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In honor of Professor Janusz S. Laskowski
on the 40th Anniversary
of the Physicochemical Problems of Mineral Processing

Although officially the first Symposium took place on 18th of February of
1966, the truly first Symposium was held two years earlier in 1964 [see
Wspomnienie, Physicochenzical Problems of Mineral Processing, No. 27, pp. 9-11 (1993)].
The year 2004 thus marks the 40th anniversary of the Symposia, and it coincides
with 45th anniversary of Professor Laskowski’s scientific activities. It is the 20th
year of publication of Coal Preparation international journal which was founded
by Professor Laskowski. This year, he and his wife Barbara celebrated 40 years of



marriage. With all these facts in mind the Organizing Committee is pleased to
announce that this 41st Symposium in the series Physicochemical Problems in
Mineral Processing, which deals with all aspects of mineral processing and is the
longest symposia series in Poland and probably in the Central and Eastern
Europe, has been dedicated to Professor Janusz Laskowski.

Janusz Laskowski graduated B.Sc. in chemistry from the Silesian University of
Technology in 1956, and obtained M.Sc. degree in chemical engineering in 1958.
Following his father’s advise who kept saying that “colloid chemistry is a future of
mineral processing” he decided eventually that surface chemistry was what he
wanted to go into more deeply. He had a good fortune to hear Academician Peter
Aleksandrovich Rehbinder’s lectures on colloid chemistry when he ended up as a
postgraduate student at the Lomonosov University in Moscow in 1961/62. Peter
Aleksandrovich quickly learned that his student from Poland was spending a lot
of time in libraries studying everything that Rehbinder had ever published on
wettability and he arranged a special program for his student with the
experimental work carried out under the supervision of Professor V.I. Klassen at
the Mining Institute of the USSR Academy of Sciences. Having forged a strong
bond with Klassen, Janusz translated his monograph on “Coal Flotation” (the book
was published in Poland by Slask in 1966). Under Professor Klassen’s guidance he
started working on his dissertation on Coal Salt Flotation which was defended at
the Silesian University of Technology, Gliwice, in 1963. He completed his thesis
of Habilitation in 1966. In 1967, Janusz Laskowski left Gliwice for a one-year
postodoctoral period as a Leverhulme Trust Postodoctoral Research Fellow in Dr.
J.A. Kitchener’s surface chemistry lab in the Department of Mining & Mineral
Technology, Imperial College, London. This, we think, explains pretty well the
dedication in Professor Janusz Laskowski’s recent monograph on Coal Flotation
and Fine Coal Utilization (Elsevier, 2001) to my professors: Tadeusz Laskowski,
Villi Ivanovich Klassen and Joseph A. Kitchener”.

All good things must come to an end and not all of Janusz and Barbara’s life
has been roses. In 1971 their daughter died at the age of 4 years. But suddenly
during this devastating period Professor Laskowski received an invitation from
Professors Jorge Goldfarb and Carlos Diaz to join Universidad de Chile as a
visiting professor. Warm welcome by Goldfarb’s team of young enthusiasts,
beauty and splendid climate of Chile, excellent wines, and a son, Kornel, brought
back form Chile, played a decisive role in the long recovery process. Chile became
a second motherland for Professor Laskowski and he has been maintaining up to
now his contacts with this country and visits it quite frequently. Invited by
Professor Jan Leja, on his return from Chile in 1972 he stopped over for a few



lectures at the University of British Columbia in Vancouver, the city which ten
years later became his home.

In addition to building up active research groups first at the Silesian University
of Technology and later at the Wroclaw Technical University, he made a number
of other important contributions. After launching the “Physico-Chemical Problems of
Mineral  Processing”(www.ig.pwt.wroc.pl/minproc/journal/) symposia (he was
chairing the Organizing Committee until 1980) he kept putting together every year
a proceedings volume (the first number of Physicochemical Problems of Mineral
Processing appeared in Gliwice in 1967). In 1964, in collaboration with Dr. Bortel
and Dr. Buntner he wrote a textbook on Physicochemical Principles and Technology of
Fiotation published by the Silesian University of Technology in 1964. In 1969,
published his book on Physical Chenistry in Mineral Processing, Slask, 1969.

In Chile, he used this book to teach surface chemistry courses at Universidad
de Chile in Santiago, and at Universidad de Concepcion where was invited by Dr.
Fernando Concha. Following Professor Concha’s suggestion he updated his book
which was then translated into Spanish and published by University of
Concepcion in 1974 (Fundamentos Physicoqumicos de Mineralurgia). For many years he
was a member of Mineral Processing Section of the Mining Committee of Polish
Academy of Sciences, and Committee of Physical Chemistry of Surfaces. Since
1970, Professor Laskowski was a member of the International Committee for
International Mineral Processing Congresses, chaired the 13th International
Mineral Processing Congress in Warsaw in 1979 and edited the two-volume
proceedings (Mineral Processing — Proc. 13" Int. Mineral Processing Congress, Elsevier,
1980) and three volumes of the round-table seminars.

The 13th International Mineral Processing Congress turned out to be a very
important event for the Laskowski’s family. Directly after the 13" Congress
Janusz Laskowski was invited by Professor Tom Meloy to attend his Engineering
Foundation Conference, and invited by Professor Douglas Fuerstenau he joined
University of Berkeley as a visiting professor. Because of the martial law in Poland
he postponed his return to the homeland, in 1982 joined the University of British
Columbia as a full professor of mineral processing, and settled in Vancouver with
his wife Barbara and two sons Kornel (9 years) and Cyprian (3 years). His
Vancouver career has been interspersed with several sabbatical leaves: with Prof.
Jean Cases’s Surface Chemistry Group at Ecole Nationale Superieure de Geologie,
Nancy, France in 1987/88, and with the Department of Chemical Engineering of
the University of Cape Town in 1996.

On becoming a faculty member at UBC, Professor Laskowski entered a
dynamic situation at the Department of Mining and Mineral Processing which
with Professors Jan Leja, Andrew Mular and George Poling was one of the world



leading centers in the area of mineral processing. Professor Laskowski took over
and totally revised teaching of the 3™ year flotation coarse making colloid
chemistry fundamentals of an integral part of it. The new course included not only
sulfide flotation as before, but also flotation of oxidized Cu-Zn-Pb ores, flotation
of phosphates, and extremely important in western Canada potash ore flotation
and coal flotation. He introduced a new elective courses “Coal Preparation” and
“Surface Properties” and also a graduate course “Fine Particle Processing”. And
then, again, he began the process of building from scratch his new research group.
Several post-docs and visiting scholars participated in this process: Dr. Jaime
Solari (from Chile, Ph.D. from Imperial College) Professor Sergio Castro from
University of Concepcion (Chile), Dr. Suzan Partridge (Ph.D. from Bristol
University), Dr. Qi Dai (Ph.D. from Tohoku University, Japan), Dr. S.
Subramanian (from Indian Institute of Science), Dr. Qun Wang (Ph.D. from the
Helsinki University of Technology), Dr. Alexander Lopez-Valdivieso (professor
from Universidad Autonoma de San Luis Potosi, Mexico; Ph.D. from the
University of Berkeley), Dr. Qi Liu (who obtained Ph.D. working under Professor
Laskowski at UBC and after spending 5 years with the University of Wuhan,
China, returned to Canada as a visiting scholar), Dr. Ana B. Garcia (from Instituto
National del Carbon, Oviedo, Spain), Dr. Agnieszka Sworska (from the University
of Maria-Curie Sklodowska, Poland), Dr. Simon Yuan (Ph.D. from Lulea
University of Technology), Dr. Feridun Boylu from Istanbul Technical
University.

Professor Laskowski became a very active member of SME and since 1982
presented his papers at all SME Annual Meetings and organized and chaired many
sessions. He served as a member of the SME Mineral Processing Fundamentals
Committee and also chaired it. In Canada he became a very active member of the
Metallurgical Society of Canadian Institute of Mining. In 1995, initiated a new
series of UBC-McGill international symposia on Fundamentals of Mineral
Processing and chaired the first Symposium on “Processing of Hydrophobic
Minerals and Fine Coal”, Vancouver, August 1995; jointly with George Poling he
edited the proceedings volume “Processing of Hydrophobic Minerals and Fine Coal”
published by CIM Metallurgical Society in 1995. He chaired the 3rd Symposium
on “Polymers in Mineral Processing”, Quebec City, 1999, and edited the proceedings
volume which appeared under the same title. This year he is organizing and
editing proceedings volume of the 5th UBC-McGill Int. Symposium on “Particle
Sized Enlargement in Mineral Processing” (it will take place in Hamilton, Ontario,
August 22-25, 2004). Over the last four years he chaired the Mineral Sciences and
Engineering Section of the Metallurgical Society of CIM.



When J.A. Kitchener retired Janusz Laskowski jointly with John Ralston put
together a special volume which appeared in 1992 under J.S. Laskowski and J.
Ralston’s editorship (“Colloid Chemistry in Mineral Processing”, Elsevier, 1992). When
Professor Jan Leja retired after 20 years with the University of British Columbia,
Professor Laskowski edited a volume “Frothing in Flotation” in his honor (published
by Gordon and Breach in 1989). This book was followed by “Frothing in Flotation
II”’; edited jointly with E.T. Woodburn and published by Gordon and Breach in
1998. “Frothing in Flotation 111", edited jointly with C.T. O’Connor and ].P.
Franzidis, appeared as a special issue of International Journal of Mineral
Processing, Vol. 64, Nos. 2-3 (2002).

Professor Laskowski jointly with Professor David Boger organized the
Engineering Foundation Conference on ‘“Rheology in the Mineral Industry”, San
Diego, February, 1997. The papers presented at this conference appeared in a
special issue of Mineral Processing and Extractive Metallurgy Review (Vol. 20,
Nos. 1-3, 1999), edited by D.V. Boger and J.S. Laskowski, and in a special issue of
Coal Preparation (Vol. 18, Nos. 3-4, 1997) edited by J.S. Laskowski and H. Usui.
This conference was followed by the 2nd Engineering Foundation Conference on
“Rheology in the Mineral Indiustry”, Hawaii, March, 1999, which he co-chaired.

In 1984, Professor Laskowski founded “Coa/ Preparation” international journal
and has been its editor-in-chief since. Over years, he was a dedicated member of
the Editorial Boards of several scientific journals (Minerals Science and
Engineering, Colloids and Surfaces, Mineral Processing and Extractive Metallurgy
Review, International Journal of Mineral Processing).

With Dr. J. Drelich (Michigan University of Technology) he co-chaired the
Symposium “Apparent and Microscopic Contact Angles” held in conjunction
with the 216" National American Chemical Society Meeting, Boston, August 24-
27, 1998. Jointly with J. Drelich and K.J. Mittal he edited the volume “Apparent
and Microscopic Contact Angles” published by VSP in 2000.

Since translating Klassen’s monograph on Coal Flotation from Russian into
Polish (in 1966) Professor Laskowski was collecting data for his own monograph
on the subject which in comparison with Klassen’s monograph was much
enlarged and also includes fine coal utilization. The book appeared in 2001 (“Coal
Flotation and Fine Coal Utilization”, Elsevier in 2001).

