.
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CHANGE IN THE PROPERTIES OF BEDS GRANULATED IN
DISC GRANULATORS
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During tumbling of a powder bed wetted with liquid, material particles are agglomerated. Both the
formation of granules and increase of the bed moisture content cause changes in bulk density and the
coefficient of material friction against the granulator surface. They in turn determine energy transfer to
the granulated material.

In the present study, a change of the above mentioned parameters during batch granulation was
investigated by comparing results obtained with a change in granulation degree and torque on the
granulator shaft. Experiments were made in three disc granulators of diameters 0.5, 0.7 and 1 m, with
rotational speeds equal to 0.2 of critical velocity. Variable parameters were the degree of disc filling and
the angle of inclination of the disc axis to the level. The experimental material was bentonite with
particles from 0 to 0.16 mm in diameter (d,, = 0.056 mm), specific density 2420 kg/m® and bulk density
790 kg/m’. The material was wetted drop-wise with water during the granulation at constant liquid flow
rate Q = 0.7 ml/s.

The angle of disc axis inclination in the applied range of its changes had no effect on the process and
layer properties.

In all cases, bulk density of the bed during granulation decreased. When observing change of the
coefficient of friction between the bed and disc surface during granulation, three ranges of this parameter
change were found. In the first, the coefficient was growing. In the second, short period, the coefficient
decreased slightly. In the third, it increased again.

Changing the in torque on the granulator shaft was also analysed. Three ranges could be
distinguished here as well. In the first, unit moment increased to up to 50%. In the second, it dropped. In
the third, it remained constant.

key words: agglomeration, bulk density, friction coefficient, energy of granulation

* Faculty of Process and Environmental Engineering, Technical University of Lodz, Wolczanska 213,
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INTRODUCTION

In drum or disk batch granulators, agglomeration of particles and formation of
granules are induced by material layers mutually dislocating in the bed. The bed is
elevated to a certain level due to the friction between it and moving surface of the
apparatus. It then goes downward due to gravity force. At the beginning of the
process, the primary material layer slides down the free bed surface and it is wetted
with liquid. Granules formed after a certain time do not slide down but roll down, and
relevant mechanisms cause an increase in mean diameter and strength (Rumpf, 1977).
The intensity of granulated bed tumbling is determined among the others by the
coefficient of bed friction against the granulator surface. At higher values the material
is elevated to a higher level. It slides or rolls down a more inclined surface and
tumbling is more intense. This is related to a higher torque value on the granulator
shaft. A change of the inner bed structure during wetting and agglomeration (an
increase of moisture content and granulation degree) causes a change in its bulk
density and coefficients of inner friction and material friction against the apparatus
surface. These, in turn, determine energy transfer onto the granulated material and its
tumbling intensity (Gluba, 2000; Chadwick, 1997).

The aim of the present study was to investigate how the above parameters change
over time during granulation, and how they are related to moisture content of the bed
and particle size distribution. Another parameter which was measured for comparison
during the granulation was changing torque on the granulator shaft over time.

EXPERIMENTAL

Granulation was carried out on a properly equipped experimental rig with an
exchangeable disc whose angle of inclination to the level a could range from 45° to
53°. Tests were made for three disc diameters: 0.5, 0.7 and 1 m. In all cases, rotations
frequency of the disc was n = 0.2 n,, where n,, represents the critical value of rotations
frequency at which the bed started swirling with the disc. This enabled proper bed
dynamics and prevented the feed from getting outside the disc. On the other hand, this
made it possible for the results of all disc diameters to be compared. Tests were made
for five different degrees of disc filling: 3%, 4%, 5%, 6% and 7%. The granulated
material was bentonite with particle size ranging from 0 do 0.16 mm. The mean
particle diameter was 0.056 mm. Specific density of dry bentonite was 2420 kg/m’, its
bulk density was 790 kg/m’, and tangent of the angle of natural repose was 1.15.

The material was wetted drop-wise with distilled water during granulation at
constant liquid flow rate of 0.7 ml/s. At time intervals, samples were taken to
determine the particle size composition of granulated material, the bulk density, and
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the coefficient of material friction against the disc surface. Instantaneous values of the
torque on the disc shaft were also measured. The values were used to calculate the unit
moment varying in time using the following formula:

m ()= =M )=, (1)
me+Q-p, -t
where:

M (1) — instantaneous value of measured moment,
M, —moment at the empty disc rotation,
ms;  —mass of loose material (feed) on the disc,
0 —wetting water flow rate,
o —wetting water density,
t —time of water dosing (granulation time).

RESULTS

There have been many stadies on the change of material particle size distribution
over time (Kapur, 1972) (Sastry, 1973) (Kapur, 1981) (Pataki, 1987). Most of these
studies were conducted on a small scale in the laboratory. The present study was
conducted on a large scale. Basing on particle size analysis of the agglomerated
material, mean particle diameter d,,, for subsequent granulation times, was calculated
from the formula:

d, = ix,. d,, )
i=1

where: x—mass fraction i,
dn—mean particle diameter in fraction i.

The change in particle diameter over in time at different filling degrees and disc
diameters is shown in Fig. 1 and 2, respectively. Significant differences result mainly
from the fact that, in subsequent trials, the mass of raw material to be granulated was
different, while wetting intensity was constant.

The mean moisture content of the bed in particular trials for the same wetting time
was different.

If we compare the change of mean diameter d with the change of bed moisture
content, this relationship will be similar for all trials, regardless of the disc diameter,
the filling, and the angle of inclination of the disc axis. Fig. 3 shows this for random
points taken from the whole data set.
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Fig. 1. The effect of wetting time (process duration) on mean particle diameter of the granulated material,
for different disc filling degrees
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Fig. 2. The effect of granulation time on mean particle diameter of granulated material at different disc
diameters D (o = 45° and k = 4%)
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Fig. 4. Change in bulk density of granulated material for different degrees of disc filling
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Similar conclusions follow from the analysis of data which describe a change of
bulk density of the material during granulation. Opposite relationship are obtained for
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subsequent disc filling degrees and diameters when this density change is observed
over time (Fig. 4 and 5).
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Fig. 5. The effect of wetting time (granulation time) on bulk density for different disc diameters
(k= 6%, 0. =49°)

When bed moisture content is the independent variable, then the measuring
points are located on a single straight line (Fig. 6 and 7).
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Fig. 6. Change of bulk density as a function of bed moisture content for different disc filling degrees
D=1m,a=51°
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Fig.7. Change of bulk density with an increase of bed moisture content for different disc diameters
(k= 6%, o= 51°)
Analogously, disc inclination angle had no effect on this relationship. In the tested
range of disc filling, diameter and inclination angle, these parameters have no effect
on the relationships between bulk density and granulated material moisture content.
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Fig. 8. An example of change in the coefficient of friction between granulated material and disc surface
during the process

Energy input for granulation is related to the coefficient of friction between the
bed and disc surface, because the energy is transmitted from the disc to the bed
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because of the friction. The coefficient change during granulation is therefore
important. For all granulation tests, this relationship was the same (Fig. 8).
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Fig. 9. A comparison of friction coefficient p, bulk density p, non-granulated material U and unit
moment M* during granulation (D =1 m, k = 5%, o = 53°)

Three periods can be observed when changes in friction coefficient in the
granulation process proceed differently. At the beginning, there is an increase caused
by the growth of bed moisture content and partial sticking of material to the disc
surface. As a result, the bed is elevated to a higher level and tumbling is more intense.
At a certain point, the friction coefficient decreases. In the second stage, the amount of
non-granulated material decreases quickly. This is illustrated in Fig. 9, where U is the
amount of non-granulated material calculated on the basis of sieve analysis as a mass
fraction smaller than 1 mm.

The second stage ends when practically the whole feed is transformed into
granulated product with a relatively low moisture content mainly inside the granules.
Further granulation and wetting causes an increase in the moisture content of the
granules, which are additionally consolidated. Liquid from inside is pressed to their
surface. This surface moisture causes that granules stick locally to the disc surface,
and the coefficient of averaged friction on the whole bed-disc contact surface
increases.

Figure 9 also shows the change over time of bulk density and unit moment
calculated from equation (1) for the same granulation trial. The change over time of all
measured values can be divided into three stages in the same time intervals. In the first
stage non-granulated material appears and the fraction of granules increases. Bulk
density of the bed decreases, the coefficient of material friction against the disc bottom
grows and the unit turning moment on the disc shaft also increases significantly. In the
second, transient period, an abrupt decrease of non-granulated material is observed,
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granules are probably dry on the surface, friction coefficient decreases and the
granules reveal a decreasing tendency to stick to the walls. In this time bulk density
remains constant and the torque also decreases. In the third stage, there is no non-
granulated material. A mean granule diameter continues to increase owing to the
mechanisms of crushing weaker granules and combining them into more resistant
granules (Fig. 2). Bulk density of the material decreases and friction coefficient grows
due to an increase of surface moisture content of the granules. This moment on the
granulator shaft is constant during this stage.

CONCLUSIONS

There are changes in the properties of the bed granulated in the disc granulator
at continuous wetting. In the tested range of changes of the angle of disc inclination,
filling, disc dimensions, the change of bulk density of the bed and the coefficient of
bed friction against the granulator can be described only as a function of bed moisture
content. There was a correlation between the change of bulk density and friction
coefficient and the unit torque on the granulator shaft with the granulation degree
(mass fraction of non-granulated material).
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Heim A., Obraniak A., Gluba T., Zmiany wiasciwosci zloza granulowanego w granulatorze
talerzowym, Physicochemical Problems of Mineral Processing, 44 (2010), 53-62, (w jgz. ang),
http://www.minproc.pwr.wroc.pl/journal

Granulacja talerzowa to uniwersalna metoda aglomeracji pozwalajaca prowadzi¢ proces w sposob
okresowy lub ciagly oraz sterowaé poprzez dobor parametrow procesowych rozmiarem i wlasciwosciami
uzyskanego produktu.

Celem pracy bylo zbadanie wplywu parametrach aparaturowo-procesowych ($rednicy talerza,
stopnia jego wypelienia oraz kata pochylenia) na zmiany warto$ci $redniego rozmiaru granul, gestosci
nasypowej granulatu, oraz kata tarcia zloza podczas procesu granulacji talerzowej. Proces prowadzono
w sposob okresowy dla nastepujacych zakresOw zmian parametrow:

- kat pochylenia osi talerza w stosunku do poziomu 0=45-53% co 2 stopnie

- stopien wypehienia aparatu materiatem k=3-7% co 1%

- $rednica talerza granulatora D=0.5, 0.7, Im

Do badan jako material modelowy uzyto drobnoziarnistego bentonitu odlewniczego o sktadzie
granulometrycznym z zakresu 0-0.16mm. Badania granulacji przeprowadzono przy stalym natg¢zeniu
doptywu cieczy zwilzajacej (woda) Q=0.7 g/s i ustalonej konicowej wilgotnosci granulowanego wsadu
w=0.29. Uzyskane podczas trwania eksperymentéw wartosci badanych parametréw uzalezniono od
zmian wilgotnos$ci granulowanego zloza ziarnistego oraz czasu granulacji. Dokonano pordéwnania
szybkoéci zmian rozmiaru $redniego oraz ggsto$ci nasypowej dla szeregu granulatoréw talerzowych
rézniacych sig Srednic talerza i katem jego pochylenia, przy zmiennym stopniu wypetnienia surowcem.

stowa kluczowe: aglomeracja, gestos¢, wspotczynnik poslizgu, energia, granulacja
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The direct application of phosphate rock seems to offer a better alternative in terms of low cost, least
energy-intensive and sophistication of processing of the phosphate ore to produce soluble fertilizers. On the
other hand, lower sensitivity to the ore quality offers a big advantage and the presence of impurities, which
may play a positive significant role in the process in addition to the technique flexibility in utilizing of some
useful elements needed for plant growth. All these factors can be expressed in terms of the economic
advantage of the mechanical activation technique. In this study, Red Sea phosphate ore was subjected to the
mechanical activation treatment with and without the beneficiation. Various products before and after
activation were compared in terms of solubility and the process economy. The results showed that the
mechanical activation is economically preferable.

key words: mechanical activation, crystal lattice imperfection, phosphate fertilizer, surface reactivity

INTRODUCTION

Mineral fertilizers account for approximately 80% of phosphate use in the world,
shared with detergents (12%), animal feeds (6%) and specialty applications (3%), e.g.
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food additives, metal treatment etc. More than 99% of all phosphate fertilizers are derived
from phosphate rock, a relatively small quantity being supplied in the form of basic slag, a
by-product of the steel industry (Maene, 1999).

World phosphate rock production capacity in 2006 is estimated at about 168 Mt.
North America remains the world leader with 50 Mt, or nearly 33% of the world total.
Africa accounts for 40 Mt, or about 25% of the total. With 26 Mt of capacity, Socialist
Asia is the third largest producing area with about 17% of the world total capacity. Led by
expansions in Morocco and China, world phosphate rock production is forecast to
increase. Construction is under way on new mine capacity also in Canada and Australia
(Maene, 1999). Table 1 shows the world fertilizer consumption by region and Figure 1
shows the world fertilizer consumption by type. About 2% of the rock is applied directly,
without processing, most of the remainder being solubilized with mineral acids. Two
thirds of the phosphate fertilizers are derived from rock treated with phosphoric acid;
during the past 30 years, a large proportion of the net addition to phosphate fertilizer
production has been in the form of phosphoric acid based products. About 90% of the
world phosphoric acid output is used for fertilizer production (Fig. 1.).

O Elementry Phosphorus B Animal Feed O Phosphate rock fertilizer O Phosphoric Acid

H6%

O01%

023%

070%

Fig. 1. Phosphate rock products
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Fig. 2. World phosphate fertilizer production (IFA, 2006). DAP = diammonimum phosphate, MAP =
monoammonium phosphate, TSP = triple super phosphate

Phosphoric acid is produced by either a dry or a wet process. In the dry process, phosphate
rock is treated in an electric furnace to produce a very pure and more expensive
phosphoric acid (frequently called white or furnace acid). In the wet process, the
phosphate rock was treated with acid producing phosphoric acid (also called green or
black acid) and gypsum, which is removed as a by-product (Maene, 1999).

Table 1. World phosphoric acid production

Country Production, Mt
2003 2006
USA 11 11.5
China 4 4.5
Morocco 2.5 5
Russia 2.5 1.5
Tunisia 2 3
Others 8.9 9
Total 30.9 34.5

World processed phosphate trade has increased substantially. Total exports of phosphoric
acid, ammonium phosphate and triple superphosphate increased from an average of 8 Mt
P205 between 1984 and 1986 to 15 Mt P205 in 1998, despite a fall in total phosphate
consumption during this period. Today, ammonium phosphate accounts for approximately
60% of the world processed phosphate trade and in 1998, the USA accounted for 60% of
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world exports of ammonium phosphate, mostly as DAP. Asia is the biggest importing
region, for ammonium phosphate, followed by West Europe and Latin America
(Isherwood, 2000).

Table 2. World phosphoric acid, supply/demand, 2004 to 2007 (Alley and Spargo, 2007)

Phosphoric acid (million tons P,Os)
Item 2004 2005 2006 2007
Supply 28.5 29.1 304 30.4
Demand 27 27 29.1 30.2

These balances do not take into account the permanent closures in Western Europe
and the USA and the temporary closures, which could be reactivated when market
conditions permit. In addition, they do not take into account capacity that was under-
utilized in 1995, for example in Russia. They explain the oversupply and pressure on
prices, which developed especially in 1999 (Isherwood).

Because various phosphate (P) fertilizers differ widely in their solubility, it is
commonly observed that crop response to P fertilizers varies under the same soil and crop
conditions (Alley and Spargo, 2007; Chien et al., 1990). Furthermore, a major problem
encountered in the methods for determination of the relative effectiveness (RE) of water-
insoluble P fertilizer (e.g., phosphate rock) with respect to water-soluble P fertilizers, e.g.,
single superphosphate (SSP) and triple superphosphate (TSP), is that their growth
response curves are usually nonlinear and often do not share a common maximum yield.
In this paper, we review and discuss the advantages and disadvantages of the three most
commonly used methods for calculating the RE of phosphate rock with respect to TSP (or
SSP). The three methods are vertical comparison, horizontal (substitution rate)
comparison, and linear-response comparison (Chien et al., 1990).

SUBSTITUTION RATES AS MEASURES OF THE RELATIVE EFFECTIVENESS OF
ALTERNATIVE PHOSPHORUS FERTILIZERS

A procedure for representing the effectiveness of fertilizers relative to a standard
fertilizer by the estimation of substitution rates is demonstrated with yield data from a
fertilizer experiment with triple superphosphate and a partially acidulated rock phosphate.
The substitution rate is estimated by an iterative regression procedure and the accuracy of
the estimate indicated by a 5% confidence interval. The use of substitution rates to
evaluate fertilizers depends on the assumption that the standard and alternative fertilizers
differ in their effects on crop growth only because of differences in content of available
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nutrient. This assumption is tested as a statistical hypothesis. Substitution rates calculated
from experimental data with rates of application of the fertilizers represented in terms of
chemical analysis of the fertilizers indicate the usefulness of the analyses as measures of
the available nutrient content of the fertilizers (Colwell and Goedert, 1988).

A greenhouse study was conducted to determine if soil pH affects the requirement for
water-soluble P and the tolerance of water-insoluble impurities in TSP fertilizers. Two
commercial TSP fertilizers were selected to represent a range in phosphate rock sources
and impurities. Phosphate fertilizer impurities were isolated as the water-washed fraction
by washing whole fertilizers with deionized water. TSP fertilizers with various quantities
of water-soluble P (1.2 to 99% water-soluble P) were simulated by mixing the water-
washed fertilizer fractions or dicalcium phosphate (DCP) with reagent-grade
monocalcium phosphate (MCP). The fertilizers were applied to supply 40 mg AOAC
available P kg ' to a Mountview silt loam (fine-silty, siliceous, thermic Typic Paleudults).
Wheat (Triticum aestivum (L.)) was harvested at 49 and 84 days after planting. Soil pH
values at the final forage harvest were 5.4+0.16 and 6.4+0.15. At a soil pH of 5.4, the TSP
fertilizers required only 37% water-soluble P to reach maximum yields while at pH 6.4 the
fertilizers required 63% water-soluble P. Results of this study show that higher levels of
water -insoluble P can be tolerated in TSP fertilizers when applied to acidic soils.
Phosphorus uptake was not affected by soil pH, but for the mixtures containing the
fertilizer residues the source having the lowest level of Fe and Al had a higher relative
agronomic effectiveness (Mullins and Sikora, 1994 ).

Table 3. Water-soluble & available phosphate % in common fertilizer sources

PzOsSOUTCE P205
N Total Available Water
Soluble*
%

Superphosphate (OSP) 0 21 20 85
Conc. superphosphate (CSP) 0 45 45 85
Monoammonium phosphate (MAP) 11 49 48 82
Diammonium phosphate (DAP) 18 47 46 90
Ammonium polyphosphate (APP) 10 34 34 100
Rock phosphate 0 34 3-8 0

*Water-soluble data are a percent of the total P,Os
Source: Ohio Agronomy Guide. Ohio Cooperative Extension Service Bull.472.

Elemental impurities in mono-ammonium phosphate (MAP) fertilizers, such as
Fe, Al, Ca, Mg, and F, result in compounds other than NH4H,PO,. The phosphorus
availability of the impurity compounds was determined in 3 commercial MAP fertilizers
produced from North Carolina, Florida, and Idaho phosphate rocks. Soluble compounds,
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including NH4H,PO,, were washed out of the fertilizers, and the water-insoluble fraction
was collected. The North Carolina, Florida, and Idaho MAP fertilizers contained 13, 16,
and 17% water-insoluble fractions, respectively. Availability of phosphorus in each MAP
fertilizer and water-insoluble fraction was determined in a greenhouse pot study using
sorghum-sudangrass (Sorghum bicolor) as the test crop. There were no differences in dry
matter weights or phosphorus uptake between reagent grade MAP and each MAP
fertilizer. Lower dry matter weights and phosphorus uptake were produced from the
water-insoluble North Carolina, Florida, and Idaho fractions (NC greater than FL greater
than ID). Chemical analysis and characterization with optical microscopy, infrared
spectroscopy, and X-ray diffractometry indicated 77.3, 73.8, and 73.6% NH4H,POj, in the
North Carolina, Florida, and Idaho MAP fertilizers, respectively. MgAl(NHy4),H(PO,),F>,
AINH4HPO,F,, and FeNH4(HPO,), were identified as water-insoluble phosphorus
compounds. There was a significant negative correlation between the percent phosphorus
present as MgAI(NH,4),H(PO,),F, and the phosphorus (Sikora et al., 1989).

Based on historical trends of gross energy requirements, it was calculated that in
2001, that global energy embedded in fertilizer consumption amounted to 3660 PJ, which
represents about 1% of the global energy demand. Total energy demand has increased at
an average rate of 3.8% p.a. Drivers behind the trend are rising fertilizer consumption and
a shift towards more energy intensive fertilizers. Our results show that despite significant
energy efficiency improvements in fertilizer manufacture (with exception of phosphate
fertilizer in the last 20 years), improvements in energy efficiency have not been sufficient
to offset growing energy demand due to rising fertilizer consumption. Furthermore, it was
found that specific energy consumption of ammonia and urea developed in close
concordance with the learning curve model, showing progress ratios of 71% for ammonia
production and 88% for urea. This suggests an alternative approach for including
technological change in energy intensive industries in middle and long-term models
dealing with energy consumption and CO, emissions, while few learning curves exist for
energy efficiency of end use technologies (Ramirez and Worrell, 2005).

There have been several plant closures in Western Europe, where phosphoric acid
production capacity and output have fallen by 60% since 1980, for economic and
environmental reasons. The latest announced closure is that of the Norsk Hydro
phosphoric acid plant at Vlaardingen in the Netherlands, due largely to problems related
to the treatment of by-product phosphogypsum (Maene, 1999). The "reserves" of
phosphate rock, i.e. deposits that are or could be profitably mined under prevailing costs,
market prices and technology, are rather limited. However, the "resources" which are at
present not economically exploitable, but which could potentially become so, are very
large (Table 4).
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Table 4. Phosphate rock reserve base in terms of cost (billion tones) (Maene, 1999)

Cost ($/tones) Below $40 Below $100
North America 1.4 4.7
North and West Africa 7.2 22.1
Middle East 0.1 1.9

However, the trends move again towards using raw phosphate rock to reduce the cost.
From one side this is due to the high expenses of the production of the fertilizers either by
dry or wet processes. From the other side, it was found that the highly soluble fertilizers
which have expensive manufacturing costs lead to the lack of micronutrients. The problem
was found to be iron, zinc and manganese being tied up by phosphate.

In Zimbabwe, using phosphate rock appears to halve the cost of imported fertilizers.
The main disadvantage of using the phosphate rock is its low solubility and consequently
the low availability of the P for the plant growing. Therefore, the mixing of the rock
phosphate with highly soluble fertilizers shows that the savings are impressive. In Kenya,
a mixture of 90 percent local phosphate rock is blended with just 10 percent imported
fertilizer (Morris, 1988).

Grinding of ordinary phosphorite powder of Central Kyzylkum with urea nitrate and
ammonium carbonate salt to the particles size less than 0.16 mm leads to significant
increase in content of P,Os in the form consumable by plants (Seitnazarov et al., 2007).

Thermochemical synthesis offers possibility of getting effective compound fertilizers
from low-grade poorly enrichable mineral raw materials. Agricultural field tests
demonstrated that the compound fertilizers developed are much more effective than
equivalent doses of the starting components equalized in terms of nitrogen and potassium.
Consequently, apatite-based compound fertilizers can be used to radically improve soil
fertility phosphoritization with simultaneous improvement of the nitrogen-potassium
regime (Latkin and Samatova, 1998).

PHOSPHATE ROCK FOR DIRECT APPLICATION

It is clear from the abovementioned that if the solubility problem of the rock
phosphate can be solved then the rock phosphate will be ready to be used for direct
applications as a fertilizer. On the way to solve this problem and increase the rock
phosphate solubility, highly intensive size reduction equipment like vibrating, centrifugal,
jet and other types of mills were employed in the tribo-mechanical treatment of phosphate
rocks (Heinike et al., 1977; Kolosov et al., 1979; Paudert et al., 1978; Kozlov and
Kozyrev, 1982; Gock et al., 1986). However, many disadvantages in the comminution
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process were recorded (Gock et al., 1986; Kurrer and Gock, 1986).Perhaps, that is why
such grinding machines did not achieve economical advancement in the domain of
phosphate activation under the mechanical forces (Gock et al., 1986).

To overcome the disadvantages of the tribo-mechanical treatment, the development of
the principle of rotary-chamber vibrating mill is based upon the introduction of such freely
moving chamber wheel in the milling tube. Caking of the ground product in such a mill is
avoided by the paddle mixer. Beyond the surface expansion which occurs through the
vibrating tube mill, the high collision energy conveyed by this method induces lattice
defects through disintegration. These lattice defects, which deviate from the initial lattice
structure, lead to a growth of free enthalpy (Kurrer and Gock, 1986). The decreasing
activation energy related to this exerts a decisive influence on the reaction kinetics of rock
dissolution (Kurrer and Gock, 1986).

Various investigations have already been done on the possibility of influences on the
leaching—velocity of phosphorites, especially in connection to the aforesaid improvement
of starting-effect by their direct application as fertilizer (Paudert et al., 1978). It has been
thereby ascertained, that phosphorites of sedimentary origin are in comparison to the
apatites of magmatic origin, fundamentally better suitable for a mechanical activation,
because they show a high grade lattice distortion due to the partial substitution of the
phosphate ions by carbonate ions in the initial ore. An economic processing of the Kola-
apatites through mechanical activation has so far been considered impossible, because of
the high expenditure of the necessary energy by applying vibration mill. The same method
applied for the sedimentary phosphorites of Morocco, is, compared to the other
commercial fertilizers like superphosphate as well as double-superphosphate, supposed to
be more economical.

The technology of tribo-mechanical activation of phosphate rocks for direct
application purposes may open the way, when thoroughly understood, for utilization of
indigenous ores in so many developing countries and serve captive regional markets when
arbitrary grade specifications do not apply.

MECHANICAL ACTIVATION OF PHOSPHATE AS A SOLUTION FOR THE
DIRECT APPLICATION OF THE EGYPTIAN RED SEA PHOSPHATE, CASE
STUDY

The mineralogical investigation of the worldwide phosphate deposits has shown that
the general fluorapatite composition applies more closely to igneous and high grade
metamorphic deposit types than to sedimentary phosphates (McClell and Gremillian,
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1976). The composition, high crystallinity and low reactivity of such igneous apatites of
Kola, former USSR and Phalaborwa, South Africa make them virtually useless for direct
application (McClellan and Gremillian, 1976).

Sedimentary phosphate rocks contain apatitic phosphates of more complex chemical
composition following, in general, the francolitic-type formula suggested by Lehr and
McClellan (1973). The carbonate apatite in most sedimentary phosphate rocks is
submicrocrystalline and occurs in several varieties of complex aggregates (McClellan and
Gremillian, 1976).

Red sea phosphate grains are amorphous and cryptocrystalline cellophane. The ore is
characterized by rounded, elongated and irregular grains of different sizes (50 to 200 pm).
Biodetrital phosphate in the form of bone fragment, vertebrae and teeth are also identified
in Red Sea phosphate cemented with calcareous siliceous matrices. The calcareous
cement, most probable dolomite, is observed partially replacing the bone fragments and
cellophane especially along the borders in the Red Sea sample.

Red sea phosphate was taken as an example on the possibility of the application of the
mechanical activation to prepare the rock phosphate for direct application. Tables 5 and 6
depict the chemical analyses of both the raw and treated samples as well as their size
distribution before activation. All the mechanical treatment tests were carried out using
the pilot scale, circulating oil lubricated, three tube rotary chamber, type “Palla U 357,
Humboldt Wedage AG vibrating mill of “Institut fur Aufbereitung, Technische

Universitat”, Berlin, Germany (Fig. 3.).
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Fig. 3. Rotary-chamber vibrating mill

Mechanical activation of phosphate in highly intensive size reduction equipment,
such as modified vibrating mill should result on an increase in degree of dispersion of the
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milled product (Gock and Jacob, 1984). Figure 4 illustrates the size distribution of the
ground end products (after 90 min). Gradual increase in the %Dy, values with increasing
milling time for raw and concentrate samples is indicating the limited advantage of
increasing time.

Table 5. Chemical analysis of red sea phosphate samples

Constituents, % Raw Concentrate

P,05 23.48 28.40

CaO 38.05 43.45
Fe,03 1.61 1.12
AlO; 2.38 1.05
MgO 2.64 1.72

SiO, 10.14 5.61

CO, 6.35 5.58
Humidity 3.83 3.88

Table 6. Size Analysis of Primarily Crushed Samples, (Mill Feed)

Size, mm Wt.%, Wt.%, Concentrate
Raw

>2.00 8.09 12.42
-2.0+0.80 19.36 16.16
-0.80+0.50 8.96 10.34
-0.50+0.315 12.72 13.91
-0.315+0.20 8.96 10.78
-0.20+0.15 9.83 8.91
-0.15+0.10 8.67 7.15
-0.10+0.063 17.34 11.65

<0.063 6.07 8.69

Evidently, symptoms of agglomeration were recorded after 60 min. The progressive
structural changes in the apatite lattice with time are proving that dispersion is not
necessarily the main process affecting rock reactivity during mechanical activation.

The absolute solubility index (ASI) of Red Sea phosphate raw and beneficiated
sample in 2 % citric acid, CA and neutral ammonium citrate (NAC) were measured, Figs
5 and 6.

A substantial increase in the dissolution rates of the activated products was recorded,
indicating the efficiency of the mechanical activation process. Gradual improvement in
the ASI values of the milled products with increasing milling time signifies the advantage

of the grinding over longer time.
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MECHANICAL ACTIVATION- ENERGY MEASUREMENTS

Table 7. The Solubility Tests of Different Phosphorites with the Mechanical Activation (kWh/t.) by using 2%

Citric Acid

Phosphorite Types P,Os-content 0kWh/t 25kWh/t 50kWh/t 100
kWh/t

Hyperphos (commercial prod.) 31.7% 33.5% 36.1% 45.3% 49.6%
Saphos (commercial Red Sea prod.) 28.6% 30.4% 34.6% 40.2% 43.8%
Abu Tartur (conc.) 30.0% 25.9% 33.5% 44.2% 49.4%
Sebayia (crude ore) 21.5% 29.2% 33.7% 37.1% 40.7%
Arad (conc.) 32.0% 34.9% 39.1% 40.9% 43.7%
Morocco (conc.) 31.0% 29.0% 33.2% 34.2% 35.7%
Togo (conc.) 34.2% 18.2% 23.6% 25.6% 28.9%
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The solubility behavior of raw, either unactivated or activated samples in the alkaline
medium was altered (Fig. 6.). Treated raw sample showed increase in the leaching
efficiency in all the milling experiments.

The optimum solubility was found to be at milling time of 45 mins in NAC, Figure 7.
This trend is identical with that of the change in %Dy, of the phosphate samples by
increasing in activation time which indicates the effect of the sample size on its solubility
in NAC.

EFFECT OF PH ON MECHANICAL ACTIVATION

The influence of the mechanical activation was correlated to the pH-values (Gock and
Jacob, 1984). It was shown that within a pH-range between 5 and 7, which is of great
importance for the Egyptian cultivated lands, a good initial leaching velocity can be
achieved, which, however, increases strongly with the progressive mechanical activation
(Gock and Jacob, 1984). In addition to the leaching velocity, the phosphorous-
equilibrium-concentration is also important for the fertilizing effect. Hence, further
investigations are necessary to establish the existence of a relationship between the
mechanically activated phosphorite and the phosphorous- equilibrium of the refined
phosphate fertilizer (Gock, Jacob, 1984). A large proportion of potentially arable land in
the tropics is strongly acidic and tends to be extremely deficient in phosphorus, a case
which could be typical for natural phosphate application

IMPURITIES EFFECT

Most of the phosphate ores contain impurities, which may affect the mechanical
activation process either positively or negatively. The prevailing impurity, in most of the
phosphate ores, is silica. In case of adding the raw phosphate as a fertilizer, the silica
impurities does not harm the soil because of it represents one of the soil components.

In regard to mechanical activation process, the effect of tribomechanical activation of
Red Sea phosphor-concentrate, after such a change in its chemical and mineralogical
characteristics, should be interesting, where it showed lower tendency to the mechanical
activation compared to the raw ore. Such behavior may be ascribed to its exo-gangue
minerals contents, mainly silica and silicates. They seem to play an important role in the
process. The same conclusion was reached by Malchikov et al. (1983) who got better
activation results by adding silica to some phosphate ores (Malchikov et al., 1977).
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ECONOMIC PREFERENCE OF MECHANICAL ACTIVATION

The comparison was carried out between the costs of mechanical activation of the
phosphate ore with the running of different beneficiation steps to produce a concentrate
suitable for the production of the phosphoric acid, which is an intermediate step of all the
fertilizer manufacturing process. This comparison shows that the activation will lead to
substantial savings. Initially, the saving is due to the reduction in the capital and operating
costs of the beneficiation steps. Moreover, the same thing will happen to the wet process
that cost much more than beneficiation processes due to dealing with acids (i.e., one ton
of sulfuric acid costs about 700 $) and the corrosion problems, which increase the
maintenance costs too.

Table 8. Costs of mechanically activated raw- and the processed phosphate fertilizers

Costs/ton Processed phosphate fertilizer Raw-phosphate fertilizer
Mining 70-80 $ 70-80 $
Processing 50-60 $ Min.P,Os=32% | = -
H,S0, 7008 1 e
Energy 358 (350 kWht) 2.50$ (25kWh/t)
8.0 § (80 kWh/t)
Market price/ton 1000-1200 $ 400 $

e calculations based on 10 cents/ kWh

The 2006 price of residential electricity in the United States is 10 cents per kWh. In
Egypt, under the new system, the price of electricity will also be from 5 to 7 cents per

kWh for medium power consumers (Mixed Reactions to New Energy Pricing Strategy,
Reem, 2007).

CONCLUSIONS

The paper revisited the phosphate fertilizers industry in terms of world consumptions
and their energy constraints. It is noted that the raw phosphate rock is coming into the
picture to be used as an alternative to the current phosphate fertilizers due to costs and
energy limitations.

One of the reasons behind the rare use of the phosphate as direct application fertilizer
is its solubility. To overcome this limitation, the mechanical activation was tried and has
achieved a marked increase in the reactivity of the treated phosphate samples. The
chemical reactivity of activated raw samples in 2% citric acid and neutral ammonium
citrate showed improved leaching characteristics for all the milling times tested.



Economic preferences of mechanical activation over mineral beneficiation ... 77

The comparison of the production costs of the current fertilizers at different stage
from mining until marketplace with the phosphate rock shows the preference of the
mechanical activation in terms of energy and economics.

Therefore, the technology of tribomechanical activation of phosphate rock for direct
application may open the way for utilization of indigenous ores in many developing
countries and serve capital regional markets when arbitrary grade specifications do not

apply.

The simple technology of mechanical activation, for production of the fertilizer from
domestic Egyptian phosphorites, will meet the local needs of the developing-country like
Egypt, and would give the security to be independent of the international chemical
concerns.
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EFFECT OF INTENSIVE MECHANICAL STRESSES ON
PHOSPHATE CHEMISTRY AS A WAY TO INCREASE ITS
SOLUBILITY FOR FERTILIZER APPLICATION
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Mechanical activation technique represents a unique process in which the mineral surface reactivity
can be increased in addition to having new products. Phosphate is a one of the plant nutrients that can be
produced from phosphate rock. However, direct usage of the phosphate rock has several limitations. In
this study, the mechanical activation was used to modify the phosphate structure to be suitable for direct
use as a natural fertilizer. It seems a better alternative for the highly sophisticated technology used
worldwide to produce completely water-soluble fertilizers.

key words: mechanical activation, crystal lattice imperfection, phosphate fertilizer, solubility, reactivity

INTRODUCTION

The phosphate is one of the important nutrients for the plant growth. Because
various phosphate fertilizers differ widely in their solubility (Table 1), it is commonly
observed that crop response to phosphate fertilizers varies under the same soil and
crop conditions (Maene, 1999; Chien et al., 1990).

The direct application of the phosphate as a fertilizer is limited due to its structure
which results in low solubility. The improvement of phosphate structure, through
mechanical activation, changes phosphate chemistry and increases its solubility
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(Ibrahim et al., 2010). Substitution rates as measures of the relative effectiveness of
alternative phosphorus fertilizersTable 1. illustrates the water-soluble and available
phosphate % in common fertilizer sources.

Table 1. Water-soluble and available phosphate % in common fertilizer sources

% P,05
P,0s Source Total Available Water Soluble*

Superphosphate (OSP) 21 20 85
Conc. superphosphate (CSP) 45 45 85
Monoammonium phosphate (MAP) 49 48 82
Diammonium phosphate (DAP) 47 46 90
Ammonium polyphosphate (APP) 34 34 100
Phosphate rock 34 3-8 0

*Water-soluble data are a percent of the total P,Os

However, the energy needed for fertilizer application in 2001 amounted to 3660
PJ, which represents about 1% of the global energy demand. Total energy demand has
increased at an average rate of 3.8% per year. Despite significant energy efficiency
improvements in fertilizer manufacture, improvements in energy efficiency have not
been sufficient to offset growing energy demand due to rising fertilizer consumption
(Ramirez, 2003).

Therefore, the trends have moved again towards using raw phosphate rock to
reduce the cost. The high costs of the production of the fertilizers either by dry or by
wet processes as well as the lack of micronutrients in highly soluble fertilizers which
have high manufacturing costs are the main drawback of the current fertilizer industry.
It was found that iron, zinc and manganese were tied up by phosphate.

In Zimbabwe, using phosphate rock appears to halve the cost of imported
fertilizers. The main disadvantage of using the phosphate rock is its low solubility and
consequently the low availability of the P for the plant growing. Therefore, the mixing
of the phosphate rock with highly soluble fertilizers shows that the savings are
impressive. In Kenya, a mixture of 90 percent local phosphate rock is blended with
just 10 percent imported fertilizer (Morris, 1988).

Grinding of ordinary phosphorite powder of Central Kyzylkum with urea nitrate
and ammonium carbonate salt to the particles size less than 0.16 mm is shown to lead
to significant increase in content of P,Os in the form consumable by plants
(Seitnazarov et al., 2007; Latkin and Samatova, 1998).

It is clear that if the solubility problem of the phosphate rock could be solved then
it would be ready to be directly used as a fertilizer. On the way to solve this problem
and increase the phosphate rock solubility, highly intensive size reduction equipment
like vibrating, centrifugal, jet and other types of mills were employed in the tribo-
mechanical treatment of phosphate rocks (Heinike et al., 1977; Kolosov et al., 1979;
Paudert et al., 1978; Kozlov and Kozyrev, 1982; Gock et al., 1986). However, many
disadvantages in the comminution process were recorded (Gock et al., 1986; Kurrer
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and Gock, 1986). That could be reason why such grinding machines did not show
economic advantage in the field of phosphate activation under the mechanical forces
(Gock et al., 1986).

To overcome the disadvantages of the tribo-mechanical treatment, the
development of the principle of rotary-chamber vibrating mill is based upon the
introduction of freely moving chamber wheel in the milling tube. Caking of the
ground product in such a mill is avoided by the effect of a paddle mixer. Beyond the
surface expansion which occurs through the vibrating tube mill, the high collision
energy conveyed by this method induces lattice break up through disintegration. This
lattice destruction, which changes the initial lattice structure, leads to a growth of free
enthalpy (Kurrer, Gock, 1986). The decreasing activation energy related to this has a
decisive influence on the reaction kinetics of rock dissolution (Kurrer and Gock,
1986).

In this paper, the mechanical activation process using rotary chamber vibrating
mill was tested to increase the solubility of the phosphate ore. The mechanically
activated product was identified by XRD, FTIR, thermal analysis, and solubility tests.
The comparison, from economic point of view, between the current fertilizer
manufacturing and this process was presented.

EXPERIMENTAL

MATERIALS
Representative Red Sea phosphate sample of primary crushed ore was used.

Chemical composition as well as size distribution of the crushed sample is given in
Tables 2 and 3, respectively.

Table 2. Chemical analysis of Red Sea phosphate sample

Constituents %
P,0;5 23.48
CaO 38.05

F6203 1.61
Al,O; 2.38
MgO 2.64
SiO, 10.14
CO, 6.35
Humidity 3.83

Table 3. Size Analysis of Primarily Crushed Red Sea Phosphate Sample, (Mill Feed)
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Size, mm Wt.%
>2.00 8.09
-2.0+0.80 19.36
-0.80+0.50 8.96
-0.50+0.315 12.72
-0.315+0.20 8.96
-0.20+0.15 9.83
-0.15+0.10 8.67
-0.10+0.063 17.34
<0.063 6.07
METHODS

THE ROTARY-CHAMBER VIBRATING MILL

All the mechanical activation tests involved in this study were carried out using

the pilot scale, circulating oil lubricated, three tube rotary chamber, type “Palla U 357,

Humboldt Wedag AG vibrating mill of “Institut fur Aufbereitung, Technische

Universitat”, Berlin, Germany, Figure 1. The mill was operated under the following

predetermined optimum conditions:

- grinding tube capacity 13.4 liter, 300mm diameter, and 190mm height,

- grinding media: 50kg of steel balls, 30mm diameter ,

- machine working conditions: 150 A., 210 V., 95-100 kW, frequency was 1500min”",
and amplitude 8mm.