In 2001, Professor Laskowski officially retired from University of British
Columbia and we have noticed that now it is much more difficult to catch him in
Vancouver. He developed a strong collaboration with Department of Chemical
Engineering of the University of Cape Town (UCT website lists him as a visiting
professor), and with the Helsinki University of Technology, and he maintains a
very active group of graduate students at UBC. In all, he supervised: 10 Ph.D.
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Theses in Poland, 1 Ph.D. Thesis and 1 M.Sc Thesis in Chile, 7 Ph.D. Theses and

5 M.ASc. Theses in Canada, and recently 1 M.Sc. Thesis in Argentina

(Universidad Nacional de San Juan). We have learned that over the last few years

Professor has been teaching many short-courses:

o Use of Polymers in Mineral Processing, Universidad Autonoma de San Luis Potosi,
Mexico, May, 2004.

e Use of Polymers in Mineral Processing, University of Concepcion, Chile,
December, 2003.

e  Coal Flotation and Fine Coal Utilization, Mintek, Johannesburg, South Africa,
November, 2003.

o Use of Polymers in Mineral Processing, Mintek, Johannesburg, South Africa,
November, 2003.

o Use of Polymers in Mineral Processing, University of Cape Town, South Africa,
October, 2003.
Surface Chemistry, Helsinki University of Technology, Finland, May, 2003.
Surface Chemistry, Helsinki University of Technology, Finland, May,2002.
Flotation Fundamentals, Saskatchewan Potash Corporation, Saskatoon, Canada,
March 4-5, 2002.

o Frothers and Their Use in Flotation, Florida Institute of Phosphate Research,
Lakeland, Florida, USA, August 9, 2001.
The Use of Polymers in Mineral Processing, Outokumpu, Finland, September, 1999.
Coal Flotation: Fundamentals and Engineering, Sparwood, B.C., Canada, April 3-4,
1997.

Professor Laskowski has published more than 200 papers in refereed journals
and conference proceedings based on research conducted in Poland, Russia,
Chile, USA, Canada, South Africa and Finland. Since the 10th International
Mineral Processing Congress in 1973, Professor Laskowski has presented papers
at all International Mineral Processing Congresses (with the exception of the 14th
IMPC in 1982). Since the 10th International Coal Preparation Congress in
Edmonton in 1986 he has presented papers at all Coal Preparation Congresses.
Below we list some of his significant findings:

e improvement of froth flotation in the presence of salt results from collapsing
of hydration layer shielding coal particles and nucleation of microbubbles on
coal surface in concentrated salt solutions (various papers between 1962 and
2001)

e instability of water films of a certain thickness on hydrophobic solids is
fundamentally due to a deficiency of hydrogen bonding in these films
compared with liquid water (J.S. Laskowski and J.A. Kitchener, The
hydrophilic hydrophobic transition on silica, J. Coll. Interface Sci., 29 (1969),
p.670. By some, this paper is considered “one of the most elegant
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demonstrations of the inadequacy of the DLVO theory” (R.M. Pashley, in
Colloid Chemistry in Mineral Processing, Elsevier , 1992, p.104).

with Bern Klein developed a viscometer for studying unstable non-
Newtonian suspensions (B. Klein, J.S. Laskowski and S.J. Partridge, A New
Viscometer for Rheological Measurements on Settling Suspensions, Journal
of Rheology, 39 (1995) p. 827) and using this equipment established with Y.B.
The relationship between magnetite particle size distribution, and stability and
rheology of magnetite aqueous suspensions, and the effect of rheological
properties of such a system on separation efficiency of dense medium
separators (R.Y. He and ].S. Laskowski, Dense Medium Cyclone Separation
of Fine Particles — Parts I and II, Coal Preparation, 16 (1995) p. 1 and p. 27;
and J.S. Laskowski, Dense Medium Rheology and Its Effect on Dense
Medium Separation, Advances in Gravity Concentration (R.Q. Honaker amd
W.R. Forest, eds.), SME, 2003, pp. 55- 70).

-in the 80 he studied weak electrolyte type flotation collectors (e.g. fatty acids,
primary amines) and described the properties of colloidal species that appear
over given pH ranges in aqueous solutions containing such surfactants. These
species exhibit clear iso-electric-points and depending on pH may either be
positively or negatively charged. It was shown that the properties of the
mineral systems with a weak electrolyte collector added cannot be explained
without taking into account such species (S.H. Castro, R.M. Vurdela and J.S.
Laskowski, The Surface Association and Precipitation of Surfactant Species in
Alkaline Dodecyalime Hydrochloride Solutions, Colloids and Surfaces, 21
(1986) p. 87; J.S. Laskowski, Weak Electrolyte Collectors, Advances in
Flotation Technology (B.K. Parekh and J.D. Miller, eds.), SME, 1999, pp. 59-
82. By the way, for the latter work Professor Laskowski won the Arthur F.
Taggart Award of SME in 2000.

in the second half of the 1980’ initiated with Qi Liu, who was at that time his
Ph.D. student, fundamental studies on the mechanism of adsorption of
polysaccharides (dextrins) onto mineral surfaces. The postulated mechanism,
which involves a chemical in nature interaction between OH groups on
mineral surfaces and OH groups in glucose ring, has been confirmed by other
researchers and may eventually lead to the development of non-toxic
modifiers for flotation of polymetallic sulfide ores (QQ. Liu and J.S. Laskowski,
The Role of Metal Hydroxides at Mineral Surfaces in Dextrin Adsorption —
Parts I and 1II, Int. Journal of Mineral Processing, 26(1989) p. 297; 27 (1989)
p. 147; Journal of Colloid and Interf. Sci., 130 (1989) p.101 and subsequent
papers with G. Nyamekye, and with M. Subramanian).
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e over the last five years in search for more scientific roots he has returned to
the studies on the properties of flotation frothers carried out in the 70” with
Janusz Lekki, and with Sam Cho introduced the concept of the critical
coalescence concentration (CCC), described the correlation between CCC and
DFI (Dynamic Foamability Index) (Y. S. Cho and J.S. Laskowski, Effect of
Flotation Frothers on Bubble Size and Foam Stability, Int. J. Miner. Process,
64 (2002) p.69) and showed how these indices can be used to classify the
flotation frothers (J.S. Laskowski, Fundamental Properties of Flotation
Frothers, 22nd Int. Mineral Processing Congtess, Cape Town, 2003, Vol. 2,
pp. 788-797).

Janusz Laskowski’s interests extend far beyond his professional life; he is an
expert camper and hiker, good skier, lake swimmer and keen tennis player. After
many years of studying impressionists at many art galleries around the world, a
few years ago he decided to start painting for relaxation. According to his own
words “he works in oil”. He has recently told us that this brought about an
acclamation of his neighbors and colleagues during the recent garden party in his
house celebrating 40th Anniversary of his and Barbara marriage. The guests
admired with interest the fresh painting of their house and on hearing that Janusz
did it himself some commented that “this time this job was done much better
than a few years ago”, and some others were delighted that “Janusz finally found a
well paid job”.

More about Professor Laskowski and his accomplishments can be found at
www.mining.ubc.ca/department/faculty/laskowski.

Andrzej Luszczkiewicz
Jan Drzymata
Zygmunt Sadowski
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In practice, fothers are selected following general guidelines and verification by laboratory and/or
plant tests. The terms “powerful” or “selective,” which are commonly used to characterize frothers,
have intuitive rather than scientific meaning.

A research program has been set out to study fundamental properties of the flotation frothers and
to identify the tests which can provide information needed to characterize and classify such flotation
agents. Since flotation frothers are used to reduce bubble size and increase froth stability, in the
procedures adopted in this paper they were characterized by their ability to reduce bubble size in a
flotation cell and to increase foam stability. It has been shown that the developed frother classification
system based on these two measurements is able to correctly distinguish the frothers known as being
selective from those which are known to be powerful.

Key words: flotation frothers, dynamic foamability index, cristal coalescence concentration

INTRODUCTION

Froth flotation process commonly requires quite a large variety of flotation agents.
Although it is believed that the most important are collectors, which are used to render
valuable minerals hydrophobic, as the term froth flotation implies the process is
inseparable from the froth. Froth generation requires the use of frothers which are
utilized to facilitate air dispersion into fine bubbles, and to stabilize the froth.
According to Leja-Schulman’s penetration theory (Leja & Schulman, 1954; Leja,
1956/57), frothers accumulate preferentially at the water/gas interface and interact
with collector molecules adsorbed onto solid particles in the particle-to-bubble
collision and attachment.

The difficulties inherent in giving a comprehensive scientific analysis of flotation
frothers were in depth analyzed by Wrobel 50 years ago (Wrobel, 1953). The situation

* Department of Mining Engineering, University of British Columbia, Vancouver, B.C., Canada,
JSL@apsc.ubc.ca.
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50 years later is not that different and the terms “powerful” and “selective” are still
commonly used to describe the properties of these flotation agents. The frothers that
are purchased for commercial use usually come along with the information
exemplified by Table 1.

Table 1. Flotation Forther Characteristics as Provided by Manufacturers

Property Frother 1 Frother 2 Frother 3
Molecular weight 200 250 400
Viscosity, cP 7 12 27
Density, g/cm’ 0.970 0.980 0.988
Freez point, °C below —50 below —50 below —50
Flashpoint, °F 250 285 325

°F stands for Fahrenheit degrees.

While the information provided in Table I is important for handling these products
it does not say anything about their flotation properties. Some manufacturers,
therefore, provide some additional qaulitative information in which these products
may be further characterized as “selective” or “powerful”. So, what we - who have to
use these products - do? Well, we develop a research program and screen the acquired
products following some general guidelines which may vary depending on the school.

In the fundamental studies on flotation fothers there are many unknowns, and one
known fact. It is well accepted that pure liquids do not foam. For a liquid to foam, it
must be able to form a membrane around the gas bubble that opposes the thinning of
the lamellae. Foaming does not occur in pure liquids because there exists no such
mechanism for the retardation of lamellae drainage (Kitchener & Cooper, 1959).
When surface active molecules are present, however, their adsorption at the gas/liquid
interface serves to retard the loss of liquid from the lamellae and to produce a more
mechanically stable system. This directly leads to a simple conclusion that relates
frother activity to its surface tension. However, in the concentration ranges in which
frothers affect foaming and bubble size the water surface tension is affected very little
(Sweet et al., 1997). Recent results prove without any doubt that frothers control the
size of bubbles by decreasing bubble coalescence (Cho & Laskowski, 2002a; Cho &
Laskowski, 2002b), and that the bubble coalescence can be entirely prevented at
frother concentrations exceeding the critical coalescence concentration (CCC).

The testing procedure described in this paper is based on the fundamental and well
recognized fact that flotation frothers reduce the bubble size. Likewise, they are
known to increase foam stability. These two measurements should then be employed
to characterize fundamental flotation related properties of these agents.
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EXPERIMENTAL PROCEDURES

MATERIALS

Since MIBC is the most common fother, the first series of tests included various n-
hexanol isomers/derivatives (Cho and Laskowski, 2002a; Cho and Laskowski, 2002b).
In the second series, the mono-alkyl ethers of propylene oxide, which include three
important commercial frothers (DF-200, DF-250 and DF-1012) have been tested
(Laskowski et al., 2003). The studied frothers are listed in Table II.

Table II. List of the tested frothers

Common name Purity Chemical formula Molecular weight HLB
MIBC Technical CH;CHCH;CH(OH)CH3 102.2 6.1
HEX Reagent C¢H3sOH 102.2 6.0
DEMPH Technical CsH30H(EO),(PO) 248.4 6.6
DEH Technical C¢H;0H(EO), 190.3 6.7
MPDEH Technical C¢H;30H(PO)EO), 248.4 6.6
(PO)1 Reagent CH;(PO)OH 90.12 8.3
(PO)2 Reagent CH;(PO),0H 148.12 8.15
DF-200 Technical CH;(PO);0H 206.29 8.0
DF-250 Technical CH;(PO),OH 264.37 7.8
DF-1012 Technical CH;(PO)s30H 397.95 7.5

EO and PO are abbreviations for -OC,Hy- and —OC;Hg-, respectively.