- the initial weight of the feed material was 1200g each, grinding time 90 min; 40 g
samples were withdrawn every 15min, for size and surface area as well as for the
measurements of the structural changes in the apatite lattice by X-ray diffraction and
infra red spectroscopy.

The two phosphate samples were separately directed to be ground for 90 mins. The
Rotary —Chamber vibrating tube mill, type Palla U35, was used for grinding tests
(McClellan, Gremillian, 1976). The machinery conditions were adjusted at the
predetermined optimum working parameters (McClellan and Gremillian, 1976).

PHYSICAL CHARACTERIZATION OF MILLED SAMPLES

X-RAY DIFFRACTION ANALYSIS

X-ray diffraction (XRD) was adapted to follow up the physical changes in the
major constituents of the ground samples using “Philips — PW1050/25” X-ray
diffractometer (Seitnazarov et al., 2007; Latkin, Samatova, 1998). The operating
conditions were CuK tube, 40 kV, 20 m Amp. 4X10* cps, and 1°/cm/10 sec scanning
speed.

The relative intensities, 1/1,, of the X-ray impulses at a lattice plane of a material to
be activated, were carried out, before (I,) and after the mechanical stress. Every I/],
can be assigned to a definite reaction behavior, e.g. the leaching behavior of definite
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prescribed reaction conditions. This can be interpreted as a compaction of information
resulting from the influence such as grain-size, lattice changes as well as one-or multi-
phased solid state reactions.

INFRA -RED (IR) SPECTRA ANALYSIS

Similar to XRD, infra-red spectroscopy, IR using “PYE-Unicam Philips, SP 2000”
IR spectrometer, were used under working conditions shown in the respective Figures.
1-2 gm of the finely ground sample was added to 200 mg KBr as an embedding
medium and blended in an agate mortar for 10 minutes. The mixture was then pressed
in an evacuated die for 4-5 minutes at about 10 t/cm” into a transparent pellet of 13
mm diameter and 1mm thickness. The pellets were then scanned 500-2000 cm™ at a
total scan time of 10 minutes.

PARTICLE SIZE ANALYSIS

Particle size measurements of the ground samples were carried out using
“PABISCH” type 715 laser granulometer.

DIFFERENTIAL THERMAL ANALYSIS, DTA

Differential thermal analysis, DTA of the starting and end products were
conducted using “Linseis” unit.

PROCESS KINETICS

Solubility tests according to the method of Stetter (1972) were carried out
(Heinike et al., 1977). Other regulations prescribed by Gericke and Kurmies (1972)
for earthy phosphates (Kolosov et al., 1979) were also taken into consideration.
Accordingly, 2% citric acid (CA) and neutral ammonium citrate (NAC) at 65C°
solutions were the leaching media for the reactivity measurements tests. The following
tests conditions have been maintained:

Weight of the ore sample ;. 2.5g

Decomposition agent-initial concentration : 250 ml of 2% citric acid
Duration of reaction : 30 min

Temperature : 20°C

Separation solid/liquid :  Centrifuged 2 min at 4000 rpm

Reproducibility 1%
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RESULTS AND DISCUSSION

MINERALOGICAL CHARACTERIZATION

The mineralogical investigation of the worldwide phosphate deposits has shown
that the general fluorapatite composition applies more closely to igneous and high
grade metamorphic deposit types than to sedimentary phosphates (Paudert et al.,
1978). The composition, high crystallinity and low reactivity of such igneous apatites
of Kola, former USSR and Phalaborwa, South Africa make them virtually useless for
direct application (Paudert et al., 1978).

Sedimentary phosphate rocks contain apatitic phosphates of more complex
chemical composition following, in general, the francolitic-type formula suggested by
Lehr and McClellan (1973) (Kozlov and Kozyrev, 1982). The carbonate apatite in
most sedimentary phosphate rocks is submicrocrystalline and occurs in several
varieties of complex aggregates (Paudert et al., 1978).

Red sea phosphate grains are amorphous and cryptocrystalline cellophane. The ore
in characterized by rounded, elongated and irregular grains of different sizes (50 to
200 pum). Biodetrital phosphate in the form of bone fragment, vertebrae and teeth are
also identified in Red Sea phosphate cemented with calcareous siliceous matrices. The
calcareous cement, most probable dolomite, is observed partially replacing the bone
fragments and cellophane especially along the borders in the Red Sea sample.

PHYSICAL CHARACTERIZATION

X-RAY DIFFRACTION PATTERN

The principle of using the tribomechanical treatment is based mainly upon the
application of the aggressive mechanical energy on the solid phosphates which leads
to destruction in the phosphatic crystal texture (Gock et al.,, 1986). Such lattice
imperfection or distortion could be followed by XRD technique (Kolosov et al., 1979).
Measurements of the changes in the relative intensities I/lo of the x-ray impulses
before (I,) and after (I) the mechanical stress could reflect the amount of lattice
imperfection. Peaks covering the range of phosphatic mineral extended along 26 =
30°-35°. XRD diagrams of such peaks, at different milling times are illustrated in
Fig.1. Extraneous gradual decay in the XRD phosphatic peaks, with increasing milling
time proving the validity of the grinding treatment, was clearly noticed in Fig. 1.

Measuring the integrated relative area under each diffracted curve for each milling
period, could provide another mean to emulate how much the crystal lattice was
distorted. Planometer was used to measure such areas (Kurrer and Gock, 1986). The
rational amounts of lattice imperfection were found to increase with milling time. It
reached 43.95% after 90 minutes, Table 4, and then variation in unit cell due to
activation process is shown in Table 5.
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Fig. 1. The XRD analysis of raw Red Sea phosphate at different milling times

Table 4. The integrated relative area of XRD curves for each milling period

Milling Time, min Peak Area, cm’ Disorder %

0 223 -

15 188 15.69
30 166 25.56
45 140 37.22
60 137 38.56
75 130 41.70
90 125 43.95

Boldyrev et al (1976) proved the formation of different coordinate CaOgF
complexes, during the mechanical activation of some apatite minerals (Gock et al.,
1986).

Gock and Jacob (1984) came to the conclusion that the destructions of the
dolomite or calcite lattice plane causes the transformation of carbonate to oxide forms
through CO, split off by the heat evolved during milling (McClellan, Gremillian,
1976).

Formation of a new compound, suggested to have the formula Ca; (COs)
(Si5045).2H,0, as a result of the reaction between the highly activated carbonate and
silica fragments, was also concluded (1990) (Gock et al., 1986).

Table 5. Unit cell dimensions of the raw and mechanically activated phosphate sample

Sample 20 0 C(A% a(A®) c/a
Crude 51.82 25.910 6.8929 9.3352 0.7383
53.15 26.575 - - -
Activated 51.84 25.970 - - -
53.32 26.660 6.8723 9.3151 0.7378
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The effect of tribomechanical activation of Red Sea raw ore can be ascribed in
view of its exogangue minerals contents, mainly silica and silicates. They seemed to
play an important role in the process. The same conclusion was reached by Malchikov
et al (1983) who got better activation results by adding silica to some phosphate ores
(Kurrer, Gock, 1986).

INFRA-RED SPECTROSCOPY

It was interesting to record the effect of increasing mechanical treatment time
through IR technique, Figure 2. The gradual corruption in the major P-O bands at V1
and V3 modes was obvious. They became identical after milling time of 90 minutes.
Figures 2 shows the complete disappearance of the calcite peaks at the frequencies
878 and 1420 cm™'. Remarkable decrease in the peak of quartz at 798 cm™ frequency
was also observed, Figure 2.

300 + 90 min
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fm~| 100
- 60 min
40~ 80~
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Fig. 2. IR spectra of phosphate samples at different milling times

However, the enhancing effect of the silica on tribo-mechanical activation of the
ore is expected to diminish after 90 minutes, where due to over-grinding, the silica-
related peaks began to disappear.

THERMAL BEHAVIOUR OF THE TREATED SAMPLES

Differential thermal analysis of mechanically activated Red Sea raw phosphate
sample recorded broad exothermic peak in the temperature range 350-550°C. It may
be due to the combustion of organic carbonate materials, which was not affected by
mechanical activation. It seems probable that the closed system of milling is
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responsible for the non-oxidation of such materials under that high temperature
conditions.

The endo-exothermic peaks, appearing in the DTA of the original sample above
700° C, completely disappeared after the mechanical activation process, Fig.3. This
may be explained by the decomposition of the inorganic carbonates, due to the
excessive mechanical stress and free energy created by activation (McClellan and
Gremillian, 1976).
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Fig. 3. Thermal analyses of Red Sea raw phosphate sample

The mechanism of activating phosphate rocks by the mechanical treatment does
not mean structural distortion in the internal phosphatic composition only, but it may
signify also a corresponding enhancement in lattice substitutions especially CO5? for
PO, (Sikora et al.,1989). It was also reported that the activation process increased in
CO; milling atmosphere (Gock et al., 1986).

PROCESS KINETICS

CHEMICAL REACTIVITY AND SOLUBILITY

The absolute solubility index (ASI) is defined as “(Lehr, McClellan, 1973):
ASI= solvent —soluble P,Os % / theoretical P,Os concentration of apatite %

The absolute solubility index (ASI) of Red Sea phosphate in 2 % citric acid, CA
and neutral ammonium citrate (NAC) were measured, Figs 4-5. A remarkable increase
in the dissolution rates of the activated products was recorded, indicating the
efficiency of the mechanical activation process. Gradual improvement in the ASI
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values of the milled products with increasing milling time, signifies the advantage of
the grinding of the extended time.
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Fig. 4. Solubility Index of raw phosphate in 2% citric acid at different milling times
It is obvious from the curves that the solubility of the mechanically activated
began to increase gradually for about 75 minutes after which a rapid increase in

solubility took place. The absolute CA solubility Index values increased from 26 to
35.55 between 75 and 90 min.
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Fig. 5. Solubility Index of phosphate in neutral ammonium citrate at different milling times
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Fig. 6. Effect of milling time on %Dy, of ground products

The solubility behaviour of either unactivated or activated samples in the alkaline
medium was altered, Fig.5. Treated raw samples showed increase in the leaching
efficiency till 60 min milling time. After that the absolute solubility index reaches
asymptotic value. This trend is identical with that of both XRD pattern and IR spectra
related to quartz, where it began to loose its frictional rubbing effect due to intensive
size reduction after 60 min. Hard silica particles enhance the milling inside the mill by
acting as small diameter grinding media, and accordingly increasing the internal lattice
alteration of phosphate grains, which is leading to an increase in their the solubility
character.

Therefore, the solubility optimum value at 45 min milling time in NAC was also
observed (Fig. 5). This latter trend is identical with that of the change in %Dy, of the
phosphate by the increase in activation time (Fig. 6) which illustrates the effect of the
particle size on its solubility in NAC.

Mechanical activation of phosphate in highly intensive size reduction equipment
such as modified vibrating mill results in the dispersion of the milled product (Gock,
Jacob, 1984). Gradual increase in the %Dy, values with increasing milling time is
shown in Fig. 6.

Evidently, symptoms of agglomeration were recorded after 60 min. The
progressive structural changes in the apatite lattice with time are proving that
dispersion is not necessarily the main process affecting rock reactivity during
mechanical activation (compare Fig. 4 and 6).
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Fig. 7. Costs comparison of standard fertilizers to mechanically activated rock fertilizers

ASSOCIATED GANGUE MINERALS EFFECT

Most of the phosphate ores contain impurities, which may affect the mechanical
activation process either positively or negatively. The prevailing impurity, in most of
the phosphate ores, is silica. In case of adding the raw phosphate as a fertilizer, the
silica impurities does not harm the soil because of it represents one of the soil
components.

In regard to mechanical activation process, it was reported that the effect of tribo-
mechanical activation of Red Sea phosphor-concentrate, after such a change in its
chemical and mineralogical characteristics, should be interesting, where it showed
lower tendency to the mechanical activation compared to the raw ore (Ibrahim, 1989).
Such behavior may be ascribed to its exo-gangue minerals contents, mainly silica and
silicates. They seem to play an important role in the process. The same conclusion was
reached by Malchikov et al (1977) who got better activation results by adding silica to
some phosphate ores (Malchikov et al., 1977).

ECONOMIC PREFERENCE OF MECHANICAL ACTIVATION

The comparison was carried out between the costs of mechanical activation of the
phosphate ore with the running of different beneficiation steps to produce a
concentrate suitable for the production of the phosphoric acid, which is an
intermediate step of all the fertilizer manufacturing process. This comparison shows
that the activation will lead to substantial savings, Fig.7. Initially, the saving is due to



Effect of intensive mechanical stresses on phosphate chemistry ... 91

the reduction in the capital and operating costs of the beneficiation steps. Moreover,
the same thing will happen to the wet process that cost much more than beneficiation
processes due to dealing with acids (i.e., one ton of sulfuric acid costs about $ 700)
and the corrosion problems, which increase the maintenance costs as well.

CONCLUSIONS

Raw phosphate represents an alternative for currently used phosphate fertilizers
due to costs and energy limitations. One of the reasons behind the rare use of the
phosphate as a direct application fertilizer is its solubility. To overcome this limitation,
the mechanical activation was tried and has achieved a marked increase in the
reactivity of the treated phosphate samples. The chemical reactivity of activated raw
samples in 2% citric acid and neutral ammonium citrate, showed improved leaching
characteristics for all all the milling times tested.

Therefore, the technology of tribo-mechanical activation of phosphate rocks for
direct application, due to its simplicity, may open the way for utilization of indigenous
ores in many developing countries and serve regional markets when arbitrary grade
specifications do not apply and would give the security to be independent of the
international chemical concerns.
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Technika aktywacji mechanicznej jest unikalnym procesem, w ktorym reaktywno$¢ powierzchni
mineralnej moze wzrasta¢ dajac w rezultacie nowy produkt. Fosforan jest jednym z waznych sktadnikéw
odzywczych dla upraw roslinnych, ktéry moze by¢ produkowany z rud fosforanowych. Jednakze,
bezposrednie zastosowanie rudy fosforanowej posiada szereg ograniczen. W tych badaniach, aktywacja
mechaniczna byla zastosowana dla modyfikacji struktury wewnetrznej, w taki sposob by byl on uzyty
bezposrednio jako nawdz mineralny. Wydaje si¢, ze dobra alternatywa dla wysoce skomplikowanej
technologii produkcji nawozu fosforowego jest uzycie calkowicie rozpuszczalnego w wodzie nawozu
otrzymanego po mechanicznej aktywacji rudy fosforanowe;.

stowa kluczowe: aktywacja mechaniczna, zaburzenia sieci krystalicznej, nawozy fosforowe, reaktywnosé
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Zinc oxide was obtained by precipitation from solutions of KOH and Zn(CH3COO),. The effect of
excessive presence of one of the reagents and temperature on the physico-chemical properties, structure
and size of zinc oxide particles was analysed. The main aim of the study was to establish the optimum
conditions of precipitation that would ensure getting the uniform particles of zinc oxide of the minimum
diameter. The zinc oxide obtained had particles of nano- and micrometric size. The adsorption/desorption
isotherms indicated the mesoporous character of the product. The wettability of ZnO obtained was
determined first of all by the morphology and particle size.

key words: ZnO, precipitation, particle size distribution, surface morphology, wettability, adsorptive
properties

INTRODUCTION

For the last decade, particular attention has been paid to the techniques for
producing nanomaterials with interesting properties. Nanotechnology has been the
subject of research at many corrorate and academic research centres (Zhong, 2008;
Zhang, 2002; Schmidt-Mende, 2007).
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Besides clay nanomaterials like montmorillonite and carbon nanotubes, of great
importance are nanometric metals and their oxides. Nanomolecular ultrafine zinc
oxide of particles size from a few to a few ten nanometers are of particular interest.
They are many times smaller than those of the standard zinc oxide particles used as an
activator in synthetic rubber processing (Wang, 2003, Lu, 2000, Kahn, 2005).

In nature, zinc oxide occurs as the minerals zincite and franklinite in combination
with iron oxides and magnesium oxides. It is mainly obtained from zinc ores such as
calamine (ZnCQO;) or sphalerite (ZnS), and from the post-reaction sludge formed in the
processes of reduction of organic compounds with zinc. Making use of the technique
of sublimation at high temperature, with careful control of crystal growth and full
analytical monitoring, it is possible to obtain ZnO nanocrystals in the shape of combs,
rings, helices, spirals, arches, ribbons, strings and cages (Pyskto, 2007).

Particularly promising are ZnO nanopowders, which can be used in many
technological processes. They have specific properties including semiconducting,
piezoelectric and pyroelectric ones (Duan, 2007). That is why zinc oxide can be used
in optoelectronics and laser technology, ceramics, as gas sensors and in production of
paints (Wang, 2003; Gao, 2002; Paneva, 1998; Risti¢, 2005). As a natural
consequence of the progress in nanotechnology, interest in zinc oxide is groving.

EXPERIMENTAL

Precipitation was performed in a reactor 0.5 dm’ in capacity equipped with a fast-
rotating stirrer. The speed of the stirrer rotation was close to 1200 rev/min. A solution
of potassium hydroxide was introduced in doses into a solution of zinc acetate (or the
reverse) at different temperatures from 20 to 80°C at a ratio of substrates of 1:1, with
excess of KOH (POCh. S.A.), or with excess of Zn(CH;COO), (POCh. S.A). The
substrates were dosed with the help of a peristaltic pump PB1B-05A at 1.1; 3.0, 11
and 15 cm’/min. The zinc oxide obtained was filtered off under reduced pressure. The
sediment was washed several times with water. After washing, the sample was dried
in a stationary drier at 120°C. A schematic presentation of zinc oxide synthesis is
shown in Figure 1.

Particle size distribution, surface morphology and wetability were recorded.
Particle size distribution was measured with a Zetasizer Nano ZS using the light
backscattering method (NIBS), and a Mastersizer 2000 using laser diffraction (both
instruments made by Malvern Instruments Ltd.).
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potassium hydroxide solution

Potassium hydroxide solution/
zinc acetate solution

Precipitation
reactor

Filtration and washing of obtained Zn(OH),
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Fig. 1. Schematic presentation of zinc oxide synthesis by precipitation

The degree of dispersion, morphology of the zinc oxide particles and their tendency to
agglomeration were assessed using a Zeiss VO40 microscope. Wettability was
determined by a Kriiss K100 tensiometer on the basis of capillary penetration of water
in a sample of ZnO. Isotherms of nitrogen adsorption/desorption on the surface of zinc
oxide and surface area were also determined. Measurements were made using
Micromeritics ASAP 2020.

RESULTS AND DISCUSSION

At the first stage of the study, synthesis was carried out by introducing a 5%
solution of KOH in doses to a 5% solution of Zn(CH;COO), (stoichiometric ratio of
reagents). The zinc oxide obtained was characterised by the particle size distribution.
The particle size distribution by volume (Fig. 2a) shows one band covering particles
190 to 531 nm in diameter. 27.5% of the total volume represented particles of 295 nm
in diameter. The particle size distribution by intensity also shows one band covering
the diameters in the range 220 to 459 nm (Fig. 2b). The maximum intensity of 31.4%
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corresponds to the particles 295 nm in diameter. The polydispersity index of this
sample is 0.682, which indicates a relatively low homogeneity of the particles. This
conclusion is confirmed by the data presented in Fig. 3, which shows particle size
distributions by volume for the samples of zinc oxide precipitated at the stoichiometric
ratio of the reagents, with excess of potassium hydroxide, and with excess of zinc
acetate. There was a significant effect of excess of one of the reagents on the sizes of
particles of the ZnO solid. The smallest particles were obtained with a 20% excess of
zinc acetate solution (Fig. 3).
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Fig. 2. Particle size distribution of ZnO precipitated by dosing a 5% solution of KOH to 5% solution of
Zn(CH;COO), in stoichiometric conditions, by a) volume, b) intensity
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Fig. 3. Comparison of the micrometric particle size distributions versus the volume contribution for ZnO
samples precipitated in the presence of excess of KOH or Zn(CH3;COO),
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There were two bands in the particle size distribution by volume of the zinc oxide
sample precipitated at the 20% excess of zinc acetate (Fig. 4a) The first was from 43.8
to 58.8 nm, with the maximum volume of 16.7% corresponding to the particles of 50.7
nm in diameter. The second was from 164 to 396 nm, with the maximum volume of
15.8% corresponding to the particles of 220 nm in diameter. There were also two
bands in the particle size distribution by intensity for the same sample (Fig. 4b). The
first corresponds to particles 50.7 nm in diameter, and the second corresponds to
particles between 190 and 342 nm in diameter, with a maximum intensity at 190 nm.
Fig. 4c confirms the undesirable contribution of micrometric size particles in the
sample precipitated in the presence of 20% excess of zinc acetate. According to the
micrometric particles size distribution (Fig. 4c), the sample contains 90% of particles
smaller than 30.4 um in diameter, 50% of particles of 9.61 um in diameter, and 10%
of particles not greater than 2.79 um in diameter. Fig. 4d shows a SEM image of the
sample obtained in the presence of 20% excess of zinc acetate solution confirming the
occurrence of nano- and micrometric particles.

20 40
_ M g 30 M
g =
v 3
E 10 g 20
o £
>
10
0 0
0 800 0 900
Diameter (nm) Diameter (nm)

-
i _

Volume (%)
(8]

Diameter (um) X 23 " '
(©) (d)
Fig. 4. Particle size distribution of ZnO samples precipitated in the presence of 20% excess of
Zn(CH;COO), solution by (a) volume contribution for the particles of diameters from the range 0.6 —
6000 nm, (b) intensity, (c) volume contributions for the particles of diameters from the range 0.02 — 2000
um, (d) SEM photograph
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The effect of temperature on the particle size of zinc oxide precipitated was then
analysed. Fig. 5 and Table 1 show the particle size distribution and particle diameters
of the zinc oxide sample precipitated in the presence of 20% excess zinc acetate
solution at different temperatures from 20 to 80°C. The higher the temperature of
precipitation, the greater the size of zinc oxide particles.

Table 1. Analysis of the micrometric particles size of ZnO precipitated at different temperatures

Diamet Diamet
Temperature 1AmEr 1 Volume (%) lameter (um)
(um) d(0.1) d(0.5) 4(0.9)
20°C 0.36 0.06 579 0.62 o4
11.5 6.46
40°C 0.36 0.01 3.06 a4 a6
15.7 5.75
0.48 0.08
60°C 1.99 9.78 30.1
15.1 5.49
80°C 0.36 0.01 539 1 ox
15.1 5.08
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Fig. 5. Comparison of micrometric particle size
distributions versus volume contribution for ZnO
samples precipitated at different temperatures at
a dosing rate of KOH solution to Zn(CH;COO),
solution of 15 cm® and at the stoichiometric ratio
of the reagents

Fig. 6. Comparison of micrometric particles size
distributions versus volume contribution for ZnO
samples precipitated at different dosing rates of
KOH solution to Zn(CH;COO)j, solution, at 20°C
and at the stoichiometric ratio of the reagents

The effect of the rate of dosing on the particle size distribution was also studied.
Micrometric particle size distributions obtained for the samples of ZnO synthesised at
different rates of dosing of potassium hydroxide to zinc acetate are compared in
Figure 6. The optimum rate was 11 cm’/min. The SEM images presented in Fig. 7
support this conclusion. The ZnO sample precipitated at the rate of KOH dosing to
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Zn(CH;COO0), of 11 cm’/min has small almost spherical particles (Fig. 7c) with little
tendency to agglomerate. The ZnO samples obtained at the higher or lower rates of
dosing show a considerable tendency to agglomerate (Fig. 7a and d).

7 oy [

(d)
Fig. 7. SEM images of ZnO samples precipitated at different rates of dosing of KOH solution to
Zn(CH;COO0), solution of (a) 1.1 cm*/min, (b) 3.0 cm*/min, (¢) 11 cm*/min, (d) 15 cm*/min, at 20°C, at
the stoichiometric ratio of the reagents

Wettability was lowest in the sample precipitated in the presence of 5% excess of
KOH (Fig. 8). For this sample, wetting was completed after 900 s. Wettability was
highest in the samples precipitated in the presence of 10% and 15% excess of KOH
solution. Wettability of the ZnO obtained is mainly determined by the size and
morphology of particles.

Fig. 9 shows the isotherms of nitrogen adsorption/desorption on the surface of the
ZnO samples obtained. The character of the curves indicates the mesoporous structure
of the samples. The amount of nitrogen adsorbed on all samples increases slowly until
the relative pressure reaches 0.9. Above this pressure, the amount of adsorbed nitrogen
rapidly increases to reach the highest value of 45 cm®/g for the samples precipitated at
20°C and 40°C at p/po = 1. For zinc oxide precipitated at 60°C, the amount of nitrogen
adsorbed is lowest at p/p, = 1 and reaches 35 cm’/g. The surface area of the samples
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obtained is small and does not exceed 20 m*/g (Tab. 2). With increasing temperature,
the BET surface area of the ZnO samples decreases.
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Fig. 8. The wettability curves of ZnO samples Fig. 9. Isotherms of nitrogen adsorption/desorption
precipitated at different temperatures and the other for selected samples of ZnO
parameters constant

Table 2. Basic parameters determining the adsorption properties of zinc oxide samples precipitated at
different temperatures

Temperature BET surzface area Pore Vg)lume Pore size (nm)
(m7/g) (cm’/g)
20°C 16.6 0.07 16.4
40°C 4.0 0.06 47.4
60°C 10.0 0.05 14.2
CONCLUSIONS

Zinc oxide obtained by precipitation from water solutions of potassium hydroxide
and zinc acetate is characterised by small particles. The sample of the smallest
particles was obtained by dosing a 5% solution of KOH to a 5% solution of
Zn(CH;COQ),. The particle size of the samples was found to depend on the excess of
the substrates. 20% of zinc acetate gave a sample with very small particles close to 50
nm in diameter. Unfortunately, this sample also contained micrometric size particles,
as indicated by the particle size distribution plots and SEM photographs. Based on
particle morphology, the optimum rate of dosing of KOH to Zn(CH;COOH), is 11
cm’/min. Increasing the temperature of precipitation increases the diameters of the
ZnO particles obtained. Wettability was lowest in the sample precipitated in the
presence of 5% excess of KOH solution, and highest in the samples precipitated in the
presence of 10% and 15% exceed of KOH solution. The isotherms of nitrogen
adsorption desorption indicate the mesoporous character of ZnO samples obtained.
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The sample of ZnO precipitated at 20°C had a BET surface area of 16.6 m*/g. The
higher the temperature of precipitation, the lower the surface area of the samples. This
is probably related to the presence of particles of greater diameters.
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Tlenek cynku zostal otrzymany w wyniku wytracenia z roztworow KOH i Zn(CH;COO),.
Analizowano wplyw nadmiarowej objgtosci jednego z reagentéw i temperatury na fizykochemiczne
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wlasciwosci otrzymanego materiatu. Glownym celem badan byto ustalenie optymalnych warunkow
prowadzenia procesu tak aby otrzymac jednakowe czastki tlenku cynku o minimalnej $rednicy.
Otrzymany tlenek cynku mial wymiary czastek w nano i mikrometrycznej skali. Izotermy adsorpcji
i desorpcji wskazuja, ze produkt ma mesoporowaty charakter. W pierwszym rzedzie zostata okreslona
zwilzalno$¢ otrzymanego tlenku cynku.

stowa kluczowe: ZnO, precypitacja, sktad ziarnowy, morfologia powierzchniowa, zwilzalnosé, wlasnosci
absorpcyjne
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EFFICIENCY OF DEEP BED FILTRATION IN TREATMENT
OF SWIMMING POOL WATER
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The effectiveness of water filtration in gravel-sand bed filters has been studied in the rehabilitating
swimming pool treatment plant. Apart from instrumental analysis of the water the investigation
considered additionally particle size distribution as well as thermal analysis of the sediment collected in
the sand bed of depth filters and removed during the process of washing. Variable value of TOC in the
washings for each filter indicates indirectly their non-uniform loading. It has been proved that the size of
particles in the suspension easily changes as a result of operation of shear stress. Derivatographic research
has indicated approximately 30 % presence of organic substances in the sediment. In neither of the
investigated samples loss of mass over >460°C has been observed.

key words: swimming pool, deep bed filtration, particle size distribution, thermal analysis

INTRODUCTION

The testing of swimming pool water presented in the literature refers mainly to the
health of the users (Panyakapo, 2008; Lahl, 1981; Nemery, 2002; Judd, 2000; Judd,
2003). Swimming pools are enjoying increasing popularity not only among adults and
the youth but also among children, even several months old. Therefore, the cleanness
of the water is of crucial importance, especially as its users are often infants. The
swimming pool water contains both dissolved and suspended contaminants. Among
those suspended there are among others: bacteria, viruses, protozoa and fungi. Pool
water is treated in two ways. Contaminants which settled at the bottom are removed
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by water vacuum cleaner, while the suspended contaminants are separated on filters.
The selection of the filters as well as frequency and intensity of washing are of
fundamental importance so that the dangerous microbiological contaminants are
effectively removed.

Effective functioning of depth filter, with regard to particles of colloidal size is
dependant on addition of coagulant agents. The model research in sand filter have
shown that the addition of coagulants results in 90-99 % removal of polyester
molecules, replacing bacteria of variety Cryptosporidium (Croll, 2007). There is a
need to improve disinfection and cleaning procedures, with consideration given to the
different uses and daily bather loads of each pool type. There is also a need to monitor
water quality and to increase users' knowledge and awareness of the risks (Guida,
2009).

The most frequently used filter bed is sand-siliceous bed, which with proper
operation can function at least several years without blocking. The main reason of
filters being blocked is the poor quality of swimming pool waters, presence of algae
(Saravia, 2007) and improper washing of the filter. There are also in use filters with
the addition of anthracite. Application of too high backwash water flowrate to these
filters can result in the uplift of antracite. The literature of the subject describe the
possibilities of elimination of resting spores Cryptosporidium in the filter with the
sand bed (Croll, 2007). Tests of swimming pool water have been performed with the
application of ultra filtration in the pilot installation (Hobby, 2004). Also vacuum
filters were used with cellulose fibers or diatomaceous earth as filter aid.

Recently research has been carried out on new ways of treatment and disinfection
of swimming pool water, involving application of ultra filtration in connection with
adsorption on activated carbon (Barbot, 2008), ultrafiltration followed by
hyperfiltration (Resissmann, 2005), or the application of advanced methods of
oxidation (Glauner, 2005). There is still in use a number of swimming pools of the old
type in which the water from overflow is directed to sewage system. In the process of
filter washing there have been observed substantial water losses which after
consecutive treatment could be used again.

This paper discusses the results of water filtration alongside thermal analysis of
flocks accumulated in the sand bed of depth filters and removed by washing. It is
expected that the research will contribute for the implementation of the new
technology of water treatment, whose main goal will be the increase of safety of the
users of swimming pools and economy of water and energy.

RESEARCH SYSTEM

The object of the research was a normally operated water treatment and
disinfection installation of rehabilitating indoor swimming pool, with lower water
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overflow, with the basin capacity of 120 m’. The water from the swimming pool flows
through the hair separator and the pump directs it to the three layer gravel-sand filters.
Ahead of the filters aluminum sulfate coagulant is dosed periodically at the amount of
3 g/m’. After passing through the filters the water is heated in the counter current heat
exchangers, aerated under pressure, disinfected with the solution of sodium
hypochlorite and recirculated back to the pool basin.

Due to lack of equalizing tank, the pool water is used in the process of filters
washing. In the first stage the filter is washed with water, next with water and
compressed air. The time of washing depends on the level of contamination of the
filter and can continue for the period from several minutes up to even one hour. The
filter is considered washed up when no visual traces of suspended matter are present in
the water.

For the prophylactic purposes against development of algae 0.2 kg copper sulfate
in the solution is dosed for each filter. In the described swimming pool the filters are
washed twice a week. There is neither automatic quality control of water nor
automatic chemicals dosing.

The fundamental research has been carried out on gravel-sand filters with the
measurements @800%2200 mm, with three filtration layers ( from the top of the bed):

e [ sand layer with granulation of 0.5-1 mm (the depth of the layer 900 mm),
e Il sand layer with granulation of 1-2 mm (the depth of the layer 500 mm),
e Il sand layer with granulation of 5-8 mm (the depth of the layer 300 mm).

RESEARCH METHODOLOGY

Sieve analysis of sand and gravel was performed for the three fresh granular
media forming the increasing particle size layers. The first layer was sampled from the
inside of the filter and for the sand that came into the aerator due to improper
operation of the filters. For the sieve analysis a set of sieves with the opening sizes: §;
6.3; 4; 2.5; 1.5; 0.85; 0.6; 0.5; 0.355; 0.212 mm was used. They were placed in the
form of a stack on the shaker. The samples of 250 g of sand were dried to the constant
mass at 105 °C and shaken over the period of 5 minutes. The residue on each sieve was
manually shaken for the additional period of 1 minute and the minus mesh was added
to the plus mesh on the sieve with smaller size openings and the mass of grain fraction
was determined.

In order to determine the efficiency of filtration process the water samples were
collected from the pool installation before and after the filters (after disinfection). Also
the water from washing of each of the three filters was collected.

pH of the water samples was measured by means of multifunction device
Elmetron with the application of combined electrode of the type ERH-111. The
temperature was measured with the application of the sensor CT2S-121, and
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conductivity with the application of conductometric sensor of type EC-60. Redox
potential was determined by the use of platinum combined electrode of type ERPt-13.
Concentration of available chlorine was determined by means of titration with N,N-
diethyl-1,4-phenylenediamine in compliance with Polish Standard PN-ISO 7393-1.

The measurement of concentration of total organic carbon (TOC), total inorganic
carbon(TIC) as well as total nitrogen (TN) was carried out with the application of
LiquiTOC Elementar manufactured analyzer in the presence of oxygen as the carrier
gas. The contaminants present in the water samples after oxidation at the temperature
of 800°C were determined with analyzer integrated detectors: infrared IR (carbon) and
electrochemical — EC (nitrogen).

Distribution of particle size in the backwash water was examined by means of
Mastersizer X laser diffraction particle sizing instrument manufactured by Malvern.
The applied system enabled the measurements of particle size in the range of 0.5-180
um and 1.2-600 pum. 200 ml of examined suspension was circulated through
measuring cell in the closed circuit.

Thermal analysis (TG/DTA) of the flocks from filter bed was performed by means
of derivatograph Q-100 D, Paupik, Paulik ERDEY, MOM Budapest. First, the deposit
was separated from the washing water in the centrifuge type MPW-2, and next dried
in the dryer KBC G-100/250 manufactured by Premed to the constant mass. The
weighed amount totaled up to 100 mg. The temperature increase rate was set at
10°C/min. TG sensitivity was 100 mg, while DTA sensitivity was 250 puV. The
reference sample was a-Al,Os.

The photographs of the flocks were taken with the biological microscope type
L300 coupled with digital camera Canon PowerShot A650 IS.

RESULTS AND DISCUSSION

SAND PARTICLES SIZE DISTRIBUTION

The required effectiveness of filtration can be achieved in the sand-gravel bed
maintaining the grain size in the particular layers. Analyzing the data obtained for
investigated filters one can observe (Fig. 1) that particle size distribution in the
particular layers of the filtration bed has changed during the operation of filter
batteries.

The investigated fresh sand or gravel were characterized by the following particle
diameters: I layer 0.4-1.0 mm; II layer 1.0-2.5 mm; III layer 3.0-8.0 mm. The sand
collected during the inspection from the inside of the filter corresponds to the diameter
of I layer of fresh bed 0.4-1.0 mm, whereas the sand with the particle diameter in the
range of 0.7-4.0 mm collected from the aerator is composed of the mixture of the 3
layers of the bed. The data obtained from the sieve analysis correspond to the data
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presented in the literature e.g. I layer 0.4-0.8 mm; II layer 1.0-2.0 mm; 2.0-3.15 mm;
III layer 3.15-5.60 mm (Wyczarska-Kokot, 2002).
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Fig. 1. Sieve analysis of 1- fresh fine sand; 2 - fresh medium-size sand; 3 - sand washed-out to
aerator; 4 - fine sand bed in use, sampled during filter inspection; 5 - fresh gravel

As the sieve analysis curve indicates (Fig. 1. curve 4), the sample collected from
the inside of the filter (layer I) is characterized by more fine particles than the fresh
sand. The sieve analysis of fresh gravel for the II layer shows that 75% of particles
belong to the size fraction 1.0-2.0 mm which can be explained by the fact that the beds
undergo size reduction when washed, due to friction, especially in the fluidal state.
Overturbulent conditions during washing of the filters caused by e.g. excess of the air
forced, result in mixing layers I and II, which significantly increased the presence of
the 0.355 — 1.0 mm size fraction in layer 1. In the sample collected between the filter
and the aerator the amount of the 1.0-2.0 mm size fraction present is characteristic to
that of the II layer and confirms mixing of the layers during the process of filter
washing. Due to the lack of possibility of collecting a representative sample from the
layers II and III the current particle distribution in these layers has not been presented.

PHYSICAL AND CHEMICAL ANALYSIS OF WATER

Physical and chemical testing included swimming pool water before filters, water
after filtration and washing water from 3 filters. The water samples were collected
shortly before filter washing. The average tests results are presented in the table 1. The
data indicates the proper functioning of the filters. TOC of water after passing through
the filters decreases from 3.0 mg/dm” to 2.7 mg/dm’.
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The redox potential increases due to the increase of chlorine concentration to 0.6
mg/dm’ which, after mixing with the water in the swimming pool, decreases to the
acceptable level. Variable value of TOC in the washings for each of the filters
indicates indirectly their non-uniform load. It is important to observe a similar
tendency with regard to the general nitrogen content, as well as the total inorganic
carbon (TIC).

The presence of fine sand particles in the layer I, has been observed in the filter 1,
which translates into a better filtration effect. More suspended organic matter has been
stopped in layer I than in the two remaining filters (see derivatographic results). In the
filter 3 the thickness of the layer I was 25% lower than in the filter 1.

Table 1. Physical and chemical parameters for investigated indoor rehabilitating swimming pool

Free
s;?/natgrrl temW:rtztrure chlorine H f){t‘:i(iiiﬂ ToC Tic N
ping po level P P [mg/dm’] [mg/dm’] mg/dm’]
location (°O) 3 [mV]
[mg/dm”]
Tap water 18 0.0 7.8 -469 1.2 29.1 -
Before 32 0.1 6.9 -521 3.0 343 0.2
filters
Washing
water from 30 2 8.1 -864 8.3 40.9 0.4
filter 1
Washing
water from 28 2 8.3 -813 5.5 30.7 0.1
filter 2
Washing
water from 30 2 8.2 -750 4.8 40.7 0.3
filter 3
After filters 33 0.6 7.8 -898 2.7 38.1 0.1

In filter 2. the sand level in layer I was similar to the level in filter 1, with aprox.
30% more of finer particles (in the range 0.7-1 mm). During the testing and sampling
period, the users of the swimming pool were infants with their parents, therefore, the
water temperature in the pool was high, at 32°C. With respect to swimming pool
activities for infants the level of free chlorine was decreased to 0.1 mg/dm® while its
concentration for the other age groups should be 0.5 mg/dm”.

In tap water chlorine amount remained below the detection limit. Prior to washing
the filters swimming pool water was subjected to chlorination up to the value of 2
mg/dm’.

Swimming pool water pH was too low (according to the recommendation it should
be 7.2-7.6), while filter washing water pH was 8.1-8.3 (due to the addition of
carbonate with coagulant to raise the pH). The value of the redox potential correlates
well with the level of water contamination. After filtration and chlorination redox
potential level reached almost -900 mV.
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THERMOGRAVIMETRY (TG) AND DIFFERENTIAL THERMAL ANALYSIS (DTA) OF FLOCKS

When heating deposit samples, loss of mass (TG curve) has been observed —
whereas for the investigated system there was no increase of mass - and heat emission
(exothermic reactions) or heat release (endothermic reactions) (DTA curve). The result
of this measurements are presented as two curve pairs, see Fig. 3. The obtained TGA
curves show that flocks are degraded thermally in three steps, which could be
attributed to dehydration, fragmentation of the macromolecular structure which is
probably the main thermal degradation step, and the carbonization of the product to
ash. The investigation of the deposits from the washing of the filters 1 and 3 indicate
similar content of organic suspended matter in both quantitative and qualitative
respect.

Temperature [°C]
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Fig. 2. TG and DTA curves of flocks washed from filter 1 and 3

As summarized in Table 2, water content of samples amounted from 7.4 to
11.7 weight %. The average loss of mass in the range of temperature 105-460°C
amounted to 32.4 %. In none of the investigated samples the loss of mass over >
460°C has been observed. In the DTA curves 3 maxima are observed. In both
sediment samples a strong maximum I has occurred — for filters 1 and 3 at 256°C i
272°C. Very weak maximum II corresponds to temperatures 344 and 365°C
respectively. The third, more pronounced, maxima occurred at 400°C and 408°C.



110 A. Korkosz, M. Janczarek, R. Aranowski, J. Rzechuta, J. Hupka

From the course of DTA curves one can speculate that more fine particles including
microorganisms have been captured by filter 1.

Table 2. Results of thermal analysis of flocks backwashed from filters

TG Curves DTA Egzothermlc Effects
Maximum
Flocks from _
Moisture | Mass Loss | Mass Loss I I I
20-105°C | 105-460°C | >460°C
Filter No.1 | 10.1% | 32.9% 00 | 226°C | 3¢°C | 400°C
strong weak medium
Filter No. 3 7.4 % 314 % 0% 272°C 365°C 408°C
strong | very weak | weak

PARTICLE SIZE DISTRIBUTION OF FLOCKS

The investigation of particle size distribution of flocculated sediment washed from
the filters indicates a significant range of flock size. Under the microscope it can be
observed that there are numerous impurities trapped in the structure of the flocks
among them bacteria and protozoa, but also fibrils and mineral particles. The adhesion
forces of contaminants into the precipitated aluminum hydroxide flocks with positive
surface charge result mainly from interaction with negatively charged particles. The
interactions are weak which is clearly seen in Figure 3.

The plot in Figure 3 shows the size of particles analyzed by laser diffraction
particle sizing instrument. The dashed line represents the particle size in sediment at
the beginning of the measurement. The solid line represents the particle size after 85
minutes circulation through the measuring cell. Both lines show multimodal shape.
Comparing both curves determined at the interval of several minutes one can observe
that the size distribution of the particles varies as the suspension is the subjected to
shear stress mainly in the pump. The measurement results indicate the need for the
washing process of the sediments from the bed to be carried out by the rather low
flowrate of water, which in fact, does not necessarily take place in practice, because of
substantial turbulence of flow caused by the addition of compressed air.

On the curves 1 and 2 one can observe 3 maxima, corresponding to the medium
size of particles in the size fractions 1.5-3 pm and 15-22 pm, 30 pm and 300-400 pm.
The finest particles are bacteria, whereas the content of the particles 15-30 um
indicates the presence of fine flocks, resting spores, protozoa and even fragments of
fibers (visible under the microscope, Fig. 4). The presence of stress in the suspension
leads to both aggregation and degradation of already formed aggregates.

Figure 4 presents dried sediment, previously thickened in a centrifuge. The picture
shows hair and synthetic fibrils, which also contribute to the presence of organic
components in the sediment, see DTA curve in Figure 2.
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Fig. 3. Particle size distribution of flocks washed out from filter 1, Mastersizer X 1.2-600 umlens;
(dashed line — at the beginning, solid line — after 85 minutes of circulation)

Fig. 4. Sediment from backwashing filters — in the form of dried broken cake. Magnification 40x

FINAL COMMENTS

The quality of water in the swimming pool is controlled mainly by the
effectiveness of the filtration process and by the intensity and frequency of back
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washing the filters. Swimming pool water contains a number of both dissolved and
suspended impurities which in the consequence of coagulation are captured within the
bed and in the process of washing are removed. The choice of filtration bed is of
crucial importance.

The content of total organic carbon varied depending on the location of the water
sampling point. Variable value of TOC in the washings for each of the filters indicates
indirectly their non-uniform loading. The important observation is a similar trend with
regard to the content of total nitrogen, as well as total inorganic carbon (TIC).

The suspensions stopped in the bed have polydisperse particle size distributions.
Despite electrical attraction of positively charged coagulant flockes and negatively
charged impurities the particle size in the suspension changes easily as a result of
shear stress.

The derivatographic investigation has indicated approximately 30 % participation
of organic substances in the sediment washed out from the filters. From the DTA
curves can be read the diversification of contamination content, stemming from the
presence of microorganisms, including bacteria, protozoa, and minute organic
impurities.

The performance of sieve analysis of sand collected from the functioning filter, and
from the fresh bed (reserve) allows to estimate the correctness of operation of water
treatment system and anticipate the effectiveness of the process of water treatment.

ACKNOWLEDGEMENTS

This research was partially supported by the Voivodeship Fund for Environmental Protection and Water
Management, grant No. RX-10/2009, and the Gdansk University of Technology, contract DS No.
014668/03.

REFERENCES

BARBOT E., MOULIN P. (2008), Swimming pool water treatment by ultrafiltration—adsorption process,
J. Membr. Sci., 314, 50-57.

CROLL B. T., HAYES C. R., MOSS S. (2007), Simulated Cryptosporidium removal under swimming
pool filtration conditions, Water Environ. J., 21(2), 149-156.

DIN Standard 19643, 1997.

GLAUNER T., KUNZ F., ZWIENER C., FRIMMEL F.H. (2005), Elimination of swimming pool water
disinfection by-products with advanced oxidation processes (AOPs), Acta Hydroch. Hydrob., 33 (6),
585-594.

HAMEIRI Z., SPOONER T., SPROUL A.B. (2008), High efficiency pool filtering systems utilising
variable frequency drives, Renew. Energ., 34(2), 450-455.

HOBBY R., HAGMEYER G., LANGE B., GIMBEL R. (2004), Einsatz einer Ultrafiltrationsanlage im
PilotmapPstab zur Schwimmbadwasseraufbereitung, GWF, Wasser-Abwasser, 145 (10), 700-705.



Efficiency of deep bed filtration in treatment of swimming pool water 113

HUPKA J., KORKOSZ A. (2009), Fizykochemiczne podstawy uzdatniania wody w basenach
kagpielowych, Proceedings of V Ogolnopolska Konferencja Szkoleniowa Baseny Polskie 2-3.04.2009
Warszawa, 87-94.

JUDD S.J., BLACK S.H. (2000), Disinfection by-product formation in swimming pool waters: a simple
mass balance, Water Res., 34(5),1611-1619.

JUDD S.J., BULLOCK G. (2003), The fate of chlorine and organic materials in swimming pools,
Chemosphere, 51 (9), 869-879.

NEMERY B., HOET P. H. M., NOWAK D. (2002), Indoor swimming pools, water chlorination and
respiratory health, Eur. Resp. J., 19, 790-793.

LAHL U., BATJER K., DUSZELN J.V., GABEL B., STACHEL B. (1981), Distribution and balance of
volatile halogenated hydrocarbons in the water and air of covered swimming pools using chlorine
for water disinfection, Water Res., 15(7), 803-814.

PANYAKAPO M., SOONTORNCHAI S., PAOPUREE P. (2008), Cancer risk assessment from
exposure to trihalomethanes in tap water and swimming pool water, J. Environ. Sci., 20(3), 372-378.

PIECHURSKI F.G., WYCZARSKA-KOKOT J., NIESLANCZYK ., Poréwnanie jakosci wody z
charakterystycznych punktow obiegéw basenowych. In: Ku§ K., Piechurski F., Instalacje basenowe,
Gliwice 2009, 135-156.

REIBMANN F.G., SCHULZE E., ALBRECHT V. (2005), Application of a combined UF/RO system for
the reuse of filter backwash water from treated swimming pool water, Desalination, 178, 41-49.
SUGIMOTO A. (1997), Ceramic filter filtration apparatus for purifying swimming pool water, U.S. Pat.

No. 5632890.

WYCZARSKA-KOKOT J., PIECHURSKI F. (2002), Ocena skutecznosci filtracji wody i jakosci wod

poplucznych w instalacjach basenowych, Ochr. Srodow., 1(84), 33-36.

Korkosz A., Janczarek M., Aranowski R., Rzechula J, Hupka J., Efektywnos¢ filtracji wglebnej w
oczyszczaniu wody basenowej, Physicochemical Problems of Mineral Processing, 44 (2010), 103-113,
(W jez. ang), http://www.minproc.pwr.wroc.pl/journal

Przebadano efektywnos¢ filtracji wody w filtrach ze zlozem zwirowo-piaskowym w instalacji
basenu rehabilitacyjnego. Obok analizy instrumentalnej wody, w badaniach uwzgledniono rozktad
wielkosci czastek i1 analiz¢ termiczng osadu zgromadzonego w ztozu piaskowym filtréw wglebnych i
usuwanego podczas ptukania. Zmienna warto$¢ TOC w poptuczynach dla kazdego z filtrow wskazuje
posrednio na nierdwnomierne ich obciazenie. Wykazano, ze wielko$¢ czastek w zawiesinie latwo
zmienia si¢ w wyniku dziatania naprezen $cinajacych. Badania derywatograficzne wskazaly na okoto
30% udziat substancji organicznych w osadzie. W Zadnej z badanych probek, nie zanotowano ubytku
masy powyzej >460°C.

stowa kluczowe: basen, filtracja wgtebna, rozktad wielkosci czgstek, analiza termiczna
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CHANGES OF ELECTRODE POTENTIAL IN THE NON-
OXIDATIVE LEACHING
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Simultaneous measurements of pH and redox potential using a platinum electrode as well as poten-
tial of copper sulphide electrodes during non-oxidative leaching of Lubin shale middlings with sulfuric
acid have been applied to determine leaching kinetics and to evaluate its electrochemical parameters as
well as to assess the changes taking place at the mineral/solution interface during leaching process. Sig-
nificant decrease in both redox potential of the solution (from +350 mV to +50 mV, Ag,AgCl) and poten-
tial of mineral electrodes were observed with increasing pH during carbonate decomposition with sulfuric
acid. It is therefore concluded that the low value of red-ox potential is a parameter preventing oxidation of
copper sulphide minerals present in leached material and prevents the transition of Cu and Fe to the solu-
tion. It was found that the non-oxidative leaching is a rapid and selective process, resulting in decomposi-
tion of calcium and magnesium carbonates and in saturation of the leaching slurry with carbon dioxide. It
was recognized that with the increasing degree of carbonate decomposition from 50 to 100 % metals-
bearing minerals liberation has remarkably improved, which beneficially facilitates and intensifies further
upgrading or leaching processes.

key words: electrode potential, pH, leaching, sulphides

INTRODUCTION

Electrochemical monitoring of leaching process by means of redox poten-
tial using platinum and mineral electrodes prepared from copper sulfides is a
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very important scientific and particle issue. This paper presents and discusses
the use of pH and electrode potential measurements to monitor leaching kinet-
ics of the Lubin shale middlings with H,SOs.

PRINCIPLES OF NON-OXIDATIVE LEACHING

Acidic non-oxidative leaching of the copper shale fraction is based on the chemi-
cal reactions of sulfuric acid with calcium and magnesium carbonates. The carbonate
minerals are the main component of the hydrophilic gangue which forms intergrowths
and impregnations with copper sulfides or creates hydrophilic ultra-fine slimes on the
surface of metal sulfides. The small size of the leached solid particles enhances the
rate of leaching. The following chemical reactions describe non-oxidative leaching:

CaCO, +H,SO, +H,0 — CaSO, -2H,0{ +CO, T (1)
MgCO, +H,SO, — MgSO, +CO, T +H,0. )

Hydrated calcium sulfate (gypsum) is solid reaction product. Water-soluble mag-
nesium sulfate and gaseous carbon dioxide are two other products. Due to fine particle
distribution of middlings, the leaching of carbonate gangue with H,SO, appeared to be
very rapid and can be easily performed at ambient temperatures in reactors with me-
chanical stirring of a standard construction (Chmielewski, 2007a, 2007b).

The amount of H,SO, applied in non-oxidative leaching directly corresponds to
the content of carbonates and must be precisely controlled to maintain the final pH of
the pulp at a level enabling its direct transfer either to the flotation circuit without pH
correction or to the leaching and/or bioleaching. Therefore, for the further flotation,
the amount of sulfuric acid introduced to the leaching operation should be always kept
below the analytically determined maximum amount of acid required for total decom-

position of carbonates (Zy; s, ). The maximum demand for acid (zj;so, ) is the mass

of pure H,SO, necessary for the total decomposition of carbonates in 1 kg of a dry
solid feed. Z ', should be determined analytically in laboratory tests.

H,SO, is frequently introduced to the reactor containing shale slurry at a rate that
assures total acid utilization in leaching. Usually, 70-80 % of determined zyg, was

applied in leaching, maintaining the final acidity of the slurry about at pH 5 or higher.
This is the pH level that makes possible direct transfer of the slurry either to the flota-
tion circuit without additional pH correction or to the leaching and/or bioleaching. If
the residual solids are used for further atmospheric leaching, pressure leaching or
bioleaching the amount of sulphuric acid exceeds the maximum demand to maintain
pH at the required, acidic level.



Changes of electrode potential in the non-oxidative leaching 117

Carbon dioxide, evolving in reactions (1) and (2), creates a favorable oxygen-free
atmosphere in the leached slurry and prevents the undesirable digestion of sulphides of
valuable metals (Cu, Pb, Zn, Ni, Fe). This remarkably minimizes the metal loses to the
solution and simplifies the entire non-oxidative leaching process. Therefore, saturation
of slurry with CO, assures the selectivity of carbonate leaching. This was confirmed
by the chemical analyses of the wastewater during numerous laboratory tests.

Selectivity of carbonate leaching from a flotation feed is, according to the pro-
posed method, particularly beneficial for the process and guarantees chemical stability
of metal sulfide minerals. Noticeably beneficial effects of the leaching with H,SO4 on
subsequent flotation of copper ores were already observed during comprehensive labo-
ratory investigations and several pilot plant tests with various flotation feeds from
Lubin and Polkowice concentrators (Luszczkiewicz and Chmielewski, 1999, 2006,
2008; Chmielewski et al., 2007, 2008).

The acidic non-oxidative leaching of the carbonate-containing flotation feed re-
sulted in the apparent decomposition of solid particles by means of selective, chemical
process which precisely and economically liberated sulfide minerals. Under oxygen-
free conditions all metal sulfides remain chemically stable and susceptible for flota-
tion. This selective “chemical grinding” is very efficient particularly for fine inter-
growths, which can not be broken up with typical mechanical grinding. High selectiv-
ity and low energy consumption are, therefore, additional beneficial factors of this
process (Luszczkiewicz and Chmielewski, 1999, 2006).

The purpose of this paper was to evaluate the effect of non-oxidative leaching on
both the redox potential in the slurry measured by means of Pt electrode and potential
of copper sulphide electrodes made of minerals contained in the leached Lubin mid-
dlings. These potentials were compared with potentials recorded in the presence of
oxygen and iron(III) ions.

EXPERIMENTAL AND MATERIAL

The feed material used in laboratory experiments on non-oxidative leaching
was shale containing middlings — tailings from 1* cleaning flotation 1% circuit at Lubin
Concentrator (ZWR Lubin). Chemical composition of the solid is given in Table 1.
The high content of organic carbon in middlings (~ 9 %) and observed close correla-
tion between metals concentration and organic carbon content make the Lubin mid-
dlings a shale concentrate.
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Table 1. Chemical composition of Lubin middlings (tailings of 1* cleaning)

CONTENT
Cu, % Fe, % Ni, g/t Co, g/t Pb, % As, %
2.72 1.76 374 572 1.51 0.09
CONTENT
Ag, g/t Zn g/t Sc, % Sso04, % Cootar, %0 Corgs %0
190 1200 2.95 1.45 14.30 8.96

Very high content of carbonate matter in the middlings corresponds to utilization
of 497 g H,SO4/kg of dry solid for total decomposition of carbonates. Any leaching or
bioleaching unit operation taking place under acidic conditions requires previous non-
oxidative leaching with acid in order to totally decompose of acid consuming compo-
nents. Non oxidative leaching can also facilitate further upgrading by flotation or
gravity methods as well as subsequent bioleaching or chemical leaching.

RESULTS AND DISCUSSION

Measurements of the potential, along with pH, during the sulfuric acid leaching
under non-oxidative conditions were applied for identifying and evaluating possible
changes taking place in the electrochemical parameters of the solid/solution interface
during the process. It was expected that as a result of carbonate decomposition with
sulfuric acid significant decrease of the potential of Pt and sulphide mineral electrodes
in the leaching solution will be exhibited. The changes of electrode potential are
mainly caused by the removal of oxygen from the solution and by the saturation with
carbon dioxide. Non-oxidative leaching created in the course of the process can be
monitored electrochemically.

Initially, the redox potential measurements with Pt electrode (versus Ag, AgCl
reference electrode) were applied in order to assess changes in the magnitude of this
potential as a result of saturation of leached suspension with carbon dioxide. The po-
tential was recorded with time simultaneous with pH changes of leached solution
(Fig. 1). Potential — time and pH — time relationships allow to determine the kinetic of
reaction and to monitor the electrochemical conditions during the process of leaching.

Beginning of leaching was controlled after the introduction of sulfuric acid to the
solution. In the leaching process the pH was observed to increase, while decrease of
the potential of Pt and mineral electrodes was recorded. Both of these parameters
characterized the rapid process of carbonate decomposition under non-oxidative con-
ditions.
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Fig. 1. pH and electrode potential vs. leaching time for non-oxidative leaching of Lubin middlings
for 70 % of carbonate decomposition

Leaching process leads to significant changes in electrochemical properties in the
solution. During the initial few minutes of leaching a sharp decrease in the potential of
platinum electrode by about 150 mV took place with further decrease at the end of the
experiment (Fig. 1). Over the whole testing period Pt electrode potential decreased
markedly for different degrees of carbonate decomposition from +350 mV to +50
mV (Ag, AgCl).

Table 2. Chemical composition of Lubin shale middlings after non-oxidative leaching at different degree
of carbonate decomposition (R,,) with H,SO,

Carbonates
decomposition Cu,% | Fe,% | Ag, g/t | Ni, g/t | Co, g/t | Zn, g/t | Co, % | As, %
Ry, %
0 2.60 1.890 168 328 613 740 6.30 0.085
30 2.50 1.760 165 325 605 690 6.52 0.080
50 2.52 | 1.789 162 315 603 660 6.52 0.086
70 230 | 1.648 157 326 588 660 6.54 0.073
90 252 | 1.717 168 327 606 720 6.49 0.088

After the consumption of all the available acid, subsequent changes in pH values
resulted only from the saturation of the solution with carbon dioxide, and at this stage
of tests, the process of non-oxidative leaching was considered to be complete. The
observed low potential of red-ox electrode, prevented oxidation of sulphide minerals
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present in leaching material and prevented the transfer of metal ions (mainly Cu and
Fe) into the solution. This was also confirmed by chemical analysis of the material
from non-oxidative leaching (Table 2).

The potential — pH curve in Fig. 2 shows the good correlation between the
red-ox potential and pH of the solution during the 90 minutes of non-oxidative leach-
ing. It may be found that with increasing pH, the potential for leaching decreases over
the leaching time, which is the result of the saturation with carbon dioxide. A similar
effect is obtained for all degrees of carbonate decomposition in the range of 30 —
90 %. The control of non-oxidative leaching can be therefore performed by monitor-
ing two independent parameters — pH and redox potential.

400 T T T T T T T T T T
t =0 min. t =90 min.]

350 | T

300 — 7
250 —
200 — d
150 —

100 -

Electrode potential, mV (Ag,AgCl)

50
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Fig. 2. Electrode potential vs. pH for non-oxidative leaching of Lubin shale middlings for 70 %
of carbonate decomposition

It is possible that significant decrease of redox potential observed in non-oxidative
leaching with sulfuric acid, may result in reductive decomposition of copper sulphide
minerals, and in the evolution of hydrogen sulphide (H,S). However, this unwanted
reaction product was not detected, confirming the absence of the reaction (3) of ca-
thodic reduction of chalcocite to metallic copper in the leaching process under non-
oxidative condition

Cu,S+2H" +2¢ =2Cu’+H,ST. (3)

The presence of hydrogen sulfide in the leaching tests was not confirmed for any of
the sulphide minerals contained in Lubin middlings leached with sulphuric acid.

From the E-pH diagram for the Cu-S-H,O system (Fig.3) (Goodenough et al.,
1988) it can be seen that the formation of hydrogen sulfide in a reduction reaction (3)
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within the pH range of 0 - 2 is possible only below the potential of about - 250 mV
(SHE), while the anodic movement of copper to the solution in the form of Cu® " is
possible above + 350 mV. In the course of our study of non-oxidative leaching of
Lubin middlings neither the top nor the bottom of the potential range was reached.
Therefore, no danger of chemical decomposition of copper sulphides can be expected
in this selective process.
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Fig. 3. E-pH diagram of Cu-S-H,0O system at 25 °C based on Goodenough et al., 1988

The behavior of sulphide minerals changes markedly in terms of their stability
when oxidation agent (air, oxygen, iron(IIl) ions) is introduced to the solution. Copper
ions are liberated into the solution as the process of anodic oxidation of sulphide min-
erals and cathodic reduction Fe(IIl) ions to Fe(Il) takes place simultaneously, accord-
ing to the following reaction:

MS +2Fe*" — M*" +2Fe* +8°. 4)

The effect of increase of Pt redox electrode potential and sulphide minerals electrodes
is expected to be significant in the presence of oxidation agent. Consequently, metal
ions concentration in the solution starts to increase as sulphides are subjected to
leaching.

In our experiments, we have initially changed the conditions of leaching process,
from non-oxidative to oxidative, by the introduction of gaseous oxygen into the
leached slurry. Two types of reaction take place in the presence of oxygen. First is the
leaching of copper sulphides according to reaction:
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Cu,S+0, +4H" =2Cu* +S" +2H,0. 5)
The presence of oxygen initiates also the reaction of oxidation of Fe(II) ions to Fe(IIl):
2Fe” + 10,0, +2H" =3Fe™ + H,0, 6)

and increase of the rest potential of electrodes was recorded. Changes in potential of
electrodes (Pt red-ox electrode and mineral: bornite, chalcopyrite) are shown in Figs 4,
5, and 6 during the leaching process performed initially as non-oxidative (about 130
minutes) and then as oxidative , in presence of O, and Fe(III) ions.

As it was already shown (Figs 1 and 2), the electrode potential during non-
oxidative leaching decreases rapidly with increasing pH. When non-oxidative condi-
tions at total decomposition of carbonates were achieved, gaseous oxygen was intro-
duced to the solution and increase of electrode potential (red-ox and minerals) oc-
curred (Figs 4, 5, and 6). The observed increase in potential of the mineral electrode
is a measure of changes in the conditions of the digestion of the mineral in the aqueous
environment. The introduction of oxygen to the solution raises the value of bornite and
chalcopyrite electrodes potential slightly above +300 mV, which corresponds to the
area of sulphides digestion, even at small solubility of oxygen under examined acidic
conditions.
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Fig. 4. Potential of electrodes vs. leaching time under non-oxidative and oxidative conditions
(oxygen was introduced after 130 minutes) for total carbonate decomposition
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More profound effect of potential raise was observed when Fe(Ill) ions were
added to the leaching slurry (Fig. 5). Iron(IIl) is apparently the most efficient leaching
agent in terms of reaction rate. Its presence evidently increases the potential of both Pt
and chalcopyrite electrodes. Chalcopyrite exhibits the potential value slightly above
+ 400 mV, which is considerably higher when compared to that observed in the pres-
ence of oxygen. Similar effect was observed when bornite electrode was applied for
electrochemical examinations (Fig. 6). The observed potential changes for Pt, chal-
copyrite and bornite electrodes confirm that the iron(Ill) ions are significantly more
effective leaching agent for copper sulphides than the oxygen. The presence of oxygen
in leaching system together with Fe ions is necessary to regenerate Fe(Il) to Fe(III)
according to reaction (6).
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Fig. 5. Potential of Pt and chalcopyrite electrodes vs. leaching time in non-oxidative leaching and under
oxidative conditions after introduction of oxygen (60 minutes) and in the presence of Fe(IIT) (20 g/dm?).
Total carbonate decomposition

Digestion of metal sulphide minerals in hydrometallurgical leaching processes fol-
lows the mechanism similar to corrosion and can be initially evaluated and compared
using the E — pH diagrams. This electrochemical mechanism of leaching was previ-
ously studied for sulphides from Polish copper deposits (Chmielewski, 1982). Chal-
cocite and bornite were recognized as a easy-leached copper sulphides, whereas chal-
copyrite — as the most refractory in terms of leaching rate. Therefore, sulphides exhib-
iting the highest rest potential in leaching media are more stable in terms of both
thermodynamics and kinetics (FeS,, FeAsS, CuFeS,). Sulphides with lower rest poten-
tials are much more easily leached (PbS, Cu,S) (Ahonen, 2006).
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Fig. 7. The rest potentials of electrodes made of different sulphide minerals (Ahonen, 2006)

The ability of sulphides to dissolution under acidic conditions can also be charac-
terized on the basis of a series of solubility discussed by Letowski (1975):

increase the solubility of sulphides

v

Ag,S, PbS, CuFeS,, NiS, CuS, Ni3S,, FeS,, CusFeS,, Cu,S, ZnS
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Therefore, from our leaching experiments and simultaneous measurements of
electrode potentials it can be seen that the magnitude of sulphide rest potential is the
measure of leaching susceptibility in acidic environment. Redox potential and poten-
tial of sulphide electrode can be also utilized as a way of monitoring of leaching con-
ditions. This was confirmed by electrochemical tests presented in this paper (Figs 4
and 6).

CONCLUSIONS

Measurements of the redox potential by means of Pt electrode and the rest po-
tential of natural copper sulphide electrodes is a good method of evaluation of copper
leaching conditions, both non-oxidative and oxidative. The observed magnitudes of
potential changes in non-oxidative acidic leaching, along with thermodynamic evalua-
tion with E- pH diagrams indicate, that the leaching process is very selective and cop-
per sulphides remain stable in terms of metals digestion. Introduction of oxygen leads
to essential increase of electrodes potential to the region where metals dissolution
starts. Most remarkable increase of electrodes potential can be observed when iron(III)
ions are the leaching agent.
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Pomiary pH i potencjalu redox (za pomoca elektrody platynowej) podczas nieutleniajacego
lugowania kwasem siarkowym pozwalaja rownocze$nie okresli¢ kinetyke oraz zmiany parametrow
elektrochemicznych zachodzacych w roztworze podczas prowadzonego procesu. W czasie rozktadu
weglanow za pomoca kwasu siarkowego zaobserwowano w roztworze tugujacym znaczny spadek
potencjatu redox roztworu (od +350 mV do +50 mV, wzgledem elektrody Ag,AgCl) przy jednoczesnym
wzroscie pH. Tak niskie wartoéci potencjatu red-ox uniemozliwiaja utlenianie siarczkowych mineratow
miedzi obecnych w tugowanym materiale i przechodzenie metali do roztworu. Stwierdzono, ze tugowanie
nieutleniajace jest procesem szybkim i selektywnym, powodujac wytacznie rozktad weglanéw wapnia
i magnezu. Uznano, ze w miar¢ zwigkszenia stopnia rozkladu weglanow wzrasta udzial uwolnionych
ziaren mineralow uzytecznych, co utatwia i intensyfikuje dalsze procesy wzbogacania lub tugowania.

stowa kluczowe: potencjat elektrody, pH, tugowanie, siarczki
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POLYMERS
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Feldspars are among the most important mineral groups on the earth. Although the group of feldspar
has 20 minerals, only nine of them are well known. These minerals make up the largest percentage of
minerals in nature. Esan albite beneficiation plant faces serious disposal problems in dewatering the
minus 20 um albite concentrate. Flocculation studies conducted with albite in the presence of various
charged and nonionic polymers indicate that nonionic polymers exhibit the best performance.
Electrokinetic studies on pure albite shows that it is negatively charged throughout the entire pH and the
isoelectric point of the mineral is below pH 2. Adsorption of the nonionic polymer (N-300) is found to
increase with increasing pH and concentration of the polymer. A hydrogen bonding mechanism between
the polymer carbonyl (-C=0) or the amide (-NH,) groups and the surface oxygen species is proposed to
be responsible for the adsorption of nonionic polymer onto albite.

key words: albite, flocculation, zeta potential, adsorption, nonionic polymer

INTRODUCTION

For several decades, inorganic electrolytes, natural polymers and synthetic, high
molecular weight polymers have been used as coagulants or flocculants for
clarification of effluents, acid mine drainage and treatment of paper, textile, sugar and
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other industrial waste water processing applications. Research has shown that
interactions between the functional groups on particulate surfaces and those on
polymers are responsible for adsorption and subsequent flocculation, and can be
appropriately controlled by tailoring polymers with specific functional groups suitable
for particular applications. The effectiveness of a polymer for a given flocculation
system depends on several parameters, e.g. the polymer dosage, amount adsorbed on
the solid surfaces, molecular weight of the polymer, particle size, shape, porosity,
ionic strength of the system, electrokinetic properties and more importantly,
conformation of the polymer at the solid-liquid interface. According to desorption
tests, no significant change was observed for the albite-non-ionic polymer system.

Polymer molecules can be made to selectively adsorb onto particles by a)
adjusting the chemical composition of the suspending media, b) introducing into
polymer, active functional groups that will form complexes or salts with the metal
atoms on the surfaces of the desired minerals, and c) using depressants, such as
sodium silicate, that would adsorb on the undesired mineral surface, thereby
preventing adsorption of the polymers by using activators that induce adsorption of
polymers on desired minerals (Akers, 1975). Adsorption of polymers on solid
surfaces is dependent on polymer properties, such as molecular weight and
configuration, distribution of functional groups, solid properties, such as surface
charge and oxidation states, and solution properties such as ionic strength,
temperature and solvent power for the polymer. The various forces responsible for
the adsorption of the polymers on the mineral surfaces result primarily from three
types of bonding, namely electrostatic, hydrogen and covalent bonding. The solution-
chemistry conditions, the rheology of the solid suspension and the polymer properties
dictate the nature of interactions (Chou and Wollast. 1985).

Often several mechanisms may be operating at the same time controlling the
adsorption/flocculation behaviour system. Long chained polymers can be adsorbed
onto the grains from several locations along the chain in a single polymer molecule
and can also be adsorbed onto more than one grain. in such cases, the grains are
bridged by the adsorbed polymers. This mechanism plays an important role in a
number of applications. In order for the bridging flocculation to form, the polymer
should be of large molecular weight, and a large part of the polymer chain should be
adsorbed without interaction with the grain surface. Moreover, the adsorbed amount
should not be high, so that a larger part of the grain surface remains free (Celik et al.,
1991). Only in such a case, the free part of the grain surface and extended part of the
polymer that is adsorbed onto another grain come into mutual contact. When over-
adsorption of a polymer occurs, there remains no free surface for bridging to take
place, and bridging is further prevented because of steric impulsion. Therefore, in
order for bridging flocculation to occur, there is an optimum polymer dosage, the
value of which depends generally on grain concentration.
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Albite (NaAlSi;Og), one of the minerals in the plagioclase feldspars series, is
characterized by a lustre appearance with white and grey colours, less frequently
greenish and yellowish (Potter, 1985). Albite is usually found together with quartz,
mica, and sometimes iron oxides, rutile, and tourmaline. Feldspars is principally used
in the manufacture of glass and ceramics as a flux or source of alumina. Beneficiation
of albite is primarily accomplished by a number of separation methods including
magnetic, electrostatic and flotation. Although the concentration scheme is usually
dependent on the quality of the end product, flotation is almost invariably the most
popular beneficiation method. While anionic collectors such as oleic acid is used to
collect colored impurities, e.g., iron oxides and rutile, cationic collectors are used to
float feldspar at pH 2 while depressing quartz with HF (Hill et al., 1969; Warren,
Kitchener, 1972). Important reserves of feldspar ores are available in western Turkey.
Turkish feldspars, especially albite, contain relatively high levels of TiO, and Fe,O; as
their main impurities. Mineralogical investigations on the main ores show mainly
albite and quartz, mica and microcline with secondary minerals such as anatase, rutile,
ilmenite, sphene, magnetite, hematite, limonite, epidote, grona, biotite, phlogopite,
pyrite and zirconium minerals (Kangal et.al.1998, 2001)The largest feldspar reserves
of Turkey are located in the Cine-Milas district. Cine-Milas has significant quantities
of albite with much as 400 million tons of reserves represented with average qualities
(Kangal et al. 2001) Esan-Eczacibagi Milas Albite concentrator produces glass and
ceramic quality albite with a production capacity of 150,000 Mg/g. The ore is reduced
to -0.5 mm in size and a fatty acid type collector is used to float the color impurities at
pH 8-10. The minus 0.5 mm flotation concentrate is then passed through a
combination of hydrocyclone/spiral classificator to obtain three products, i.e.
0.5x0.1 mm,0.1x0.02 mm and -0.02 mm. The latter two products are fed into the
settling cones where the solids is densified with the aid of flocculants followed by
dewatering by di sc filters. The overtlow is recirculated back to the plant after it is
clarified.

Investigations in the plant have revealed that the flocculation regime used in the
dewatering circuit is not appropriate and thus leads to slow settling rates and in turn to
inefficiencies in the plant operation. No literature of relevance was found on the
subject of albite flocculation. It is therefore the objective of this study to test the
performance of various acrylamide based polymers in settling the minus 20 pm albite
concentrate and find out the optimum operating conditions. Towards this aim, a
systematic study has been also initiated to understand the way albite interacts with
nonionic polymer (Kursun, 2000).
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EXPERIMENTAL

MATERIALS

The sample used in the flocculation tests was collected from the fine (-20 pm)
settling cone product in the Esan-Eczacibasi Albite concentrator. The chemical
composition of the sample is presented in Table 1. Ultrapure albite crystals received
from the same deposit was ground in an agate mortar to obtain a sample of -74 um in
size. This sample was used for both adsorption and zeta potential measurements.
While experiments associated with pure albite were conducted in distilled water, the
actual plant water was used in the flocculation tests.

Table 1. Analysis of -20pm albite concentrate

Item Weight %
SiO; 71.9
Al,O4 17.6
Na,O 9.8
K,0 0.3
TiO, 0.07
Fe,0; 0.14
CaO 0.10
MgO 0.20

The anionic (A-120, A-95, and A-130), cationic (C521), and nonionic (N-100, N-
200 and N-300) flocculants were all received from Cytec Industries Inc. and specified
to have molecular weights of 3-15x10°, 3-4x10°, and 3-4x10°, respectively. Tannic
acid, NaCl, NaOH and HCI were all Fluka made certified chemicals.

METHODS

The flocculation tests were performed in a one dm® graduated cylinder. The settling
tests, apart from studies on solids concentration, were done by adding 200 g of -20 um
material into the cylinder, mixed thoroughly and falling of the interface height was
recorded as a function of time. Zeta potential measurements were conducted by means
of Zeta Meter 3.0 which is equipped with a microprocessor unit capable of directly
measuring the average zeta potential and its standard deviation. 100 mg - 20 pm pure
albite was added into 100 ml of distilled water and conditioned for 10 min. The
suspension was kept stationary for 3 min and the average of ten particles was taken as
the zeta potential. Details of the measurement procedure is given elsewhere (Celik and
Yasar, 1995; Kursun et al., 1996). Adsorption tests were carried out in 20 ml-glass
scintillation vials. A sample of 1 g pure albite was added to 15 ml of polymer solution
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of desired concentration. The supernatant was subjected to polymer analysis described
below. Polymer analysis was made by a nephelometric method developed by Attia and
Rubio (1975) for low concentrations of polyethylene oxide and polyacrylamide
flocculants. A series of nonionic polymer solutions of known concentrations (5 ml) in
the range of 0-3 parts/10° (ppm) were treated with 40 ml of 0.1 M NaCl solution and
5 ml of 0.1% tannic acid solution in 50 ml volumetric flask. The mixture was shaken
for 1 h and the turbidity of the resultant solution was measured by a Shimadzu UV/Vis
spectrophotometer at 625 nm wavelength. The linear portion of the calibration curve
in the range of 0.5-2.5 mg/kg was used for calculating the residual polymer
concentrations.

RESULTS AND DISCUSSION

FLOCCULATION STUDIES

Figure 1 presents the height of the interface in the absence of polymer as a
function of time at different pulp densities as defined by percent solids by weight. The
plant water was used as the medium at its natural pH. It is apparent that as the pulp
density increases the settling rate, as defined by the initial slope in the sedimentation
curve, and also the interface height decrease. Despite higher sedimentation rates at low
pulp densities, considering both conditions at the plant and economic capacity of the
operation, 20 % pulp density was considered suitable for performing the subsequent
flocculation tests. It is also evident in Figure 1 that most of the sedimentation occurs
during the first 15 min of the settling for all pulp densities. However, it is interesting
to note that, in the absence of any polymer addition, the upper portion of the
suspension appeared to be rather hazy indicating that under natural conditions a long
retention time is required to achieve a clear supernatant.

Figures 2-5 illustrate the effect of various type of flocculants on the elapsed settling
time as determined by the interface height. The amount of polymer is 5 g/Mg for all
polymers used. Compared to the anionic and cationic polymers, the nonionic polymers
yields the best settling condition. The settling rate further increases with increasing the
degree of nonionicity, Figures 2-5 also further show that the settling time is drastically
reduced in the presence of polymer. Settling is almost over in less than five min. The
same improvement was observed in the supernatant as the cloudiness was
substantially reduced in the order of effectiveness shown in Figures 2. A similar
enhancement was also noted upon increasing the amount of polymer up to a certain
concentration above which destabilisation of the suspension was observed as reported
in most flocculation studies.
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Fig. 1. Settling behaviour of -20um albite concentrate against time in the absence of flocculant at
different pulp densities
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Fig. 4.Variation of interface height with the amount of cationic polymer for 20 pm albite concentrate up
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Figure 5 exhibits the settling behaviour of albite in the absence and presence of
polymer as a function of pH. it is clear that, due to scattering, no significant effect of
pH is apparent both in the presence and absence of polymer.
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EQUILIBRATION OF ALBITE IN WATER

The plagioclase feldspars form a complete solid solution series from pure albite
(NaAlSi3Og) to pure anorthite (CaAl,Si,Og). Considerable potassium may be present
toward the albite end of the series (Hurlbut, 1971).Therefore, it is more likely that
albite should be written as (Na,K)AISi;Og. The dissolution behaviour of albite has
been systematically studied by Chou and Wollast (1985). Helgeson et al. (1984)
suggest that the rate of hydrolysis of feldspar is highly pH dependent and results from
the following reactions:

at low pH < 2.9

(H30)AISi;0g + H" = (H30)AISi;0,(0H)" 1)
at intermediate pH (2.9-8.0)

(Na,K)AIS|308 + an_O = (Na,K)AIS|308 (HzO)n (2)
at high pH > 8.0

(Na,K)AISi;O; + 0.4 OH =(Na,K)AI(OH),,Si;0g **. (3)

Stumm and Morgan (1981), based on coordination chemistry, suggest that the
factoral orders on H" and ligands given in Eq. 3 are compatible with a direct
dependence on the degree of surface protonation or on the concentration of ligand
surface complexes. Stumm et al. (1983) also propose the existence of charged
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complexes at mineral surfaces. In both Egs. 1 and 2 hydronium (HsO" ions can
replace Na* or K* Wikby (1972) has demonstrated that the alkali ions are replaced by
H* rather than H3O". This hypothesis is further supported by the fact that the volume
occupied by alkali ions in albite is rather small compared to the large H;0" (Chou,
Wollast, 1985). The most important factors affecting the rate of dissolution of albite
are pH and the concentration of dissolved Al. The rate dependence on pH exhibited
remarkable similarities to the solubility curves of Al compounds and also Al showed
the largest inhibiting effect on the dissolution rate. Chou and Wollast (1985) thus
suggest the formation of surface complexes involving both H* and Al.

DISSOLUTION BEHAVIOR OF ALBITE

Figure 6 presents the dissolution kinetics of albite in water as a function time at
initial pH values of 3, 11, and natural. The natural pH of albite was found to be 8.1.
When the suspension is mixed with distilled water of about pH 6, it takes
approximately 15 min for albite mineral to reach its equilibrium pH of 8.1. When the
initial pH is adjusted to 3 or 11 it takes about 15 min to approach one pH unit to the
natural pH but several additional hours to reach its equilibrium pH. In other words,
albite suspensions are buffered relatively strongly in both acidic and alkali media. This
feature becomes important in the interpretation of adsorption results.
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Fig. 6. Dissolution kinetics of pure albite in water at different initial pH values

ELECTROKINETIC BEHAVIOR OF ALBITE

Albite, as most other silicate minerals, exhibit negative zeta potentials throughout
the practical pH range of 2 to 12. The zero point charge (zpc) of albite is below pH 2,
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as shown in Figure 7. This is in line with the zpc of many silicate minerals including
quartz (Fuerstenau and Palmer, 1976). However, no electrokinetic data on albite was
found in the literature.
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Fig. 7. Zeta potential of albite as a function of pH in water

The zeta potential of albite as a function of N-300 nonionic polymer concentration
is given in Figure 8. The zeta potential gradually decreases with increasing N-300
concentration, i.e. it becomes less negative. The albite suspension was found to
flocculate at 1 mg/kg N-300 concentration and measurements became increasingly
difficult above this value.
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Fig. 8. Variation of zeta potential with N-300 concentration
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Fig. 9. Zeta potential versus pH profile for albite with 1 mg/kg and without polymer addition

The dependence of pH on zeta potential of albite in the presence and absence of
different nonionic polymers is presented in Figure 9. It is clear that the addition of
polymer makes the surface of albite less negative at all pH values with N-300 being
the most effective. This indicates that as the nonionicity increases more of negative
charges on the albite surface are tied up with the polymer.