BUBBLE SIZE

Quite a large variety of experimental methods have been introduced to measure the
size of bubbles (Chen et al, 2001; Grau and Heiskanen, 2002). The bubble sizer
developed at the University of Cape Town (O’Connor et al., 1990, Tucker et al.,
1994), referred to as UCT bubble sizer, has been used in our measurements (Cho and
Laskowski, 2002a; Cho and Laskowski, 2002b). Bubbles were generated in an Open
Top Leeds Flotation Cell set at 1000 rpm and at air flow rate of about 5 dm*/min. The
sampler of the UCT bubble sizer was positioned 50 mm above the stator. Distilled
water was used to prepare solutions of the tested frothers.

DYNAMIC FOAMABILITY INDEX

The procedure that has been used follows the methodology developed by Malysa
and his colleagues (Malysa et al., 1978; Czarnecki et al., 1982). This method requires
determination of the retention time (rt) from the slope of the linear portion of the
dependence of the total gas volume (V) contained in the system (solution and foam)
plotted versus gas flow rate (Q).
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The obtained rt values are then used to determine the DFI which is defined as the
limiting slope of the rt-concentration plot for ¢ — 0:

DFI = [mj )
c=0

rt (1)

oc
SURFACE TENSION

Du Noy Ring Tensiometer was used to measure the surface tension of aqueous
solutions at varying frother concentrations.

RESULTS

Figs. 1 and 2 show the bubble size versus concentration curves plotted for
polyglycol frothers and MIBC. The figures also indicate the critical coalescence
concentration (CCC) determined graphically from the plots. At concentrations ¢ >
CCC, the bubbles cease to coalesce, the size of bubbles becomes constant and is not
affected by frother concentration any more. The CCC values for the studied
polyglycols are given in Table IIl. By normalizing frother concentration with regard to
the CCC values for each frother it can easily be shown that all the curves converge on
one single curve (Fig. 3).
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Fig. 1. Graphical evaluation on the CCC values for MIBC, (PO)1 and (PO)2
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Fig. 3. Effect of the normalized concentration on bubble size

The obtained results indicate that with the increasing number of propylene oxide
groups per molecule in the homologous series of polyglycol frothers, the ability of
these compounds to reduce the bubble size improves (Laskowski et al. 2003). The
frothers that produce finer bubbles also produce more stable dynamic foams as the
correlation between DFI and CCC values suggest (Fig. 4.). This figure confirms that
the frothers that are more efficient in reducing bubble size also produce more stable
foam. Larger DFI values indicate more stable foam, the foam in which bubbles do not
easily coalesce.
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As already discussed (Laskowski, 2003), the DFI-CCC diagram (Fig. 4) can be
used to classify frothers. Those situated in the left-upper corner of this diagram are
very powerful fothers, while the ones situated in the right-bottom corner are weaker
and more selective.

0.6

0.4
CCC (mmol/L)

Fig. 4. Relationship between DFI and CCC values for the tested frothers

The results so far discussed have been obtained while working with two-phase
systems (foams). It is still not clear how all this is related to the flotation performance
of the frothers. To analyse it further, in my paper presented at the 22™ Int. Mineral
Processing Congress (Laskowski, 2003) I compared Fig. 4 with Fig. 5.
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Fig. 5. The HLB-Molecular Weight diagram for flotation frothers



Testing flotation frothers 19

In the latter diagram, various frothers are positioned on the HLB — Molecular
Weight plot (HLB stands for Hydrophile Lipophile Balance). As seen the frothers
which fall on the left side of this diagram are known to be selective in flotation, while
the ones which are situated far to the right from this line are known to exhibit
properties of the strong flotation frothers. The former can be used in flotation of very
fine particles, whereas the latter will provide higher recoveries and better performance
in floating of coarser particles. Comparison with Fig. 4 explains that those which are
selective are characterized by small DFI and large CCC values, while the powerful
frothers are characterized by large DFI and small CCC values.

DISCUSSION

The results shown in this paper demonstrate that flotation frothers can be well
characterized by the CCC and DFI values. These indices are easy to determine
experimentally and they should be provided by frother manufacturers along with other
characteristics of such agents. It has also been demonstrated that CCC values can be
used in preparing frother blends (Laskowski et al., 2003).

Table III. CCC values for the investigated frothers

N cccC

Frot]

rother mmol/dm’ ppm
MIBC 0.11 11.2
(PO)1 0.52 46.8
(PO)2 0.17 25.1
DF-200 0.089 18.4
DF-250 0.033 8.7
DF-1012 0.015 6.0

While there is no doubt that the CCC and DFI numbers are very valuable in
characterization of flotation frothers, our understanding of these values is still not
complete. This is quite obvious when comparison is made with the common surface
tension measurements. Fig. 6 shows the surface tension isotherms (room temperature)
for three Dowfrothers.

Comparison of the surface tension results with the CCC values given in Table III
indicates that while for the DF-200 the surface tension at the CCC concentration for
this forther (8.9x10” M) is almost that of pure water, the surface tension for DF-250 at
its CCC value (3.3.x10°M) is about 66 mN/m and for the DF-1012 (CCC=1.5x10" M)
it is about 61 mN/m. Since surface tension values are interrelated with adsorption via
Gibbs adsorption isotherm this means that the adsorption of DF-1012 at its CCC is
much larger than the adsorption of DF-250 at the corresponding CCC values for DF--
250; in turn the adsorption of DF-250 is much higher than the adsorption of DF-200 at
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their respective CCC values. Since the DF-1012 molecules are much larger than the
molecules of DF-250 (which in turn are larger than DF-200 molecules) this indicates
that the adsorption for larger molecules of polyglycols must be much higher to prevent
bubbles from coalescence.
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This is a very surprising result. It may as well indicate that the “static” surface
tension measurements cannot be directly utilized in the analysis of the properties of
dynamic systems, such as foams. These foams are very unstable, exist only during
bubbling gas and collapse when the foam formation process is stopped. It is likely that
the stability of such systems is determined by elasticity forces (Malysa, 1992). Under
dynamic conditions the coalescence must then be related not so much to the frother
adsorption as to the rate with which it can adsorb (Comley et al, 2002).

CONCLUSIONS

Flotation frothers can be characterized by the DFI and CCC values.

The diagram in which the DFI values are plotted versus CCC values can be used
to classify frothers. The frothers which are situated in the upper-left corner of the
diagram are very powerful, while those situated in the bottom-right corner are
selective.

3. The CCC and DFI values should be provided for all commercial frothers by
frother manufacturers.

DN —
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Laskowski J.S., Testowanie flotacyjnych odczynnikdw pianotworczych, Physicochemical Problems of
Mineral Processing, 38, (2004) 13-22 (w jgz. ang.).

W praktyce odczynniki pianotworcze (spieniacze) dobierane sa zgodnie z ogélnymi zasadami i
sprawdzone w testach laboratoryjnych oraz przemystowych. Okreslenia takie jak: ,,mocne lub
»selektywny” sa powszechnie stosowane dla scharakteryzowania spieniacza. Maja one znaczenie raczej
intuicyjne niz naukowe. Zostat przyjety program badawczy dla zbadania podstawowych wiasciwosci
odczynnikéw pianotworczych stosowanych w flotacji, oraz dla ustalenia testow, ktore dostarcza
koniecznych informacji potrzebnych dla scharakteryzowania i klasyfikacji odczynnikow pianotwoérczych.
Odczynniki pianotwoércze stosowane sa w celu redukcji rozmiaréw pecherzykow i wzrostu stabilnos$ci.
Procedury, jakie uzyto w tej pracy, byly weryfikowane przez ich zdolno$¢ do charakteryzowania redukcji
wielkosci pecherzykow w komorze flotacyjnej i wzrostu stabilnosci piany. Zostalo pokazane, ze system
klasyfikacji spieniaczy, bazujacy na dwoch zaprojektowanych parametrach, jest w stanie poprawnie
rozrdznia¢ spieniacze zwane jako ,,selektywne” od tych, ktore znane sa jako ,,mocne”.



Physicochemical Problems of Mineral Processing, 38 (2004) 23-35
Fizykochemiczne Problemy Mineralurgii, 38 (2004) 23-35

M.E. HOLUSZKO, J.S. LASKOWSKI"

USE OF PELLETIZATION TO ASSESS THE EFFECT
OF PARTICLE-PARTICLE INTERACTIONS ON COAL
HANDLEABILITY
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Although there is no widely accepted rigorous definition of handleability, the handling coal
characteristics often referred to as handleability define whether a coal has the ability to flow
unhindered through the processing and transportation systems. The handleability may be severely
affected if fine coal particles tend to aggregate. In the pelletization process, the rolling action of the
drum is applied to bring the individual particles into proximity with each other so that they can
aggregate and form pellets. Because of apparent similarities between these two processes, the
pelletization tests are carried out in parallel to the handleability tests in this project, and the
pelletization results are used to explain coal handleability properties.

Key words: coal, pelletization, handleability
INTRODUCTION

British Columbia produces nearly 30 million tonnes of coal annually. Almost all of
the produced clean coal is exported outside of the province, and transported by trains
across the continent for the use in the eastern Canada or United States, and to other
overseas destinations by cargo ships. Coals produced from western Canada have large
amounts of fines and high surface moisture at the point of load, which affect these
coals handleability characteristics. The western Canadian coals are also very friable
and the content of very fine particles continues to increase during transportation.

Many handleability studies carried out over the years mostly related physical
parameters of coal samples such as amount of fines, mineral matter type and moisture
content on handling characteristics. The quality of fines in terms of surface properties
has never been studied before to any significant extend. Neither the porosity of coal
has been considered as a factor influencing behavior of fine particles in the presence
of water.

* Department of Mining Engineering, University of British Columbia Vancouver, B.C., V6T 1Z4, Canada
JSL@apsc.ubc.ca.



24 M.E. Holuszko, J.S. Laskowski

The objective of this research project is to study the effect of surface properties of
fines with the special emphasis on wettability, surface properties such as surface area,
pore volume and relating these factors to the handleability of bulk coal. Pelletization
experiments have been used as a method of testing fine coal particle interactions. The
pellet strength is used as an evidence of forces acting on these particles owed to their
surface properties. The surface properties of fines are then related to the bulk sample
behavior in handling of the selected western Canadian coals.

BACKGROUND

HANDLEABILITY OF COAL

A number of techniques have been developed over the years to assess
handleability; for example using specially designed cone to measure the flow of coal
and referred to as Durham Cone (Brown, 1997; Cutress et al., 1960; Vickers, 1982;
Brown et al., 1997). Other methods focused on either measuring the shear strength of
fines (Jenike, 1961; Arnold, 1992; Barois-Cazenave, 1999) or tensile strength of fines,
as in the method developed in Poland (Polish norms, 1982; Wawrzynkiewicz, 2003).
Extrusion through Index method that was developed by Brown at the University of
Nottingham aimed at measuring compressive strength of the bulk sample (Brown,
1997; Brown, Atkin, 2000). The advantage of this method being that, it actually
measures the strength of the representative sample of the handled material not only the
strength of fines.

The study by (Blondin et al., 2000) showed that handleability is determined by the
content of clays and fine particles and developed their own handleability classification
system based on these two parameters. (Mikka, Smitham, 1985) showed that bentonite
effect on fine coal handleability is much larger than the effect of kaolin.

FACTORS INFLUENCING HANDLEABILITY OF COAL

Factors that influence handleability of coal are: moisture, ash, size distribution and
fines content. In general, as the moisture content of coal increases the handleability
deteriorates until it reaches a point where coal is so moist that behaves as a fluid. The
same trend is observed with increase in fines content, the high fines content leads to
deterioration of handleability. It was found that increase in fines content has greater
effect on coal handleability than increase in moisture content (Arnold , 1992).