ADSORPTION OF POLYMER ON ALBITE

Adsorption is a rate dependent phenomenon. Polymers, unlike law molecular
weight compounds, are made up of thousands of units. Adsorption kinetics is therefore
not only dependent on the conducted at surface properties of minerals but also on
those of chemicals as well. For a polymer to adsorb it is sufficient to attach its one or
more of segments to the solid. The dependence of adsorption on conditioning time is
given in Figure 10 at natural pH of albite. The equilibrium is practically attained after
about one hour and this is maintained with only a slight drift. One hour of equilibrium
time was used in the subsequent adsorption experiments.

Flocculation and adsorption are both dependent on the solids concentration. In
Figure 1, flocculation was shown to drastically change with the amounts of solid in
solution. Similarly, adsorption also changes with solids concentration, as shown in
Figure 11. It is seen that adsorption decreases with increasing the solids concentration
and the curve flattens out at above about 5g/100 dm?®. For the sake of convenience all
adsorption tests were thus conducted at 1g/15 ml solids concentration. It should be
noted that flocculation is generally preceded by polymer uptake but not all polymer
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adsorption leads to flocculation (Yarar, 1982).Polymer conformation whether straight
or coiled plays a significant role in the magnitude of final flocculation. High molecular
weight polymers are more akin to coiling particularly under high salinity and
temperature conditions (Celik et al.,1991).

Since pH was pointed out as an important parameter in the dissolution of albite,
the dependence of adsorption of N-300 was studied as a function of pH. This is shown
in Figure 12. Evidently, the adsorption density increases with increasing pH and it
reaches a constant value above pH 9 where it becomes difficult to adjust pH.
Adjusting the initial pH of the solution to pH 12 resulted in a pH value of 9.3. High
adsorption density at neutral and high pH correlates well with the flocculation and
settling tests discussed previously.
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Fig. 10. Dependence of adsorption of 10 mg/kg N-300 on albite against conditioning time at natural pH
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Fig. 11. Adsorption density as a function of solid concentration at 10 mg/kg N-300 concentration
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Adsorption isotherm of N-300 onto albite is presented in Figure 13 where the
adsorption density is plotted against the residual polymer concentration. Adsorption is
found to increase with an increase in polymer concentration and reaches a plateau
value at about 10 mg/kg N-300 concentration. The adsorption isotherms appears to be
of a typical Langmuir type.
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Fig. 12. Effect of pH on the adsorption of 10 mg/kg N-300 onto albite
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Fig. 13. Adsorption of N-300 onto albite at natural pH

DESORPTION EXPERIMENTS

Desorption tests were carried out by replacing the removed portion of the
supernatant (2/4 ml) with a supernatant solution of the same salinity and adjusted pH
to match the original supernatant. The desorption cycle was continued until the
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polymer concentration was below detection limit of the polymer analyses technique.
As a result of the desorption tests, no significant change was observed fort he albite-
nonionic polymer system.
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Fig. 14. Desorption of 5 ppm polymer concentration Fig. 15. Desorption of 10 ppm polymer
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ADSORPTION MECHANISM OF NONIONIC POTLYMER ON ALBITE

Several mechanisms of polymer adsorption have been suggested including
electrostatic interaction, hydrogen bonding, chemical interactions and hydrophobic
bonding (Slater and Kitchener, 1966). Since the polymer under discussion is of
nonionic in nature, the electrostatic mechanism can be ruled out. Hydrophobic
bonding requires that the surface of mineral be modified by a non-polymeric
surfactant and thus can be excluded as well. The latter two mechanisms are therefore
possible candidates. Hydrogen bonding occurs through binding of hydrogen to an
electronegative element such as F, N, S and O. This is a widely accepted mechanism
for freshly ground natural silica (Griot and Kitchener, 1965) and clays (Hollander et
al., 1981) with nonionic polymers. Hydrogen bonding can occur between the polymer
carbonyl (-C=0) or the amide (-NH,) groups and the hydrogen bonding with surface
oxygen species. The sharing of the hydrogen bonding between the two electronegative
oxygen species induces the adsorption. Flocculation then follows by interparticle
bridging if the electrostatic repulsion between the particles is not strong. Since albite is
a sodium form of silicate mineral and the polymer is nonionic, it appears that
hydrogen bonding is the only plausible mechanism in the system. As shown in
Equations 1 through 3, albite acquires a positive charge below pH 2.9 and thus is not
as much amenable to adsorption of N-300. This is clearly seen in Figure 12 where
adsorption remains at its lowest level above pH 3, adsorption progressively increases
due to formation of silanol groups and reaches its highest level above pH 8 where
additional negatively charged surface complexes form. The decrease in the zeta
potential of surface with the addition of polymer shown in Figures 8 and 9 is in
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agreement with the above explanation. It appears that positive sites are depleted upon
addition of the polymer.

CONCLUSIONS

Experimental studies are apparent that as the pulp density increases the settling
rate, as defined by the initial slope in the sedimentation curve, and also the interface
height decrease. Despite higher sedimentation rates at low pulp densities, considering
both conditions at the plant and economic capacity of the operation, 20 % pulp density
was considered suitable for performing the subsequent flocculation tests.Flocculation
studies conducted with albite in the presence of various charged and nonionic
polymers indicate that nonionic polymers exhibit the best performance. Increasing the
degree of nonionicity improves the degree of settling. Electrokinetic studies conducted
with pure albite shows that albite is negatively charged throughout the entire pH and
the isoelectric point of the mineral is below pH. Adsorption of the nonionic polymer is
found to increase with increasing the pH and concentration of the polymer. A
hydrogen bonding mechanism between the polymer carbonyl (-C=0) or the amide (-
NH,) groups and the surface oxygen species is proposed to be responsible for the
adsorption nonionic polymer onto albite. According to desorption tests, no significant
was change system.
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Zaktad Wzbogacania Albitu Esan boryka si¢ z powaznym problemem, jakim jest odwodnienie
koncentratu zawierajacego ziarna albitu ponizej 20 um. Badania nad flokulacja zawiesiny albitu z
udziatem r6znych polielektrolitdw i niejonowych polimeréw wykazaly, ze niejonowe polimery wykazuja
najlepsze dziatanie flokulujace. Badania elektroforetyczne przeprowadzono na czystym albicie wykazaty,
ze czastki tego mineratu sg ujemnie natadowane w calym badanym zakresie pH, a punkt izoelektryczny
jest potozony ponizej pH =2. Adsorpcja niejonowego polimeru N-300 wzrastata wraz ze wzrostem pH
oraz wraz ze wzrostem stgzenia polimeru. Zaproponowano mechanizm wiazania oparty na wigzaniu
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wodorowym migdzy grupami —C=0 lub —NH, polimeru i tlenowymi grupami na powierzchni ziaren
albitu. Mechanizm ten jest odpowiedzialny za adsorpcjg niejonowego polimeru na albicie.

stowa kluczowe: albit, flokulacja, potencjat dzeta, adsorpcja, polimery niejonowe
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DISPERSION CHARACTERISATION OF COLLOIDAL SILICA
AT SUBSEQUENT STAGES OF SILICA SOL PREPARATION
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Dispersion properties of colloidal silica were studied at subsequent stages of silica sols preparation.
Dilute sols were obtained from solutions of sodium silicate by ion exchange method. In them SiO,
particles were built up and next the sols were concentrated. The concentrations of the sols in which SiO,
particles were built-up ranged from 5.89 to 6.44 wt. % SiO,, while the mean concentrations of the sols
which were added into the heel sols were 3.28 and 6.20 wt. % SiO,. The particle size distributions were
measured by DLS, while the contribution of the ionic form of silica was determined by the colorimetric
method on the basis of the intensity of the yellow colour coming from the heteropolycomplexes of
silicomolybdic acid.

key words: silicic acid sol, colloidal silica, sodium silicate, water solutions of silicates

INTRODUCTION

Colloidal silica refers to stable dispersions of discrete particles or sols of
amorphous silica. This arbitrary definition excludes solutions of polysilicic acids in
which the polymer or silica particles are too small to be stable. In most sols of silicic
acids, silica particles range from 4 to 100 nm. The most common methods of obtaining
the sols of silicic acid are electrodialysis, sol peptisation, ion-exchange, and
neutralization of silica solutions with acids. The first attempts at removal of sodium
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from sodium silicate solution by the method of ion-exchange were made by Bird
(1941). Iler and Wolter obtained silica sols in periodical and flow-through reactors in
which ion-exchange was conducted in the pH range from 8 to 10 and at a temperature
above 60°C (Iler, 1953).

The sols obtained were free from dissolved salts. The silica particles ranged from 5
to 8 nm, and the silica specific surface area ranged from 350 to 600 m*/g. Dirnberger
(1955) passed sodium silicate solutions through a fluidal bed of ionite at a rate
adjusted so that the individual ionite grains were suspended in the solution flowing up
the column. This solution ensured better contact of the solution with the grains, which
permitted the use of sodium silicate solutions of the SiO, concentrations up to 6 wt. %.
Alexander (1956) obtained a sol of water-like clarity, free from dilute salts, with the
silica particles from 5 to 8 nm in diameter and silica specific surface area from 350 to
600 m*/g. The process proposed by Alexander included the following steps: (a)
removal of metal cations from a dilute solution of sodium silicate by ion exchange, (b)
alkalization of dilute sol with sodium hydroxide or a solution of sodium silicate until
stabilisation of the molar ratio of SiO,/Na,O from 30:1 to 150:1, (c) heating of the sol
at temperatures from 50 to 120°C to promote silica particle growth to reach the surface
area from 350 to 600 m?*/g, (d) purification of the sol with cationite and anionite to
remove the salt residues, (e) final stabilization of the molar ratio of Si0,/Na,O in the
range from 20:1 to 300:1 by using sodium hydroxide, and (f) water evaporation to get
a S10, concentration in the sol of at least 15 wt. %.

Dirnberger and Nelson (1961) obtained a silica sol of minimum turbidity by adding
to the periodical reactor a solution of sodium silicate and ionite in the hydrogen form
simultaneously so that the pH of the sol in the reactor was always between 8.3 and 8.7.
The content of the reactor was stirred and heated to 88 to 90°C. The silica sol obtained
had surface area from 200 to 250 m?/ g, and the SiO, concentration was 10 to 20 wt. %.

Mindick and Reven (1969) patented a method overcoming problems with gelation
and blockage of the ionite bed in production of acidic silica sols of pH from 2.5 to 4.0
and the content of SiO, from 6 to 12 wt. %. Gelation was reduced to 2 wt. % of SiO,
of maintaining the total amount of silica introduced onto the column. This was
achieved by maintaining low temperatures in the bed and increasing the volume flow
rate of sodium silicate solution. The minimum flow rate at a lowered temperature
should be 245 dm®/m* of the bed cross-section area. For higher temperature, it should
be 695 dm’/m” of the bed cross-section area.

Bechtold and Snyder (1951) patented a method for obtaining silica sols of particles
of controlled size. The method is known as the process of built-up particles. A dilute
solution of silica sol with a pH over 7 is divided into two parts. One part is heated to
over 60°C so that the diameters of the nuclei of the dispersed phase reach the size of a
few nanometers. This part is called the heel sol. The other part of the dilute silica sol
solution is introduced into the heel at a rate slow enough to make sure that the
introduced silica would deposit on the nuclei of the dispersed phase. At the same tame,
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water can be evaporated at a rate ensuring maintenance of a constant concentration of
Si0O; in a unit volume of the solution. The mechanism of particle build-up is explained
in terms of the Ostwald ripening process. The driving force of the ripening process can
be described by the variance of the particle size distribution. Iler (1979) proposed a
quantitative description of particle build-up by defining the particles build-up index By
related to the particle size using equations 1 and 2.

W, Y
B =_" M, (—’J =1+B, 2
where: " d
W, represents the amount of silica added to the system; W, represents the amount of
silica in the initial heel sol; d; represents the initial diameter of the silica particles; dr
represents the final diameter of the silica particles.

The aim of this study was to determine particle size distribution at subsequent
stages of production of silica sols. Mutual influence of different sols on the particle
size distribution after the build-up process and sol concentration were analyzed.

t

EXPERIMENTAL

MATERIALS

The sodium silicate solution used in the study had the following properties: density
at 20°C of 1.252 g/cm3; Na,O content of 6.380 wt. %; SiO, content of 20.311 wt. %
and silicate modulus of 3.28. This solution was obtained by dilution and filtration of
the sodium silicate solution made by Vitrosilicon S.A. For ion exchange, a strong acid
ion exchange macroporous resin Amberlyst® 15 made by ROHM and HASS was used
in the hydrogen form with a grain size from 0.3 to 1.2 mm and a guaranteed exchange
capacity of 1.7 mmol/cm’.

METHODS OF STUDIES

The silicic acid sol was obtained at three stages. In the first stage, a dilute sol was
prepared. In the second stage, silica particles were built-up. In the third stage, the sol
was concentrated. The parameters of the sols in which SiO, particles were built-up
were similar. The silica concentration in these sols ranged from 5.89 to 6.44 wt. %,
and pH ranged from 8.08 to 8.93. The sols introduced into the heel can be divided into
two groups. The first group comprises sols with a silica concentration of 3.50, 3.02,
3.49 and 3.10 wt. % and a pH of 10.24, 9.84, 9.00 and 11.33. The second group
comprises sols with a silica concentration of 6.02 and 6.21 wt. % and a pH of 9.30 and
8.50. Sols were produced in a periodic reactor using ion exchange. The process of
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silica particle build-up was carried out in accordance with the method described by
Bechtold and Snydera (Bechtold, 1951). Details of the particle build-up processes in
particular series of experiments are given in Table 1. Build-up indices were calculated
using Equation 2 on the basis of the SiO, concentrations and the densities of the sols.
During the process of particle build-up, water was evaporated. The sols in which the
silica particles were built-up were subjected to concentration in a vacuum evaporator
at 94°C.

Table 1. Operational data of the processes of silica particle build-up

Volume of the heel | Volume of the
Series no. | Temp. sol in which the sol which was | Dosing | Dosing .
of build-up process | added into the rate time Bgﬂd-up
experiment | (°C) took place heel (cm’/min) | (min) index
(cm’) (cm’)
I 100 1000 3.31 302 5.54
11 100 1000 3.31 302 4.75
111 92 100 1000 3.31 302 5.31
v 340 850 3.31 257 1.30
\ 100 1000 3.31 302 9.33
VI 100 1000 3.31 302 10.21
RESULTS AND DISCUSSION

Table 2 presents results collected from six series of experiment. In these series the
sols which were added into the heel had the following SiO, concentrations: 3.50, 3.02,
3.49, 3.10, 6.02 and 6.21 wt. %. Selected results of particle diameters for the first
series are compared in Fig. 1. For sols with a mean SiO, concentration of 3.28 and
6.00 wt. %, the correlation curves of the relative content of the ionic form of SiO, vs.
pH were drawn (Fig. 2). SiO, particles of greater size were obtained when the
processes were carried out using sols added into the heel at lower SiO, concentrations.
The SiO, particle sizes obtained in series V and VI at subsequent stages of silica sol
preparation were practically the same. Results of the first four series point to the
positive effect of increasing pH of the sols added into the heel and the sols received as
a result of build-up process on the growth of the SiO, particles.

As the build-up process is an effect of polymerization of silicic acid monomers, the
results in Table 2 can be explained using the correlation curves given in
Figure 1. Particle build-up took place when the pH was between 9.5 and 11.0. Sols
with a mean Si0, concentration of 3.38 wt. % had much more ionic silica than similar
sols with a mean SiO, concentration of 6.00 wt. %. The predicted diameters of the
built-up particles were calculated from Equations 1 and 2 of and compared with the
experimental data (Table 3).
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Table 2. The particle diameters, pH, sol densities and total content of SiO, in the sols at subsequent stages

of their preparation
Series Heel S.O ladded | Sol gfter the Sol after
o, Parameter measured sol into the build-up evaporation
heel process
Density at 20°C (g/dm”®) 1.041 1.023 1.039 1.112
Si0, (wt. %) 6.21 3.50 5.63 19.31
I pH 8.33 10.24 10.90 10.74
Diameter of dominant particles (nm) | 1.46 2.06 6.27 9.02
Volume of dominant particles (%) | 99.8 99.3 100 100
Density at 20°C (g/dm") 1.041 1.017 1.033 1.160
Si0, (wt. %) 6.21 3.02 5.68 23.81
II pH 8.33 9.84 10.69 10.62
Diameter of dominant particles (nm) | 1.46 1.20 6.67 3.51
Volume of dominant particles (%) | 99.8 99.7 100 99.3
Density at 20°C (g/dm”) 1.038 1.018 1.040 1.110
Si0, (wt. %) 6.44 3.49 5.81 17.12
1 pH 808 | 9.00 9.46 934
Diameter of dominant particles (nm) | 1.66 1.43 2.15 1.61
Volume of dominant particles (%) | 99.8 99.6 99.0 99.9
Density at 20°C (g/dm’) 1.029 1.019 1.033 1.061
Si0, (wt. %) 5.89 3.10 6.10 12.04
v pH 8.93 11.33 11.15 11.11
Diameter of dominant particles (nm) | 1.36 343 7.29 7.19
Volume of dominant particles (%) | 99.8 99.9 100 100
Density at 20°C (g/dm’) 1.038 1.036 1.059 1.156
Si0, (wt. %) 6.44 6.02 8.80 22.36
\4 pH 8.08 9.30 9.50 9.42
Diameter of dominant particles (nm) | 1.66 1.25 1.41 1.43
Volume of dominant particles (%) | 99.8 99.8 99.7 100
Density at 20°C (g/dm’) 1.041 1.036 1.047 1.110
Si0, (wt. %) 6.05 6.21 7.96 17.69
VI pH 8.74 8.50 9.31 9.12
Diameter of dominant particles (nm) | 1.21 1.63 1.49 1.16
Volume of dominant particles (%) | 99.9 100 99.8 100
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Fig. 1. Comparison of particle size distributions at subsequent stages of silica sol preparation:
Peak 1. size distribution of particles in the heel sol, by volume — 1,46 nm (Series I); Peak 2. size
distribution of particles in the sol which was added to the heel sol, by volume — 2,06 nm (Series I);
Peak 3. size distribution of particles in the result sol after build-up process, by volume — 6,27 nm (Series
I); Peak 4. size distribution of particles in the result sol after evaporation process, by volume — 9,02 nm

(Series I)
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Fig. 2. The influence of pH on ionic silica contents in sols with a mean silica concentrations of 6.00 and
3.28 wt. %
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Table 3. Comparison of SiO, particle diameters calculated theoretically with results of experiments

D&?)E?:;]?f Calculated diameter of Determined diameter of
Series articles in the particles in sol after the dominant particles in sol Build-up
no. p heel sol build—up process after the build—up process index
(nm) (nm) (nm)

1 1.46 2.73 6.27 5.54
11 1.46 2.61 6.67 4.75
11 1.66 3.07 2.15 5.31
v 1.36 1.79 7.29 1.30
\Y 1.66 3.61 1.41 9.33
VI 1.21 2.71 1.49 10.21

According to the results collected in Table 3, all SiO, particles in the solution took
part in the process of the particle build-up, not only those introduced with the sols
added into the heel. The sols added into the heel in series I and IV were obtained at
25°C, while those used in series II and III were obtained at 40°C. The size of the SiO,
built-up particles obtained after concentration was the same or greater for series I, IV
but smaller for series I, III. A probable explanation is that, in sols from series II and
111, the process of particle agglomeration was more effective during the build up stage
and in the process of concentration the agglomerates underwent redispersion.

CONCLUSIONS

It was expected that an increase in the silica concentration of the sols which were
added into the heel to 6.02 and 6.21 wt. % would increase build-up indices and make
the process of sol preparation more economic, especially at the evaporation stage.
Unfortunately, the expected improvement was not achieved in the pH range of 9.5 to
11. The sol with a SiO, concentration of 6 wt. % contained much less silica in the
ionic form than the sol with a mean SiO, concentration of 3.28 wt. %. The increase in
silica particle size was a result of the build-up of monomeric silica ions on the surface
of particles. Sols added into the heel at room temperature were more able to elicit
stable build-up of colloidal silica particles.
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Malewski W., Jesionowski T., Ciesielczyk F., Krysztafkiewicz A., Charakterystyka
dyspersyjna krzemionki koloidalnej w kolejnych etapach otrzymywania zolu kwasu krzemowego,
Physicochemical Problems of Mineral Processing, 44 (2010), 143-150 (w jgz. ang),
http://www.minproc.pwr.wroc.pl/journal

W pracy badano charakterystyke dyspersyjng krzemionki koloidalnej w kolejnych etapach
otrzymywania zolu kwasu krzemowego. Rozcieficzone zole otrzymywano z roztworéw krzemianu sodu
metoda wymiany jonowej, nabudowywano w nich czastki SiO, i nastgpnie zatezano. Stezenia zoli, w
ktérych nabudowywano czastki zawieraly si¢ w przedziale 5,89+6,44 % wag. SiO,, a zole stosowane do
nabudowania miaty $rednie stgzenia 3,28 i 6,20 % wag. SiO,. Rozktady wielko$ci czastek mierzono
technikg DLS, a udzial formy jonowej krzemionki oznaczano kolorymetrycznie mierzac intensywno$é
z06ltego zabarwienia heteropolikompleksu kwasu molibdenowo—krzemowego.

stowa kluczowe: zol kwasu krzemowego, krzemionka koloidalna, krzemian sodu
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KAOLIN MODIFIED WITH SILANE COMPOUNDS AS
A FILLER USED IN RUBBER INDUSTRY
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Kaolin unmodified and modified with the following silanes: 3-aminopropyltriethoxysilane, N-2-
aminoethyl-3-aminopropyltriethoxysilane and 3-metacryloxypropyltrimethoxysilane has been character-
ised as to its physico-chemical properties (DTA and SEM methods) and mechanical performance. The
course of vulcanisation of rubber blends and physical properties of butadiene—styrene rubber (KER 1500)
vulcanisates containing unmodified and modified kaolin have been determined. The vulcanisates filled
with kaolin modified with silane compounds containing amine groups have been found to show better
mechanical performance than those with kaolin modified with 3 metacryloxypropyltrimethoxysilane and
unmodified kaolin.

key words: kaolin, surface chemical modification, rubber (KER 1500)

INTRODUCTION

One of the methods for obtaining polymer materials of improved physico-
chemical properties, leading at the same time to reduction of the cost of their produc-
tion is the introduction of mineral fillers into the polymer matrix. The most often used
white fillers are kaolin and chalk (Alexandre, Dubois, 2000, Lebaron et al., 1999). The
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mechanism of polymer reinforcement by the fillers has been the subject of interest of
many authors. It has been established that of the greatest importance is the activity of
the fillers that depends on many parameters such as the surface area, degree of disper-
sion in the polymer system, polymer-filler and filler-filler interactions (Zaborski et al.,
1993, Domka, 1990, 2008). The free hydroxyl groups on the surface of the filler mole-
cules hinder a direct introduction of the filler into the hydrophobic polymer matrix,
leading most often to the formation of agglomerations in the matrix. To minimise
these tendencies the surface of the filler should be chemically modified with the use of
the so-called promoters of adhesion and reinforcement (Domka, 2005, 2006). Such
promoters are organic acids and their derivatives, surfactants, polyoxyethylene gly-
cols, organic proadhesive compounds of zirconium and titanium and silane coupling
agents, playing a particularly important role in the systems kaolin-polymers. Chemical
modification of the fillers considerably changes the morphology of the filler molecule
surface and affects the filler influence on the properties of the composite. Kaolin is
used as a filler in numerous cheap blends that have to be resistant to wear, and used
for shoe soles, shoes, floor covering, bicycle tyres and conveyer belts (Domka, 1983).
The stiffening effect of kaolin in rubber blends is used in production of hoses, inner
tubes, extruded cords and rings. As kaolin is neutral to human health, it is used for
production of sanitary products, household appliances, toys and others. The kaolin
resistance to acids permits its use in production of elasto- and plastomers (ebonite
blends) used as anticorrosion covers and protective clothing.

EXPERIMENTAL

Kaolin KOG from the bed Surmin near Bolestawiec was studied. Modification of
kaolin  was  performed with the following silane compounds
3-aminopropyltriethoxysilane, N-2-aminoethyl-3-aminopropyltriethoxysilane and 3-
metacryloxypropyltrimethoxysilane. The modification was made using 3 wt parts of
the modifying agent per 100 wt parts of kaolin. To ensure homogeneous cover of kao-
lin surface, the modification was performed in a mixture of water and ethanol using
different amounts of the solvent for different silane agents, see Table 1.

Table 1. Silane compounds used for kaolin surface modification and the composition of the solvent used

Silane agent H,0 [cm’] EtOH [cm’]
3-aminopropyltriethoxysilane 70 50
N-2-aminoethyl-3-aminopropyltriethoxysilane 80 50
3-metacryloxypropyltrimethoxysilane 50 50

Modification with the three silane agents was performed under the same condi-
tions. Appropriate amounts of kaolin, modifying agent and solvent were placed in a
glass vessel and stirred for 60 minutes by a homogenizer Universal Laboratory Aid




Kaolin modified with silane compounds as a filler used in rubber industry 153

type MPW-309. The modified kaolin was dried at room temperature, and filtered
through the mesh size 75 pm.

The unmodified and modified kaolin samples were subjected to physico-chemical
examination. Analysis of the morphology and microstructure of the samples studied
were based on SEM images Fig.1. DTA measurements were performed in helium
atmosphere; the results are presented in Fig. 2. Moreover, the rubber blends of the
composition according to the Polish Norm PN-87/C-04258, containing unmodified
and modified kaolin were studied (Table 2).

Table 2. Composition of the rubber blends studied

Components Weight parts

Butadiene-styrene rubber (KER 1500) 100
Stearin 1
Titanium white 3
Kaolin unmodified 6.5

or modified with 3-aminopropyltriethoxysilane 6.5

or with N-2-aminoethyl-3-aminopropyltriethoxysilane 6.5

and with 3-metacryloxypropyltrimethoxysilane 6.5
Accelerator — Vulkacit 1
Sulphur 1.75

The course of vulcanisation of rubber blends was characterised by a vulcameter with
oscillating rotor at 150 °C according to PN-ISO 3417. The following physico-
mechanical parameters of the vulcanisates were determined.

Shore hardness according to PN-80/C-04238

= Flasticity according to PN-88/C-04255

= Tearing strength - PN-ISO 34-1, method B, procedure (a)

= Tensile strength - PN-ISO 37, ore type 1

= Stress on elongation by 300 % and 500 %

= Grindability - PN-75/C-04235.

= Permanent deformation on compression at 30 Hz measured on Goodrich ap-

paratus, according to PN-81/C-04292.

RESULTS AND DISCUSSION

Modification of the kaolin surface with the silanes used has insignificantly
changed the agglomeration of particles; SEM photographs of the unmodified and
modified kaolin samples show relatively large crystal structures. The most effective
for disintegration of the agglomerations is the modification with 3-
aminopropyltriethoxysilane, less effective 1is the modification with 3-
metacryloxypropyltrimethoxysilane.
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Fig. 1. SEM images of a) unmodified kaolin, b) kaolin modified with N-2-aminoethyl-3-
aminopropyltriethoxysilane, c) kaolin modified with 3-metacryloxypropyltrimethoxysilane, d) kaolin
modified with 3-aminopropyltriethoxysilane .
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Fig. 2. DTA curves recorded for kaolin unmodified and modified with the silanes studied

Figure 2 presents the DTA curves for the kaolin samples studied. The endothermic
peaks at 470 °C and 500 °C are much sharper for the kaolin sample modified with N-2-
aminoethyl-3-aminopropyltriethoxysilane than for unmodified kaolin. For the unmodi-
fied kaolin the endothermic peak occurs at 490 °C, whereas for the samples of modi-
fied kaolin this peak is shifted to lower temperatures by 10 or 20 °C. For kaolin modi-
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fied with 3-metacryloxypropyltrimethoxysilane it is shifted by 10 °C, while for kaolin
modified with silane containing amine groups by 20°C (Lebaron P.C., 1999)

Table 3. Physico-mechanical characterisation of vulcanizates filled with kaolin unmodified or modified
with the silanes studied

Parameter unit Sample number
1 2 3 4

Conditions of vulcanisation min 50 20 15 50
Shore hardness ShA 54 58 60 56
Elasticity % 44 50 50 46
Tearing strength kN/m 28.3 49.0 63.6 43.9
Tensile strength MPa 5.9 10.9 14.2 8.4
Stress on elongation by

300% MPa 2.1 8.3 8.2 4.6
500% MPa 2.7 10.6 12.3 5.8
Grindability cn’ 0.169 0.199 0.097 0.131
Permanent deformation % 13.0 1.63 1.86 2.70

Table 3 presents results of the physico-mechanical tests of vulcanisates filled with
modified and unmodified kaolin. According to the results of these tests, samples stud-
ied can be divided into 2 groups. Grup 1 includes tests involving blends and vul-
canisates containing unmodified kaolin (Alexandre, Dubois 2000) and kaolin modified
with 3-metacryloxypropyltrimethoxysilane (Domka, 1990), while grup 2 includes tests
involving blends and vulcanisates containing kaolin modified with
3-aminopropyltriethoxysilane (Lebaron, 1999) and N-2-aminoethyl-3-
aminopropyltriethoxysilane (Zaborski et al., 1993). The most important mechanical
parameters are shown in Fig. 3.

a b
Fig. 3. Diagrams illustrating the tearing strength (a) and tensile strength (b) of the vulcanizates obtained

The blends filled with kaolin modified with silanes containing amine groups
(Lebaron et al., 1999, Zaborski et al., 1993) are characterised by higher elasticity,
hardness and stress on elongation by 300 % and 500 %, greater grindability and tensile
strength  than  those  with  kaolin unmodified or modified with
3-metacryloxypropyltrimethoxysilane silane. High tensile strength was obtained for
the rubber filled with kaolin modified with silanes containing amine groups (Lebaron
etal., 1999, Zaborski et al., 1993). The results have shown that the use of kaolin modi-
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fied with silanes with amine groups as filler improves the tensile strength and
grindability of the material filled. The parameters characterising vulcanizate 1 were
much poorer then those obtained for the other samples (Zaborski et al., 1993).

CONCLUSIONS

The modification of kaolin with silane agents was found to reduce the agglomera-
tion of particles and change the positions of the peaks on the DTA curves towards
lower temperature. The use of kaolin modified with silane agents containing amine
groups as filler of rubber blends has permitted a considerable shortening of the time of
vulcanisation and has improved the tensile strength and tearing strength of the vul-
canisates. Particularly beneficial was the influence of 3-aminopropyltriethoxysilane
and N-2-aminoethyl-3-aminopropyltriethoxysilane on the grindability of the wvul-
canisates
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Proby kaolinu niemodyfikowanego jak rowniez kaolinu modyfikowanego za pomoca nastepujacych
silanéw: 3-aminopropylotrioksysilan, N-2-aminoetylo-3-aminopropylotrioksysilan i 3 metakrylooksypro-
pylotrioksysilan, zostaty scharakteryzowane pod katem wtasciwosci fizykochemicznych (analiza DTA i
SEM) oraz wlasciwos$ci mechanicznych. Przeprowadzono procesy wulkanizacji mieszanek gumowych
oraz okreslono fizykochemiczne wilasciwosci wulkanizatdéw z gumy butadienowo-styrenowe;j, ktore za-
wieraty modyfikowany lub niemodyfikowany kaolin. Wulaknizaty z wypelnieniem kaolinowym, ktory to
kaolin byl modyfikowany zwigzkami zawierajacymi grupy aminowe wykazywaty lepsze wilasciwosci
mechaniczne niz wulkanizaty zawierajace kaolin niemodyfikowany Iub kaolin modyfikowany 3-
metakryloksypropylotrioksysilanem.

stowa kluczowe: kaolin, powierzchniowa modyfikacja, guma KER 1500
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SYNTHESIS AND CHARACTERISATION OF PRECIPITATED
COPPER(II) SILICATES
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The study was undertaken to obtain a blue inorganic pigment of copper(Il) silicate of high degree of
dispersion. The process of precipitation of synthetic copper(Il) silicates was optimised. The effect of the
direction of dosing, percent concentration and volume ratio of the reagents, temperature and type of
copper salt used on the physico-chemical properties of the products was studied. The copper(Il) silicate
obtained was characterised by satisfactory parameters; bulk density of 198 g/dm?, water absorbing
capacity of 225 ¢m®100g and paraffin oil absorbing capacity of 300 cm3/100g. The diameters of the
precipitated silicates varied from 0.955 — 120.2 pm, with a dominant presence of larger particles making
secondary agglomerates.

key words: copper silicate, precipitation process, particle size distribution, wettability, colorimetric data

INTRODUCTION

Pigments are colouring inorganic or rarely organic substances in the form of fine
powder, insoluble in water, oil, resins or organic solvents. Pigments added to carrier or
matrix, acting as a binder, make the fundamental component of coating materials;
paints and enamels (Erfutrh 1998, Xuening 2000, Yuan 2005).

Highly dispersed pigments should be characterised by low bulk density to
minimise sedimentation of pigments in dispersive media. Low water absorbing
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capacity at elevated level of paraffin oil absorbing capacity is desired to permit the use
of pigment in lyophilic systems, while the reverse relation of these parameters the
pigments can be used in lyophobic (hydrophilic) systems (Krysztatkiewicz 1997,
1999).

Inorganic pigments, divided into natural and synthetic (Wieczorek 2003, Johnston
2004) are resistant to chemical compounds and to extreme pH values and have higher
covering power than organic ones. Besides they are highly resistant to light (Werner
1985).

Highly dispersed silicates of calcium, aluminium, magnesium, zinc and
aluminium-sodium are used as insoluble components of rubber blends and other
organic polymers, e.g. as fillers of polyvinyl chloride (Rothe 2009, Anastasiadis 2008,
Lee 2008) or rubber (Krysztafkiewicz 1998, Wang 2005, Varghese 2003). The use of
silicates as fillers brings improvement in mechanical properties of the filled polymers
and do not change the colour of the substance to which they are added (they belong to
the so-called bright fillers).

Inorganic pigments are used in paints, varnishes and resins (El-Nahhal 2005) and
they often have colour other than white: e.g. chromium silicates are green
(Krysztafkiewicz 2008, Klapiszewska 2003), nickel silicates are blue-green
(Klapiszewska 2005).

Recent development in production of synthetic silicates has promoted their use in
many fields. Interestingly, the synthesis of silicates permits formation of more types of
silicate bonds than met in nature. Synthetic silicates can have crystalline structure (as
natural ones) or amorphous structure. Many of them are obtained in the form of inter-
oxide systems.

EXPERIMENTAL

MATERIALS

The substances used included: 5% and 10% solution of sodium silicate
(VITROSILICON S.A.); 5%, 10% and 20% solutions of copper(ll) sulphate(VI) and
5% solution of copper(Il) nitrate(V) or copper(Il) chloride (Chempur Piekary Slaskie).

METHODS OF STUDIES

Precipitation reaction was carried out by introducing doses of sodium silicate
solution by a peristaltic pump into a reactor of the capacity of 0.5 dm® with copper(II)
sulphate(VI). The reaction was also conducted in the reverse direction and by dosing
the reagents into water environment. Precipitation of highly dispersed copper(Il)
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silicate was performed with additional use of copper(Il) nitrate(V) and copper(Il)
chloride solutions. The conditions of precipitation were the same as for the sample
characterised by the best parameters and precipitated by copper(Il) sulphate(VI).

For precipitation the solutions of Na,SiO; and CuSO, of the following volume
ratios were used 1:1, 1:2, 1:3 and 2:1, 3:1. The process was carried out at temperatures
20~+85°C. Copper silicate obtained was separated from the post-reaction mixture on
a filter with the use of vacuum pump. The samples were dried at 105°C for 2h. The
bulk density, absorbing capacity of water and paraffin oil were measured. In order to
determine the brightness, contribution of colours, saturation and hue of colour, the
colorimetric analysis was made with the CIE L*a*b* system (SPECBOS 4000
colorimeter made by Carl Zeiss Jena). With the use of a Tensiometer K100 made by
Kriiss, on the basis of the mass of water absorbed by the sample, the sample
wettability was estimated. The size of particles was determined by Mastersizer 2000
made by Malvern Instruments Ltd. Morphology of the surface of the precipitated
samples of copper silicate was analysed by the scanning electron microscopy (SEM),
with a scanning microscope VO40 made by Zeiss.

RESULTS AND DISCUSSION

The blue inorganic pigment of copper(Il) silicate of high degree of dispersion was
obtained. The probable mechanism of its synthesis is presented in Fig. 1.

| |
—Sli—ONa —Sli—O_+ Na'
O (e}
. , | dissotiation |
CuSO, — Cu™ + SO, —Si— OH — > —Si—O +H
I pH change |
O (e}
| |
—Sli—ONa —Sli—O'+ Na
L |
—Sll—O + Na —Sll—O
(0] (o] Cu

/
—Sli—O'+H* + Cu"+ 80> ——> —Si—O0 + NaHSO,

(in solution)

Fig. 1. Mechanism of copper silicates synteshis
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Table 1 presents the method of obtaining copper silicates, while Table 2 gives their
basic physico-chemical parameters and specifies the reaction systems in which they
were precipitated.

Table 1. Characteristic of precipitation process

Solution
Sample Precipitation direction cor}centration (%) Reagents. Temgerature
No. sodium cooper | volume ratio (°C)
silicate salts
1 Nazsi03 to CUSO4
2 CuSO4 to N328i03 5 5
3 Na,Si03 and CuSO, to
H,0
4 10 1:1
5 > 20
6 5 20
7 10 10
8 20
= Na,SiO; to CuSO, -
11 2:1
12 3:1
13 5 5 40
14 60
15 1:1 85
16 Nazsi03 to CU(NOj,)z 20
17 Nazsi03 to CUCIZ

The lowest bulk density of 198 g/dm® was obtained for sample 1 that is copper
silicate precipitated at the 1: 1 volume ratio of the reagents, at 20°C, by dosing a 5%
solution of sodium silicate into the reactor containing a 5% solution of copper(Il)
sulphate(VI). The highest bulk density of 562 g/dm?® was obtained for sample 5, that is
copper silicate precipitated in the same conditions as sample 1 but with the use of a
20% solution of copper(Il) sulphate(VI).

The use of another copper salt in the process of precipitation leads to an increase in
the bulk density of copper(Il) silicate to 220 g/dm’ when copper(Il) nitrate(V) is
applied and to 456 g/dm® when copper(II) chloride is applied.

The values of absorbing capacity of water and paraffin oil were similar for all
samples. The exceptions are samples 9 and 10 precipitated at the 1:3 and 3:1 volume
ratio of the reagents, whose absorbing capacities are much different.
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Table 2. Physicochemical parameters of precipitated cooper silicates
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Sample Bulk density Water absprbing Paraffin oil qbsorbing
No. (g/dm’) cag)amty ca%)acrcy
(cm’/100g) (cm’/100g)
1 198 225 300
2 447 150 250
3 508 200 300
4 399 150 250
5 562 185 250
6 413 185 250
7 376 200 250
8 553 150 200
9 365 150 185
10 440 100 150
11 307 235 300
12 537 150 200
13 247 200 350
14 330 225 250
15 238 200 350
16 220 200 300
17 456 150 250

As shown from Table 3 and on Fig. 2, the direction of dosing, concentration and
temperature of the process have significant effect on the particle size of copper(Il)
silicate. In fact the primary particles accumulate forming aggregates and agglomerates.

Samples 4 and 11 contain the finest particles. Ninety percent of the volume of
sample 4 (precipitated at the 1:1 volume ratio of reagents, at 20°C, from a 5% solution
of sodium silicate and a 10% solution of copper(Il) sulphate) is taken by particles of
diameter smaller than 28.4 pm, 50% of sample 4 volume is taken by particles of
diameter smaller than 7.1 um, and 10% of sample 4 volume is taken by particles of
diameter smaller than 2.3 um. As to sample 11 (precipitated at the 2:1 volume ratio of
reagents, at 20°C, from a 5% solution of sodium silicate and a 20% solution of
copper(ll) sulphate) particles of diameter smaller than 31.6 um take 90% of its
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volume, those of diameters below 9.1 um take 50% of its volume and those of
diameters below 3.0 um occupy 10% of its volume.

According to the results, the particle size of the samples obtained depends
strongly on the type of copper salt used in precipitation, Fig. 2e. In sample 16 obtained
from copper(Il) nitrate(V) 90% of its volume is occupied by particles of diameters
smaller than 39.3 um. In sample 17 obtained from copper(Il) chloride 90% of its
volume is taken by particles of diameter smaller than 32.5 pm.

Table 3. Dispersive characteristic of precipitated cooper silicates

Sample Diameter (um)

No. d(0.1) d(0.5) d(0.9)
1 3.6 10.9 40.3
2 35 16.3 454
3 35 13.9 51.7
4 23 7.1 28.4
5 33 13.2 48.3
6 33 10.9 41.3
7 3.9 17.3 49.3
8 3.0 9.0 36.5
9 4.1 18.9 53.5
10 35 25.7 68.9
11 3.0 9.1 31.6
12 2.5 8.7 36.1
13 4.6 13.8 40.6
14 4.2 14.7 43.6
15 4.7 14.8 47.3
16 33 11.7 393
17 2.9 11.2 325
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Fig. 2. PSD of copper silicates precipitated (a) at different precipitation direction (b) at different reagents
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Colorimetric analysis in the CIE L*a*b* system provides the information on the
pigment colour, Fig. 3. The greatest contribution of blue colour (-6*) was found for
samples 1 and 2, their blue contributions were similar; of -10.57 and -11.12,
respectively. The contribution of green (-a*) in these samples was also similar of
-16.02 and -18.59, respectively.

As follows from Fig. 3e, the type of copper salt used in precipitation of copper
silicate also influenced the colour of the pigment. When copper(Il) sulphate(VI)
(sample 1) or copper(Il) nitrate(V) (sample 16) were used, the contributions of blue
(-b*) and green (-a*) were comparable and equalled -10.57 and -11.38 (blue) and
-16.02 and -14.73 (green). When copper(Ill) chloride was used (sample 17), no
contribution of blue was observed, while the contribution of green (-a *) was -22.40.

Fig.4 presents the SEM photograph of copper(Il) silicate precipitated from
copper(Il) sulphate(VI), sample 1. The material has complex structure of particles
showing relatively high tendency towards formation of aggregates and agglomerates.
The structure of this type has been earlier described when determining the sizes of
particles. The particle diameters in micrometers indicate that the particles in this
sample of copper silicate form agglomerate structures.

The wettability curves of the copper silicates studied are presented in Fig. 5. The
greatest mass increase in time was found for sample 1, precipitated from copper(Il)
sulphate(VI). The mass increase in sample 16 — precipitated with the use of copper(Il)
nitrate(V) - and in sample 17 — precipitated with the use of copper(Il) chloride — is
much smaller.
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CONCLUSIONS

As follows from the above presented and discussed results, the direction of
dosing, concentration and volume ratio of the reagents, temperature of the process and
type of the copper salt applied have significant effect on the physico-chemical
properties of the final products.

The physico-chemical parameters most beneficial from the point of view of the
desired applications were obtained when the copper silicates were precipitated with
the use of copper(Il) sulphate (VI) (sample 1) and copper(Il) nitrate(V) (sample 16).
The parameters of these two samples are similar, although sample 1 has lower bulk
density.
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Przeprowadzone badania mialy na celu otrzymanie niebieskiego nieorganicznego pigmentu
krzemianu miedzi(Il). Badano wplyw sposobu dozowania, st¢zenia procentowego, stosunku objegtosci
reagentoOw, temperatury procesu oraz rodzaju uzytej soli miedzi na fizykochemiczne wlasciwosci
otrzymywanych produktéw koncowych. Otrzymany krzemian miedzi charakteryzowat si¢
zadawalajacymi parametrami, takimi jak: gestos¢ 198/dm’, pojemno$é absorbowanej wody 225
cm’/100g, pojemnosé absorbowanego oleju parafinowego 300cm’/100g. Srednice wytraconych czastek
krzemianow zmieniaty si¢ od 0,55 do 120,2 um, z dominacja duzych czastek tworzacych wtdrne
agregaty.

stowa kluczowe: krzemian miedzi, precypitacja, sktad ziarnowy, zwilzalnosé, dane alorymetryczne
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DOUBLE-FREQUENCY SCREEN
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In the present study the preliminary results of process investigations, being part of the research
programme which has been carried out at the Department of Process Equipment, Technical University of
Lodz, have been presented. The investigations are aimed at the process examinations of a new double-
frequency screen in respect of its usefulness for screening of finely grained loose materials. The main
objective of the present study is to demonstrate the results of the process investigations of this screen for
various drive configurations in the form of the graphical efficiency — and capacity dependencies.

key words: classification, double-frequency screen, vibrator, rotational frequencies

INTRODUCTION

In the industry of rock raw materials one deals with the screen classification of
finely grained materials (Banaszewski, 1990; Wodzinski, 1981, 1997; Meinel and
Schubert, 1971; Book and Kramer, 1984). It is evident from the preliminary results of
the investigations, that the modern construction of a double-frequency screen is an
ideal solution to the realisation of the process of fine grain screening (Wodzinski,
2008).

A vital field of the industry in which one may utilize the double-frequency screen
is processing of minerals. The authors of the present study intend to propose the
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double-frequency screen for the application to the Polish copper industry. The
classification of copper ores is a difficult process due to various physicochemical
properties of those media and, additionally, due to high process efficiencies with
which one deals.

A DOUBLE-FREQUENCY SCREEN

The experimental screen which is the focal point of the study was constructed in
the Department of Process Equipment, Technical University of Lodz. The dimensions
of the screen are demonstrated in Figure 1. As the most characteristic feature of this
construction one may recognise the drive which is composed of two inert vibrators
operating at various rotational speeds thereby causing the complex movement of the
screen.

|
>
|
—
- 830

145

145

Fig. 1. The basic dimensions of the experimental screen
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The construction of the screen allows the regulation (for research needs) of all
basic machine operation parameters, in particular such as:

- the inclination of the sieve against the level — a ;

- the arrangement of the engine against the middle part of the sieve — § ;

- the exciting forces generated by the engines — £ ;

- the rotational speeds of the engines.

A highly important parameter characterizing the operation of the double-
frequency screen is the speed coefficient defined as follows (Turkiewicz
1 Banaszewski, 1982):

n,

PN

. €))
w, m

This quantity defines how much the angular velocities (or rotational speeds) of
two rotational vibrators are different from one another.

The regulation of the rotational speed of the engines was performed using
inverters. The investigations were carried out for combinations of rotational
frequencies of both vibrators as it is summarized in Table 1. For both vibrators: an
upper and bottom one, the rotation in the right direction, i.e. in accordance with the

clockwise direction, was assumed as a positive direction of rotations.

Table 1. Rotational frequencies of vibrators

Vibrator | Vibrator | Vibrator | Vibrator | Vibrator | Vibrator | Vibrator | Vibrator

Upper Bottom Upper Bottom Upper Bottom Upper Bottom
(o) (o) (@1) (o) (1) (o) (o) (o)
Right (+) | Right (+) | Right (+) | Left (-) Left (-) Right (+) | Left () Left (-)

rot/min rot/min rot/min rot/min

1500 1500 1500 1500 1500 1500 1500 1500
750 1500 750 1500 750 1500 750 1500
1500 750 1500 750 1500 750 1500 750
1500 1000 1500 1000 1500 1000 1500 1000
1000 1500 1000 1500 1000 1500 1000 1500
1500 500 1500 500 1500 500 1500 500
500 1500 500 1500 500 1500 500 1500

PROCESS INVESTIGATIONS OF A DOUBLE-FREQUENCY SCREEN

Agalite (as a model material of spherical grains), sand (irregular grains) and
marble aggregate (sharp-edge grains) were utilized as loose material in the
investigations. The shape of grains is presented in Figure 2.

The material had been appropriately prepared beforehand, i.e. screened in
laboratory shakers in such a way that half of material mass constituted an upper
fraction. In other words grains greater than 0.63 mm and another half constituted the
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bottom fraction. Further process examinations were carried out on a metal woven
sieve of a square opening and sieve mesh side / = 0.63 mm (Figure 3).

a b c

\—

Fig. 2. Shapes of grains of model materials: a) agalite; b) aggregate; c) sand
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Fig. 3. The dimensions of sieve of the experimental screen

The granulometric composition of the material is summarised in Table 2 provided
underneath. For all materials used the granulmetric composition coincided. In Figure 4
the composition of the material is given in the form of the curve of outflow and the
curve of the material gathered on the sieve.

Table 2. Granulometric composition of used material

Grain class Percentage of share Mass of sand class sum
d [mm] U [%] [kg] [kg]
0.2 11.25 3.38
X
0.4 16.25 54 4.88
0.63 22,5 6.75 30
0.85 22.5 6.75
X
1 16.25 4 4.88
2 11.25 3.38
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In the course of the investigations a few tens of series tests were performed. Each
cycle of tests consisted of the experimental screening of the material prepared
beforehand and its separation into two products, i.e. upper and bottom ones. On
completion of screening the following products were weighted, i.e. the products which
were above the sieve (mg) and under the sieve (m,). The results were summarized in
Table 2. Next, both fractions were thoroughly mixed and they were used in a
subsequent test cycle. The parameters of work of the screen drive were set for each
cycle. Additionally, the mass flow rate of material outflow was regulated through the
increase and decrease of the outflow gap in a feeder.

100 - P
F(d) —
a(d)
80
60
— - curve of outflow
— - curve of the material gathered
40
20
0 —

00 02 04 06 08 10 12 14 16 18 20
d [mm]

Fig. 4. The characteristics of the materials examined

The results of the research were presented in the graphical form. Each of the
graphs was constructed on the basis of three test cycles, corresponding to three
different rates of material feeding. The screen capacity was marked on two x-axes.
The bottom axis was scaled in [*¢/,] (mass flow rate of material inflow) whereas the
axis of ordinates presents the efficiency of the screen.

To calculate the efficiency of the screening process the following dependence was
used: n= M 2)

mn ’ K d
where: m, — the mass of the product under the sieve, kg, determined experimentally
m, — the mass of the material, kg
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K,;— the participation of the bottom class in the material — 50%.
Figures 5 — 7 show the course of chosen curves concerning the efficiency and
capacity for various settings of the screen drive.

n [-]
000 1.00 Z00 300 400 5.0

(&1

]

8

a [ka/lm *s}]

A
/

90 0 0 0 9000000 aad
. h Wb ow b -
(5]

@ [ho's]
0.0 0,50 1 .0 1.50 20

2]
E

Fig. 5. The results for the following settings: 0=15°, f=0°, F=2kN, w;/ % w;
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It must be underscored that in certain cases the material motion on the sieve was
not ensured which took place at the concurrent synchronization, maximal exciting
force and the frequency ratio o, / " ®,. Such configuration of the sieve contributed to
the generation of torsional vibrations, i.e. the beginning and end of the sieve moved at
maximal amplitudes whereas the middle part was almost still. The effect of torsional
vibrations was the accumulation of the granular material in the central part of the sieve
which, in turn, led to the blocking of the whole process of material flow. In this way,
the circulation occurred in the material layer generated, in the course of which the
material was flowing on the sides of the sieve down the screen to circa % of its length
and, subsequently, was reversed in the direction of the central part of the sieve. The
process of screening occurred, however not sufficiently effective.

THE POSSIBILITIES OF APPLICATIONS OF DOUBLE-FREQUENCY SCREENS

To the advantages of double-frequency screens one may account:
- the simplicity of construction with a number of configurations of the driving
system which are not encountered in the other machines of this type,
- the possibility of using of the components typical of other screens such as, for
instance, sieves, spring suspensions, main frames, mounting mechanisms of
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sieves, sieves alone, rotational vibrations and other elements tested in the

industrial practice,

- quite high efficiency: for the tested range of material inflow rate (0,5 — 2,5
kg/m’s), the efficiency of the process exceeded 50% in the vast majority of
cases, even for such a difficult material for screening as marble aggregate.

In the Ore Enrichment Plants of the KGHM “Polish CopperCo., the granulometric
classification of crude ore on the sieves, prior to the process of grinding of this ore, is
carried out. The screening of crude ore is performed with an insufficient efficiency
due to the fact that the existing screens are supplied with the flux of ore of too high
mass flow rate. On screen beds one may observe a too thick granular layer which does
not allow the efficacious separation of the bottom class from the upper one. The
modernization of the copper ore screen classification may be obtained thanks to the
double-frequency screen application and the increase of screen beds in this machine
which will allow the quicker separation of the thicker classes from the material.

It is widely accepted that big machines, i.e. screens operating in the extractive and
processing industry should be driven using non-balanced shafts, located directly on the
sides of screens. Such a constructional solution is realistic also in the case of a double-
frequency screen.

As it may be seen, a double-frequency screen is a universal screen encompassing
the experience which has been gained so far regarding the structure and exploitation of
screening machines. Furthermore, this screen is characterized by a uniform
distribution of the oscillating masses which does not take place in the case of the
constructions which have been known up to the present moment.

CONCLUSIONS

The main feature of the double-frequency screen is the possibility of free
configuration of the inertia drive and, thus the possibility of its compliance with the
requirements set by the process of screening of the concrete granular material. The
optimization of operation of the drive is carried out through the regulation of the
vibrators rotational frequency, their exciting force and mutual location and the
direction of rotations.

As a criterion of the device operation quality evaluation the screen efficiency and
mass capacity were assumed. These parameters have a significant meaning from the
point of view of the process economy. The process investigations constitute the only
way to achieve the aim which is the optimization of the drive system due to the fact
that even the appropriate operation of the mechanical systems does not mean the
ensuring of the sufficiently good screening conditions.

Based on the preliminary examination it may be stated that:
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- the countercurrent synchronization of vibrators is better from the process point
of view;

- smaller inclination of the sieve ensures better screening conditions;

- the application of vibrators of considerable power is not economically
justified;

- the location of vibrators with regard to the mass centre does not affect the
process.

The analysis of the results of the investigations makes one draw a number of more
general conclusions which are as follows:

- screen drive system allows one to obtain the complex sieve motion which, in
turn, enables to attain high screening efficiency;

- double-frequency screen should be assigned to the screening of finely grained
materials and those which are screened with difficulty due to the fact that the machine
brings about the intensive loosening of material on the sieve;

- condition of the proper operation of the screen is to ensure the rigidity of the
sieve on the plane of vibration trajectories;

- phenomenon of driving vibrators self-synchronization enables to simplify the
construction of the screen because it is not necessary to apply any devices which
would trigger the synchronization. As it is reported, self-synchronization is a durable
phenomenon; in the course of the measurements the motion once started occurred in
trajectories which depended exclusively upon the configuration of the driving system;

- construction of the line-elliptic screen allows the application of all known
construction elements of the screening machines which makes it easier to apply this
screen practically to industry.
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Transport experiments across polymer inclusion membranes (PIMs) are presented. The physical
immobilization of trioctylamine (TOA) or methyltrioctylammonium chloride (TOMACI) as the ion
carriers and o-nitrophenyl octyl ether as the plasticizer in cellulose triacetate as the support were used to
prepare polymer inclusion membranes. The competitive transport of ReO, ions from nitrate aqueous
solutions through a PIM with TOA or TOMACI was investigated. The effect of the pH of the source
aqueous phase on ReO, transport from nitrate solution was studied. The higher efficiency of ReO,
removal was observed with use of the basic carrier. TOMACI. The selectivity of competitive oxoanions
transport from the source phase decreases as follows: ReO4 > NO;” > SO,*. This order of permeability
correlates well with the energy of transported anions hydration.

key words: polymer inclusion membranes, oxoanions, separation, perrhenate

INTRODUCTION

The selectivity and removal of toxic metal cations from water has frequently been
addressed in membrane separation systems. Toxic metal anions have not received
significant attention. There are specific reasons why anion receptors are more
challenging to design than cation receptors (Gale, 2003).
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Anion separations are important for a number of reasons. Some anions, when
introduced into the environment in sufficient quantities, pose health risks to humans
and animals (Vandergrift et al., 1992). Fertilizers, feedlots, livestock waste and human
waste from highly populated areas produce large amounts of nitrates, phosphates and
sulfates.

Another important target of metal anion separation is technetium. Nuclear wastes
contain radioactive *’Tc, which is often present in solution as pertechnetate (Manahan,
1994). It would be desirable to remove the radioactive pertechnetate from nuclear
wastes at the reprocessing plant. Also, radioactive ’Tc and '"™Re are generated in
isotonic solutions as pertechnetate or perrhenate for use in medical diagnostic and
therapeutics (Brix et al., 2001a). Furthermore, non-radioactive perrhenate is often used
as a model anion to simulate binding of radioactive pertechnetate, since the perrhenate
anion has the same charge and a similar radius as pertechnetate (Brix et al., 2001b).
Permeability was higher for the oxoanions than for halide anions although hydration
energies for the monovalent oxoanions are comparable to those of the halides, while
hydration energies of the other oxoanions are higher.

Transport of anions was attenuated significantly in a number of cases, and very
high selectivity for perrhenates was observed. Perrhenates transport was selective over
the divalent anions. The selectivity for perrhenate over the divalent metal cations was
also observed (Gardner et. al., 2006).

Recently, ion exchange methods such as solvent extraction (Kasikov et al., 2007;
Zhou et al., 1999), liquid membrane transport (Gardner et al., 2006) and polymer
inclusion membrane (Marcus, 1991) in separation of perrhenate anions were
presented. Marcus (1991) observed anion transport selectivity in PIM transport for
ReO, over NOs5. This trend in anion transport selectivity follows the trend of
calculated hydration energy values. NO; has a higher hydration energy and is
transported slower than ReO,, which has a lower hydration energy. Lamb et al.,
(2008) showed that ReOQy is selectively transported over NO5". In the presence of K"
and Na’, ReO, transport is promising, while Pb*" promotes NO;™ removal. Kudo et al.
(2007) determined equilibrium constants for the formation of Na'-ReO4 -crown ether
complex. Kopunec et al., (Kopunec et al., 1998) showed that the extraction constant
for PhyP"-ReQ, ion pair is several times higher than that for PhsAs™-ReO,

This paper describes the competitive transport of perrhenate, sulfate and nitrate
anions from aqueous solutions through PIMs with the basic carries tri-n-octylamine
(TOA) and methyltrioctylammonium chloride (TOMACI). The influence of ion
carriers and pH of source phase on the transport efficiency is reported. The separation
of ReOy, NO;, SO,* from acidic aqueous solutions across PIM with TOMACI was
also studied.



Transport of perrhenate anions across plasticizer membranes with basic ion carriers 181

MATERIALS AND METHODS

REAGENTS

Inorganic chemicals such as sodium perrhenate, sodium hydroxide, sulfuric and
hydrochloric acids were of analytical grade and were purchased from POCh (Gliwice,
Poland). Organic reagents, such as cellulose triacetate (CTA), o-nitrophenyl octyl
ether (ONPOE), tri-n-octylamine (TOA), methyltrioctylammonium chloride
(TOMACI) and dichloromethane were also of analytical grade and were purchased
from Fluka and used without further purification. Aqueous solutions were prepared
with double distilled water with a conductivity of 0.1 pS cm™.

PREPARATION OF POLYMER INCLUSION MEMBRANES

A solution containing cellulose triacetate as the support, o-nitrophenyl octyl ether
as the plasticizer, and tri-n-octylamine or methyltrioctylammonium chloride as the
ionic carrier in dichloromethane as the organic solvent was prepared. A specified
portion of this organic solution was poured into a glass Petri dish consisting of a
9.0 cm glass ring attached to a glass plate with cellulose triacetate-dichloromethane
glue. The dichloromethane was evaporated overnight, and the resulting membrane was
separated from the glass plate by immersion in cold water. Two samples of membrane
were cut out from the same membrane for duplicate transport experiments.

TRANSPORT STUDIES

Transport experiments were carried out in a permeation cell in which the
membrane film (4.9 cm’ effective surface) was tightly clamped between two
compartments. The aqueous receiving phase was a 0.10 mol dm™ aqueous solution of
sodium hydroxide (50 cm?®). Transport was conducted at a room temperature (23 to 25
°C) and both the source and receiving aqueous phases were stirred at 600 rpm with
synchronous motors. Samples (0.010 cm®) of the aqueous receiving phase were
removed periodically via a sampling port with a syringe and analyzed to determine the
concentrations of ReO,;, NO;  and SO.>. The source phase acidity was monitored
using a pH meter (multifunctional pH meter, CX-731 Elmetron, with combine pH
electrode, ERH-136, Hydromet, Poland). The kinetics of the transport process through
the polymer inclusion membrane is described by a first-order reaction in respect to
metal ion concentration (Danesi, 1984):

In(c/c,)=—kt (1)
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where ¢ is the metal ion concentration (mol dm™) in the source phase at a given time;
¢; is the initial ReO,” concentration in the source phase; k is the rate constant (s™); and
t is the transport time (s).

To calculate the k value, a plot of In(c/c;) versus time was made. The rate constant
value for the duplicate transport experiment was the averaged, and the standard
deviation was calculated. The permeability coefficient (P) was calculated as follows:

P=—(V/Ak )

where V is the volume of aqueous source phase, and A is the area of membrane.
The initial flux (J;) was calculated as follows:

J. =Pc, 3)

To describe the efficiency of metal ion removal from the source phase, the
recovery factor (RF) was calculated as follows:

¢ —c

RF = 100 % @)

C.

1

A capillary electrophoresis system with an ultraviolet (UV) detector (Capel-105,
Russia) was used to determine the concentrations of perrhenate, sulfate, nitrate, and
chloride anions. The electrophoretic buffer consisted of 5.0-10° M chromium(VI)
oxide, 2:10? M diethanolamine, and 1.65-10° M metyltrioctylammonium chloride
(from Fluka), at a voltage of 17 kV. The detection limits in this method for the ReO,,
NO5, and SO4” anions were 0.10 + 0.02, 0.15 + 0.05 and 0.20 + 0.03 mg/dm’,
respectively.

RESULTS AND DISCUSSION

At first, the influence of ion carriers TOA or TOMACI immobilized in cellulose
triacetate membrane on perrhenate anions transport was studied. Blank experiments in
the absence of the carrier yielded no significant flux across PIM with support and
plasticizer only. In previous studies on chromium(VI) transport across PIM, we
observed that tertiary amines, such as TOA, also have plasticizing properties
(Kozlowski and Walkowiak, 2002, 2005). The polymeric inclusion membranes
investigated contained 77 wt. % CTA and 23 wt. % ion carrier. As source and
receiving phases, 0.10 M HNO; and 0.10 M NaOH aqueous solutions were used,
respectively. The results shown in Fig. 1 demonstrate transport of perrhenate anions
from 0.10 M nitric acid across the PIM containing TOA or TOMACI. The transport
conditions were set up for a high excess of NO;™ over ReOy.
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Fig. 1. Kinetics curves of perrhenate anions transport across PIM with TOA and TOMACI
PIMs: 77 wt. % CTA, and 23 wt. % ion carrier; source phase: 0.0050 M ReO, in 0.10 M HNOs;
receiving phase: 0.10 M NaOH

The recovery factors (RF) of nitrate anions for transport with TOA and TOMACI
after seven hours were equal to 5.0 % and 3.0 %, respectively. Fig. 1 shows an
exponential decrease of ReO4 concentration in the source phase versus time. The
kinetics of the ReQ, transport across the membrane is described by the first order. For
transport across PIM with TOMACI and TOA, the fluxes were equal to 3.5 and 0.7
pmol/m?’s, respectively.

Perrhenate removal was observed only in membranes with support (CTA) and ion
carriers (TOA or TOMACI). We also applied polymer inclusion membranes
containing the typical plasticizer, o-nitrophenyl octyl ether. The influence of source
phase acidity on ReO, transport through PIM was studied. PIM composition was 40
wt. % of cellulose triacetate as the support, 25 wt. % of tri-n-octylamine or
methyltrioctylamonium chloride as the ion carrier, and 35 wt. % of o-nitrophenyl octyl
ether as the plasticizer. These membranes containing ONPOE as the plasticizer
showed much faster transport of ReO,4 anions. The effect of perrhenate initial fluxes
values on pH of source phase is shown in Fig. 2. Comparison of the perrhenate
transport across PIM with TOA and TOMACI indicates that the transport rate is twice
as high for quaternary ammonium salt (TOMACI), which is a more basic carrier. The
results in Fig. 2 show the linear decrease of perrhenate transport flux (in log-log scale)
with the pH increase values from 1 to 5. The initial transport flux value achieved for
TOMACI at pH 1.0 was equal to 11.68 pmol/m’s.
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Fig. 2. Tinitial flux values vs. pH of the source phase. Membrane: 0.8 cm® ONPOE / 1.0 g CTA,
1.0 M carriers (TOA, TOMAC]); source phase: 5-10° M ReO4, HNa)NO; I=0.1 M

Finally, competitive transport of perrhenate, nitric and sulfuric anions from acidic
solutions was performed. As the aqueous source phase the solution containing 5-10™
M ReO4 in 0.05 M HNO; and 0.05 M H,SO, was used. The used membrane
contained: 1.0 M carrier (TOMACI) and 0.8 cm® ONPOE/1.0 g CTA. As the receiving
phase, 0.1 M NaOH was applied. The dependence of recovery factors (RF) for
perrhenate, nitrate and sulfate anions vs. time in transport across PIM with TOMACI
as ionic carrier is shown in Fig. 3.
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Fig. 3. Recovery factor (RF) vs. competitive transport of perrhenate, nitrate and sulfate on PIM with
TOMACI. PIM: 1.0 M TOMACI, 0.8 cm® ONPOE / 1.0 g CTA; source phase: 5-10* M ReQy in 0.05 M
HNO; and 0.05 M H,SOy; receiving phase: 0.10 M NaOH

As can be seen from Fig. 3, the selectivity order of transport through PIM with
TOMACI was as follows: ReO, > NO; > SO,>. The removal of perrhenate was



Transport of perrhenate anions across plasticizer membranes with basic ion carriers 185

higher than that of sulfate and nitrate anions in spite of the high excess of NO;™ and
SO42' anions. For these transport conditions the selectivity coefficients for
perrhenate/nitrate and  perrhenate/sulfate were: 11.1 and 8.2, respectively. The
hydration energy of SO42', NO; and ReOy, anions were -1103 kJ mol'l, -314 kJ mol
and -240 kJ mol”, respectively (Gardner et al., 2006). Hydration energy was highest
for SO42', and lowest for ReO4 anions. There is the correlation between selectively
sequence of anions transported,. ReO,> NO;> SO,>, and hydrophobicity. The highest
transported anions are perrhenates, which are the least hydrated.

CONCLUSIONS

Perrhenate anions can be effectively separated from aqueous solutions containing
high excess of sulfate and nitrate anions by polymer inclusion membrane transport
with basic ion carrier, such as TOMACI. For both TOA and TOMACI, the initial
fluxes decreased as the pH of the source phase increased. For competitive transport,
the removal of sulfates and nitrates is lower that of perrhenates, in spite of the high
excess of NO;™ and SO,” anions. The selectivity order sequence for anions fluxes
transported across the polymer inclusion membrane with TOMACI was ReO4> NO5>
SO4*. This correlates well with the hydrophobicity of these anions.

REFERENCES

BRIX K.V., HENDERSON D.G., ADAMS W.J.,, REASH R.J., CARLTON R. G., McINTYRE D.O,,
(2001a), Acute toxicity of sodium selenate to two daphnids and three amphipods, Environ. Toxicol.
Chem. 16, 142-150.

BRIX K. V., VOLOSIN J. S., ADAMS W. J., REASH R. J., CARLTON R. G., McINTYRE D.O.,
(2001b), Effects of sulfate on the acute toxicity of selenate to freshwater organisms, Environ. Toxicol.
Chem. 20, 1037-1045.

CIMPEANU C., SAHAGIA M., (2002), High specific activity "**Re perrhenates to be used for
biomolecule labeling, J. Radiol. Nucl. Chem.. Vol.252, 601-604.

FERGUSON I. E., (1982), Inorganic Chemistry and the Earth, Pergamon, Oxford.

GALE P.A., (2003), For reviews on anion receptors: 35 years of synthetic anion receptor chemistry 1968-
2003, Coord. Chem. Rev. 240, 1-221.

GARDNER J. S., PETERSON Q. P., WALKER J. O., JENSEN B. D., ADHIKARY B., HARRISON R.
G., LAMB J. D., (2006), Anion transport through polymer inclusion membranes facilitated by
transition metal containing carriers, J. Membr. Sci. 277, 165-176.

KASIKOV A. G., PETROVA A. M., (2007), Effect of the structure of Octanols on Their Extraction
Capacity for Rhenium(VII) in Sulfuric Acid Solutions, Russian J. Appl. Chem., Vol. 80, 672-674.

KOPUNEC R., ABUDEAB F. N., SKRASKOVA S., (1998), Extraction of pertechnetate with
tetraphenylphosphonium in the presence of various acids, salts and hydroxides, J. Rad. and Nucl.
Chem.. Vol. 230, 51-60.

KOZLOWSKI C.A., WALKOWIAK W., (2002), Removal of chromium(VI) from aqueous solutions by
polymer inclusion membranes, Water Research 36, 4870-4876.



186 A. Nowik-Zajac, C. Koztowski, W. Walkowiak

KOZLOWSKI C.A., WALKOWIAK W., (2005), Applicability of liquid membranes in chromium(VI)
transport with amines as ion carriers, J. Membr. Sci. 266, 143-150.

KUDO Y., FITHARA R., KATSUTA S., TAKEDA Y., (2007), Solvent extraction of sodium perrhenate
by 3m-crown-m ethers (m=5,6) and their mono-benzo-derivatives into 1,2-dichloroethane:
Elucidation of fan overall extraction equilibrium based on component equilibria containing an ion-
pair formation in water, Talanta 71, 656-661.

LAMB J. D., MORRIS C. A., WEST J. N, MORRIS K. T., HARRISON R. G., (2008), Cation effect on
anion separation by aza-crown ligands in liquid membranes, J. Membr. Sci. 321, 15-21.

MANAHAN S. E, (1994), Environmental Chemistry, Sixth ed., CRC Press, Inc., Boca Raton, USA.

MARCUS Y., (1991), Thermodynamics of salvation of ions. Part 5. Gibbs free energy of hydration at
298,15 K, J. Chem. Soc. Faraday Trans. 87, 2995-2999.

ROUNDHILL D. M., KOCH H. F., (2002), Methods and techniques for the selective extraction and
recovery of oxoanions, Chem. Soc. Rev. 31, 60.

VANDERGRIFT G. F., REED D. T., TASKER 1. R., (1992), Environmental Remediation, ACS,
Washington DC.

ZHOU Z., XING Y., WU Y., (1999), Solvent extraction of perrhenate with 2526,27,28-
tetrakis[(ethoxycarbonyl)methoxy]-p-tert-butylcalix{4]arene and crystal structure of the extracted
complex, J. Incl. Phenom. Macro. Chem.. 34, 219-231.

Nowik-Zajac A., Kozlowski C., Walkowiak W., Transport anionow nadrenianowych przez polimerowe
membrany zawierajgce zasadowe przenosniki jonowe, Physicochemical Problems of Mineral Processing,
44 (2010), 179-186 (W jez. ang), http://www.minproc.pwr.wroc.pl/journal

W pracy opisano badania laboratoryjne dotyczace selektywnego wydzielania aniondéw
nadrenianowych z roztworéw azotanowych przez polimerowe membrany inkluzyjne zawierajace w roli
przenosnikow jonoéw trioktyloaming lub chlorek metylotrioktyloamoniowy oraz trioctan celulozy jako
matryce. Okre$lono rowniez wptyw pH fazy zasilajacej na efektywnos¢ transportu RO, przy uzyciu
polimerowej membrany inkluzyjnej zawierajacej w/w przeno$niki jonow, plastyfikator, tj. eter o-
nitrofenylooktylowy, immobilizowane do matrycy z trioctanu celulozy. Wykazano, ze chlorek
metylotrioktyloamoniowy z roztwordw silnie kwasnych efektywnie transportowat aniony nadrenianowe
niz trioktyloamina. Zbadano réwniez konkurencyjny transport oxoanionéw przez plastyfikowana
membrang zawierajaca chlorek metylotrioktyloamoniowy i eter o-nitrofenylooktylowy. Z poréwnania
szybkosci transportu wynika, ze malala ona w szeregu ReO,” > NO;y > SO,*. Selektywno$é badanego
uktadu membranowego powigzano z procesem dehydratacji aniondéw selektywnie transportowanych przez
membrang zawierajacg czwartorzedowa sol amoniowa
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KINETICS OF GRINDING CERAMIC BULK CONSIDERING
GRINDING MEDIA CONTACT POINTS

Received January 5, 2009; reviewed,; accepted March 28, 2009

Results of experiments carried out in a pilot-plant ball mill are discussed in the paper. The objective
of the experiments was to determine the effect of the number of contact points between grinding media on
the rate of grinding. The experimental material was ceramic body used in the production of floor and wall
tiles. Main component of the feed was a mixture of feldspar and clay with antiemulsifiers. The feed was
subjected to wet grinding. During grinding the rate of comminution of particular size fractions was
determined. Changes in particle size distribution of ground material in time were analysed and the effect
of ball size, mill filling with the feed and the number of grinding media on the process rate was described.

Main objective of the study was to define the effect of changes in the number of grinding media
contact points on the grinding rate. Additionally, the effect of mill filling with the feed on changing
specific rate of grinding of particle fractions was determined. The change in time of the particle size
composition enabled to calculate the grinding rate of particular fractions. In the calculations Gardner and
Austin differential equation was used for discrete values of fractions.

key words: ball mill, specific grinding rate

INTRODUCTION

The process of grinding in ball mills is determined by a complex character of
grinding media impact on the raw material being ground. Basic geometric dimensions
of the drum and the size and type of grinding media motion have an influence on the
process rate and final composition of the ground product.

: Faculty of Process and Environmental Engineering, Technical University of Lodz, Wolczanska 213,
90-094 Lodz, e-mail: tolejnik@p.lodz.pl
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The comminution process proceeds mainly due to complex action of grinding
media on the material being ground and additionally the interactions between grinding
elements and the inner drum surface. Material which is between the surfaces of
moving balls is subjected to attrition and shearing with possible crushing (Drzymata et
al., 1990; and Mattan, 1971; Lynch, 1974; Shipway, 1994). These mechanisms of
comminution occur mainly in the avalanche motion of grinding media. The cascade
motion of balls involves additionally an impact mechanism resulting from collisions
of balls falling down to the bed of balls and feed which is at the bottom of the drum
(Heim et al., 2004) and (Heim et al., 2004). The type of motion at which impact
mechanisms prevail, occurs at rotations frequency close to the critical frequency. This
phenomenon is very desirable because of grinding intensity, but the size of industrial
ball mills and resulting inertia forces reduce the character of mill operation at
velocities close to the critical frequency. For this reason, if we choose lower rotations
speeds of the mill, the contribution of particular comminution mechanisms can be
changed by changing the size and number of grinding media. It is obvious that at the
same volume of the bed of grinding media and ball filling of the mill, the bigger are
the balls, the smaller is their number. An increase of the ball size determines an
increase of a single ball mass and extension of mutual interactions between the
grinding media. An enlarged size of the grinding media, at unchanged ball filling of
the mill, causes a decrease of the number of contact points. This induces a decrease of
mini-regions in which breaking stresses may occur leading to destruction of ground
material particles. Ball diameters are selected according to the ground material
strength and particle diameter of the mill feed. For bigger particles that require a
higher breaking strength, the balls should be bigger, while for smaller particles and
materials with lower strength better results are obtained when the number of ball
contacts, and consequently the number of balls, increases at the cost of their diameters.

Simplicity of the mill construction does not keep up with grinding process
efficiency. Low process efficiency makes technologists look for such a composition of
balls and ball filling of the mill at which the mean particle diameter decreases at the
fastest rate. This will enable a more economic use of the mill operating time.

Having this in mind, results of comminution in a mill with different number and size
of balls as well as different load filling of the mill were analysed. Ceramic body was
subjected to wet grinding.

GRINDING PROCESS AND EQUIPMENT PARAMETERS

Changes of particle size distribution in time were studied in a pilot-plant mill.
Basic technical data of the mill are given in Table 1.
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Table 1. Main parameters of a pilot-plant mill

Inner diameter [m] 0.5
Total volume [m’] 0.112

Rotations speed n[min™'] 31
n/ny, 0.54

The comminution process was carried out in wet regime (water solution with
antiemulsifiers). The feed was a mixture of rock material, mainly feldspar and clay.
Grinding was performed for different feed compositions. The difference in feed
composition was determined by the assignment of the ground product and was related
directly to the assortment of final products obtained from the ceramic body. A
differentiated feed composition depended on specific utility requirements. The
technology of ceramic body production for floor tiles requires an increased percentage
of harder components (feldspars). In wall tiles the feldspar percentage is reduced to a
minimum. Table 2 gives compositions of feed comminuted in the tested mill for two
groups of products, wall and floor tiles.

Ball charge of the mill was assumed to be 45% of the mill volume for the full feed
load. The ceramic body was ground at changing ball composition. Mass of size
fractions and ball dimensions for each experimental series are given in Table 3. To
differentiate grinding series according to ball composition, each of them was given a
symbol A, B and C.

Table 2. Components of raw material used in the production of wall and floor tiles

Wall tiles  Floor tiles

Solid components [kg] 66 66
- feldspar [kg] 18 36
- clay [kg] 29 25
- quartz [kg] 11 5
- carbonates [kg] 8 -

Liquid components [kg] 19.7 19.7
- water [kg] 19.5 19.5
- sodium tripolyphosphate [kg] - 0.2
- liquid glass [kg] 0.2 -

RESULTS AND DISCUSSION

Grinding was a batch process. Samples of ground material were taken at every
1000 revolutions of the mill. Particle size analysis of the samples was made using an
ANALYSETTE 22 laser particle size analyser (FRITSCH).
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Table 3. Composition and dimensions of balls

Series A | B | ¢
Ball diameter, [mm] Ball mass, [kg]
10 12.4 2 -
20 24.6 25 22.6
30 24.6 25 29.4
40 20.4 30 30
Total, [kg] 82 82 82

On the basis of the particle size analysis comminution rates were calculated for
particular size fractions. In the calculations, Gardner and Austin equation (1) was used
in the differential form for discrete values of the fractions, assuming an ideal mixing
of the ground material.

dw. (¢ L
WO g+ 55,90 n
df Pyl J L, .
The form of equation describing a change of coefficient b;; was also assumed:
7 B
d, d.
b..=¢g —| +(1-9) — 2
=9 d (1-9) a 2

Rate coefficients S; in equation (1) for grinding of material used for wall tiles
production for series A, B and C are given in Table 4. Similar calculations of rate
coefficient S; in equation (1) were made for grinding of material used in the production
of floor tiles.

Knowing the particle size distribution also the mean particle size was calculated
from the formula

ds = idsi . xi (3)
i=1

Using Statistica®, the correlation equations of changes in the comminution rate as
a function of particle size fraction d; were generated. This allowed us to present
process kinetics in the form of a relationship between the rates S; for particular size
fractions and the filling of mill with the feed and grinding media.

As an equation describing the rate of grinding particular size fractions, the
following function was used:

S@) =K -ds(i)" - @

Coefficients K, n, and b, for each measuring series are given in Table 5.
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Table 4. Rate coefficients S; for grinding of wall tile material in series A, B and C

Ball composition Series A Series B Series C
dy Sia x 10000 Sig * 10000 Sic * 10000
704.28 5.25 6.01 18.8
545.115 7.2 1.18 48.7
418.03 10.9 28.4 8.03
320.34 19.9 51.2 6.53
245.565 19 29.1 36.9
188.25 7.05 0.67 223
‘14431 3.16 1.67 12
110.625 2.65 1.96 6.47
84.805 222 1.79 43
65.01 1.27 1.08 4.5
49.835 0.198 0.15 3.13
38.205 0.368 5.74 1.19
29.29 0.532 7.31 1.29
22.45 0.65 7.98 1.65
15.695 0.713 0.83 3.07
10.115 0.714 0.81 5.66
7.755 -0.66 0.69 7.42
5.945 -0.606 -0.53 7.28
4.555 -0.594 -0.4 5.99
3.49 -0.605 -0.32 43
2.675 -0.577 -0.27 2.7
2.05 -0.496 -0.26 1.56
1.575 -0.399 -0.25 0.88
1.21 -0.316 -0.24 0.47
0.925 -0.255 -0.23 0.22
0.71 -0.215 -0.23 0.04
0.545 -0.19 -0.24 -0.11
0.415 -0.195 -0.28 -0.19
0.32 -0.212 -0.35 -0.26
0.245 -1 -1.22 -0.34

Table 5. Coefficients 3, fand ¢in equation (2) and K|, b, and #n;, in equation (4)

Parameter % B 7 Kg*10° b, ng R’
Series
A | 3227 3114 0618 0128 00146 39  0.83
lesl B | 1066 1083 0756 00061 00139 34 072
c | o01s 34 0.88 355 00073 25 098
A 48 415 078 589 00135 24 080
Ft:fe(;r B | 3654 1538  0.7973 5.18 00199 36 082
C | 01496 2465  0.6269 393 00141 22 074
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To present a clearer picture of the change in comminution rate of particular size
fractions of the feed, the range of changes in the mean particle diameter d; was
reduced to 200 um (Fig. 1). As follows from calculated coefficients of equations 2 to 4
and from the diagram shown in Fig. 1, the best results were obtained for series B and a
mixture of raw materials used in the production of floor tiles — line gB. Series B was
characterised by the most differentiated composition of balls with the largest
differences between the smallest and the biggest ball diameter. Slightly worse,
although still relatively high grinding rates were obtained for series mC (material for
wall tile production). Series C was characterised by the greatest number of balls with
the biggest diameters. They determine the biggest breaking forces required to
comminute the material. Within the size fraction above 250 um, the grinding rate is
the highest for series C (Fig. 2.). The lowest grinding rate in the whole range of
particle size changes was obtained in series A with grinding of the raw material used
in the production of floor tiles — curve fA. For other measuring series, the grinding
rates were similar in the whole size range of particles.