An increasing amount of fines (<0.5mm) can have similar effect as raising
moisture content. Widening the spectrum of sizes in bulk coal improves handleability;
larger particles counteract moisture effects (Mikka, Smitham, 1985; Holuszko,
Laskowski, 2003). It has been shown that the effect of moisture is greater in the case
of fines (<0.5mm) than in case of coarse coal (Wawrzynkiewicz, 2003). Mineral
matter content has the greatest effect on handleability when clays are present. Clays
tend to swell in presence of water and act as glue between particles leading to buildup
of cohesiveness within the fines as well as coarse particles.
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PELLETIZATION

Pelletization is the particle-enlargement process, in which tumbling of moist fines
in drums, discs or in conical devices leads to formation of pellets. Physical forces,
such as interfacial attraction, surface tension, van der Waals interactions, combined
with the applied mechanical energy of tumbling, that bring particles together are
responsible for pelletization ( Sastry et al., 1982).

In an extensive study on pelletization of coals of various ranks by (Sastry and
Fuerstenau, 1982), the fundamental principles of coal pelletization have been
formulated. It was concluded that moisture addition is critical for successful
pelletization and lies in a narrow range for each coal and it varies inversely with the
content of ash.

There are apparent similarities between behavior of fine particles in pelletization
and in a free flow that determine handleability. In both processes coal particles are
subjected to mechanical forces; therefore the same phenomena should be responsible
for their behavior. Using pelletization as the model for particle aggregation, it can be
assumed that in the system where coal particles are subjected to mechanical movement
due to rotation (pelletization) or flowing (handleability), the particles collide with each
other. As the moist particles encounter each other, the aggregation of particles may
take place. The same surface properties which lead to aggregation in pelletization will
cause particles to stick together and build up cohesive strength affecting handleability
of a bulk sample. Therefore, pelletization can be used as the method to elucidate fine
coal particle behavior that determine coal handleability.

EXPERIMENTAL

SAMPLE CHARACTERISTICS

Five raw and two coal products were used for this study. Three coals were of
metallurgical grade (LC3, LC 10BC, LC 10B) and two of thermal grade; one lower
rank coal (LS20) and one higher rank (LC 8U). One of the raw coals was oxidized
under laboratory conditions and used for testing (LC 30XY). One metallurgical and
one thermal sample represented product coals.

Two types of samples were used for testing. For bulk testing 10 kg samples were
prepared in such a way that they were closely representing the coal in terms of the size
distribution. All raw coal samples were crushed down to 100% passing 25.4 mm. For
pelletization and surface properties characterization minus -0.5mm size fraction was
sieved out from the bulk sample and used for evaluations. The product coals were
used as received, and fine fraction of 0.5mm was also isolated from the bulk sample
for surface properties characterization.

The coal analyses are given in Table 1. The equilibrium moisture and transmittance
are included to demonstrate different hydrophobicity (wettability) characteristics of
selected coals. Equilibrium moisture indicates water-holding capacity and was
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determined following ASTM D 1412-93. Transmittance values were determined
following the ASTM D5263-93 method.

Table 1. Samples Characteristics

Coal Sample Yielg :cft i()O.imm Ash i;} Fines éz}rlnlpr;ebthl/(l)( r};jlglllsl:ilt;?urur/z Transrz/loittance
LC3 36.0 12.61 30.12 1.30 95.25
LC 10BC 39.0 24.41 37.45 1.65 80.90
LC 10B 45.0 12.94 24.30 2.96 56.24
LC 8U 37.0 15.37 23.63 7.34 26.06
LS 20 22.0 33.7 35.00 8.02 34.80
LC met 44.0 12.66 9.77 1.56 99.02
LC thermal 45.0 15.86 15.15 2.09 50.63
LC 3 OXY 36.0 12.61 30.12 4.38 57.80

Penetration rate tests were used to characterize wettability of fines obtained from
the studied coals. The gravimetric version of the method based on Washburn equation
(15) was used as described by (Laskowski et al., 2003). In this method, 3 grams of
coal was packed in a tube and compressed by a column-packing device under load of
5 kg. The tube with compacted material was then attached to a balance, contacted with
water and the total weight of the column was monitored on-line using an electronic
balance. The patterns of penetration for the studied coals are shown in Figure 1.

SIZE DISTRIBUTION OF THE FINES

Size analyses were performed using Malvern Mastersizer 2000. In this method
laser beam is used to obtain scattering patterns of particles in order to determine the
size distribution. Figure 2 presents cumulative size distribution of 0.5mm fractions
from all seven coals.

N, SURFACE AREA AND PORE VOLUME DETERMINATION

Surface area was determined by Quantachrome Autosorb Automated Gas Sorption
System using BET method with N, as an adsorbate at 77.35 K. The samples were
dried at 120°C overnight in a vacuum oven and then outgassed at 50 °C . The BET
surface area was calculated according to the Brunauer-Emmett-Teller equation. The
total pore volume was derived using calculations from Density Functional Theory
(DFT) and micropore volume was computed from Brauner MP method (Lowell et al.
1998).
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Fig. 1. Penetration rates for studied coals

PELLETIZATION

Pelletization was used as a method to characterize surface properties of fines
(-0.5mm). The tests were set up for all the samples under the same operating
conditions. Approximately lkg of dry coal was placed onto the pelletizing disc
(Syndron) rotating at 25 rpm and sprayed with water at a rate of 10 ml/min. The
amount of water added to each sample was calculated from equation derived by
(Sastry and Fuerstenau, 1982). Since the addition of water for each coal depends on
the ash content, duration of pelletization run had to be adjusted accordingly. The
pelletization tests were carried out until suitable pellets were formed and for most of
the coals this was completed within 30 minutes. The pellets were collected and
strength was measured using a Tritester tensiometer. The compressive strength of
single pellet was measured by crushing the pellet between flat parallel surfaces and the
loads at which failure occurred was recorded. The rate of loading was strictly
controlled and was digitally set at 0.75mm per minute.

HANDLEABILITY TESTS

The handleability of bulk samples was tested with the use of Durham Cone
(Cutress, et al., 1960). For each test 10 kg of coal was prepared and placed into the
cone shaped container. The cone was vibrated for 30 seconds and then it was allowed
to flow out through the opening. The time to discharge the coal from the vibrating
cone was measured and flow rate in kg/s was calculated and referred to as Durham
Cone Index. (DCI) The test was repeated for at least 10 times and average value of
DCI was calculated.
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Fig. 2. Particle size distribution of 0.5mm size fractions for studied coals. The coarsest distribution is for
LS 20 coal and the finest two are; LC thermal and LC 8U. Distributions for all the other coals are in
between

RESULTS AND DISCUSSION
COAL SURFACE PROPERTIES CHARACTERIZATION

The surface properties of all studied coals are summarized in Table II. The selected
coals were typical metallurgical coals from British Columbia. These coals were of
medium volatile bituminous rank. LC thermal and LC met (metallurgical) were the
coal products received from one of the local mines. The exception was LS 20 coal,
which was the lower rank coal (high volatile A) from Alberta. These samples varied
significantly in wettability characteristic, from very fresh to heavily oxidized, as
observed from the transmittance values. The LC 30XY sample was oxidized by
heating at 180°C in the oven for eight weeks.

As Figure 1 shows, the penetration rate patterns for studied coals are in relatively
good agreement with both equilibrium moisture and transmittance data. The surface
area and pore volume data for studied coals are included in Table II.

As already indicated, in this study pelletization was used as a method of elucidating
the effect of surface properties of coals which are responsible for aggregation of
particles in presence of moisture. The strength of the resulting pellets was used to
evaluate the effect of interparticle interactions on aggregation. However, from the
strength and surface area data alone it will be difficult to judge what is causing
formation of strong pellets for some coals.
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PELLETIZATION

Pelletization of coal particulates is controlled by interfacial and capillary forces due
to presence of a liquid phase (Kapur et al., 1966; Sastry et. al. 1977, 1981;Capes,
1980). For pelletization to take place, first liquid has to wet the surface of coal
particles, the liquid bridges between particles must form, and the capillary forces must
create the bonds between the particles.

Wetting of hydrophobic coal is difficult. Once the coal is covered with coalesced
droplets of water, the bonds formed between particles of such a solid are not strong
due to high interfacial tensions between liquid and solid. Although capillary state may
be reached, the layer of water around aggregating particles remains relatively thick
and unstable. As a result, strength of the formed pellet is much smaller. (Kaji et al.,
1986) made an important observation that for some coals, adsorbed water occupies
only ~30-75% of the total pore volume, while for other coals the adsorbed water
exceeds by 2 to 3 times their pore volume.

Table 2. Surface Properties Characterization

Coal Ash in fines N, BET Total pore Micropore Pellets
Sample % Surface Volume Volume strength
area m*/g cc/g E-0.5 cc/g E-0.5 g/cm
LC3 12.61 0.390 324 2.6 8.5
LC 3 OXY 12.61 0.276 18.9 9.8 14.3
ILC 10BC 24.41 0.652 452 42 13.8
ILC 10B 12.94 0.376 24.1 0.8 11.6
ILC 8U 15.37 1.440 97.3 29 20.0
LS 20 33.70 4.140 280.0 27.8 289.0
LC met 12.66 0.439 32.0 7.7 7.5
ILC thermal 15.86 0.661 26.5 3.1 20.0

In case of hydrophilic coal, water penetrates quickly into the pores creating micro-
capillary pressure from within. Once an excess of liquid appears on the surface of the
particles, only at the moisture content exceeding the equilibrium moisture, an
aggregation can proceed almost instantly to the capillary state. The stable layer of
water on the surface of particles is much thinner; therefore, strength of pellets is much
greater due to the strong capillary pressures from within the coal structure.To facilitate
discussion the data from Table 2 will be analyzed as separate case studies.

Case 1. Comparison of the behavior of the LC 3 and LC 30XY coal samples. Since
the LC 30XY sample was prepared by oxidizing the LC 3 sample, their ash contents
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remain the same. Although the pore volume changes a little and the micropore volume
is also smaller after the oxidation, the strength of the pellets almost doubled for the
oxidized sample (LC 30XY). Following our assumptions that for oxidized —
hydrophilic coal, the strength of the pellets results from strong capillary forces due to
surface hydrophilicity, porosity as well as the ash content and surface area, it is
evident that decrease in hydrophobicity has a larger overall effect.

Case 2. Comparing LC met and LC thermal coals shows similar trend; much
stronger pellets are produced from the hydrophilic LC thermal coal. Pore volume
along with microporosity is much greater in LC met, however due to hydrophobicity
of these coal particles, this does not have any significant effect and does on increase
the pellet strength. The wetting water on the LC met coal is not able to penetrate the
pores to create significant force for aggregation.

Case 3. Two coals LC met and LC 10BC of similar hydrophobicity (Figure 1), one
gives pellets 1.83 times stronger than the other. In both cases, contribution of porosity
to the force pulling particles together is apparently negligible; the only difference is in
the ash content. In this case it appears that only the ash in the LC 10BC sample
contributes to the strength of the pellets, and is almost exactly the same magnitude as
the difference between the strength of the pellets formed for these two coals.

Case 4. The LC 8U and LS 20 are the two hydrophilic coals. Pellets formed LS 20
are 14 times stronger than pellets formed from LC 8U. If we consider that LS 20
having twice as much ash content (2.2) and approximately three times as much greater
surface area (2.8) and pore volume (2.9) as compared to LC 8U, this should give (2.2
x2.8x2.9 = 17.8) 17.8 times stronger pellets from LS 20 coal. According to penetration
rate both coals have similar level of hydrophilicity with similar equilibrium moisture
value. However, moisture requirement for pelletization predicted from (14) was based
on the ash content of the fines and did not take into account surface area; as a result, it
underestimated the amount of water required for pelletization of LS 20. The ratio of
the underestimated amount of water is equal to 0.73, hence 17.8 x 0.73 = 13. Thus
according to these calculations 13 times stronger pellets are expected to be formed
from LS 20, which is very close (14 times) to the actual difference between strength of
pellets from these coals.