Interesting are the profiles of curves wC and fB. A bigger number of balls with
increased diameters (series C) determines the stronger impact forces which has a
favourable effect on grinding of big size fractions. For small particle sizes, smaller
than ca. 220 um, the rate of grinding depended not on the ball sizes but on an
increased number of contact points of feed with grinding media.

0,07 -
S; [1/s*10°]

0,05 +

0,04 4

0,03 +

0,02 4

0,01 4

0,00
0] 50 100 150 200

Fig. 1. Change of comminution rate S; of wall tile material (w) and floor tile material (f) for series A,
B and C. Correlation function (4), range of particle size changes 0+200 um

This tendency was more pronounced with the increase of the number of particles with
high mechanical strength in the mill feed. In the mixture used in floor tile production,
the content of hard feldspar fractions was twice as high as in the mixture used in the
production of wall tiles. The calculation shows that negative values of comminution
rate (Table 4) occurred for particle size fraction below 5 um. This can be explained by
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agglomeration of the smallest particles of the feed which was caused by interparticle
interactions. This is an unfavourable phenomenon that has an influence on grinding of
coarser fractions. The smallest fractions can stick to the grinding media decreasing in
this way the impact of grinding media on the comminuted material.

0,07

Si[1/s *10°]

0,06
0,05
0,04
0,03
0,02

0,01

0,00 :‘! — T T T e -
120 220 320 420 520 620

Fig. 2. Change in comminution rate S; of wall (w) and floor (f) tile material in series A, B and
C. Correlation function (4), range of particle size change 120 — 620 pum.

CONCLUSIONS

The following conclusions can be drawn on the basis of the results presented in this
study.

The process of grinding in ball mills during the initial period when feed particles
are relatively coarse, is affected by the size of balls and mill filling which determines
the forces with which the balls act on each other.

After that, when particle size of ground material is much finer, we can observe the
effect of the number of balls, or more precisely the number of contact points of
grinding media between which material particles are comminuted.

The highest comminution rates for big fractions of the feed were obtained for the
balls with the biggest diameters. Decreasing the number of balls with big diameters
and replacing them with grinding media of smaller diameter cause a significant
reduction of the comminution rate and lower variability of this parameter in the whole
size range of the ground product.
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NOMENCLATURE

b;; — particle size distribution function
b, K, ny — parameters in correlation equation (4)
d; d; — particle diameters in size fractions 7 and j, respectively
dy, d; — mean particle size and mean (arithmetic) size of particles in size fraction 7, respectively
S, S; — specific rate (separation parameter) of grinding particles from fraction i or j, w;(?),

wj(t) — weight fraction of particles i or j after grinding time ¢
X; — mass fraction of particles from size fraction i respectively
B oy — parameters in equation (2).
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W artykule omowiono wyniki badan przeprowadzonych w pol-przemystowym mtynie kulowym.
Celem badan bylo okreslenie wplywu liczby punktéw kontaktu, pomiedzy mielnikami a nadawa, na
szybko$¢ przemialu. Do eksperymentu uzyto kul materiatéw skalnych wykorzystywanych w produkcji
ceramiki budowlanej. Rozdrabniany materiat sktadal si¢ z mieszaniny skaleni oraz glinki z dodatkiem
antyemulgatorow. Przemial wykonano na mokro. W trakcie przemiatu okreslano sktad granulometryczny
mielonego surowca. Zmiany wymiaréw ziarna $redniego w czasie, poddano analizie ze wzgledu na
wplyw wielko$ci mielnikow, wypelnienia miyna oraz liczby mielnikéw, okreslajac szybko$¢ procesu
rozdrabniania. Glowny cel badan dotyczyl okreslenia wpltywu zmiany liczby punktéw kontaktu
mielnikow na szybko$¢ wlasciwa rozdrabniania nadawy. Zmiana w czasie rozmiaru ziarn pozwolita na
okreslenie szybkosci procesu dla poszczegoélnych klas rozmiarowych. Do obliczen wykorzystano
rownanie Gardnera i Austina w formie dyskretne;.
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STUDIES ON IRON(I11) REMOVAL FROM CHLORIDE
AQUEQOUS SOLUTIONS BY SOLVENT EXTRACTION AND
TRANSPORT THROUGH POLYMER INCLUSION
MEMBRANES WITH D2EHPA
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The removal of iron(III) from chloride acidic aqueous solutions in solvent extraction and transport
through polymer inclusion membranes (PIMs) has been studied. D2EHPA was used as the extractant/ion
carrier in these processes. The extraction of Fe(Ill), Mn(II), Ni(Il), Cu(Il) and Co(II) with 0.5 M
D2EHPA was: 73.4 %, 11.2 %, 15.3 %, 7.8 % and 23.9 %, respectively. Separation factors (S) for metal
ions were calculated and reported. The transport across PIM containing cellulose triacatate (CTA) as the
support and o-nitrophenyl octylether (ONPOE) as the plasticizer was found to be the effective and
selective method of Fe(IIl) ions removal from aqueous chloride solutions containing Mn(II), Ni(II),
Cu(Il) and Co(II) ions. The stability of PIMs was also studied. Present studies indicate that the transport
across PIM has the long term integrity.

key words: iron(Ill), D2EHPA, solvent extraction, polymer inclusion membranes

INTRODUCTION

Iron(Il) is present in the solutions after hydrometallurgical processes of
recovering a number of nonferrous metal ions such as nickel(II), cobalt(Il) and
copper(1l). The removal of iron(Ill) from aqueous solutions is a very difficult. Studies
on application of tributyl phosphate (TBP) in selective removal of iron(Ill) from
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* Division of Chemical Metallurgy, Wroclaw University of Technology, 50-370 Wroclaw, Poland,
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solution containing manganese(Il), copper(Il), nickel(Il) and cobalt(Il) by solvent
extraction and transport through polymer inclusion membranes processes were studied
(Pospiech and Walkowiak 2005). The commercial cationic and neutral extractans have
been proposed for the extraction in order to separate iron(Ill) from other metal ions.
Several publications have dealt with the application of organophosphorus acids and
the derivatives of organophosphorus compounds in separation of iron(IIl) from
aqueous chloride and sulphate solutions, i.e. di(2-ethylhexyl)phosphoric acid
(D2EHPA) and di(2-ethylhexyl)phosphonic acid (PC - 88A) (Lupi and Pilone 2000;
Biswas and Begum 1998, 1999, 2001; Jayachandran and Dhake 1997), tributyl
phosphate (TBP) and methyl iso-butyl ketone (MIBK) (Saji and Reddy 2001),
trioctylphosphine oxide (TOPO) and Cyanex 923 (Saji et al. 1998; Gupta et al. 2003).
Separation of iron(II) and nickel(Il) from a spent FeCl; by solvent extraction using
Alamine 336, MIBK and PC 88A as extractants were also investigated (Lee et al.
2005). Comparative study of iron(Ill) separation from zinc sulphate-sulphuric acid
solutions by D2EHPA was performed (Principe and Demopoulos 2004). Separation of
iron(IlI), copper(Il) and zinc(Il) from a mixed sulphate/chloride solution was carried
out using the extractants TBP, LIX 841 and Cyanex 921 in kerosene (Sarangi et al.
2007).

The supported liquid membranes (SLM) and polymer inclusion membranes
(PIMs) are used to separate different metal ions such as copper(Il), nickel(II),
cobalt(Il), iron(I1l) and zinc(I) (Gill et al. 2000, Pospiech and Walkowiak 2007; Parhi
and Sarangi 2008; Walkowiak and Kozlowski 2009). Transport of iron(Ill) through
SLM with the phosphine oxide (Cyanex 921) as ion carrier is a very effective method
of removal of iron(Ill) from aqueous solutions (Alguacil and Alonso 2000). For
concentration of Cyanex 921 higher than 0.26 M, permeability coefficient was found
to be 23 um/s and the transport process was controlled by the diffusion in the aqueous
stagnant film. Iron(IIl) can be selectively transported from 2.0 M HCIl aqueous
solutions containing chromium(VI) by using SLM containing the phosphine oxide
(Cyanex 923) as a carrier (Alguacil and Martinez 2000).

The long-term stability of the SLM is a major problem for its wide scale
industrial applications. In general, the PIMs are analogous to SLMs in terms of
mechanism of ion transport but show better stability as compared to SLM (Scindia et
al. 2005). One of the important aspects of PIMs is the distribution of organic carrier in
the polymer matrix, which determines their transport efficiency (Tripathi et al. 2003).
PIMs have been reported to have better mechanical properties than traditional SLMs
and good chemical resistance. The addition of plasticizers is reported to improve the
compatibility of the carrier with the polymer, and additionally improve the brittleness
and elasticity by creating a polymeric solution. Although PIMs have a higher internal
viscosity than SLMs, it has been reported that, for a number of systems the fluxes
across both types of membranes are comparable. In other cases higher fluxes of
transport across PIMs have been investigated (Salazar-Alvarez et al. 2005, Gardner et
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al. 2004). A number of new types of PIMs using various cellulose derivatives were
described These membranes have been characterized with respect to their durability
against hydrolysis under alkaline and acidic conditions.

Recently the transport of metal ions by polymer inclusion membranes has been
reviewed (Nghiem et al. 2007). The competitive transport of metal ions such as
Cr(VD), CddI), Zn(Il), Sr(Il), Cs(I) and Co(Il) across PIMs was investigated
(Kozlowski et al. 2002, 2007, 2008).

The present work examines the possibility of iron(Ill) separation from solution
containing manganese(ll), copper(ll), nickel(I) and cobalt(Il) by solvent extraction
and transport through polymeric inclusion membranes processes with D2EHPA as the
extractant/ion carrier. The effect of extractant concentration, the kinetics and
efficiency parameters of transport through polymer inclusion membranes have been
investigated. The stability of polymer inclusion membranes has also been studied.

EXPERIMENTAL

REAGENTS

Inorganic chemicals, i.e. iron(Ill), manganese(Il), nickel(Il), cobalt(Il) and
copper(Il) chlorides, sodium chloride and hydrochloric acid were of analytical grade
and were purchased from POCh (Gliwice, Poland). Organic reagents, i.e. cellulose
triacetate (CTA), o-nitrophenyl octyl ether (ONPOE), di(2-ethylheksyl)phosphoric
acid (D2EHPA) and dichloromethane were of analytical reagent grade (Fluka) and
used without further purification. Distilled kerosene was used as the diluent in solvent
extraction. The density of plasticizer, i.e. ONPOE, was 1.04 g cm™. Aqueous solutions

were prepared with twice distilled water, with a conductivity of 0.1 pSm .

PROCEDURE

SOLVENT EXTRACTION

Solvent extraction was carried out using equal volumes of both phases (10 cm’
each) which were mechanically shaken (200 min™) for 20 minutes at the constant
temperature (25 £ 2 °C). The metal ions content in the aqueous phase has been
determinated by means of AAS Solaar 939 (Unicam) spectrophotometer, while the
pH value has been measured with a CX-731 (Elmetron) pH-meter. The concentration
of metals in the organic phase was calculated from the mass balance.
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POLYMER INCLUSION MEMBRANE

Organic solutions of cellulose triacetate (CTA), ion carriers (D2EHPA), and
plasticizer (ONPOE) in dichloromethane were prepared. A portion of solution was
poured into a membrane mold comprised of a 6.0 cm glass ring attached to a glass
plate with CTA-dichloromethane glue. The organic solvent was allowed to evaporate
overnight and the resultant membrane was separeted from the glass plate by
immersion in cold water. The membrane was soaked in 0.10 M HCI aqueous solution
for 12 hours and stored in distilled water.

MEMBRANE TRANSPORT EXPERIMENTS

The transport across PIMs was carried out in a permeation cell in which the
membrane film was tightly clamped between two cell compartments. The effective
membrane area, which was exposed to both phases, was 3.14 cm’. Both, the source
and receiving aqueous phases (50 cm® each) were stirred at 600 rpm with synchronous
motors. The PIM transport experiments were conducted at room temperature (22-
25 °C). The permeation of iron(IIl) was monitored by periodical sampling (0.1 cm’
each) of the source phase. After appropriate dilution, samples were analyzed by an
atomic absorption spectrophotometer. The source phase acidity was controlled by pH-
meter (Cx-731 Elmetron, with a combined pH electrode, EFH-136, Hydromet,
Poland), pH was kept constant by adding to the source phase periodically aqueous
solution of 2.0 M HCL

RESULTS AND DISCUSSION

The solvent extraction of Fe(Ill) from aqueous chloride solutions containing
Mn(II), Ni(II), Co(II), and Cu(Il)

The extraction behavior of 0.10 M Fe(IIl), 0.30 M Mn(II), 0.020 M Ni(II), 0.010
M Cu(II), 0.0020 M Co(II) from 1.0 M hydrochloric acid and 2.0 M sodium chloride
with D2EHPA in kerosene as the solvent has been studied. The composition of this
aqueous solution is very similar to aqueous solutions after leaching of polymetallic
nodules (Jana 1993). Percent extraction of Fe(Ill) increased with increasing extractant
concentration in organic phase (Fig. 1).

As it can be seen from this figure extraction of Fe(Ill) was the highest for 0.5 M
D2EHPA and equal to 73.4 %. Extraction of others metal ions was much lower.
Extraction of Mn(II), Ni(Il), Cu(Il) and Co(II) with 0.5 M D2EHPA was low and
amounted to: 11.2 %, 153 %, 7.8 % and 23.9 %, respectively. The values of
selectivity coefficients are presented in Table 1.
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Fig. 1. The dependence of Fe(III), Mn(II), Ni(II), Cu(II) and Co(II) extraction percent (% E) from
chloride solution on D2EHPA concentration. Organic phase: 0.1 - 0.5 M D2EHPA in kerosene. Aqueous
phase: of 0.10 M Fe(III), 0.30 M Mn(II), 0.020 M Ni(II), 0.010 M Cu(II), 0.0020 M Co(II), 1.0 M HC1
and 2.0 M NacCl.

Table 1. Selectivity coefficients of Fe(III) over Mn(II), Ni(II), Co(IT) and Cu(Il) for different D2ZEHPA
concentrations in solvent extraction process.. Conditions of experiments as in Fig. 1

Selectivity coefficient, D2EHPA, M
> 0.1 0.3 0.5
SketnyMn(in) 1.50 7.40 21.23
SreqmyNiqn 1.13 4.94 15.27
Sreqtmycuqn 2.21 9.08 32.35
Ske(tmy/co(in 0.79 4.45 8.87

The selectivity of Fe(Ill) over the other metals ions is a very important process
parameter. The investigation found that the selectivity coefficient depends on the
extractant concentration in organic phase. The results indicate that the selectivity
coefficient increases with increasing D2EHPA concentration.

In this project a preliminary attempt was to find out which iron(IIl) species are
preferably extracted. Literature reports that iron(I1ll) forms various chloride complexes
with increase of chloride concentration in aqueous phase. Dependence of the fractions
of F&’-CI" (o, -100%) on chloride ions concentration in aqueous solution (on the
ground of the values of stability constants of metal-ion complexes at constant ionic
strength 1 = 4.0 for Fe(Ill), (Stability Constans of Metal-lon Complexes, Part A:
Inorganic Ligands, Pergamon Press) was presented in Fig. 2.
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Fig. 2. Dependence of the fractions of Fe**-CI" (o, -100%) on chloride ions concentration in aqueous
solution (Stability Constans of Metal-lon Complexes, Pergamon Press, 1998).

The results presented in Fig. 2 indicate that at 4.0 M CI' concentrations in the
aqueous solution, iron(III) exists as 0.70 % Fe’*, 22.47 % FeCI*" and 76.83% FeCl,".
The difference in extraction behaviour of these metals was attributed to the fact that
the extraction of Fe(Ill) is favored from chloride media under these conditions in
comparison with other metal ions. It would be possible to separate iron(III) and
manganese(I), nickel(II), cobalt(Il) and copper(I).

TRANSPORT OF IRON(III) ACROSS POLYMER INCLUSION MEMBRANES FROM
AQUEOUS CHLORIDE SOLUTIONS

THE KINETICS OF PIM TRANSPORT

The polymer inclusion membranes transport of iron(Ill) from aqueous solution
containing  0.10 M Fe(IIl), 0.30 M Mn(II), 0.020 M Ni(II), 0.010 M Cu(Il) and
0.0020 M Co(II), in 1.0 M HCI and 2.0 M NaCl was also studied. D2EHPA as the ion
carrier was used. The polymer inclusion membrane contained: 0.0375 g CTA, 2.0 M
jon carrier (based on plasticizer and carrier) and 2.66 cm® ONPOE/l g CTA. The
incluision membrane composed of: CTA — 19.28 %, ONPOE - 53.47 % and
D2EHPA — 27.25 %. The kinetics of PIM transport was calculated by a first order

reaction rate:
mfﬁjz—m (1)
ci
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where: ¢ is the metal ion concentration (M) in the source phase at some given time, ¢;
is the initial metal ion concentration (M) in the source phase,  is the rate constant (s'),
and ¢ is the time of transport (s).

To calculate the k value, a plot of In(c/c;) versus time was prepared. The rate
constant value for the duplicate transport experiment was averaged and standard
deviation was calculated. The initial input flux (J;) was determined as equal to:

J = % k-, (2)
where 7 is volume of the aqueous source phase (m’), and 4 is an area of
effective membrane (m?).

The results obtained for the iron(Ill) transport into distilled water as the
receiving phase are presented in Fig. 3.
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Fig. 3. Kinetics of 0.10 M Fe(III) transport through PIM with 2.0 M D2EHPA. Receiving phase: distilled
water; PIM: 0.0375 g CTA, 2.66 cm® ONPOE/1 g CTA.

As it can be seen from this figure the initial flux was equal to 15.87 pmolm™s™.
To calculate the k value, the plot of In(c/c;) versus time was made. The relation of
In(c/c;) versus time is linear, which was confirmed by high values of determination
coefficients (r*). The value of this coefficients was equal to 0.98. In this experiment of
polymer inclusion membrane transport no manganese(ll), nickel(Il), copper(Il) and
cobalt(Il) ions were detected in the receiving phase. That shows that under the
conditions of the experiment iron(Ill) can be effectively separated from other metal
ions present in this source aquous phase with investigatigated ion carrier.
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LONG TERM STABILITY OF THE POLYMER INCLUSION MEMBRANES

Membrane stability was also investigated by performing three transport cycles in
72 h. After each cycle, the solutions were removed from the permration cell and the
membrane was washed: feed and strip compartments were filled with fresh distilled
water (30 min.). The stability of PIMs in the transport of iron(Ill) was studied using
D2EHPA as the carrier. We used the same membrane with 2.0 M D2EHPA. The flux
of Fe(Ill) varied slightly at the beginning, but after tree cycle the flux decreased
considerably. Results are summarized in Table 2.

Table 2. Values of the permeability coefficient (P) after each cycle in Fig. 4

Cycle Permeability coefficient,
number P (ums™)
1 0.158
2 0.142
3 0.111

The fact that stability of liquid membrane depended on different parameters
(Szpakowska and Nagy 1997) suggested that solute-solvent (and polymer solvent)
interactions play a dominant role in membrane stability. The influence of different
experimental conditions on the transport rate allowed to establish various factors
determining membrane stability. One of the major factors is that the membrane
solvent and the organic carrier are lost to the aqueous phase, limiting the durability of
the membrane. Several authors have reported that polymer inclusion membranes show
good long — term stabilities, although in general lower fluxes can be obtained with this
kind of membranes due to their high viscosity (Aguilar et al. 2001).

CONCLUSION

Di(2-ethylhexyl)phosphoric acid (D2EHPA) used as extractants in solvent
extraction process allow for selective removal of iron(Ill) from acidic aqueous
solutions containing Mn(II), Ni(Il), Co(II), and Cu(Il). The investigation indicated that
the selectivity coefficient depended on the extractant concentration in organic phase.
Also, transport across polymer inclusion membranes with D2EHPA as the ionic
carrier, orto-nitrophenyl octylether (ONPOE) as the plasticizer, and cellulose
triacetate as the support into hydrochloric acid aqueous solution as the receiving phase
was found to be very selective for iron(Ill) removal from acidic aqueous chloride
solutions containing Mn(II), Ni(Il), Co(Il), and Cu(Il). No other metals excluding
Fe(III) were detected in the receiving aqueous phase.
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The results of this study show that in order to achieve long-term stability of the
PIM the organophosphorous acid (D2EHPA) as the ion carrier can be used.
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Zbadano proces usuwania zelaza(Ill) z wodnych roztworéw chlorkowych zawierajacych w procesie
ekstrakcji cieczowej 1 transportu przez polimerowe membrany inkluzyjne (PIMs). W roli
ekstrahenta/przenos$nika jonéw uzyto kwasu di(2-etyloheksylo)fosforowego (D2EHPA). Procent
ekstrakcji jonéw Fe(I11), Mn(II), Ni(IT), Cu(II) i Co(II) za pomocg 0,5 m D2EHPA wynosit odpowiednio:
73.4 %, 11.2 %, 15.3 %, 7.8 % i 23.9 %. Obliczono i przedstawiono takze wspotczynnik separacji (S)
poszczegdlnych metali. Stwierdzono, ze transport przez polimerowa membrang zawierajaca trioktan
celulozy (CTA) w roli polimerowej matrycy, eter o-nitrofenylooktylowy (ONPOE) jako plastyfikator
i D2EHPA jest efektywna i selektywna metoda usuwania jonow Fe(Ill) z wodnych roztworow
chlorkowych zawierajacych jony Mn(II), Ni(I), Cu(Il) i Co(II). Wyniki badan wskazuja na stosunkowo
dhugi okres trwato$ci tych membran w tych warunkach.

stowa kluczowe: zelazo(lll), DZEHPA, ekstrakcja, membrany
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BIOINSPIRED SYNTHESIS OF CALCIUM CARBONATE
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Biomimetic procedure for nucleation and growth of CaCOj; has been presented. The wet chemical
syntheses of CaCOs; colloidal particles have been carried out. The characterization of precipitated
particles of CaCO; has been done using the particle size distribution analysis. The effect of physical and
chemical parameters on the size of precipitated particles of CaCO; has been investigated. This research
may provide new insight into the precipitation of calcium carbonate.

key words: calcium carbonate, nanoparticles, synthesis, size distribution

INTRODUCTION

The concept of calcium carbonate synthesis inspired by natural processes has
expanded greatly during three past decades (Mann, 2001). It is well known that
biomineralization is achieved through the calcification process in a single cell
organism. Biominerals of over 40 different types occur in organisms, ranging from
bacteria to mammals. Biominerals are biocomposites of inorganic-organic hybrid
materials, consisting of broad group of biological minerals (Dujardin et al., 2003).

Among biological minerals, calcium carbonate has a special place since it is the
main constituent of bones and shells. In both materials, the inorganic mineral is
associated with biopolymers (Hunter 1996).
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** Maria Curie-Sklodowska University, Lublin, Faculty of Chemistry, e-mail: rad1 @hermes.ums.lubli.pl
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Eggshell is natural composite bioceramics containing 5% of organic and 95% of
calcite components (Arias and Fernandez 2003). The eggshell biomineralization is
affected by macromolecules which are produced by specialized cells. These
biomineral crystals appear to be nucleated on the mammillary knobs which is
proteoglycan containing oversulfated keratin sulfate. The calcite crystals growth on
the knobs is affected by oveglycan. These organic components are polyanionics and
polyacids, which have a high calcium affinity (Arias and Fernandez 2003).

Shells are composed of pure calcium carbonate, usually both in the form of calcite
and aragonite. The precipitation of calcium carbonate can be realized inside the
organism cell (the inner shell) or outside the cell.

The morphology and structural properties of calcium carbonate can be controlled
by the use of specific organic additives. For instance, proteins isolated from mollusk
shells shown control on the structure of calcium carbonate crystals (Feng et al., 2000).
The function of proteins during biomineralization was studied by application of
proteins extracted from mollusk shells (Mylilus edulis). The proteins from different
layers of shell were used. It was shown, that proteins extracted from nacreous layer
induced aragonite formation, while those extracted from prismatic layer induced
calcite formation. Additionally, it was shown that the morphology of precipitated
calcium carbonate crystals was controlled mainly by soluble proteins.

The effect of lysozyme on the precipitation kinetics and morphology of calcite
crystals was examined (Jimenes-Lopez et al., 2003). It was found that lysozyme
favored the nucleation of calcium carbonate and modified the morphology of crystals.
The degree of modification was changed with the lysozyme concentration. The
presence of lysozyme during the calcite precipitation process led to the formation of
spherical particles. The particle size distribution depended on the lysozyme
concentration (Voinescu et al., 2007).

Similar findings were reported for alcohols like ethanol, isopropanol or diethylene
glycol which also were used to influence the CaCO; morphology (Coélfen, 2003).

The main role of biomacromolecules is an induction of calcium carbonate
nucleation process. However, the experimental results showed (Sen et al., 2002) that
the growth of calcium carbonate was more and more inhibited by an increasing
concentration of collagen. The inhibition of calcite growth by collagen is caused
because collagen is non-uniformly incorporated into the calcite crystal planes.

The cooperative influence of collagen and magnesium ions on calcium carbonate
precipitation has been investigated (Jiao et al., 2006). The experimental data suggested
that collagen acts in combination with magnesium ions to inhibit CaCOs; crystal
growth. Also, the influence of Mg/Ca ratio on polymorph of CaCO; was tested. When
the ratio of Mg/Ca was in the range of 0-1, only calcite crystals were formed. When
the Mg/Ca ratio was in the range 2-4 some vaterite and aragonite crystals were
precipitated. However, when the ratio of Mg/Ca attains 4, most crystals were aragonite
(Jiao et al., 2006).
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The density and structural geometry of calcium carbonate can be easily regulated
by changing the kind and the amount of the water soluble polyelectrolytes. The
polyelectrolyte assembly creates a microenvironment for both the nucleation and
crystal growth. It was shown (Falini, 2000), that the collagenous matrix with
entrapped poly-Asp is able to control calcite and aragonite precipitation.

The results of calcium carbonate crystallization into the B-chitin scaffold has been
presented (Falini et al., 2002). The three main polymorph of calcium carbonate were
observed. Calcite and vaterite were precipitated in an absence of magnesium ions in
solution. In the presence of Mg®" ions, aragonite deposition slightly increases with
crystallization time. The optimal aragonite crystallization time was 24 h.

Hydrogels of polyacrylamide modified by copolymerization with acrylic acid were
used as growth medium for CaCO; precipitation. This procedure gives an organic
microstructure similar to natural biomineralization process (Grassman and Lobman,
2004). The introduction of —-COOH group by poly-organic acid into hydrogel altered
both the morphology and stability of calcium carbonate.

Polyacrylamide was also used as an organic substrate to induce the nucleation and
growth of calcium carbonate. The calcium carbonate precipitation was realized by
bubbling of CO,/N, gas mixture through the water solution of calcium hydroxide with
polyacrylamide. It was shown (Wang et al., 2006), that the concentration of organic
substrate and temperature influence the nucleation, growth and morphology of
calcium carbonate particles.

Recently, dendrimers were discovered as active additive for the controlled CaCO;
precipitation (Cdlfen, 2003).

SYNTHESIS OF NANO-SIZED PARTICLES OF METAL CARBONATES

Recently calcium inorganic particles in micro- and nano-size are prepared by
various methods for the various applications. Several synthetic procedures have been
designed for control of the formation of naoparticles of metal carbonates. Two routes
seem important: precipitation from homogeneous solution and synthesis in
microemulsion (reversed micelles).

The nanosize calcium carbonate was synthesized by an in situ deposition technique
(Mishra et al., 2005). Using this procedure, calcium chloride solution was mixed with
PEG solution. This mixture was blended with K,CO; water solution. Four different
molar ratios (1:4; 1:8; 1:12 and 1:16) were used. Calcium carbonate precipitate was
filtered off, washed with water, and dried in vacuum.

Microemulsions are used as special microreactors to limit the size of nano-particles
(Karagiozov and Momchilova, 2005). Nano-size particles of CaCO; and BaCO; were
obtained using chemical reaction in water-in-oil microemulsion. Nano-particles
synthesized in this way have a spherical shape and almost equal size varying from 20
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to 30 nm. Chemical interaction between CO, and the corresponding drops of
microemulsions takes place in the reactor equipped with cooling jacket. The process
of metal carbonate precipitation is endothermic. The microemulsion used in these
experiments was aqueous alkali solution in oil (w/0) where the water drops contained
dissolved calcium or barium hydroxide, and organic phase was n-hexane. The
synthesis was carried out at temperature 20-23°C at constant flow rate for 60 min.

The growth of calcium carbonate in a reverse macroemulsion system based on n-
stearoyl acid surfactant has been described (Menahem and Mastai, 2008). X-ray
diffraction data showed that crystallization of CaCO; in macroemulsion led to the
formation of vaterite and calcite nanocrystals.

The formation of nanoparticles using the microemulsion method is completely
governed by the droplet exchange, which provides new reactants in small amounts of
few molecules from other droplets.

A new method for preparation of nanoparticles was based on using two types of
foams. Foam one was formed by the aqueous solution of CaCl, with anionic
surfactant. The second foam was created by aqueous solution of Na,CO; and cationic
surfactant. Two types of foam were contacted each other in a specially designed
apparatus (Guo et al., 2007). The size of nanoparticles can be controlled by changing
the solution concentration,

Many nanoparticles have been studied for the use in drug delivery systems (DDS).
The study of incorporation of bioactive proteins into nano-CaCQOj; has been carried out
(Uano et al., 2005).

Among the various method employed to the drag delivery, CaCOs; microcapsules
seem be useful in numerous clinical applications (Fischer et al., 2000).

The preparation of CaCO; microcapsules encapsulating some biomacromolecules
has been reported (Fujiwara et al., 2008). Proteins, such as bovine serum albumin was
added to the (NH,4),CO; water solution. No change of the solution occurred after the
protein addition into the (NH4),COj5 solution. It was shown that the contents of protein
in CaCOj; microcapsules strongly depended on their molecular weight.

The purpose of this study was to synthesize precipitated calcium carbonate of
various sizes using different methods. The data are presented as particle size
distribution curves.

MATERIALS AND METHODS

All chemicals used in these syntheses were commercial available (POCh, Poland)
and were used without further purification. The poly(ethylene glycol) PEG of
molecular weight 1000, 6000, 20000, 300000, and 5000000 was used.

Some bacteria cultures were isolated from soil samples. From isolated bacteria
cultures two bacterial strains: Bacillus circulans and Streptomyces sp. were separated
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for further investigations. The biosurfactant production was determined by the
measurements of the surface tension. Biosurfactants produced by Bacillus circulans
reduced the surface tension from 74 to 28.66 mN/m after 20h period of bacteria
growth. Biosurfactants produced by Streptomyces sp. reduced the surface tension to
29.30 mN/m. The filtrates of microorganisms culture were marked B4 and B6,
respectively.

The preparation of CaCOj; colloid particles was carried out in the Erlenmeyer
flasks at the speed of the magnetic stirrer 300 rpm, using three reaction systems:

i. NayCO;0.01M in H,O (100 ml) + CaCl, 0.01M in H,O (100 ml);

ii. Na,CO; 0.01M in PEG 0.1 or 0.7% aqueous solution (100 ml) + CaCl, 0.01M in
PEG 0.1 or 0.7% aqueous solution (100 ml);

iii. Na,COs 0.01M in filtrate 10% aqueous solution (100 ml) + CaCl, 0.01M in filtrate
10% aqueous solution (100 ml).

The solutions of sodium carbonate and calcium chloride with PEG and filtrate were
prepared one day before the calcium carbonate synthesis and have been stirred
overnight. The precipitation experiments were carried out at 25°C. The pH of solutions
in which precipitation has occured was 11.2 (without any additives), and 12.6-13 with
PEG or broth. The particle size distribution of the colloidal CaCOs; particles was
measured using a laser diffraction technique (Mastersizer 2000, Malvern).

RESULTS AND DISCUSSION

The objective of this work was to synthesize calcium carbonate of various sizes
using the precipitation technique. The synthesis of CaCO; was followed by basic
synthetic route. The aqueous solutions of Na,CO; and CaCl, were combined.
Additionally, the precipitated calcium carbonate suspensions were homogenized for
the time period of 5 and 10 min. The effect of time and homogenization on the size of
precipitated calcium carbonate was compared. Figure 1. presents the changes of
distribution curves of precipitated CaCOj; in time and after the homogenization of the
precipitate. After one day the particles become larger due to recrystallization process
(Rodriguez-Navarro et al., 2007). On the other hand, the mechanical homogenization
of formed particles decreased the size of precipitated calcium carbonate, but not
considerably.

The second experimental part has been realized using the way described by Mishra
et al. (2005). Calcite precipitation experiments were conducted in the presence of
poly(ethylene glycol) PEG. The experimental procedure was as follows: 100 ml of
0,01M CaCl, (and Na,COj;, simultaneously) solution was mixed with appropriate
amount of PEG. After one day two mixtures were combined while mixing on the
magnetic stirrer.
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Fig. 1. Changes of size distribution curves for precipitated CaCOs in time and after homogenization at
24 000 rpm

Two concentrations (0.1 and 0.7%) of PEG 1000 were applied. The results obtained

after 24 hours of synthesis (Fig. 2) were compared with the size distribution of
precipitated CaCO; without polymer.
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Fig. 2. The effect of PEG concentration on the size distribution curves of CaCO;
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The effect of molecular weight of polymer (PEG) at the same concentration (0.1%)
was tested at the next series of experiments. As can be seen in Fig. 3 a and b, small
changes of size distribution can be observed when the molecular weight of polymer
has been changed from 1000 to 5000000.
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Fig. 3 aand b. The effect of the molecular weight of PEG on the size distribution of CaCO;

The same procedure of salt solutions preparation was used for calcium ions
precipitation in the presence of microbial filtrates (B4 and B6). Figure 4 (a,b) shows
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the influence of both biosurfactant solutions (B4 and B6) on the size distribution of
precipitated calcite particles. It is clear that the size distribution curve of calcium
carbonate in the presence of B4 broth has changed as a function of time. This
phenomenon can be explained by a specific interaction between biosurfactant and
inorganic materials. It is known that biosurfactants play a role of the template to
synthesize lithium iron phosphate (Li et al., 2009) or mesoporous hydroxyapatite
( Zhao et al., 2008).
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Fig. 4 a and b. The size distribution curves of CaCO; precipitated in the presence of the microbial filtrate
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CONCLUSIONS

The calcium carbonate precipitation experiments were conducted to examine the
effect of physical and chemical conditions of calcite synthesis on the size distribution
of precipitated particles. From these experiments the following conclusions can be
drawn:

1. The length of mixing period and the stirring speed have an essential influence
on the size distribution of precipitated calcium carbonate.

2. The homogenization caused the aggregates’ destruction.

3. The polymer (PEG) addition brings about smaller particles of CaCOs;. The
size of particles depends on the polymer concentration. The molecular weight
of polymer does not affect the particles size significantly.

4. The particles of CaCOj; synthesized in the presence of microbial filtrate (B4)
showed an increase of size in time. It can suggest a specific interaction
between biosurfactant and precipitated particles.
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A STUDY ON THE PERFORMANCE OF SECOND ORDER
MODELS AND TWO PHASE MODELS IN IRON ORE
FLOTATION
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In this study, the fit to the experimental data of two second order models and two phase model were
compared with first order models. The best fit was observed with the two parameter model with
rectangular distribution of floatabilities (model II) and the three parameter fast/slow floating particles
model (model I). Also, the three parameter gamma distribution model (model VI) showed good fit to the
experimental data. The worst fit was observed with first order two stage kinetic model (model V) which
indicates that there is no need to divide the flotation rate into two flotation rates. Model VII which
includes six parameters gave acceptable fit to experimental data. This result is in contrast with the results
obtained by other investigators which states that increase of parameters in model leads to parameter
dilution and increase on model error. Hence, it may be concluded that the number of parameters to obtain
an adequate model needs more investigation. The confidence intervals for the three best models (model I,
model II and model VI) were estimated at 95% confidence level. Also, model II shows more discrete
regions with regard to flotation rate and recovery than model VI. This result indicates the ability of such
model to express the changes in flotation reagents and/or flotation conditions over other tested models.

key words: flotation, modeling, second order models, two phase models

INTRODUCTION

The importance of describing the flotation process by a mathematical model has
been realized by numerous researchers (Arbiter and Harris 1962, Jowett and Ghosh
1965). Models provide the worker with a means to assess and predict flotation cell
performance and hence the opportunity to improve operation of the cell.

: Mining & Pet. Dept., Faculty of Engineering, Al-Azhar University, Nasr City, Cairo, Egypt,
e-mail: amsaleh2006@yahoo.com
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Distinguishing between the performance of different flotation cells and evaluating
the effects of operating parameters (Such as aeration rate and agitation intensity) can
also be accomplished by use of a flotation model (Mehrotra and Kapur 1974, Mika
and Fuerstenau 1969). Examination of the literature dealing with the modeling of
flotation process reveals that a number of varying models have been presented
(Woodburn et al. 1976, Woodburn 1970). No particular model has gained predominant
acceptance amongst flotation researchers.

The mathematical modeling of flotation was applied in many areas in the flotation
literature. Gulsoy (2005) analyzed the entrainment behaviour of both hydrophilic and
hydrophobic particles in flotation. Empirical model equation was proposed and
checked with experimental observations. The results provided accurate interpretation
of hydrophilic and hydrophobic particles entrainment. Mathe et al. (2000) studied also
the effect of entrainment of hydrophilic particles on modeling of recovery of mineral
grains in concentrate. Heindel (1997) analyzed the microprocesses associated with the
deinking flotation. He made a comparison between deinking and mineral flotation and
concluded that modeling deinking flotation is possible. Heindel and Bloom (2006)
mentioned that although there are many differences between conventional mineral
flotation and dispersed air flotation, the latter can be modeled and they gave some
guidelines for modeling such complex process.

Yianatos (2007) reviewed the flotation models that depend on fluid flow and
models that depend on kinetics of related processes in conventional and column
flotation. He mentioned that due to deviation of mechanical cells from perfect mixing
conditions, the fluid flow regime, mass transport between pulp/froth interface and
froth transport mechanism are better understood. The simulation of flotation
process/circuits was also attempted. The results of such simulations are found for
example in (Harris 1997, Alexander et al. 2000).

In a previous study (Saleh 2009) statistical model analysis was carried out on
single phase first order models. The results showed that the three parameter fast/slow
floating particles model and the two parameter model with rectangular distribution of
floatabilities were the best models. In the present investigation, models of second
order and two phase type are tested, evaluated and compared with first order models in
iron ore flotation.

CONSIDERED FLOTATION MODELS

The following models are tested and analyzed in this work.
1 — Three parameters fast/slow floating particles model (named model I). This model
mathematically expressed as:
r=(1-®)[1—exp(—Krt)] + ®[1-exp(-Kst)] (1)
where r is recovery at time (2), @ is the fraction of flotation components with slow rate
constant, K; K are the rate constants for fast and slow components (min™). This
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model incorporates two rate terms instead of one rate constant (Kelsall 1961). The
model does not include an ultimate recovery parameter but rather the ultimate
fractional recovery is assumed to be 1.0. When K, parameter approaches 0, the
parameter (@) will then represent the fraction not recovered and the term (7 - @)
becomes analogous to ultimate recovery and the model reduces to two parameter
model.

2 — Two parameter model with rectangular distribution of floatabilities (named model
IT). Mathematically, this model is described as:

=R/ (1—exp(—K1))] @)
Kt

where R is the ultimate recovery at long flotation times, K is the rectangular rate
constant representing the largest allowed value of rectangular distribution (min™) and r
as in model I. This model assumes a rectangular distribution of rate constants (Meyer
and Klimpel 1984). The model describes a first order reaction. The predicted recovery
is based on both ultimate recovery and a rectangularly distributed rate constant.

3 — Second order kinetic model (named model III). Because a first order equation
appears to apply to a limited number of time — recovery profiles, it is not a sufficient
criterion alone to establish the order of a flotation rate equation. This model is
developed by assuming n=2 in the rate equation (dc/d¢t = -Kc") where ¢ is the
concentration of a particular floatable component, K is the rate constant and # is the
order of rate constant. Mathematically it is expressed as:

2
e R Kt 3)
1+RKt

R is the ultimate recovery and K is the flotation rate constant. This model is a two
parameter expression describing the flotation of a monodisperse feed with particles
having a constant floatability (Arbiter, 1951). The terms », R and K are the same as
mentioned in model II.