Likewise, all the other cases seem to confirm our conclusion that the strength of the
formed pellets is related to the hydrophilic/hydrophobic character of coal particles,
and their porosity, microporosity and ash content. In summary, the effectiveness of
pelletization is dependant on wettability. The wettability is the most important factor
because it decides whether the porosity can create a strong capillary force that affects
particle-to-particle adhesion. This capillary force and mineral matter on coal surface
determine behavior of the water films between particles. In the case of hydrophobic
coals, the strength of the pellets results only from the ash (mineral matter), since
water will not penetrate into the pores, at least not to the great extent, to create strong
pulling force from within coal pores.
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HANDLEABILITY

During coal transportation, fine and coarse particles are tumbled together; however,
fines are responsible for the cohesiveness of the whole mixture that affects coal
handleability. Depending on the hydrophobic/hydrophilic character and ash content of
coal, fine particles can strongly affect coal handleability.

If the same surface properties are responsible for fine particle behavior in
handleability as in pelletization, then hydrophobic coals should be much easier to
handle than hydrophilic ones. Further on, it can be concluded from the conducted
pelletization tests that for hydrophobic coals only ash (mineral matter) content can
influence their handling characteristics.

The handleability tests were performed using Durham Cone on the bulk samples of
all seven coals. The tests were carried out varying moisture levels; flow rates at
different moistures are plotted to examine the trends (Figure 3 and 4). The LC met, LC
10B and LC thermal coals have similar amount of fines (about 45% of 0.5mm
material) and ash content with the exception of LC thermal (Table I). According to
pelletization tests LC thermal sample should be ranked the most difficult to handle
followed by LC 10B and LC met and indeed this is the case.
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Fig. 3. Flow rates at different moistures content for LC thermal, LC 10B and LC met coals

For other four coals the trend is not so evident (Figure 4). Coals LS 20 and LC 8U
have similar wettability characteristics (Figurel) however, LS 20 has only 22.0% of
fines (0.5mm fraction) as compared to 37.0% in LC 8U. Since the amount of fines is
the most critical factor, it is not surprising that LS 20 has much better handleability
than LC 8U. Both of these coals have their equilibrium moisture at about 8%; this
implies that below that moisture content, there is no surface moisture present on the
surface of particles which would lead to the aggregation. Thus, only at the moisture
levels exceeding 8% the particles will start to aggregate or stick together. To
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emphasize this effect, correlations shown in Figure 4 were replotted versus the surface
moisture for these four coals (Figure 5). Surface moisture was calculated as the
difference between actual moisture and equilibrium moisture.
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Fig. 4. Flow rates at different moistures content for LC 3, LC 10BC, LC 8U and LS 20 coal

Lines showing the trends of the flow rate change vs. surface moisture for LS 20
and LC 8U moved to the range of much reduced handleability (Figure 5). The LC 8U
coal has the same amount of surface moisture as the LC 3 coal; the difference is that at
10% surface moisture this coal almost entirely stops to flow, while LC 3 is still
handleable.
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Fig. 5. Flow rate change vs. surface moisture for LC 3, LC 8U, LC 10BC and LS 20
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The LC 10BC coal exhibits a very similar trend in flow rate vs. moisture to that of
the LC 3 coal, suggesting that being hydrophobic it does not cease to flow at high
moisture levels. However, both of these coals exhibit overall poor handleability
characteristics. To clarify why these two coals have such bad handling properties, X-
ray diffraction (XRD) of low-temperature ash (LTA) was carried out to learn more
about mineral matter type in these samples. Table 3 presents XRD results for these
coals.

As Table 3 indicates, both of these coals have very high amounts of clay minerals.
The LC 3 coal has 5% more clays in total than LC 10BC. Based on this information it
can be concluded that handling behavior of these two coals is hindered by the presence
of high amount of clay material.

Table 3. Mineralogical Composition of LTA from LC 3 and LC 10BC

Mineral LC 3% LC 10BC %
Quartz 19.6 24.4
Kaolinite 36.4 26.1
Illite 24.1 27.8
Muscovite 18.9 20.7
Total clays 79.4 74.5
Pyrite 0.3 0.4
Dolomite 0.6 0.6

CONCLUSIONS

The following conclusions can be drawn from this project:

e Pelletization can be used as a method of characterizing surface properties of fines
that affect behavior of these particles in handling. Testing coal for pelletization
under controlled conditions can help to reveal the effect of surface properties
(such as wettability, surface area and porosity) on ability of fine coal particles to
aggregate. In general, easy to pelletize coals are difficult to handle.

e Equilibrium moisture is an important parameter that needs to be assessed in order
to set the limits for good and bad handleability ranges for any given coal. For
lower rank and oxidized coals, equilibrium moisture is usually much higher,
therefore these coals can tolerate higher moisture levels before they start to be
difficult to handle. However, at the moisture levels exceeding their equilibrium
moistures, a rapid deterioration of their handling behavior is observed, leading
practically to non-flowing conditions.
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e In case of hydrophobic coals only the mineral matter and type of association with
coal organic matter affects significantly these coals handleability. For such coals
an increase in moisture content tends to affect handleability to certain level, but
the coal does not cease to flow completely. Apparently high amount of clay
material even in very hydrophobic coals can have very damaging effect on
handleability.

e Since the amount of fines is the most critical factor influencing handleability, in
order to see the effect of coal surface properties the tested samples must have the
same size distributions, especially the levels of fines.
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,»-Coal hadleability’’, termin, ktorego polskim odpowiednikiem jest “podatno$¢ transportowa wegla”,
charakteryzuje przeptyw wegla przez rézne wezly technologiczne i opisuje zachowanie si¢ drobnego
wegla podczas transportu, sktadowania i dozowania. Podatno$¢ transportowa wegla zalezy w bardzo
duzym stopniu od agregacji ziarn wegla. W procesie peletyzacji ruch obrotowy bgbna/dysku powoduje
stykanie si¢ drobnych ziarn, ktére w wyniku tego moga tworzy¢ kuliste pelety. Ta sama podatno$¢ ziarn
do tworzenia agregatow w trakcie ich transportu powoduje agregacj¢ ziarn, co zasadniczo wplywa na
podatnos¢ transportowa takiego materiatu. W tej pracy badano réownolegle podatno$é transportowa
réznych probek wegla i peletyzacje tych probek. Wyniki peletyzcji zostaty uzyte do scharakteryzowania
wlasciwosci drobnego wegla, ktore okreslaja jego podatnosé transportowa.
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In this paper the effect of humic substances (natural surfactants), electrolytes and solid particles
on bubble coalescence, and as a consequence on froth stability, have been investigated. We formed
two bubbles of equal size and forced them to collide using a novel experimental apparatus. The
interactions were recorded by a high-speed camera, the images of which helped to determine the
coalescence frequency and the coalescence time, as well as the mechanisms of the interactions. Two
types of humic substances were used, along with three different electrolytes. Humic substances
appeared to have a considerable effect on bubble coalescence, while the effect of electrolytes was
minimal. Moderate and high hydrophobic glass spheres were used between two bubbles. Very
hydrophobic spheres promoted fast bubble coalescence, while moderate hydrophobic spheres had no
effect. We present data of coalescence frequency and time, as well as images of the coalescence
events. The coalescence frequency was used to validate a parameter, Py, known as the film failure
frequency, used in a simulation model to predict foam height in a gas-sparged vessel. Predictions
determined using P; were then validated by experimentation.

Key words: bubbles, coalescence, flotation, surfactants, electrolytes, particles, froths, foams

INTRODUCTION

The formation and stability of froth is important in many industrial processes. For
instance, in flotation processes, during which air bubbles capture solid particles from
the bulk liquid and subsequently rise to the surface, where they form a froth layer. A
great deal of work has been published attempting to establish the influence of various
parameters on this phenomenon, such as the characteristics of the surfactants,
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electrolytes and solid particles (Bhakta and Ruckenstein, 1997; Darton and Sun, 1999;
Dippenaar, 1982a; Pugh, 1996; Ross, 1991). With an increased interest in the
application of dissolved air flotation (DAF) to the purification of drinking water, a
fundamental understanding of the effect of various operational conditions on froth
formation and stability is vital for process optimisation and control, since the
efficiency of this process depends heavily on this phenomenon.

With regards to drinking-water treatment, DAF was first used in 1965 in Finland
(Heinanen et al., 1995) and since 1970 in South Africa (Haarhoff and van Vuuren,
1995). It is now widely used in many more countries, such as Belgium and
The Netherlands (van Puffelen et al., 1995), in Asia and Australia (Edzwald, 1995),
while it is an emerging technology in North America (Schmidt et al., 1995; Nickols et
al., 1995; Adkins, 1997). In the UK, DAF plants appeared in the 1970’s, initially at a
limited number of sites. Nowadays, the number of DAF plants in the UK is probably
more than 90 (Gregory, 1997). DAF is very effective for natural waters rich in algae
and humic substances (coloured waters) and is very important because of existing and
proposed regulations that require filtration of surface waters and increased removal of
protozoa cysts such as Cryptosporidium and Giardia (Edzwald, 1995).

This paper is concerned with the influence of the basic constituents of water in
DAF tanks in the drinking-water purification treatment on the formation and stability
of froth. These constituents include humic substances, electrolytes and solid particles.

Humic substances (HSs) are a form of the natural organic matter in water,
accounting for 40% - 90% of the dissolved organic carbon. They are high molecular
weight, coloured, polyelectrolytic, organic acids (Thurman, 1985). Usually, they are
divided into two fractions: (a) the fulvic acid, which is of lower molecular weight
(500-2000) and soluble in water under all pH, and (b) the humic acid, which is of
higher molecular weight (2000 — 5000) and it is not soluble in water under acidic
conditions (pH < 2) but is soluble at higher pH values. HSs are important constituents
of water because they appear to be present in all natural waters and play a vital role in
determining many aquatic processes. The concentration of HSs varies for different
natural waters; streams, rivers, and lakes contain from 0.5 to 4.0 mgC/1, and coloured
rivers and lakes have much larger concentrations of HSs, from 10 to 30 mgC/1. HSs, as
with other natural organic compounds, possess hydrophobic and hydrophilic
functional groups. As a result they reduce the surface tension of water and exhibit
similar to synthetic surfactants, surface activity (Anderson et al., 1995), and this is the
reason why people refer to them as natural surfactants.

Electrolytes are added in natural water just before the water to enter the DAF tank,
in order to encourage the particulate matter contained in it to coagulate and flocculate
in larger particles. In the literature there are some papers demonstrating the inhibition
effect of electrolytes on bubble coalescence (Oolman T.O. and Blanch, 1986; Lessard
and Zieminski, 1971; Pashley and Craig, 1997; Deschenes et al., 1998, Laskowski et
al., 2003), though there is not a clear explanation for this effect.
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Solid particles, that is the matter that its removal from drinking water is aimed, can
also play a role on froth stability. In fact, previous workers studying froth stability in
the presence of particles have found that particles can promote or inhibit froth stability
(Dippenaar, 1982a; Dippenaar, 1982b; Johansson and Pugh, 1992; Spyridopoulos and
Simons, 2004). It can be said that the shape, the number, and, perhaps most
importantly, the hydrophobicity of the particles play a crucial role on the bubble
coalescence and the subsequent phenomenon of froth stability. Dippenaar (1982a)
found that a particle caused the rupture of the liquid film -formed between two liquid-
air interfaces- when the two three-phase lines were forced to migrate to the same point
on the particle. Smooth spherical particles with a contact angle of 6 > 90° ruptured the
liquid films when the films thinned for the particles to bridge them. Particles with
irregular shapes could rupture the films even when 6 < 90°. Johansson and Pugh
(1992) found that particles in the size range 26 - 40 um, showed the following
behaviour:

e For less hydrophobic particles (6 < 40°), there was little influence on froth
stability.

e Particles of intermediate hydrophobicity increased froth stability.

e Particles of high hydrophobicity (6 > 80°) the particles ruptured the liquid film.

We have studied the effect of HSs, electrolytes and solid particles on froth
formation and stability by conducting bubble coalescence experiments using a novel
instrument, known as a Micro-Force Balance (MFB), developed in our laboratory.
Bubbles of diameter up to 1 mm are grown on opposing nozzles inside a glass cell
filled with an aquatic solution. The bubbles are brought together by the expansion of a
piezoelectric tube. The rate of expansion and the resulting collision are controlled by
software, which control the frequency and the value of the signals sent to a
micromanipulator. For the cases where the HSs and the electrolytes were examined,
we have observed the conditions under which the bubbles coalesce, e.g. coalescence
frequency, type and concentration of HS/electrolyte, and bubble size. For the cases
where we had coalescence, we measured the coalescence time, using high-speed
video. The effect of solid particles on bubble coalescence was conducted by using
glass spheres of different degrees of hydrophobicity. By attaching a glass sphere to the
bottom of a bubble and pushing another bubble underneath we could record the
particle influence on bubble coalescence. In this paper we present data of coalescence
frequency and coalescence time, as well as images of the coalescence events.

To describe foam or froth stability, the frequency of failure of films must be
described as a function of any number of applicable variables. In a two-phase system,
the three most important variables are the chemical conditions (amount and type of
surfactant in the films), the radius of curvature of the Plateau borders and vertices, 1pg,
(and hence the pressure exerted on the films) and the size of the films themselves
(which is directly related to bubble size, tyuppie)-

In an earlier paper, we have defined the film failure frequency, Py, to describe film
failure, where P; = (average lifetime of a ﬁlm)'1 = f(rpB, Thubble» Chemical conditions)
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(Cilliers et al., 2003). Coalescence is the failure of the film (lamella) between two
neighbouring bubbles and results in the formation of a single, larger bubble.
Coalescence results in a loss of lamella surface, and of Plateau border length. The rate
of coalescence is determined by the stability of lamellae between bubbles in the froth.
Immediately after the film between two bubbles has failed, surface tension will
straighten the remaining lamellae. Some of the liquid from the lost Plateau border will
remain trapped in the single lamella that is formed out of the two lamellae that existed
before. Due to the relatively sharp curvatures associated with the relic of the
previously existing Plateau border, this liquid will rapidly enter and thickening the
new lamella. Coalescence therefore wets the new, larger film that is formed. It is
possible that the lamella straightening will precipitate failure and lead to cascades of
coalescence events. This can sometimes be observed in practice.

While the film failure frequency function may be obtained purely by experimental
means, it is useful to consider the functional forms for Py suggested by different
coalescence mechanisms. The two dominant mechanisms are; the time taken for the
film to thin beyond its failure limit and the mechanical vibrations required to rupture a
film that is at its equilibrium thickness. The first results in an expression for Py shown
in equation (1), whilst the second results in two slightly different expressions
depending on the nature of the disturbances acting on the film. The expressions are
discussed in detail in Neethling et al. (2002). In this paper we show how experimental
measurement of Prindicated that the former theory best describes foam stability.

P, = KInX(L——l } (1)
Thubble Ipg  Tpp(critical)

where n takes a value between 1 and 2 and K is proportional to the fluid viscosity, but
also depends on surface chemistry since it affects the film thickness at which rapid,
van der Waal’s induced failure occurs.

EXPERIMENTAL

BUBBLE COALESCENCE MEASUREMENTS

Materials

A sample of fulvic acid (FA) extracted from a sitka Spruce stand at Rumster in
Caithness, UK, was provided by Thames Water Plc (Kempton, UK), one of the major
water companies of the UK and collaborators in this project. A second sample of FA,
from the Cairgorms region in Scotland, was purchased from the Macaulay Institute
(Aberdeen, UK). Thames Water also provided two samples of different molecular
weight polymaleic acid (PMA), which is a synthetic polymer that resembles humic
and fulvic acids. The samples were stored in glass containers inside a glass desiccator,
due to the tendency of the HSs to absorb water from the atmosphere.
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Solutions of the HSs were prepared by dissolving a specific quantity of the sample
in AnalaR-grade water (BDH, Dorset, UK). Though the HSs were supposed to be
soluble in water (since they were FA), they contained traces of non-soluble matter,
such as silica, which had to be removed by passing the solutions through a filter paper
with pore size of 0.2 um. The pH of the aquatic solutions was adjusted to 5.0-5.5, the
pH usually encountered in drinking-water treatment, using a few drops of (for acidic
solutions) NaOH 0.1N or (for basic solutions) HCI 0.1N (BDH, Dorset, UK).

Three electrolytes, potassium chloride (KCI), calcium chloride dihydrate
(CaCl,;2H,0) and lithium chloride (LiCl), were purchased from BDH Laboratories
Supplies (Poole, UK) and were of AnalaR grade. The solutions of the electrolytes
were prepared by simply dissolving the salt in AnalaR-grade water, with no further
treatment.

Repelcote VS was purchased from BDH (Dorset, UK). Methanol and ethanol were
obtained from Fluka (Dorset, UK). Lead-glass spheres were purchased from Plowden
& Thompson Ltd (, UK), with diameters in the range 20-100 pm. Microscope slides
were purchased from BDH (Dorset, UK).

Measurement of surface tension

The measurements of the surface tension of the HS solutions were conducted with
the Wilhelmy-plate method, using a Kriiss K-12 tensiometer (Kriiss GmbH, Hamburg,
Germany). For each concentration and sample, three measurements were taken and the
average taken as the surface tension of the solution.

Silanisation of spheres

The spheres were cleaned by immersing them in a 1:1 MeOH-HCI solution for 30
mins and thoroughly rinsing with distilled water. This procedure has been found to
produce fairly clean glass surfaces (Cras et al., 1999). Finally, the spheres were rinsed
with AnalaR-grade water and were dried in a furnace for 24 hrs. The spheres were
hydrophobised by reaction in a silanising solution, Repelcote VS. The detailed
procedure is described elsewhere (Fairbrother, 1998). The spheres remained immersed
for ten minutes in the solution and subsequently were rinsed with EtOH before placing
in the furnace at 150 °C for 24 hrs to dry.

Measurement of contact angles

The contact angles of the glass spheres in AnalaR water were determined by
conducting the measurements on glass slides that had undergone the same procedure
with the glass spheres. Prior to measurement, the slides were rinsed in Analar water
and dried in an oven. The measurements were carried out with a Kriiss K-12
tensiometer GmbH (Hamburg, Germany), which makes use of the Wilhelmy-plate
method. With this instrument, the values of the advancing and the receding contact
angles were taken. The contact angle of the solid surface was taken the average of
these values. For each glass sphere (untreated/silanised/glass type) three slides were
tested, three measurements per slide.
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The apparatus

A schematic representation of the apparatus is shown in Figure 1. It comprises the
Micro-Force Balance (MFB), where the bubble interactions take place, a complex
visual system, and a personal computer, which is used to control the electronic
components of the apparatus and to carry out the analysis of the recorded images.
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Fig. 1. Schematic representation of the experimental apparatus

The bubble interactions take place in the MFB. In the MFB there is an optical clear
glass cell, which is filled with an aquatic solution. The tips of two glass micropipettes
are immersed in the aquatic solution, one opposite the other. A bubble is formed at the
tip of the lower micropipette by carefully compressing the air inside a flexible tube.
The upper micropipette is then moved down to pick up the bubble. A second bubble of
the same size is formed similarly at the lower tip. The result of this procedure is the
formation of two bubbles, opposite to each other and separated by a liquid film of a
few microns. The time needed for this procedure is less than 30 seconds.

The bubbles are forced together by the expansion of a piezoelectric crystal located
in a micromanipulator, connected to the lower micropipette. In this way, the lower
bubble can move towards the upper bubble and collide with it. An application
executed in the computer and written in the VEE Pro programming environment
(Agilent Technologies Inc., USA) sends the instructions to a 16-bit multifunction
board (Data Translation Inc., MA, USA) to provide the piezoelectric crystal with
successive voltages in order to expand it according to the desired rate and expansion.
Due to the intrinsic non-linearity of piezoelectric crystals, a Linear Variable
Differential Transformer (LVDT) is used to follow the expansion and refer the correct
position of its edge with accuracy. The same application in VEE Pro is used for
control and data acquisition.

Bubble interactions are monitored and recorded by a high-speed camera,
PHOTRON FASTCAM Super 10K (Photron Ltd, San Diego, CA, USA), capable of
recording images between 30 and 3000 frames per second (fps). A second CCD
camera from Sony Corp. (Tokyo, Japan) is placed at a right angle to the high-speed
camera, while both the cameras lay on the horizontal plane. This configuration helps
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in the vertical alignment of the bubbles. Each camera is coupled to a single-tube

microscope (Edmund Scientific Ltd, York, UK) fitted with a plan achromatic

objective lens from Olympus Optical Co, Ltd (Tokyo, Japan). [llumination is provided

by a Stocker & Yale Inc. (Salem, USA) M1000 illuminator coupled with a liquid light

guide. The high-speed camera fitted with a 10x objective gave an optical resolution of

0.854 um/pixel. Recorded images are transferred to the computer for image analysis.
The measurement

For bubble coalescence experiments in aquatic solutions of HSs or electrolytes, the
following procedure takes place. After the formation of the bubbles, their vertical
alignment and their positioning to a separation distance of about 10 pum, the
piezoelectric crystal is expanded at a rate of 10 um/s and the high-speed camera is
triggered to record the event. The event ends either with the coalescence of the
bubbles, or when the piezoelectric tube has reached its maximum expansion, 100 pm.
In the last case, the bubbles have been squeezed but not coalesced. At least 10
repetitions are conducted for each case (bubble size, concentration and type).

It should be noted here that what is being studied is the bubble coalescence
behaviour in the froth, not that in the bulk suspension. Since the velocity of the
bubbles in the froth is very low, almost static, the conditions used in our experiments
are seen as a reasonable approximation to that experienced by bubbles entering from
the underside of the froth and then coalescing as they are forced together.

Bubble coalescence in the presence of a solid particle is carried out as follows: The
micromanipulator-held bubble (the upper bubble) is transferred to the bottom of the
cell, where glass spheres are resting. By aligning the bubble over one sphere, and
lowering carefully the micromanipulator, the bubble captures the sphere. In practice,
hydrophilic spheres are more difficult to capture, but moderate or highly hydrophobic
glass spheres are captured almost immediately. The bubble-particle aggregate is lifted
to the proximity of the other micropipette tip. Squeezing further the air inside the
lower micropipette, a second bubble is formed. Afterwards, the bubble-particle is
moved on top and at the centre of this bubble to a distance of about half the diameter
of the sphere. The high-speed camera is triggered to record the interaction, which
starts once the piezo starts expanding, forcing the lower bubble to the bubble-particle
aggregate. The experiment ends whenever stable agglomerate resulted or bubble
coalescence occurred, at which point the camera stops recording.

All the experiments and measurements take place at room temperature, 21-23 °C.