4 — Second order kinetic model with rectangular distribution of floatabilities (named
model 1V). This model was proposed by Klimpel (1980). The mathematical form of
this two parameter model is given as:

r=R{1~" [In(1+Ky)]} @
Kt

The terms », R and K are the same as in model II. This model assumes a rectangular
distribution of floatabilities.

5 — First order two stage kinetic model (named model V). This model was developed
by considering the flotation system as being composed of discrete pulp and froth
volumes. The model as proposed by Klimpel (Klimpel, 1984) incorporates two rate
terms describing the mass transfer of a component from the pulp to the froth and
finally to the concentrate. By assuming that the rate of drainage from the froth is
minimal, the mathematical form of this model is derived as:
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r=RCE)-exp-K)-- 5 )-exp(-Kp)y O
K-K' K-K'

K is the rate of transfer from pulp to froth and K'is rate of transfer from froth to
concentrate. Equation (5) is a three parameter model, describing a first order, two
stage reaction. The particles are assumed to be present in a monodisperse feed with
constant floatabilities. As K (rate of transfer from pulp to froth ) is always much
greater than K' (rate of transfer from froth to concentrate), transfer from froth to
concentrate is the rate limiting step.

6. Three parameter gamma distribution model (named model VI). This model
assumes a gamma distribution of floatabilities instead of rectangular distribution and
was developed by (Huber—Panu et al., 1976). It is mathematically expressed in the
following form:

r=RI-[-*17}. ©
A+t

The gamma distribution can be described as being composed of the summation of P
exponential distributions. When P = 1.0, this model will be reduced to a two
parameter form.
7. Six parameter model (named model VII). This model discretises the floating
material into fast, medium and slow floating components (Apling and Ersayin ,1986).
It may be represented by the equation:

r= ya;(l-exp(-K,t) (7
i=1

where r is the recovery of the _grains at time (?) and g; is the fraction of the grains that
is characterized by rate constant K; such that:
n 8
>a; =1.0. ®)
i=1
Models I and II were tested for coal flotation in a previous study (Saleh 2009) and
obtained the best fit among other models tested, with model I better than model II. It
was aim of this investigation to test these models and compare them to the
performance of second order and two phase models for iron flotation.

EXPERIMENT
MATERIAL

Iron ore sample used in this study was obtained from Um-Hebal region, South-
East of Aswan, Egypt. The sample was first crushed in a hammer mill and then ground
in a disc crusher. The ground product was screened on a 0.5 mm wedge wire screen
using Rotap Shaker. The undersize material was collected and the oversize product
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was returned to disc mill and screened again until all material passed 0.5 mm sieve.
The collected material [-0.5 mm] represents the flotation feed (-500 um). A
representative sample from the flotation feed was taken and analyzed. The chemical
analysis of this sample are: K,0=0.1%, Na,0<0.1%, TiO, = 0.55, MnO = 1.57, Fe,0;
=57.5%, Si0; = 17%, ALLO; = 3.57, CaO = 5.38%, P,Os = 3.02% and L.O.I. = 9.35%.
The flotation feed was screened and analyzed for Fe content. The size distribution and
iron content of different size fractions are shown in Table 1. Oleic acid was applied as
a collector and pine oil was used a frother.

Table 1. Size distribution and iron content of flotation feed

Size, micron Yield () wt% Cumulative yield (2y) Fe content %
-500+355 9.38 100 35.90
-355+250 15.48 90.62 38.10
-250+125 35.54 75.14 38.05
-125+62 32.82 39.60 40.00

-62+32 11.88 15.78 44.70
-32 3.90 3.90 48.00
Feed Sample 100 38
METHODS

Flotation experiments were carried out in Denver laboratory sub aeration machine
of one dm” capacity using tap water. The operating conditions are shown in Table 2.

The ore was well mixed and sampled using standard riffling procedure. The 100 g
samples were taken, placed in bags and stored in a dry environment until testing. The
froth was removed manually. After the ground material was transferred to the cell, the
pulp level was adjusted to the appropriate height. It was found that the applied frother
concentration was sufficient to produce a stable froth persistent for entire flotation
time (8 min).

Table 2. Operating conditions

Operating Variable Value
Oleic acid collector 2 kg/Mg and 3 kg/Mg
Pine oil frother 60 mg/1
Solid/liquid ratio 10%
Aeration rate 6 I/min
Flotation time 0.5,1.0,2.0, 4.0, 6.0, 8.0 min
r.p.m. 1000
pH 8

The collector reagent is used industrially for this type of ore. The collector was
provided by the supplier in a purified state, used as it received and added to the
flotation cell using clean, calibrated pipette.
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In carrying out a flotation test, the pulp was first agitated for 5 min and then
conditioned with oleic acid collector for another 5 min. The pine oil frother was added
1 min before aeration.

To study the flotation kinetics, the collection of concentrate was taken at time
intervals 0.5, 1.0, 2.0, 4.0, 6.0 and 8.0 min. The concentrate and tailing from each test
were filtered, dried, weighed, sampled and assayed for Fe content and the fractional
recovery.

RESULTS AND DISCUSSION

The optimal flotation model parameters were determined by a generalized
parameter estimation computer program (Ureka-the solver). The criteria used for
estimation of parameter values is the minimization of the absolute sum of the squares
of the deviations at a given time between observed (experimental) and calculated
recovery. Having the optimal parameters for a given model, a procedure for selecting
the best flotation model remains to be found.

EVALUATION OF FLOTATION MODELS

A method of model discrimination used is based on a statistical analysis of the
model error resulting from curve fitting as compared to the true experimental error.
The requirements of a floatation model are first: a model must fit the observed data
and, second: each model parameter must have a range of statistical significance
narrow enough such that changes in flotation system can be confidently assessed. By
using standard deviation of estimate, S, the fit of the observed to the calculated data
can be measured (Eq. 9).

2 2
Z (rz',cal - obs)
i

n—m
In this equation, n equal to number of data points, m is the number of model
parameters; ;. 1S the calculated recovery at time i and 7, is the observed or
experimental recovery rate at time i.

Hence, flotation models have been evaluated on the basis of the quality of fit of
the experimental data. Model that gives parameters when evaluated at various flotation
times will give a predicted flotation time-recovery profile that is nearly identical to the
observed flotation time-recovery profile is assumed to be the best model. Because the
experimental error is constant in all tests, the difference between experimental profile
and predicted profile of two models will be a direct measure of the difference in the
model errors.

©)

Sr:
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Figure 1 shows the flotation response of the iron ore sample tested. It represents
the flotation recovery % versus flotation time (min) at collector dosage of 2 kg/Mg
and 3 kg/Mg. It is clear that the recovery increases with increasing flotation time. The
increase in flotation recovery is small at high flotation times and the recovery tends to
be, more or less, constant after 6 minutes. The flotation response of feed sample is
poor where the maximum obtained flotation recovery (at 2 kg/Mg collector) is about
50% after long flotation time (about 8 min). The poor flotation response may be
related to the geological nature of the flotation feed, i.e. the valuable mineral
(hematite) may be finely disseminated in the ore matrix which needs extensive
grinding to achieve acceptable mineral liberation. This is clear from Fig. 1 where
increase collector dosage from 2 kg/Mg to 3 kg/Mg does not lead to a significant
increase of recovery (55% vs. 50%) with the same concentrate grade 48% Fe
compared with the feed grade 38% Fe.

The optimal model parameters for models (I-VII) as well as the maximum error in
predicted flotation recovery and the standard error of estimate (S,) are shown in Table
3. The results of simulation of the investigated models are shown in Figures 2 through
5. All tested flotation models expressed the recovery-time profile successfully as the
standard error of estimate may be more or less acceptable where it is ranging from
0.010 to 0.034, i.e., from 1%-3%. The lowest performance is observed with the first
order two stage kinetic model (model V) which include two stage rate constants. The
first expresses the transfer of particles from pulp to froth and the second expresses the
rate of transfer of particles from froth to concentrate.

Table 3. Model parameters, maximum error and standard error of estimate (S,) at flotation dose 2 kg/Mg
collector

Model Parameters Max. error S,
I K=1.3374 K=0.0349 ¢ =0.6222 0.0254 0.0130

1 K=2.0522 R=0.5221 0.0129 | 0.0100
I K=2.1663  R=0.5494 0.0231 | 0.0148
v K=2.5609  R=0.5901 0.0286 | 0.0184
% K=23432  K'=2.4014 R=0.4637 | 0.0342 | 0.0341

VI 7=2.6595 P=29025  R=0.4959 0.0128 0.0130

a,;=0.4095 a,=0.0106 a3=0.5800

VIL ) K =12020  K=07050 K:=0.0171

0.0098 0.0138

This indicates that dividing flotation rate constant into two rate constants, i.e.
considering that flotation process consists of two stages instead of single stage is
useless or have no additional benefit. The best fit to the experimental data is obtained
with the first order two parameters model with rectangular distribution of
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floatabilities (model II) and the three parameter fast/slow floating particles model
(model I). This result is in agreement with the obtained results in a previous work
carried out on coal flotation (Saleh 2009). In that investigation, these models recorded
the best performance among other tested first order models. This work indicates that
the performance of first order models is better than second order models as better fit to
experimental data is observed.

Three parameter gamma distribution model gave better fit than second order
models. This result shows that the flotation process can be better described as first
order process than other high order processes. The six parameter model (model VII)
which includes classification of floating particles into three fractions (a;, a, a;) with
fast, medium and slow flotation rates (K; K, K3 has good fit to the experimental
results better than second order models. This result is in contrast with other results
obtained by other investigators (Apling and Ersayin 1986) which stated that no benefit
is gained from increasing number of parameters in the flotation model. Hence, it
seems that this conclusion needs more investigation in the future studies. The
performance of tested models with regard to fit is in following order: model II >
model I = model VI > model VII > model III > model IV > model V.

The best two models (model I and model IT) were tested also with dosage 3 kg/Mg
oleic acid collector. The standard error of estimate (Sr) were 0.024 and 0.023
respectively compared with 0.013 and 0.010 at 2 kg/Mg collector. It is clear that the
standard error of estimate depends on the flotation conditions and increases with
collector dosage increase. It's worth to mention that among the tested models, two
parameters model with rectangular distribution of floatabilities (model II) and second
order kinetic model with rectangular distribution of floatabilities (model IV) don't
respond at the point of zero time. Among tested second order models (models III, V),
second order kinetic model (model III) obtained better results.

Better performance of model II over model I may be related to the assumption that
the ultimate recovery is 1.0. It is believed that the rectangular distribution of
floatabilities gives this model flexibility and therefore, should be a better form of the
first order process. Quality of fit for model II is the best of all models. Because the
mathematical form of model III includes the square of the ultimate recovery parameter
and due to assumption of the second order, additional model error over and above that
inherent in first order models may be introduced. However, as in model III, the second
order form in model IV introduced additional parameter dilution. In model VI the fit
to the observed data is excellent and better than of some two parameter forms.
Although it was concluded that little or no benefit is derived from increasing number
of parameters in the model, i.e., the smaller the number of parameters that are required
by a model to achieve an adequate fit to experimental data, the easier the model relates
changes in their magnitude to changes in operational variables (Apling and Ersayin
1986), six parameter model (model VII) shows good fit to the observed data.
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PARAMETER CONFIDENCE REGIONS

The parameter confidence regions were estimated for the three best models,
namely, model I, model II and model VI.

Due to the non-linear nature of the flotation models, confidence limit estimates of
parameters based on linear model methodology can not be applied. Instead, logical
sensitivity test procedure was applied (Klimpel and Austin 1984).This procedure
involved a stepwise change (£10%,+25%,+50%) in one of the optimal model
parameters values. By holding the changed parameter constant and allowing the
computer program to reoptimize, a new estimate of model parameters and the sum of
squares between observed recovery and calculated recovery was determined. The sum
of squares is then used to calculate the model variance (S°,) which used in statistical F-
Test. By comparing the optimal model variance to the model variance from a given
change in the parameter being assessed, a calculated F-value can be determined. By
repeating this process, a plot of calculated F versus the parameter value can be made.
If calculated F-value is less than the F-distribution (F-value from the tables, i.e., F; )

then there is no significant difference between
1

0.9 4

0.8

0.7

0.6 1

0.5

0.4
—@—2kg / t collector

Flotation Recovery ,%

0.3 1 —4—3kg /t collector

0.2 1

0.1+

0 1 2 3 4 5 6 7 8 9
Flotation Time , min

Fig. 1. Flotation response of considered feed sample at 2 kg / Mg and 3 kg / Mg collector
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the optimum parameter value and the changed parameter value and null hypothesis
(H,) is applied. On the other hand, if calculated F-value is greater than the F,; the
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alternative hypothesis (H;) is applied which states that there is a significant difference
between the optimum parameter value and the charged parameter value.

If a model gives parameters with a wide range of statistical significance, the
differences that can be observed between different tests become diluted or completely
masked and it's impossible to make firm quantitative comparison of various test
conditions. On the other hand, if the model gives parameters with a narrow range of
statistical significance, differences between tests become apparent.

This method of calculation is illustrated in a working example for model II in
tables (4, 5). The confidence limits for K and R parameters were determined by the
graphical technique at 95% confidence level and shown in Figures (6, 7).

Figure (8) shows comparison of confidence intervals for ultimate recoveries of
models II and VI. The approach was continued for each parameter in each of
considered models (I, II, VI). Table (6) shows the confidence limits of the three best
models, 1. e, model I, model II and model VI.

It’s clear that for model II while the confidence regions of K is symmetrical, the
confidence region of R is not. The confidence region of R of model VI is also, more or
less, symmetrical as shown on Fig. 8.

Investigating the above results indicates that with regard to (R), the range of
statistical significance in model VI is less than model II. The confidence limits for R
and K are very narrow for model II. The confidence limits for @ and R in models I and
VI are, more or less, the same. It is expected that additional parameters in model VI
may introduce model error and parameter dilution comparing with simpler form of
model II. Determination of confidence intervals for second order models are
recommended in future work to be compared with that of first order models. Among
the tested models and with regard to quality of fit and confidence intervals, the two
parameter model with rectangular distribution of floatabilities (model II) is the best
model. The increase in model parameters still needs more investigation in the future
studies. The first order models recorded better performance than second order models.
Three parameter gamma distribution (model VI) shows a fit to the experimental data
more or less similar to that observed with three parameter fast/slow floating particles
model (model I). Models I, II obtained the best fit to the experimental data as
previously observed in coal flotation (Saleh 2009). The worst fit was observed with
the first order two stage kinetic model (model V).

Table 4. Determination of parameter confidence range of K by F-Test at 95% confidence level for model
11

K R SSO S’ F
Opt. 2.0522 0.5221 0.00045 0.00010 1.0
+10% 2.2574 0.5129 0.00070 0.00018 18
-10% 1.8470 0.5329 0.00077 0.00019 19
+25% 2.5653 0.5013 0.00182 0.00045 45
25% 1.5391 0.5531 0.00286 0.00072 72
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Table 5. Determination of parameter confidence range of R by F-Test at 95% confidence level for model

11
K R SSO S, F
Opt. 2.0522 0.5221 0.00045 0.00010 1.0
+10% 1.8316 0.5743 0.00109 0.00027 2.7
-10% 2.2855 0.4699 0.00048 0.00012 1.2
+25% 1.5163 0.6526 0.00484 0.00121 12.1
-25% 2.6676 0.3916 0.00409 0.00102 10.2
SSQO=sum of squares of differences
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Fig. 6. Graphical determination of parameter confidence ranges for flotation rate (K) for model II
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Table 6. Confidence intervals for model I, model II and model VI

Model Parameter Optimum Range

K, 1.3374 0.75-2.25

I K 0.0349 *
P 0.6222 0.40 - 0.75
I K 2.0522 1.97-2.20
R 0.5221 0.42 - 0.60

A *2.6595 *

VI P 2.9025 *
R 0.4959 0.34 - 0.68

* Parameter insensitive to 50% change

CONCLUSIONS

In this investigation, seven flotation models were tested in iron ore flotation.
These models include, three parameter fast/slow floating particles model (model 1),
two parameter model with rectangular distribution of floatabilities (model II), second
order kinetic model (model III), second order kinetic model with rectangular
distribution of floatabilities (model IV), first order two stage kinetic model (V), three
parameter gamma distribution model (model VI) and six parameter model (model
VII). The best fit was observed for models I and II with model II better than model 1.
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The fit to the experimental data is found in following order: model II > model I =
model VI > model VII > model III > model IV > model V. The first order models
obtained better performance than second order models. The tested six parameter
model (VII) showed also good fit to the experimental data. This result shows need for
more investigation to illustrate the effect of increase parameters in model and to
determine their upper limit to provide an adequate model. The worst fit was observed
with the first order two stage kinetic model (model V) which indicates that dividing
flotation rate into two rates, the first for transfer particles from pulp to froth and the
second for transfer particles from froth to concentrate is incorrect.

The confidence intervals for the three best models (model I, 11, VI) were estimated
by the graphical technique at 95% confidence level. It was found that model II shows
discrete confidence regions which illustrates the ability of this model to express
changes in flotation conditions. In comparison with model II, and with regard to
flotation recovery, model VI showed less discrete (wide) confidence regions.
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Poréownano wierno$¢ opisu danych pomiarowych za pomoca kinetycznych modeli drugiego rzgdu
i modeli dwufazowych. Najlepszy opis odnotowano za pomocg modelu dwuparametrowego z potegowa
dystrybucja flotowalnosci (model II) oraz trojparametrowego modelu dla szybko/wolno flotujacych ziarn
(model I). Takze trojparametrowy model oparty o y-dystrybucje (model VI) dobrze opisywal dane
pomiarowe. Najgorsze dopasowanie obserwowano dla modelu pierwszego rzedu dwustopniowego
modelu kinetycznego (model V), co wskazuje, ze nie ma potrzeby dzielenia szybkosci flotacji na dwie
czesci. Model VII, ktory zawiera sze$¢ parametréw, takze daje poprawny opis danych. Wynik ten
kontrastuje z wynikami otrzymanymi przez innych badaczy twierdzacych, ze wzrost liczby parametrow
modelu prowadzi do rozmycia oraz wzrostu bledu modelu. Przy 95% poziomie ufnosci wyznaczono
przedzialy ufnosci dla najlepszych modeli I, II oraz VI. Ponadto model II wykazal wigcej dyskretnych
obszarow w odniesieniu do predkosci flotacji i uzysku, niz model VI. Wskazuje to na lepsza zdolnosé
tych modeli do opisu zmian w procesie flotacji.
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Precipitation of titania using titanium(IV) sulphate(VI) as the precursor in the emulsion system has
been studied. Tytanpol® R-210 of the rutile type structure was used as a standard. The basic
physicochemical parameters of the titanium dioxide such as bulk density, the absorption capacity of
water, paraffin oil and dibutyl phthalate have been determined along with the moisture content and oil
number. Morphology and dispersive characteristics of the titanium dioxide precipitated have been
evaluated by the SEM and NIBS techniques. The TiO, powders have been also studied by XRD and
colorimetric method. In the emulsion system proposed titania of rutile structure has been successfully
precipitated. It has been established that the properties of the titanium dioxide obtained depend not only
on the composition of the emulsion but also on the amount of the emulsifier applied.

key words: TiO,, precipitation, emulsion system, rutile and anatase structure, agglomeration

INTRODUCTION

Titania is the most important and most commonly applied inorganic pigment.
Chemically it is titanium dioxide (TiO,) occurring in three polymorphous varieties:
tetragonal rutile, anatase and rhombic brukite. Its widespread use is a consequence of
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its unique optical and physicochemical properties such as excellent whitening ability,
covering power, brightening and lustre ability and resistance to colour change.
Excellent pigmentation value is supplemented with the ability to absorb ultraviolet
radiation, chemical inertness, high thermal stability and non-toxicity (Wypych 1999,
Braun 1992, 1997, Morgans 1990, Buxbaum 1993, The Merck Index 1996, Rentschler
1999, Jesionowski 2002, Doerr 1989, Luo 2007, Chen 2003, Hu 1999).

Titanium dioxide is obtained from natural raw materials such as rock ilmenites,
leucoxen, ilmenite sands, or from enriched ores such as enriched ilmenites, synthetic
rutiles or titanium slags. Titania pigments are produced by two distinct technologies:
the sulphate technology and the chloride technology (Wypych 1999, The Merck Index
1996).

The properties of TiO, nanoparticles depend on their morphology, size of
crystallites and crystallographic structure. A few methods have been proposed for
obtaining nanocrystalline particles of titanium dioxide, including hydrolysis (chemical
precipitation), microemulsion method (inversed micelles), sol-gel method and
hydrothermal crystallisation (Dabrowski 2001).

TiO, nanoparticles have been obtained by the sol-gel method during hydrolysis of
titanium precursors (Kim 2002, Liu 2002, Reddy 2001, Manorama 2001, Sugimoto
1987, 1997, 2002a, 2002b, 2003a, 2003b). Usually this process involves hydrolysis of
titanium(IV) alkoxides in the presence of an acid catalyst and followed by
condensation. The process of obtaining TiO, nanoparticles of different shapes and size
by the sol-gel method has been studied by Sugimoto et al. (Sugimoto 1987, 1997,
2002a, 2002b, 2003a, 2003b). Eiden-Assmann and co-authors have described a
method of obtaining TiO, particles of specific target size (Eiden-Assmann 2004).
They proposed the use of titanium alkoxide as the initial substance in the alcoholic
solution to produce TiO,. Unfortunately, this method was proven ineffective as it
resulted in often aggregations with a small number of colloidal spherical molecules.

Another method is the non-hydrolytic sol-gel process based on the reaction of
titanium tetrachloride with different oxygen-donating compounds such as metal
alkoxides or ethers (Niederberger 2002, Parala 2002, Arnal 1996, Burnside 1998). The
hydrothermal method has been widely applied to produce particles, mostly of titanium
oxides of small diameters for ceramic industry. The nanoparticles of TiO, are obtained
during hydrothermal treatment by peptisation of titanium precursors with water. The
hydrothermal method has many advantages as it needs a lower temperature of
crystallisation than in a typical thermal process. The agglomeration of particles can be
eliminated or reduced by conducting crystallisation under high pressure. Moreover,
high quality products can be obtained without calcination and milling. This method
enables control of the shape and size of particles but the process is slow and cannot be
implemented on industrial scale (Wu 2002).

The principal users of titania is the paint, varnish, plastic and paper industries. It is
also used in production of textiles, pharmaceutical products, cosmetics, cement and
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rubber. Recently increasing attention is paid to ultrafine pigments, known as
nanopigments, characterised by excellent absorption of ultraviolet radiation and
photocatalytic properties. This wide scope of application of this pigment has brought a
wide range of commercially available types of titanium dioxide pigments differing in
the technology of production, crystalline form, type of surface processing and
properties. Increasing demand for titania prompts efforts to improve its quality and to
modify certain properties and extension of the gamut of this pigment quality (Braun
1992, Rentschler 1999, Andrzejewska 2004, Jesionowski 2001, 2002a, 2002b, Doerr
1989, Luo 2007, Chen 2003, Hu 1999, Tadros 1996, Tang 2002).

The aim of the study was to obtain titania by precipitation in the emulsion system
using titanium(IV) sulphate(VI) as the precursor. The method proposed will permit
obtaining pigments based on titanium of anatase-rutile crystallographic structure and
hydrophilic/hydrophobic properties.

EXPERIMENTAL

MATERIALS

The Tytanpol® R-210 is the rutile variety of the pigment whose surface is
processed by aluminium and silicon compounds in the amount of 3% AlLOs and 1%
SiO, and modified by organic compounds of hydrophilic/hydrophobic nature. The
basic parameters describing the properties of this pigment, produced by applying the
sulphate method by Chemical Works Police S.A., are given in Table 1.

Table 1. Principal properties of the titanium dioxide R-210

Physicochemical variable Titanium dioxide R-210
Content of titanium dioxide (wt. %) 94
Content of volatile substances at 105°C (wt. %) 0.5
Content of water soluble materials (wt. %) 0.5
Residue on a sieve of 45 pm (wt. %) 0.02
Lightness 95
Shade in a white paste -7.0
Relative scattering ability 100
Ability to tone down the shade 1850
Shade in a gray paste 2.5
pH in water suspension 7.7

The substrates used to obtain titania in the emulsion system included: (i) the
hydrophobising agent Rokanol K7, oxyethylenated unsaturated fatty alcohol made by
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PCC ROKITA S.A.; (ii) cyclohexane (made by POCh S.A.) as the organic phase in
the emulsion; (iii) 25% solution of sodium hydroxide (POCh S.A.); (iiii) titanium(IV)
sulphate(VI) as the precipitating agent (Chemical Works Police S.A.).

PROCEDURES

Precipitation of titania was carried out in a reactor of 500 cm? in capacity, in which
was placed earlier prepared emulsion of 66 cm® of cyclohexane, 70 cm’ of a 25%
solution of NaOH, Rokanol K7: 3.2—4.4 g. The reagents were vigorously stirred by a
homogeniser IKA Werke T25 basic, working at the rate of 13500 rpm. Upon
homogenisation the precipitating agent — titanium(IV) sulphate(VI) — was introduced
into the reactor at a constant rate of 2.6 cm’/min. by a peristaltic pump ISM833A
(Ismatec). Prior to introduction the titanium(I'V) sulphate(VI) solution was centrifuged
by a high-speed Eppendorf Centrifuge 5804.

The hydrated titanium dioxide was separated from the post-reaction mixture and
the salts by filtration under reduced pressure and washed with distilled water on the
filter. The product was dried in a stationary dryer at 105°C for about 8h. The dried
pigment was calcined in an oven at 920°C for 90 min. In total 7 samples were obtained
differing in the amount of the emulsifier used in preparation of the emulsion: sample
P1 precipitated from the emulsion containing 3.2 g, P2 - 3.4 g, P3 -3.6 g,P4-38 g,
P5-4.0 g, P6—4.2 gand P7 — 4.4 g of Rokanol K7.

PHYSICOCHEMICAL PROPERTIES EVALUATION

Bulk density, absorbing capacity of water, dibutyl phthalate, paraffin oil, oil
number and moisture content of the product obtained were measured. The morphology
and surface structure of the titanium oxides were analysed by a scanning electron
microscope (Zeiss VO40). The particle size and its distribution were measured using
the non-invasive backscattering technique (NIBS) on Zetasizer Nano ZS instrument
(Malvern Instruments Ltd.). On the basis of the particle size distribution curves the
polydispersity was found. The polymorphous variety of the samples was verified by
X-ray diffraction on a diffractometer TUR-M62. The colorimetric data of the obtained
titanium pigments were documented using an instrumented colorimeter (SPECBOS
4000, JETI Technische Instrumente GmbH), which was calibrated using a white
colour standard tile with tristimulus values: X=80.57, Y=84.79, and Z=88.33
(Tytanpol® R-210). Daylight (D65) was used as a standardised light source. A fixed
amount of pigment sample was poured into the measurement cup. The instrument
provided the colour in terms of the CIE L'a’b" colour space system. In this colour
space, L represented the lightness (or brightness), a” and " were colour coordinates,
where +a” was the red direction, -« was the green direction, +b~ was the yellow
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direction, and —b" was the blue direction. Moreover, changes in individual components
allowed to estimate the total change of colour 4E". On the other hand, C* denoted
chrome, and /" determined hue.

RESULTS AND DISCUSSION

The parameters describing the basic physicochemical properties of the TiO,
powders obtained in the emulsion system are given in Table 2.

Table 2. Principal physicochemical parameters of titania

Sample  Emulsifier Bulk Absorbing capacity of Oil number Lightness
name content density ~ (cm’/100g) (cm’/100g)  L*
(g) (g/dm’)  water dibutyl  paraffin
phthalate  oil

R-210 - 600 100 95 250 27 93.8
P1 32 660 60 50 160 29 89.8
P2 3.4 430 95 65 120 28 933
P3 3.6 580 90 60 190 28 89.2
P4 3.8 540 90 60 185 30 88.4
P5 4.0 410 90 65 230 30 93.4
P6 4.2 390 100 70 255 35 93.2
P7 4.4 430 100 85 260 27 88.2

Analysis of the results has shown that the bulk density of the titania precipitated
decreases with increasing content of the emulsifier in the emulsion, even to a value
below 400 g/dm’ (the standard sample R-210 density is 600 g/dm®). The absorbing
capacities of water, dibutyl phthalate and paraffin oil of the titania precipitated from
the emulsion containing 4.4 g of Rokanol K7 (sample P7) are close to the
corresponding values of the standard sample of Tytanpol® R-210. For both samples,
i.e. sample P7 and the standard, the absorbing capacities of water was 100 cm’/100g,
of dibutyl phthalate it was 95 cm’/100g for R-210 and 85 ¢cm?’/100g for P7 and of
paraffin oil it was 250 cm’/100g for R-210 and 260 ¢cm®/100g for P7. The oil number
of the sample labelled as P7 is 27 cm’/100g, which is the same as that of the standard
R-210. For the other samples obtained the oil numbers are slightly higher. The
increasing amount of the surfactant used for the emulsion preparation was found to
have insignificant effect on the oil number.

Figure 1 presents graphic illustration of the changes in the colorimetric parameters.
The lightness (L*) of the standard sample R-210 is 93.8. The highest value of L* was
measured for the samples precipitated from the emulsion containing Rokanol K7 in the
amounts of 3.4, 4.0 and 4.2 g, labelled as P2 (L" = 93.3), P5 (L" = 93.4) and P6 (L =
93.2), respectively. For the other samples L* values were lower and the lowest value
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of 88.2 was measured for sample P7. This sample was also found to show the highest
hue parameter h™ of 95.5 and the lowest colour saturation parameter (C’) of 3.5. The
lowest h" of 87.0 was determined for sample P1 precipitated from the emulsion
containing 3.2 g of Rokanol K7, while the highest difference in the colour relative to
that of the standard

AE* of 9.8 was found for sample P3 precipitated from the emulsion containing 3.6
g of Rokanol K7.

Bzan

Colorimetric data
&

o -

R-210 P1 P2 P3 P4 Ps P8 F7
Sample name

Fig.1. Colorimetric parameters of titania samples precipitated in the emulsion system
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of titanium dioxide R-210 (at different magnifications)
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Figure 2 presents the particle size distributions in the form of the percent intensity
and volume contribution of particles of a given diameter and the SEM images of the
standard sample R-210.

The particle size distribution expressed by the percent intensity contribution of
particles of a given diameter (Fig. 2a) shows two bands. The more intense band in the
range 142-1110 nm, with the maximum of 13.2% corresponding to the particles of
342 nm in diameter, is assigned to the particles of primary agglomerates. The other
band covers the range 2670-5560 nm and is assigned to secondary agglomerates, its
maximum intensity of 0.9% corresponds to the particles of 5560 nm in diameter. The
polydispersity of R-210 sample related to the particle size distribution is 0.189. The
particle size distribution expressed by the percent volume contribution of particles of a
given diameter (Fig. 2b) also reveals two bands of similar intensity. The first band in
the range 122—-1110 nm, with the maximum of 9.9% corresponding to the particles of
295 nm in diameter, is assigned to primary agglomerates. The other band at 2300—
6440 nm with the maximum of 12.9% corresponding to the particles of 5560 nm,
demonstrates the presence of agglomerates of greater diameters than those of the
primary agglomerates. It is concluded from the SEM images, Fig. 2c and d, that the
powders are spherical in shape, of small diameters and associate in aggregations and
agglomerations.

Figure 3 presents the particle size distributions in the form of the percent intensity
and volume contribution of particles of a given diameter and SEM images of sample
P1. The particle size distribution expressed as the percent intensity contribution of
particles of a given diameter (Fig. 3a) shows two bands. The first more intense band in
the range 190-1280 nm, with a maximum of 21.1% for the particles of 396 nm in
diameter, is assigned to the primary agglomerates. The other band covering the range
35805560 nm, with a maximum of 0.7% corresponding to the particles of 5560 nm in
diameter, is assigned to secondary agglomerates. The polydispersity of sample P1 is
0.234, which is higher than that of the standard. The particle size distribution
expressed as the percent volume contribution of particles of a given diameter (Fig. 3b)
shows two bands. The first at 122-2300 nm, with a maximum of 11.9% for the
particles of 396 nm in diameter, is assigned to primary agglomerates. The other band
at 4150-6440 nm, with a maximum of 2.6% corresponding to the particles of 4800 nm
in diameter, testifies to the presence of secondary agglomerates. The SEM images,
shown in Fig. 3¢ and d, prove the presence of low-diameter particles that are forming
aggregations and agglomerations.
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Fig. 3. Particle size distributions: (a) by intensity, (b) by volume and SEM images (c, d)
of titanium dioxide precipitated from the emulsion containing 3.2 g of Rokanol K7 (sample P1)

Figure 4 presents the particle size distributions and SEM photographs for sample
P3 precipitated from the emulsion containing 3.6 g of Rokanol K7. The particle size
distribution expressed by the percent intensity contribution of particles of a given
diameter (Fig. 4a) reveals one band only. This band at 220—4150 nm with a maximum
of 18.8% corresponding to the particles of 615 nm in diameter, is related to the
presence of primary and secondary aggregates. The polydispersity of sample P3 is
0.202. The particle size distribution expressed as the percent volume contribution of
particles of a given diameter (Fig. 4b) also shows only one band. This one band
covering the range 220-5560 nm, with a maximum of 13.3% for the particles of 615
nm in diameter, is assigned to secondary agglomerates. The SEM images of sample
P3, Fig. 4c and d, demonstrate the presence of particles of secondary aggregates
associating into agglomerates.



Physicochemical and structural properties of TiO, precipitated in an emulsion system 239

Tametes FImle Diamuter | Volame
{nm) (%) %) (%)
0 ] @0
20 =5 05 F-1}
5 [F 15 35
ER 76 S
£ 7 - E : -
o) 45 85 L
15 & 116
o1 - EH [EE) o
) 1] T2 5
= Tz - 10 &5 0.8
D) 3 = w5 7
§ £ - 1110
w 10 1110 o 1280
c 1280 E 145
2 1480 =2 720
T 1720 6 ° 1550 3
- 1590 13 > 5 FE 3
5 300 1 Fiii] 23
7670 [ £ 2
080 [ ﬁ:g !
3580 [H]
L - nl'ﬂ LT - “
0 | 0 ot il I
10 100 1000 10000 10 100 1000 10000
Diameter (nm) Diameter (nm)

(d)

Fig. 4. Particle size distributions: (a) by intensity, (b) by volume and SEM images (c, d)
of titanium dioxide precipitated from the emulsion containing 3.6 g of Rokanol K7 (sample P3)

The analogous data and SEM images for sample P5 obtained from the emulsion
containing 4.0 g of Rokanol K7 are displayed in Fig. 5.

The particle size distribution expressed by the percent intensity contribution of
particles of a given diameter, Fig. 5a, shows one band covering the range 122-5560
nm, with a maximum of 8.3% for the particles of 295 nm in diameter, is assigned to
the primary and secondary agglomerates. The particle size distribution expressed by
the percent volume contribution of particles of a given diameter, Fig. 5b, also reveals
one band in the range 122—6440 nm with a maximum of 6.4% for the agglomerates of
1990 nm indiameter, and is assigned to the primary and secondary agglomerates. The
polydispersity of this sample is 0.318, which is greater than that of the above
discussed samples (R-210, P1 and P3). The SEM images (Fig. 5c and d) confirm the
presence of particles of diameters varying in a wide range.
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Fig. 5. Particle size distributions: (a) by intensity, (b) by volume and SEM images (c, d)
of titania precipitated from the emulsion with 4.0 g of Rokanol K7 (sample P5)

The particle size distributions and SEM images for sample P7 precipitated from the
emulsion with 4.4 g of Rokanol K7 are shown in Fig. 6. The particle size distribution
expressed by the percent intensity contribution of particles of a given diameter (Fig.
6a) reveals two bands. The first more intense band at 122—-1990 nm with a maximum
of 14.5% for the particles of 342 in diameter is related to the presence of primary
agglomerates. The other band of much lower intensity is assigned to the agglomerates
of the diameters from the range 4800-5560 nm. The particle size distribution
expressed by the percent volume contribution of particles of a given diameter (Fig. 6b)
also shows two bands. The first band, covering the range 122-2300 nm with a
maximum of 12.6% for the particles of 342 in diameter, corresponds to the primary
agglomerates, while the other, in the range 3580-6440 nm with a maximum of 6.3%
for the particles of 5560 nm in diameter, corresponds to secondary agglomerates. The
polydispersity of sample P7 is 0.262.
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Fig. 6. Particle size distributions: (a) by intensity, (b) by volume and SEM images (c, d)
of titania precipitated from the emulsion containing 4.4 g of Rokanol K7 (sample P7)

The crystalline structure of the titania samples obtained by precipitation was
determined by X-ray diffraction. Selected diffractograms are shown in Fig. 7. Figure
7a presents the XRD pattern of the standard R-210 sample of rutile type structure,
characterised by the maxima for the following values of the angle 20: 28, 36, 39, 41,
44, 54, 57. The occurrence of maxima at these values of the angle theta permits
identification of the rutile type structure. The X-ray diffraction patterns recorded and
shown in Fig. 7b—d confirm the rutile type of the titanium dioxide samples obtained by
precipitation, but reveal also samples of anatase type structure, identified on the basis
of the maxima for the angle 20: 25, 32, 33, 33.5, 48, 54, 55. The X-ray diffractograph
of sample P4 shown in Fig. 7c resembles most closely that of the standard sample R-
210, which indicates an almost complete transformation of the anatase form into the
rutile as a result of calcination of the samples at 920°C.
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Fig. 7. XRD patterns of selected titanium dioxide samples: (a) R-210, (b) sample P3, (c)
sample P4 and (d) sample P7

CONCLUSIONS

The above presented results have confirmed that titania of the rutile type structure
can be obtained in the emulsion system. The properties of the TiO, samples obtained
by precipitation are determined by the emulsifier content in the emulsion. From
among all samples obtained the most similar to the standard R-210 was sample P7
precipitated from the emulsion containing 4.4 g of Rokanol K7. This sample contained
the primary and secondary agglomerates of the size varying in the range 122-1990
nm, with the dominance of the particles of 342 nm in diameter, similarly as in the
standard. The colour of the samples obtained was found to depend significantly on the
content of the emulsifier used. The oil numbers of all samples obtained by
precipitation are similar.
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stowa kluczowe: TiO,, wytrgcanie, emulsja, struktura, anataz, rutyl, aglomeracja



Physicochem. Probl. Miner. Process. 44(2010) 245-256 P hysiico.chcmical P rol'.)lcms
of Mineral Processing

journal homepage
www.minproc.pwr.wroc.pl/journal/ IndexNo.32213% | 1P| 1ssn1613-1009

M. Ulewicz", U. Lesinska™", M. Bochenska **

TRANSPORT OF LEAD ACROSS POLYMER INCLUSION
MEMBRANE WITH p- tert -BUTYLCALIX[4]ARENE
DERIVATIVE

Received January 18, 2009, reviewed; accepted June 23, 2009

The facilitated transport of lead(Il) across polymer inclusion membranes (PIMs), which consist of
cellulose triacetate as polymeric support, o-nitrophenyl octyl ether as plasticizer and 25, 26, 27, 28 —
Tetrakis(N—hydroxy-N-methylcarbamoylmethoxy)-p-tert-butylcalix[4]Jaren (L) as ion carrier was
reported. PIM was characterized by using atomic force microscopy (AFM). The results show that Pb**
can be separated very effectively from other heavy and transition metal cations as Zn*, Cd*, Co*', Ni?t
(each at a concentration of 10 M). The rate limiting step in the transport of Pb>" across PIM doped with
calix[4]aren derivative may be the diffusion coefficient of the carrier cation complex across the
membrane. The stability of PIM with p-fert-butylcalix[4]aren derivative was described using Danesi’s
thermodynamic model. The apparent partition constant of the carrier was experimentally estimated and
compared with different carriers.

key words: polymer inclusion membrane (PIM), lead(Il), p- tert-butylcalix[4]arene-hydroxamate

INTRODUCTION

The removal of heavy metal species, particularly lead and cadmium ions, from
waste waters has an important environmental aspect. Among the several methods that
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can be used to remove toxic metals from aqueous solutions, liquid membranes
techniques have become important for use in separation process. Recently, polymer
inclusion membranes (PIMs), first introduced by Sugiura (Sugiura, 1980), have
received increasing attention as an alternative to SLM. The transport of metal ions
across PIMs is accomplished by a carrier, which is essentially an ion exchanger or a
complexing agent. There are several commercially available compounds, but carriers
newly synthesized, especially macrocyclic compounds (Nghiem et al., 2006), have
also tested. Calixarenes and calixcrowns have successfully been used for metal ions
separation by solvent extraction and transport through liquid membranes systems. The
use of application of macrocyclic compounds as ion carriers in liquid membranes was
reviewed (Ulewicz, 2008) and (Walkowiak and Koztowski, 2009).