FOAM EXPERIMENTS

Foams (i.e. structures without particles present) were formed by sparging air at
rates increasing from 0.1 to 0.2 cm/s into an aqueous solution of 500 mg/l polymaleic
acid in a vertical 2cm diameter tube. The height of the foam in the column was then
measured.
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RESULTS AND DISCUSSION

EFFECT OF HSs AND ELECTROLYTES ON BUBBLE COALESCENCE

Measurements of the surface tension of aquatic solutions of the HSs used in this
work confirmed that the presence of HSs in water lowers its surface tension. The
decrease was of the order of 10% of the surface tension of pure water at 23 °C (72.75
mN/m), for solutions of FAs at 100 mg/l. These measurements showed, also, that the
surface tension of the aquatic solutions of HSs drops gradually with time, not reaching
immediately its final value (see Fig.2). The PMA with MW < 500 Da appeared to drop
the surface tension, but less than the two FAs. Electrolytes appeared not to have any
great effect on the surface tension of water, increasing marginally its value.
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Fig.2. Surface tension of various aquatic solutions at 21-23 °C (pH: 5.0 - 5.5 as the HSs were concerned)

Bubble coalescence experiments were made using pairs of 275-um and 550-um
diameter bubbles (about + 25-um standard deviation) in water and solutions of
electrolytes and HSs. The bubbles were forced to collide at 10 pm/s, while their
separation was decreasing about 6 nm for every expansion of the piezoelectric crystal.
In this work, we used a recording rate of up to 500 fps, so the uncertainty was at least
2 ms; as will be shown below, this uncertainty is not significant, judging by the
coalescence times that we measured.

The results for the coalescence frequency for the solutions concerned are shown in
Fig. 3. As was expected, there was always bubble coalescence in AnalaR water. There
was also 100% coalescence frequency, when the interactions took place in electrolytes
solutions, even at high concentration (1M). This was not expected, since published
works on the effect of electrolytes on bubble coalescence had shown that electrolytes
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could considerably decrease bubble coalescence above a certain concentration
(Lessard and Zieminski, 1971). The concentrations were reported to be much less than
the concentrations employed in this study. The only explanation that we can give for
this discrepancy is the difference in the manner in which the experiments were carried
out. In this study, the two bubbles collided coaxially and at low velocity and the liquid
film between them was encouraged to thin by the expansion of the piezoelectric
crystal, which forced the lower bubble towards the upper. In other studies, the bubbles
collided either in bubble columns (e.g. pair of free-to-move bubbles collided at high
velocities in a solution) (Deschenes et al., 1998) or in cells, where they had been
grown in adjacent nozzles (Lessard and Zieminski, 1971; Oolman T.O. and Blanch,
1986). Double layer repulsions may be more important under such conditions,
whereas in our experiments they are overcome by physically pushing the bubbles
together.

100 -
L 275 microns

80 + W 550 microns

60 +
40 +

20 +

Coalescence frequency (%)

Fig. 3. Coalescence frequencies for bubbles interacting in water and in solutions of electrolytes and HSs

Contrary to the electrolytes, the HSs tested in this work appeared to have a great
effect on bubble coalescence. At low concentrations, the coalescence frequency
decreased marginally. At higher concentrations, though, the two FAs essentially
inhibited the coalescence of bubbles (see). These observations seem to be in
accordance with the measurements of the surface tension, where the HSs appeared to
be surface active. The inhibition effect of HSs is possibly due to their
macromolecules, which raise the steric interaction between colloidal particles
(Gregory, 1993).

The coalescence times for the interactions that led to the rupture of the liquid film
initially separating the two bubbles are reported in Table 1. Although the values for
the case of AnalaR water seem to be much higher than those mentioned in literature
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(Oolman T.O. and Blanch, 1986; Tse et al., 1998), this could be due to the use of a
different method to collide the bubbles. Indeed, we have conducted bubble
coalescence at higher collision rates (30 and 100 pm/s) and we have found that the
coalescence times decreased to just a few ms (data not presented here). Bubbles
colliding in electrolytes solution needed about the same time to coalesce as in water.
In solutions of HSs, however, the coalescence times were much higher, confirming the
great effect of HSs on bubble coalescence.

‘“a g
p

Fig. 4. Two bubbles (275 um in diameter) are colliding in aquatic solution of FA from Rumster, 100 mg/I,
at 10 um/s. No coalescence. Recording rate: 30 fps. Frame numbers: 0, 60, 120, 180, 240 and 300.

Table 1. Coalescence times of bubbles in water and aquatic solutions of electrolytes and HSs

Liquid Coalescence time (ms)
275-um bubbles 550-pum bubbles

AnalaR water 66.2 46.6
CaCl,2H,0, IM 48.5 89
LiCl, IM 72.4 124.6
KCl, IM 46.9 114.1
Polymaleic acid (MW < 500 Da), 50 mg/1 90.8 175.5
Polymaleic acid (MW < 500 Da), 100 mg/1 94.8 -
Cairgorms FA, 5 mg/l 595.3 663
Cairgorms FA, 100 mg/1 1400.0 Non-coalescence
FA from Rumster, 100 mg/l Non-coalescence Non-coalescence

EFECT OF SOLID PARTICLES ON BUBBLE COALESCENCE

The glass spheres that were tested involved lead glass spheres. Cleaning these
spheres just with water resulted in a contact angle of about 30 °C. Thus, these spheres
were characterised as moderate hydrophobic. After the silanisation of these spheres,
the contact angle of water increase to 105 °C, which means that the surface of the
glass spheres was very hydrophobic.
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Fig. 5 shows a moderate hydrophobic sphere between two approaching bubbles.
Initially, the sphere is hanging from the upper bubble, while the lower bubble is
moving upwards. Upon attachment of the sphere with the lower bubble, the sphere did
not form a second TPL (e.g. the sphere did not penetrate the lower liquid-air
interface), but instead started sliding between the spheres. The bubbles kept
approaching each other, as the sphere had no effect on it. The two bubbles coalesced
when their apexes touched (image not shown here).

t,=0s ] =ik 0TS t;=234s te—=3.5°8

Fig.4. A moderate hydrophobic sphere (dghere = 60 pm, 0 = 32°) slides between the approaching
bubbles(dyupble = 900 um): no effect on bubble coalescence. The two bubbles will coalesce (the interaction
took place in water) once they will touch each other

However, when the sphere was very hydrophobic, as the sphere shown in the
sequence of images in Fig. 5, the situation was different. Almost immediately after the
lower bubble came into contact with the sphere, a second TPL was formed. The two
TPLs (the first formed between the upper bubble and the sphere, the second between
the lower bubble and the sphere) moved to the same line on the surface of the sphere
(Fig. 5, image 3). The meeting of the two TPLs resulted to the rupture of the liquid
film and the subsequent bubble coalescence (Fig. 5, image 4). The whole interaction
took place in less than 6 ms, which shows how a very hydrophobic particle, even of a
regular shape, can lead to very fast bubble coalescence.

t,=0ms t,=2ms t, =4 ms t; =6 ms

Fig. 5. A very hydrophobic sphere (dsphere = 78 um, 0 = 105°) forms immediately a 2nd three-phase
contact line (TPC) upon attachment with the lower bubble (dyuypie = 1000 um). The two TPLs meet at the
same line on the bead (image 3) and the liquid film that initially separated the bubbles ruptures.

The interaction took place in water
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It has to be noted at this point that the interactions took place in pure water. It
remains to be seen what the effect is of particles, both moderately and highly
hydrophobic, on bubble coalescence in other aquatic environments, especially those
containing surfactants, such as HSs.

DETERMINING Pf

The coalescence frequencies described above were used to calculate Pf. Since the
film formed between the two bubbles was essentially flat and the overall bubble
deformation small, the exerted pressure is inversely proportional to the radii of the
bubbles being forced together. Figure 7 shows Pr as a function of the pressure exerted
(each point is the average of many experiments).
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Fig. 7: Py vs pressure exerted from micro-manipulation experiments (----- PA 50 mg/l, — PA 500 mg/l)

Figure 7 clearly shows that the relationship between Pf and the applied pressure is
linear, as would be expected from film drainage theory (equation 1). The intercept is
approximately zero for the low concentration experiments, which indicates virtually
no electric double layer barrier, while the higher concentration experiments suggest at
least some pressure barrier to coalescence.

FOAM EXPERIMENTS AND SIMULATIONS

The high film failure frequencies shown in Figure 7 indicate that, even for the
higher concentration, polymaleic acid foams will be very unstable. The foam height
results are plotted with results from the simulations in Figure 8. For both the
experimental and simulated results a near-linear relationship between foam depth and
air rate is observed.
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Note that the simulations suggest a strong dependency between the incoming
bubble size and the equilibrium foam depth, with larger bubbles producing deeper
foams. This foam is very unstable, with only a few layers of bubbles existing.
Unfortunately, in these experiments, the accurate measurement of the incoming bubble
size was not possible, but the incoming bubble size was in the range of 1.5mm to
2.5mm, which, as shown in Figure 8, gives close correspondence between experiment
and theory.
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Fig. 8: Experimental and simulated results for 500 mg/l polymaleic acid solution
CONCLUSIONS

Humic substances can have an effect on bubble coalescence, and as a consequence
on froth stability. Humic substances at low concentrations will retard bubble
coalescence, while at high concentrations can prevent coalescence completely, due to
the steric interaction brought about by the macromolecules of humic substances. On
the other hand, the electrolytes appear not to have any considerable impact on bubble
coalescence under the experimental conditions used (i.e. at low velocity collisions).
The presence of humic substances in natural water may partly interpret the stability of
froths in DAF tanks in water-treatment plants. If not all the humic substance has been
coagulated before entering the DAF tank, it will contribute to the stability of froth,
along with other impurities also present in natural water.

By direct observation and recording of the behaviour of glass spheres between two
bubbles in pure water, the following conclusions can be drawn:

e Spheres of moderate hydrophobicity (0 ~ 30°) could not form a TPL with the
second bubble. When they were pushed against it, they slid along the surface of
the bubble.
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e As long as the low hydrophobic spheres were between the two bubbles, no film
rupture occurred and the bubbles remained intact. When the spheres eventually
slipped completely from the space between the bubbles, the bubbles then came in
contact and, depending on the purity of the liquid film, immediately coalesced.

e Highly hydrophobic glass spheres (6 > 100°) penetrate the lower bubble, forming
a second TPL. The bubbles coalesced because the two TPLs moved on the same
position over the surface of the sphere.

The form for the drainage time limited case of Py was experimentally verified and
simulations of the height of foam columns using this form showed close
correspondence to experimental results. Further investigation on the effect of solid
particles on bubble coalescence is needed, particularly testing their effect when the
interaction takes place in aquatic solutions of surfactants, and not just in water, as the
case in this study.
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Spyridopoulos M., Simons S., Neethling S., Cilliers J., Wplyw substancji humusowych i czqstek ciata
statego na koalescencje pecherzykow powietrza i stabilnos¢ piany w odniesieniu do zdyspergowanego
powietrza w procesie flotacji, Physicochemical Problems of Mineral Processing, 38, (2004) 37-52 (w jgz.

ang.).