Several functionalized calixarenes with different donor atoms have been used for
Pb(Il) ions extraction. New allyl functionalized calix[4]arene-thioamide in 1,3-
alternate conformation as well as di-ionizable calix[4]arene-1,2-crown-5 ligands
exhibit high extraction ability toward Pb** ions (Arena et al., 2001; Tu et al., 2008).
Also, the ability to bind two lead(Il) ions with a single molecule of calix[4]arene
tetracarboxylic acid has been reported (Otho et al., 1999). The order of extraction
selectivity to metal ions was as follows: Pb(IIl) >> Fe(III) > AI(IIT) > Cu(Il) > Zn(II).

Calixarenes and their derivatives are a new generation of highly selective carrier
for heavy and transition ions across liquid membranes. Hui-Min et al. (Hui-Min et al.,
2001) studied the selective transport of Cu*", Fe**, Co*", Ni*" and Zn®>" across liquid
membrane with new calix[4]crowns. One of those calix crowns, 25, 27-dihydroxy-
26,28-(3',6'-dioxa-2',7'-dioxooctylene)dioxy-calix[4]arene, transported Cu®" cations.
Efficiently. Whereas thiacalix[4]arene was found to be an effective ion carrier for the
transport of Cd(II) ions (80%) across SLMs (Zaghbani et al., 2005). The transport of
Pb*" from an aqueous solutions across BLMs containing p-¢-butylthiacalix[4]aren was
examined (Nechifor et al., 2002).

Alpoguz et. al. (2002) studied co-transport of metal ions (Hg”", Pb*>", Na") from an
aqueous solution into an aqueous receiving phase through the bulk liquid membrane
containing calix[4]arene nitrile derivatives as ion carriers. The transport rates show
that both nitrile derivatives are efficient and selective for Hg(Il) ions with respect to
Na' and Pb*" ions and the dinitrile derivatives was a better carrier than the tetranitrile
derivative. The membrane entrance and exit rate constant depend on the solvent type
and are found to be of the following order: CH,Cl, > CHCI; > CCl,.

Recently, competitive transport of an aquimolar mixture of Zn(II), Cd(Il) and
Pb(Il) cations from aqueous source phase across PIMs with calix[4]crown-6
derivatives, as ion carriers, were examined by Ulewicz et al. (2007). The maximum
percentage of lead(Il) removal increased in the following order of R groups attached
to the compounds: -OH < -OCH; < -OCH,COOH < OCH,COOC,Hs <
OCH,CONHOCH,CsHg. In this paper, we describe the selective transport of heavy
and transition ions across PIM doped with p-tert-butylcalix[4]aren with four N-methyl
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hydroxamic acid moieties. Physical and chemical properties of lipophilic,
functionalized p-tert-butylcalix[4]aren make it a potentially useful ion-carrier.

EXPERIMENTAL

REAGENTS

Inorganic chemicals such as zinc(II), copper(Il), cadmium(Il), nickel(II), cobalt(II),
lead(IT) nitrates and nitric acid were of analytical grade and were purchased from
POCh (Gliwice, Poland). Organic reagents such as cellulose triacetate (CTA), o-
nitrophenyl octyl ether (o-NPOE) and dichloromethane were also of analytical grade,
were purchased from Fluka and used without further purification. The 25, 26, 27, 28—
Tetrakis-(N—hydroxy-N-methyl-carbamoylmethoxy)-p-tert-butylcalix[4]aren (L) (Fig.
1) was synthesized according to the procedure described in (Lesinska and Bochenska,
2006).

Fig. 1. Formula of studied ion-carrier L

POLYMER INCLUSION MEMBRANE PREPARATION

Membranes were prepared as previously described (Ulewicz et al., 2007). A
solution of cellulose triacetate as the support, plasticizer and ion carrier L was
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prepared in dichloromethane. A specified portion of this solution was poured into a
membrane mould consisting of a 9.0 cm diameter glass ring placed on a glass plate
with cellulose triacetate-dichloromethane glue. After slow solvent evaporation
overnight, the resulting membrane was peeled off from the glass plate by immersion in
cold water. The membrane was soaked for 12 hours in distilled water to achieve
homogeneity. Two samples of membrane were cut from the same membrane film for
duplicate transport experiments. The membrane was made of 2.6 cm® o-NPOE /l1g
CTA, and 0.05 M carrier L calculated on plasticizer. The average PIM thickness was
estimated to be 30 pm.

MEMBRANE CHARACTERIZATION - ATOMIC FORCE MICROSCOPY

Surface characterization of the polymer membranes was carried out using atomic
force microscopy (AFM). AFM was carried out on a MultiMode with NanoScope Illa
and Quadrex controllers from Veeco Instruments. Maximal scan range x, y: 10 um, z:
2.5 um. The microscope worked as AFM in the Tapping Mode using RTESP probe
(Veeco). Two samples of lcm® from different regions of the same membrane were
examined. For the analysis of surface pore characteristics, the AFM image processing
program NanoScope v.5.12 was used. Using this program, two parameters, roughness
(R,) and porosity (g), were calculated. Parameter R, is the standard deviation of the z
values within the box cursor and is calculated as:

R - /Z(nzi) 0

where: z; is the current z value, n is number of points within the box cursors.

TRANSPORT STUDIES

Transport experiments were carried out in a permeation module cell as described
previously (Ulewicz et al., 2007). The membrane film (with a surface area of 4.9 cm®)
was tightly clamped between two cell compartments. Both the source and receiving
aqueous phases (45 cm’ each) were mechanically stirred at 600 rpm. The receiving
phase was 0.5 M HNOs;. The PIM transport experiments were carried out at the
temperature of 20+ 0.2°C. Small samples (0.1 cm’ each) of the aqueous receiving
phase were removed periodically via a sampling port with a syringe and analyzed to
determine cation concentrations by atomic absorption spectroscopy (AAS
Spectrometer, Solaar 939, Unicam). The source phase pH was kept constant (pH =
5,0) and monitored using a by pH meter (CX-731 Elmetron, with combine pH
electrode, ERH-126, Hydromet, Poland). The permeability coefficients (P, m/s) of
metal ions across polymer membranes were described using the following equation:
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A
nl£l=_2.p.
n( ] t )

C.

l

where c is the metal ion concentration (M) in the source aqueous phase at some given
time; ¢; is the initial metal ion concentration in the source phase; ¢ is the time of
transport (s); V is volume of the aqueous source phase (m®); and 4 is an effective area
of membrane (m?).

The linear dependence of In(c/c;) in the source phase versus time was obtained and
the permeability coefficients were calculated from the slope of the straight line that
fits the experimental data. The initial flux (J;) was determined:

J =P, (3)

The diffusion coefficient D, (cm?/s) of the metal-complex across the organic phase
can be determined in the case of absence of diffusion resistances in the aqueous layer
source phase/membrane by the following equation (Danesi, 1984-85) :

[L],-A4-1
c=¢,———— 4
n-V-A,

where 4,=d,/D, (s/cm) is the resistance of transport by diffusion across the membrane,
d, (cm) is the thickness of the membrane, n - is the number of moles of the carrier in
the complex (in our case n = 1);and [L], is the initial concentration of the extractant in
the organic phase (M). Plotting [Me®]i-[Me*']; vs. time gives a slope equal to
([L]o-A)/(As-V) which can be used to calculate the diffusion coefficients D, of the
metal complex species in the membrane phase.

RESULTS AND DISCUSSION

The transport of metal ions across a liquid membrane depends on many factors.
One of the important aspects of PIMs is the distribution of the organic carrier in the
polymer matrix, which determines their transport efficiency (Arous et al., 2004).
Atomic force microscopy was used to characterize morphology of prepared PIM.
Figures 2 (a) and (b) show the AFM images of blank polymer membrane (supported
with plasticizer) and polymer inclusion membrane containing 0.05M p-tert-
butylcalix[4]aren derivative, respectively, in three-dimensional format of 1.0 x 1.0
pm. As can be seen from Fig 2b, the carrier L crystallizes inside the membrane matrix,
which might be why the surface texture is relatively homogenous. One of the
membrane features is well defined pores. The pores are clearly visible as small, well-
defined dark areas.
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Fig. 2. 3D-view atomic force micrographs of matrix membrane - CTA-oNPOE (a) and polymer

membrane CTA-oNPOE containing 0.05M carrier L (b)

Membranes without ion carrier containing only cellulose triacetate have a porous

structure with a porosity of 50% (Arous et al. 2004). The pores of CTA membrane are
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filled by the o-NPOE molecules, the membrane less porous. The calculated porosity
(&) for membrane composed only with 2.67cm’® 0-NPOE/1g CTA is 13.2%, whereas
the porosity of this membrane with carrier is only 11.2 %. The roughness (R,) of
membrane constituted by CTA-oNPOE and CTA-oNPOE with carrier were 10.0 and
7.3 nm, respectively. The roughness of investigated PIMs with carrier is higher than
that found in polymer membrane with D2EHPA (R, = 4.6 nm) prepared by Salazar-
Alvarez et al. (2005) and lower than in membranes prepared by Tor et al. (2009) for
DEHPA (268 nm).

In earlier studies on heavy and transition metal ions separations, soft metal ions as
Pb>" or Ag" display great affinity for soft coordination centres like nitrogen or sulphur
atoms. Therefore, the calix[4]aren with functional group containing nitrogen atoms
was used as ion carriers for the competitive heavy and transition metal ions transport
from a source aqueous phase into receiving nitric acid solutions across PIM. The study
included two different solutions containing of Zn(II), Cd(Il), Pb(Il) (mixture 1) and
Co(II), Ni(II), Pb(II) ions (mixture 2) at concentration of metal equal 0.001M each.
The kinetic curves of metal ions transport are shown in Fig. 3. Only Pb(Il) ions were
transported. Transport efficiency for the zinc(Il) ions were generally less than 3%,
whereas the other metal ions (Ni*", Co", Cd*") were not transported. The driving force
of Pb”" cations transport was the exchange of protons from the receiving phase with
metal ions from the source phase. The initial fluxes of Pb(Il) from mixtures 1 and 2
were 2.69-107 and 2.88-107 mol/m*s, respectively.

0,00
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-0,10

-0,15

Inc/c,

-0,20
mzn(l)
O cda

0,25 |-
O Pb(ll
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0 6 12 18 24 0 6 12 18 24

time,h

Fig. 3. Kinetics curves for metal ions transport across PIM with p-tert-butylcalix[4]aren derivative
from different equimolar mixture of metal ions; cye= 0.001 M each, pH =5.0

In Fig. 3, the correlation graphs [Pb*"]i-[Pb*"], versus time of Pb(II) transport from
different mixture solutions across PIM doped with L is presented. The diffusion
coefficient of Pb(Il) was calculated for each mixture solutions, substituting D, = d/A,,
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where d, is the thickness of the membrane (0.003 cm), and A, could be evaluated by
plotting [Pb”"];-[Pb**], versus time.

The corrected (normalized) membrane diffusion coefficient D,,, which considers
the morphological features inside the membrane (& - porosity and 7 -tortuosity), was
calculated using the following equation: D, ,=D,e/7) (Salazar-Alvarez et al., 2005).
The membrane tortuosity was determined from the relationship developed by Wolf
and Strieder (1990): 7=1-Ing& and equal to 3.19 (for £ = 0.112). Diffusion
coefficients are presented in Table 1. The values are comparable with previously
reported values for different membranes are in the range 10 to 10™'? cm?/s, and show
that the limiting step of the process is the transfer of metal complex across the
membrane barrier. The average value of the diffusion coefficient of Pb(II)-carrier
species of 4.16-10” cm?/s is smaller than the value of 1.5-107 cm?/s reported for the
lead complex with the D2EHPA in PIM reported by Salazar-Alvarez et al. (2005).

.12
0,0002 | @ formixture 1; y=2.32'10 " x

.12
O for mixture 2; y=2.4110 ~ x

2+.

0,0001 -

[Pbb]r [Po™], 10%, M

0,0000 |-

time, h

Fig. 4. [Pb*"];-[Pb*'], vs. time for Pb*" transport across PIM membrane doped with calix[4]arene L.
Conditions of experiment as in Table 1

Table 1. Permeability coefficient, diffusion coefficient normalized for competitive transport of Pb(I) ions
through PIM from different mixtures, pH = 5.0

Mixture P, (m/s) A,, (s/m) D,, (cm?/s) D, (cm?/s)
1 2.69-107 1073 1.42:107"° 4.04-10”
2 2.88-10* 10735 1.50-10"° 4.2710°

Different approaches can be found in literature for the determination of liquid
membrane lifetime or stability. The Danesi thermodynamic model to characterize the
SLM with calix[4]arene derivatives stability was proposed by Hill et al. (Hill et al.,
1996). According to that model, in repeated transport experiments, the decrease of
permeability coefficients (Py,) is the linear function of the number of runs:
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; R
log P\ =log P\ —(i—1)-n-log(l+ K—) %)
p
where: i is the number of run experiments; PA(})and PAE;) are the Pb>" permeability

coefficients in the first and in the i-th transport experiments, respectively; n is the
stechiometric factor for ion carrier (n = 1), R = (Vource~ Vreceiving)/ Vein (R = 1000), K, —
the apparent partition constant of the carrier between the PIM and both aqueous source
and the receiving solutions. The slope of the linear decrease of log P, versus (i-1)
gives an idea of the carrier lipophilicity and can be use to determine and compare
carrier hydrophobicities.

In Fig. 5, the semi-logarithmic variation for the permeability coefficient Py, versus
the number of runs (i-1) is shown. The carrier is slowly leaching out of PIM
membrane due to its apparently high partition constant, equals 105,428 + 12,100. This
value is comparable with partition constants obtained by Hill et al. (1996) for bis-(1,2-
benzo) calix[4]arene-crown-6 and bis-(1,2-naphtho) calix[4]arene-crown-6, , which
are 106,700, and 295,000, respectively. Calix[4]arene-bis-crown-6 as well as Aliquat
336 possessing the lowest partition constant (29,100 and 37,946 respectively) were
rapidly leaching from the SLM (Hill et al., 1996; Kozlowski and Walkowiak, 2005).

01 |

P,cm/h
=

0,01 1 1 1 1 1 1 1

Fig. 5. Logarithmic variation of lead permeak'iﬁity coefficient versus the number of runs in repeated
transport experiments across PIM with carrier

CONCLUSION

The studied ligand L was an efficient carrier for Pb”" ions transport across PIMs.
AFM of the membranes revealed that the carrier was homogeneously distributed
within the membrane. The rate limiting step in transport of Pb>" across PIM doped
with ligand L may be the diffusion coefficient of the carrier-cation complex across the
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membrane. The PIM membranes exhibited good stability using the Danesi
thermodynamic model.
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Opisane zostaly ulatwienia w transporcie jondéw otowiu(Il) przez polimerowa membrang
inkluzyjng (PIMs), ktora skladala si¢ z tréj octanu celulozy jako polimerowego suportu, eteru o-
nitrofenylooktylu jako plastyfikatora i 25,26,27,28 tetra-(N-hydroksy-N-metylokarbonylo metoksy)-p-
tert-butylokaliks[4]arenu  jako nosnika jondéw. Polimerowa membrana inkluzyjna zostata
scharakteryzowana przy pomocy mikroskopu sit atomowych (AFM). Otrzymane wyniki wskazuja, ze
jony Pb*" moga byé efektywnie oddzielane od innych kationéw metali ciezkich i przejsciowych takich jak
Zn*", Cd**, Co*", Ni** (przy stezeniach rzedu 10°M). Czynnikiem limitujacym szybkos¢ transportu jonow
Pb*" przez polimerowa membrang inkluzyjna wypelniong kaliks[4]arenem moze by¢ wspotczynnik
dyfuzji kompleksu przenoszacego kation przez membrang. Stabilno§¢ membrany (PIM) z p-tert-
butylokaliks[4]arenem byta opisana przy uzyciu modelu termodynamicznego Danesi. Odpowiednie state
przenoszenia wyznaczone w sposOb eksperymentalny zostaly poréwnane z innymi stalymi przenoszenia.

stowa kluczowe: polimerowe membrany inkluzyjne, otow(Il), stabilnosé¢
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Magnesium oxide suitable for the use in basic refractories was prepared from dolomite
(CaMg(CO0s),) by hydrochloric acid leaching, precipitation with CO, and thermal hydrolysis. Leaching of
the dolomite ore in aqueous hydrochloric acid solution was investigated with respect to the effects of time
on dissolution of the dolomite sample. The dependence of the observed dissolution rate on pH was
established. In the carbonation experiments changes in pH, Ca®* and Mg?" concentrations versus time in
the effluent solution were determined. Effects of the temperature on the precipitation rate of Ca®* ions as
solid CaCO; were studied. Experiments were conducted to determine the kinetics of thermal
decomposition of MgCl,.6H,0 during pyrohydrolysis process. From high purity magnesium chloride
brine magnesium oxide containing 98.86 % MgO was obtained with the thermal decomposition recovery
of 98.10 %.

key words: oxides; dolomite leaching; calcium carbonate precipitation; pyrohydrolysis; fluorescence x-
ray analysis

INTRODUCTION

Magnesium oxide is usually produced by calcination of the mineral magnesite
(MgCO;) or magnesium hydroxide (Mg(OH),) obtained from seawater or brine by
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Cukurova University, 01330, Balcali, Adana, Turkey, e-mail: mehyil@cukurova.edu.tr, Tel: +90 322
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liming. It is also produced by thermal hydrolysis of hydrated magnesium chloride
(MgCl,), magnesium sulfate (MgS0O,), magnesium sulfide (MgS), and basic carbonate
(Ding et al., 2001, Duhaime et al., 2002).

One of the operations which have been widely used in the recovery of magnesium
oxide from dolomite is the calcination route. Calcite and magnesite decompose at
different temperatures, a stepwise decomposition permits the selective calcination in
which magnesite is completely decomposed without decomposing calcite. Magnesium
oxide is then separated physically from the calcined dolomite by sieving or air
separation.

Magnesium bearing carbonate ores contain varying amounts of silica, iron oxide,
alumina and calcium silicates, carbonates and oxides. In chemical beneficiation
methods, magnesium is dissolved as salt, the insoluble impurities are removed by
solid/liquid separation methods, and purified magnesia is recovered by thermal
decomposition of the salt solution, which is free from the insoluble residue and the
calcium component. The lime-to-silica ratio in magnesia has a major influence on its
properties (Kramer, 1992).

U.S. Patent (4370422) proposes a process which comprises: a. adding calcined
dolomite to a brine or bittern as a source of MgO and CaO in such amount that the
molar ratio of (MgO+Ca0):MgCl, is in the range of 0.66:1 to 0.05:1; b. keeping the
mixture at a temperature below 90 °C until a solid mass is formed; c. drying the solid
mass at temperature up to 200 °C, and d. calcining the solid mass at maximum
temperature of 1200 °C. By this route a product of MgO was obtained and was
analyzed to have purity minimum 98 % MgO, but it was an energy intensive process
(Panda, Mahapatra, 1983). U.S. Patent (4720375) proposes the use of ammonium
chloride to convert the calcined magnesite into MgCl,. The product MgCl, solution
containing also CaCl, is treated with CO, gas to form CaCO; that can be filtered out
of the solution. The resulting MgCl, solution is then reacted with ammonium
carbonate to produce MgCOs trihydrate crystals. Finally, the MgCO; is decomposed
into CO, and MgO. The operation should be carried out in the presence of large
amount of the ammonium compounds, the recovery of ammonia is costly (Ainscow,
Gadgil, 1988).

In fact, all chemical processing routes based on magnesium bearing minerals rely
on leaching process as the first step to selectively dissolve magnesium from the
gangue minerals. This is normally followed by precipitation of magnesium from the
clarified liquor. The present study pertains to a process for recovering magnesium
oxide for refractory applications, and more particularly to a process for recovering
precipitated calcium carbonate PCC co-product suitable for the use as a filler in paper
and plastics industry.



Preparation of magnesium oxide (MgO) from dolomite ... 259

EXPERIMENTAL

Dolomite ore from Yavca area in Icel province of Turkey was used. After grinding
and sizing, its elemental analysis was performed using RIX 3000 Rigaku X-ray
spectrometer and SRS 3000 Siemens X-ray fluorescence spectrometer. Mineralogical
composition was determined by an electron microscope. Trace elements in the sample
were determined by Perkin Elmer 2380 atomic absorption spectrometer (AAS).
Analysis of thin sections indicated that dolomite was the major mineral phase whereas
limonite, quartz and clay type minerals were minor mineral components of the
sample. The chemical analysis results are shown in Table 1.

Table 1. Chemical analysis of the dolomite sample

Component | CaO | MgO | ALO; | Na,O K,O SiO, | Fe,O3
(%) 31.70 | 20.60 | 0.06 | <0.002 | <0.002 | 0.30 0.04
Component | CO, SO, Sr Li B Ti

(%) 4730 | 0.13 0.06 | <0.002 | 0.006 |<0.002

The ore sample was dissolved in hydrochloric acid solution in a 250 cm® Pyrex
beaker. A predetermined amount of the ore at the required size (-1.7 mm) was added
into HCI solution which had a starting concentration of 22 % wt. The initial
solid/liquid ratio (21.70 %) was the same in all experiments, and the leaching process
was conducted at room temperature (25 °C). After predetermined time 2 ml sample of
the leach solution was withdrawn from the beaker to determine the Ca*" and Mg*"
concentrations. pH of the leach solution was measured in each run. The necessary
mixing was provided by gas evolving from the dolomite particles reacting with the
acid. Filtration was made after each dissolution experiment to remove the undissolved
residue and calculate the weight loss. Iron, aluminum and other ionic species were in
trace amounts.

Carbonation reaction was applied to precipitate and remove the Ca*" ions in the
solution as PCC by using CO, gas at certain pressure. Magnesium hydroxide was
added to adjust the pH to about 10. A batch reactor with a volume of 370 ml was used,
which was equipped with magnetically driven impeller allowing the application of
high stirring speed (1000 rpm) in the slurry. Injection pressure of the CO, gas was
controlled and the temperature of the precipitation in the reactor was regulated by an
automatically controlled heater underneath the stainless-steel vessel containing the
solution. In each experiment Ca®* concentration in the input and effluent solutions
was determined by sampling from these solutions for certain precipitation period. The
precipitated product PCC was filtered, dried and sampled for analysis. The
experimental set up is shown in Fig. 1.
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Fig. 1. Schematic diagram of the CaCO; precipitation apparatus
1. Stainless still vessel containing the leach solution, 2. Lid, 3. Magnetically driven stirrer 4. pH
electrode, 5. pH meter, 6. Automatically controlled heater, 7. Stirring rate controller, 8. Temperature
measuring unit, 9. CO, tank, 10. Gas pressure valve, 11. CO, inlet controller

Reference sample of MgCl,-6H,O (bischofite) was prepared by controlled
evaporation of the purified MgCl, solution at 110 °C (Kashani-Nejad et al., 2005). The
free water of the brine was removed from the sample at 110 °C. During the
evaporation, pH of the solution absorbing the gaseous HCl was continuously
controlled. Then 20.3 g of this sample was placed in a 500 mL heat resistant conical
flask and heated at 440, 520, 560 and 600 °C for various periods. Gaseous HCl was
absorbed in a 250 mL beaker containing 95 mL of distilled water (Fig.2). HCI
concentration of this acidic solution was determined by titration with NaOH solution
at the end of each experiment for the different operating temperature. Particle size
analysis of the product (MgO) was determined by using the laboratory equipment
Mastersizer of the Malvern Instruments Company, SEM micrographs of the sample
were also obtained.

Fig. 2. Simplified view of the pyrodrolysing experiment
1. Conical flask containing MgCl, solution, 2. Heating furnace. 3. Heat control unit of the furnace
(0 —900 °C), 4. Cool water in, 5. Warm water out, 6. Flue gas (HCl,)) and water vapor carrying pipe, 7.
Hydrochloric acid absorber, 8. pH electrode.
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RESULTS AND DISCUSSION
LEACHING

The effect of leaching time on the dissolution of dolomite was studied. The results
are shown in Fig. 3. Clearly, the dissolution recovery increased with time, the initial
dissolution rate of Ca®" and Mg®* being very rapid. The recovery reached 92.43 % in
the first 5 min and then, as expected, it continued to increase in the following period
of time. After 30 minutes concentration of Ca’" and Mg*" in the leach solution
increased with time and attained 1.70 mol cm™ and 1.53 mol , respectively.
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Fig. 3. Changes in the dissolution recovery, Ca>" and Mg*" concentrations as a function of time (HCI
concentration: 22 %; solid / liquid ratio: 21.70 %; temperature: 25 °C)

The dissolution rate was calculated using Eq. (1):
r=(dw/dt)x(1/sm) (mol m?s™) (1)

Where, dw and dr signify the weight loss of the solid sample and the time elapsed
during the dissolution, respectively, s designates the unit specific surface area of the
sample not dissolved at the end of the each leaching time, m represents the molecular
weight of dolomite (184.41 g mol ) (Gautelier et al., 1999).

Effect of pH on the rate of dissolution of different carbonates (calcite, magnesite
and dolomite) has been studied at 25 °C. At acidic conditions (pH<S5), the reaction
stoichiometry of dolomite dissolving in hydrochloric acid is (Chou et al., 1989, Lund
etal., 1973):

CaMg(COs), + 2H —Ca>" + MgCO; + H,0 + CO,1 )
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MgCO; + 2H'— Mg”" + H,0 + CO,?1 (3)

The rate dependence of the dissolution of dolomite on pH obeys fractional order at
low pH values which confirms previously published observations. The dissolution rate
(r) observed can be described by the empirical relationship:

r=kad"'y’,, (0<n<1) 4)

Where, k is chemical reaction rate constant, n is the reaction rate order, and ay ", is
the activity of hydrogen ion in the bulk of the solution. It follows from Eq. (4) that the
plot of log(r) against logay ,, for the experiments performed at constant temperature,
should yield a straight line with a slope equal to n and intercept equal to log kay ., as
can be determined from Eq. 1. (Lund et al., 1973, Busenberg and Plummer, 1982;
Herman and White, 1985: Alkattan et al., 1998). According to Eq. 4. log(r) is a linear
function of logay,, and the curve drawn through these data, is consistent with this
linear relationship, which was used to determine the reaction order n (Gautelier et al.,
1999).

22|
24 |
26 I
2.8 |

y = -0.8502x - 2.8664
R%=0.9615

32 I
3.4 I
36 |
-3.8 |

log(r)(mol.m2.s™%)

pH
Fig. 4. Logarithm of measured dolomite dissolution rate as a function of pH

The curve illustrated in Fig. 4 was obtained from a fit of a second order functional
equation to the experimental results of the dissolution. The value of the functional
number n at any pH can be obtained from derivation of this functional expression with
respect to the bulk pH. This calculation resulted in n value about 0.85 when pH = -0.1
at 25 °C. One of the researchers found n=0.75 for pH>2.5 at 25 9C, which is somewhat
lower than found in this study (Gautelier et al., 1999). Other researchers obtained
logarithm of the rate constant: log £ = -2.88 and -2.59 respectively (Chou et al., 1989,
Lund et al., 1973). For two component carbonates such as dolomite, the reaction order
in respect to pH was determined to be 1 or 2 (Chou et al., 1989). The logk value was
obtained as -2.87 in this study. It is shown in Fig.4 that at very acidic conditions,
dissolution rate was dependent on pH and decreased with the increase in pH value.
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Hence, better dissolution conditions were achieved at high acidity. Figure 5 indicates
that the rate decreased as the time increased, but the decrease was significant only up
to 10 minutes, and so high recoveries (over 90 %) were achieved within 5 minutes
(Fig. 3.) (Akarsu and Yildirim, 2008).

PRECIPITATION

Dissolved calcium ions in the leach solution were removed by carbonation with
CO; gas as solid CaCOs; particles. Calcium carbonate precipitation is a process of
considerable industrial importance, as it is used in the production of PCC. It was
performed according to the following reaction:

CaCl,+H,0+CO,— CaCO;|+2HCI (5)
The pertinent ionic reactions which occur are represented by the following steps:
CO; g = €O (ag) (6)
H,0+CO,H,CO3HCO;+H" (7)
HCO;+Ca** —~CaCO;+H" (8)

Reaction (6) is fast, but not instantaneous, and then may proceed both at the
interface and in the bulk. H,O readily reacts with CO, and HCO5 is formed in the
solution (Eq. 7.). Chemical equilibrium favors the presence of COs> at pH 11, both
CO5* and HCO;™ are formed at pH 8 - 11, while at pH lower than 8 only dissolved
CO, is present. Calcium carbonate (CaCO;) (reaction 8) forms at pH 7.51, while
reaction (9) occurs only at pH above 10.45 (Akarsu, 2004).

Mg>+C0O;—MgCO; 9)

As shown in Fig. 5, the concentration of Mg®" in the effluent decreased to 1.03 mol
L' during one minute, then increased again. This indicates that highest amount of
Mg”" ion incorporation took place during this period. On the other hand the Ca®*
concentration observed in the effluent was 1.6 mol L”, and then consistently
decreased to 0.05 mol L™, It means that precipitation of Ca®>" ions as CaCOs increased
with time. However, Mg®" ions associated with CaCO; precipitated first, then slowly
detached from the surface of the CaCOj; particles into the solution.

pH of the effluent decreased as the precipitation proceeded (Fig. 5). Precipitation
of calcium carbonate depends on the bicarbonate dissociation in the solution. As the
sample is heated up to 70 °C the equilibrium between bicarbonate and carbonate (Eq.
10) is shifted towards carbonate and hence calcium carbonate begins to form and pH
tends to decrease.

HCO; < COs* + H' (10)



264

12
10

Effluent pH

S N b~ O ©

Fig. 5. Changes in pH, [Ca®'] and [Mg®'] in the effluent solution as a function of time (Temperature: 70
°C; gas (CO,) pressure: 200 kPa)
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The CaCO; precipitation rate may be given by the following equation:

r,=(1/S)(N/t)

where S represents the final surface area based on the total weight of the solid CaCO;
particles precipitated for the precipitation period of #, N means the number of moles of

(mol m*s™)

CaCO; formed at these period (Levenspiel, 1972).

The curve in Fig. 6 was obtained from a fit of a polynomial to the experimental
results. It can be seen in this figure that the precipitation rates of CaCO; were low up
to 50 °C. However the calculated rates tended to increase rapidly with increase in

temperature.

20
175 ¢
15 +
125 +

Rate(rp)(mol.m'z.s'l)

y = 0.0101x? - 0.8521x + 20.889
R?=0.993

Fig. 6. Precipitation rate vs. bulk temperature (CO, pressure: 200 kPa; time: 5 minutes)
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There was significant effect of temperature on the rate above 50 °C. It reached
to 17.78-107° mol m™s™ at 80 °C, while leaving the MgCl, solution purified from the
Ca’" ions. The concentration calculated was about 3.45 mol dm>"', which is about 20
times higher than that of the seawater. The precipitation rates were obtained for the
temperatures using Eq. 11 and variation of CaCOjs precipitation rates with temperature
was determined in terms of the Arrhenius equation:

r,=Ae -Ea/RT (12)

Where, Ea is the activation energy, the term 4 is known as the pre-exponential
factor, R designates the gas constant (8.314 J.K' mol ) and T signifies the
temperature (K). The values of the log rate computed were plotted as a function of the
reciprocal temperature in Fig. 7. It follows from Eq. (12) that the slope of the straight
line in Fig. 7 is equal to —Ea/2.303R. It can be seen from this figure that the apparent
activation energy for the precipitation of CaCO; is 42.5 kJ mol™. These experiments
do confirm strong temperature dependence for the precipitation reaction. In a research
work it was found to be 55 kJ mol "' and the Ea value is usually between 39 and 155
kJ mol” (Brecevic, Kralj, 2007) . A PCC product containing 96.70 % CaCO; was
obtained with the precipitation recovery of 94.20 % at the optimum conditions. Its
specific surface area was 0.1578 m’ g'l'. The sizes dyy and d;o were 7.17 and 1.11
microns, wherein, dgy and d;y represent the particle sizes account for 90 % and 10 %
by number of the total particles respectively. Chemically, it is suitable for making
paint, plastic and paper due to its low SiO, and Fe,O; contents (Table 2).
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Fig. 7. Arrhenius plot for the precipitation of calcium carbonate particles
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Table 2. Chemical analysis of the obtained PCC

Component | CaO | MgO | ALO; | Na,O K,0O Si0, | Fe,04
(%) 5470 | 0.77 | 0.02 | <0.002 | <0.002 | 0.04 | 0.03

Component | CO, SO, Sr Li B Ti
(%) 4437 [0.13 |0.01 <0.002 |<0.002 |<0.002

PYROHYDROLYSIS

The thermal hydrolysis of hydrated magnesium chloride is a well established
technology and has been commercially used for over 25 years. It is thus a proven
technology even though it involves a high-temperature roast with the evolution of
gaseous HCI and the attendant corrosion problems. In the pyrohydrolysis process, the
purified magnesium chloride solution is heated in the pyrohydrolysing equipment
shown in Fig. 2 and the hydrogen chloride gas is evolved. Under these conditions, the
brine is converted to bischofite (MgCl,-6H,0) while the gas stream is absorbed in
water to reform a hydrochloric acid solution which is recycled to the leach circuit.
Bischofite is decomposed into MgO and hydrogen chloride gas as shown in Eq. 13.
(Kashani-Nejad et al., 2005).

Mng‘6H20—>Mg0(s)+2HCl(g)+5Hzo ( 1 3)
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Fig. 8. HCI concentration as a function of time

It is indicated in Fig. 8 that as the time and temperature increased, HCI concentrations
in the HCI absorbing solution increased. It reached 0.42 mol dm™ at 440 °C after 12
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minutes. For the same period of time at 600 °C the concentration attained 1.89 mol
dm™. However it reached the value of 2.06 mol dm™ at 600 °C for the 20 min. period.
That corresponds to 98.10 % decomposition recovery of the HCI associated with the
reference sample (MgCl,.6H,0) during this heating period. It means that one of the
products of the thermal decomposition of the reference sample was HCI gas. It was
consequence of the reaction shown in Eq. 13.
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Fig. 9. Kinetics of thermal decomposition of the reference sample
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Fig. 10. Arrhenius plot of thermal decomposition of the reference sample
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The weight loss of the sample determined during the decomposition process
was due to the release of HCI gas and H,O vapor. Therefore, percent of MgCl,.6H,O
remaining in the sample was found from the weight loss data. A first order kinetic plot
of the results obtained in the dehydration process is shown in Fig. 9. This result is in
agreement with the result obtained by the earlier researchers (Ainscow and Gadgil,
1988). Reaction rate constant (k) was obtained from the slopes of the curves in Fig. 9.,
and Arrhenius plot was drawn using the Ink values versus the reciprocal temperatures
as shown in Fig. 10. In this figure, function of the curve was determined in terms of
Ink and temperature as shown in Eq. 14. Activation energy of the thermal
decomposition was obtained to be 19.95 kJ mol™ by calculating the slope of the curve,
which is equal to —Ea/(1000R) (Fig. 10). The rate constant, k, was found to have the
following dependence on temperature:

In k=-2400(1/T) + 3.27 (14)

Table 3. Chemical composition of the purified brine

Component | Mg™ | Ca™ | SiO, | ALO; | Fe,05 | Na,O
(g. dm'3) 84.32 | 0.78 | 0.03 0.02 0.02 | 0.001

Component | K,O | SO, Sr Li B,O; 'Ti
(@dm?) | 0.004 | 0.9 | 042 | 0.006 | 0.03 | 0.006

SEI 15.0kV X300 SEI 15.0kV X1000
10um WD 15.0mm 10 mW 15.2mm

3

SEI 20.0kV X30000 SEI 20.0kV X50000
100nm WD 15.9mm 100nm WD 15.9mm

Fig. 11. SEM micrographs of the submicron MgO particles
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It is shown in Table 3 that basic impurity in the purified brine is calcium. It
could be reduced by the improvement in the precipitation process. The carbonation is
a well known process and it has been used in production of PCC in industry. This may
possibly be achieved by changing the hydrodynamic conditions during the
precipitation and providing better CO,/liquid interaction. The SEM images and the
particle size analysis of the particulate product MgO samples are shown in Fig. 11 and
Table 4, respectively. It is evident that the shape of the particles underwent change
and the sample consisted of finely divided particles displaying cubic habit. Shape of
the MgO nanoparticles is important in the surface engineering.

In thermal decomposition of the sample MgCl,-nH,0; n =1, 2, 4, 6, water can
chemically bind to form a series of hydroxide compounds, and the overall reaction is:

MgCl,-nH,0 — MgOHCI — MgO + HCl + H,0O (15)
MgOHCI(S) — MgO(S) + HCl(g) (16)

On the other hand, it has been known that decomposition of MgOHCI begins at 828
K, and it directly converts into MgO and HCI without undergoing any previous steps.
Removal of HCI gas from the MgOHCI particle surface is a significant factor
determining the rate of decomposition, and also depends on the amount of MgOHCI
in the sample treated (Kashani-Nejad et al., 2005; Kipouros and Sadowayd, 2001). In
this work, decomposition was 98.10% at 600 °C in 20 minutes. The most critical and
the final reaction to form MgO is the decomposition of (MgOHCI) (Eq.16). The
enthalpy of the decomposition reaction at 600 °C is AH = - 816.1 kJ mol” which
means that the process is highly exothermic. The evaporation of the water is energy
consuming, therefore, amount of the net energy to be supplied for formation of the
MgO from the brine depends on the MgCl, concentration of the leach solution.
Although the pyrohydrolysis is a highly energy intensive operation, it effectively
proceeds in a single step. In the alternative process in which Mg®" ions from seawater
is precipitated as Mg(OH), several unit operations are required, namely the
precipitation and flocculation of Mg(OH),, dewatering, drying and calcination. The
process proposed in this study does not require a pre-calcined CaO that is used to
precipitate Mg”" ions from seawater and other Mg”" bearing solutions, which usually
may increase the impurity contents of the product MgO.

When the product MgO is used in refractory and ceramic industry, the most
important impurities are CaO, Al,Os, Fe,0;,, SiO, and B,0;. Generally, dolomites
tend to have very low B,0; contents that embrittles the magnesia refractory and
ceramics during heat treatment operations. So, dolomite may be used as a raw material
in manufacturing refractories and ceramic compounds. It is suitable for chemical
reactions where high reactivity and rapid conversion to magnesium hydroxide are
required because of its very high surface area. Its fine particle size and high purity
make it an excellent magnesium source for the manufacturing of many magnesium
compounds. The possible flowsheet proposed to prepare the MgO product is shown in
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Fig. 12. Simplified flowsheet of the hydrochloric acid leach—precipitation—pyrohydrolysis process

Table 4. Physical properties of the final product MgO

Avarage particle size (microns) | 36.96
Top cut 331.77

doo 75.76

dso 28.08

dio 432
Surface area (m” g') 0.5231
Whiteness ( pure MgO : 100 %) | 99.50

Table 5. Chemical composition of the final product MgO

Component | MgO | CaO | SiO, | ALOs | Na,O | K,O
(%) 98.86 | 0.78 | 0.02 | 0.01 0.02 | <0.002
Component | SO, Sr Li B,0; Ti
(%) 0.003 | <0.002]0.005| 0.02 |<0.004
CONCLUSIONS

I. Recovery of the dolomite dissolution increased with time and reached
92.43 % within 5 min., then 98.20% at the end of the total period (30 min).

II. The dolomite leach solution was cleaned from the Ca*" ions present at 70 °C
and 200 kPa CO; pressure in 5 min. with the recovery of 94.80 %..

III. Total decomposition of the purified magnesium chloride solution sample was
achieved at 300-600 °C within 1 hour. Hydrogen chloride gas evolved was absorbed
in water with the recovery of 98 % at 600 °C in 20 min.
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IV. In the pyrohydrolysis process, kinetic data showed that removal of the product
HCI gas was found to be an important factor controlling the rate of the decomposition.
Kinetic data indicated that the thermal decomposition was a first order kinetic process.

V. The hydrochloric acid leach-precipitation-dehydration process offers a method
of co-synthesizing high-grade MgO and PCC from a dolomite sample.
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Z dolomitu otrzymano tlenek magnezu przydatny do produkcji zasadowych materiatow
ognioodpornych. Otrzymano go za pomoca tugowania kwasem solnym i wytracania z uzyciem CO, oraz
stosujac termiczng hydroliz¢. Badano tugowanie dolomitu w roztworze kwasu solnego w odniesieniu do
czasu rozpuszczania. Ustalono zalezno$ci szybkosci rozpuszczania od pH. Okreslono zmiany pH oraz
stezen Ca”" i Mg®" od czasu w roztworze podczas karbonatyzacji. Badano wplyw temperatury na
szybko§é¢ precypitacji jonow Ca’* w postaci stalego CaCO;. Przeprowadzono eksperymenty dla
okreslenia kinetyki termicznego rozktadu MgCl,-6H,0 podczas pirolizy. Otrzymano wysokiej czystosci
tlenek magnezu o zawartosci 98.86% MgO z solanki zawierajacej chlorek magnezu, przy sprawnosci
termicznej dekompozycji wynoszacej 98.10%.
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