W pracy przeprowadzono badania nad wplywem substancji humusowych (naturalne surfaktanty),
elektrolitow i czastek ciata statego na koalescencj¢ pecherzykdow powietrza, a w konsekwencji na
stabilno$¢ piany. Nowa aparatura zostala wykorzystana do pomiardéw sit oddzialywan migdzy dwoma
pecherzykami o jednakowym ksztalcie. Oddzialywania zostaty zarejestrowane przez specjalng kamerg.
Obrazy z kamery pozwolity okresli¢ czgstotliwo$¢ i czas koalescencji, jak rowniez mechanizmy
oddziatywania. Dwa rodzaje substancji humusowych uzyto do badan oraz trzy rodzaje elektrolitow.
Okazato sig, ze substancje humusowe mialy istotny wplyw na koalescencje pgcherzykow. Wplyw
elektrolitéw byl minimalny. Kule szklane o §rednim i wysokim stopniu hydrofobowos$ci powierzchni byty
umieszczane migdzy pgcherzykami. Kule o duzej hydrfobowosci powierzchni powodowaly szybsza
koalescencj¢ pecherzykow, podczas gdy, kule o $redniej hydrofobowosci powierzchni nie wykazywaty
tego efektu. W pracy przedstawiono dane dotyczace czgstotliwosci koalescencji. Te dane zostaty uzyte do
weryfikacji parametru Py, okreslanego jako czgstotliwos¢ rozerwania filmu. Parametr ten zostat uzyty w
modelu symulacyjnym, ktéry okreslat wysokos$¢ piany w naczyniu. Otrzymane warto$ci parametru Py na
podstawie modelu, zostaty eksperymentalnie zweryfikowane.
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The paper discusses two procedures of flotation of difficult-to-float oxidized coal. The first one is
the normal flotation procedure which relies on wetting coal with water followed by addition of
flotation reagents (dodecane, dodecyl tetraoxyethelene ether (C,E4), and 1-pentanol). The second,
direct contact procedure consists of mixing pure reagents with dry coal followed by addition of water.
Investigation showed that for both procedures and applied chemicals, the yield — reagent dosage
curves reached a plateau. The yield plateau level was 10 g/kg for normal flotation and 20 g/kg for
direct contact flotation. At the plateau dosage, normal flotation provided a maximum clean coal yield
of only 70% with mixed two-reagent (C;;E4 + 1-pentanol). The second procedure resulted in a
maximum clean coal yield of ~94 % using the same two reagent but at a higher dosage. It was also
concluded that always two-reagent systems provided better flotation yields compared to one-reagent
and three-reagent systems. Thus, flotation of difficult-to-float oxidized coal can be successfully
accomplished by applying the direct contact flotation procedure with appropriate reagents.

Key wards: flotation, flotation reagents, difficult-to-float materials, oxidized coal
INTRODUCTION

Flotation is one of the most effective techniques for upgrading coals (Davis, 1948;
Aplan, 1977 and 1997; Vamvuka and Agridiotis, 2001). For low rank and oxidized
coals, however, the process requires certain improvement (Chander, et al, 1994).
Various modifications have been proposed to increase flotation of difficult-to-float
oxidized coals. The most important include the use mixtures of reagents (collector —
co-collector, collector — promoter and collector — promoter-surfactant systems) and
two-stage addition of emulsified oily-collector with frother (Firth et al, 1979;
Fuerstenau, 1981; Majka-Myrcha and Sobieraj, 1987; Moxon and Keast-Jones, 1986;
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Diao and Fuerstenau, 1992; Aktas and Woodburn, 1994). The use of certain reagent
mixtures (oils + ionic collectors or oils + non-ionic surfactants) has been well-
documented in literature (Moxon et al. 1988; Chander et al. 1996; Vamvuka and
Agridiotis, 2001; Murat et al., 2003). The success of such mixtures to achieve
acceptable results was explained by co-adsorption with formation of a mixed film at
the tested material surface, which improves adsorption density and increases
hydrophobicity (Rao and Frossberg, 1997; Jia, et al., 2000).

Studies related to modification of flotation procedure to improve coal flotation are
rare (Mohanty et al. 1998). For this reason, the aim of this work is to improve flotation
of highly oxidized coals by modification of the way the reagents are contacted with
coal coupled with changing the composition of the chemical reagents used in flotation.

EXPERIMENTAL

REAGENTS

Three categories of reagents were used for flotation of coal: hydrocarbon
(dodecane), alcohol (1-pentanol), and dodecyl tetraoxyethelene ether (Ci,E4). The
hydrocarbon usually serves as the collector, alcohol as frother while C,E, as modifier.
They all were of commercial grades and were used without further purification. The
properties of the used reagents are listed in Table 1. Stock solutions of reagents used
in the experiments were prepared fresh everyday.

SOLID MATERIALS

Coal used in this investigation was obtained from the Kazimierz Juliusz Mine in
Sosnowiec, Poland. It was an oxidized and difficult-to-float material. The bulk sample
approximate chemical analysis reflected 3.5% ash content and 10.8 % moisture. The
size distribution of coal used in flotation tests is shown in Table 2.

Table 1. Manufacturer properties of the different used reagents at 25°C

Reagent Producer M.W. Phase Solubility in water | Density
(g/mol) g/em’
Dodecane Colorless liquid (boils at
(CyoHag) Fluka 170.34 216 °C) Insoluble 0.749
CE4 . . . . Insoluble (self-
(CaoHp05) Fluka 362.23 Viscous liquid (viscosity | g cod acts as 1.109
35¢P) .
emulsifier)
.. . Moderately
1-pentanol Fluka Colorless liquid (boils at 0.811
88.15 o soluble (22.66
(CsH,20) 137.3°0) g/dm’)
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Table 2. Size distribution and ash analysis of the investigated flotation feed

Size, mm Wt. % Ash %
-0.500+0.250 13.69 1.56
-0.250+0.150 15.81 2.36
-0.150+0.106 12.78 2.52
-0.106+0.075 17.87 3.62
-0.075 39.85 4.50
Total 100.0 3.35
METHODS OF FLOTATION

Flotation tests were carried out in a mechanical sub-aeration laboratory flotation
machine equipped with a 1-dm’® capacity cell, fed with 100 g dry coal resulting in a
solid / liquid ratio of 10 % during flotation. After determining the intended operating
conditions, the test was run according to two different procedures called here normal
and direct contact flotation, respectively. At the test end, clean coal concentrate and
residual tailings were filtered, dried at 90-100 °C, and weighed.

The normal flotation was run by the standard well-known flotation procedure, in
which coal surface was cleaned first by agitation at high solid percentage (65% ) in
water for three min. Flotation reagents were used as one, two and three-reagent
systems. Achieving the required reagents dosage was accomplished by addition of the
needed dosage of hydrocarbon (dodecane), C;E, (nonionic surfactant), and finally
alcohol (1-pentanol). The required dosage of each reagent, calculated on the bases of
grams of used reagent per kg of dry coal, was taken from 1 % (wt.) stock solution or
emulsion in double distilled water, followed by 3 min conditioning after each reagent
addition. Flotation pH was natural. Flotation time was 10 min.

In the second procedure, called here the direct contact flotation, pure reagents were
mixed with the dry coal sample manually. Sequence of reagents addition was started
with the intended dosage of C,,E4 followed by required dodecane dosage and finally
1-pentanol dosage was added. To ensure complete adsorption of the reagent on the
coal surface, mixing was continued until no aggregates of coal with reagents were
noticed. It took usually from 1 to 3 min after each reagent addition. The reagent-
coated coal was transferred into the flotation cell, diluted with tap water, and
conditioned for 0.5 min. Finally, aeration was started for initiation of the flotation.
Flotation time was kept constant and was 10 min.

Comparing the results obtained from different series was performed by direct
plotting the measured response (yield) against variable under investigation. In case of
using three reagents simultaneously, the plot was done using the Gibbs triangle. In this
plot, the apex of the triangle represents one reagent flotation, while the outside borders
represents different ratios of two-reagent mixtures, and finally the interior of the
triangle shows flotation results with three-reagent mixtures (Hussin, 2004).
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RESULTS AND DISCUSSION

NORMAL FLOTATION PROCEDURE

Flotation results of a difficult-to-float coal using different doses of one-reagent and
two-reagent mixtures approach at selected compositions of the mixture are shown in
Fig. 1. It is clear from this series that a single-reagent normal flotation procedure leads
to a maximum yield of about 37% at a dosage of 10 g/kg Cj;E4 in spite of the
moderate success of using such kind of nonionic surfactants for flotation of other
oxidized coals (Jia et al. 2000). At the same time, increasing the reagent dosage above
10g/kg level did not provide any improvement. This reflects the high oxidation state
of the coal surface, and the difficulty of its flotation using one-reagent normal flotation
procedure. On the other hand, two-regent systems (dodecane and 1-pentanol,
dodecane and Ci,E4, as well as 1-pentanol and Ci,E4 ) at a total dosage of 10 g/kg
provided a maximum clean coal yields of ~ 50%, 45 and 61% , respectively. These
yields are higher than those obtained with one-reagent. Such an increase is usually
attributed to the interactions between reagents leading to their improved adsorptions
on the coal surface.

100 -
F One-reagent system
[ —=— dodecane
90
—v— Cq2E4
Y 1-pentanol
r Two-reagent system

[ —o— 1-pentanol + dodecane (1:4)

&  70F A CqgE4 + dodecane (1:4)
N s b —o— C12E4 + 1-pentanol (3;2 h
lg b Two-reagent
§ 50 F o iy
S - J
5 aof
N )
> 30f |
F ﬁOne-reagent
| system

F
20 D - s § J

10

_— —d 1 P T )

] 5 10 15 20

Reagent total dosage, g/kg

Fig. 1. Effect of one reagent and two-reagent dosage on flotation yield of coal using normal flotation
procedure

It can be seen from Fig.1 that in each case there is a maximum yield (plateau),
which can be achieved with a given composition of reagents, and the yield is never
greater than about 60%. To see whether the yield can be higher in the presence of the
three-reagents used in this work, another series of tests was carried out with the
oxidized coal at the total dosage of the three-reagent mixtures of 10 g/kg. The results
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of this series together with the selected data from Fig.1 are presented as the Gibbs
triangle in Fig. 2. The plot has the studied reagent combinations marked as circles and
the obtained yield values written as numbers beside the circles. From Fig. 2, one can
notice that a maximum yield of the clean coal was ~ 61% and was obtained at 6 g/kg
C,E, together with 4 g/kg of 1-pentanol, which is a two-reagent system. Thus, lower
clean coal yields were obtained applying one-reagent or three-reagent combinations.

1-pentanol

@

0 20 40 60 80 100
Dodecane C12E4

Fig. 2. Effect of dodecane - C,E, - 1-pentanol combinations on clean coal yield, at a total dosage
of 10 g/kg using normal flotation procedure. Ratios among the three reagents are the same as read
from ternary plot. Circles represent studied points, numbers show clean coal yield

The relatively poor results obtained applying the normal procedure of flotation
with the investigated coal can be attributed to many different factors. The main two
parameters seem to be a high oxidation of the coal surface and / or the different not-
enough-hydrophobic structures (micelles, emulsions, microemulsions, liquid crystals)
formed from the used mixed reagents. Thus, the approach of increasing number of
reagents is not successful. Therefore, further investigations were conducted with
another procedure of flotation.
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DIRECT CONTACT FLOTATION PROCEDURE

Oxidized coals are easy wetted with water and adsorption of hydrophobization
reagents is hindered. Therefore we assumed that adsorption of the same chemicals on
dry coal surface would be much more efficient and further addition of water to the
system would only partially decrease the adsorption. To evaluate the effect of the
direct contact procedure in comparison to the normal flotation procedure, we used the
same flotation reagents in the tests.

Effect of dosage of one-reagent and two-reagent flotation systems

Figure 3 depicts clean coal yield using different reagents applying the direct
contact flotation procedure. The chemicals used were the same as in the normal
flotation tests. It can be noticed from Fig. 3 that changing the dosage of one-reagent
using direct contact procedure leads to a better flotation yield than applying the
normal flotation procedure.

100 ————

90

Two-reagent system
~—o— 1-pentanol + dodecane (1:4)
—a— C42E4 + dodecane (1:4)

80 r
F ~o— C,,E, + 1-pentanol (3:2)

70
60 F

50:

4f

Yield of flotation, v¢, %

30k

One-reagent system

20 F [f
t —s— dodecane

' —v— Cq2E4

10 ~—a— {~pentanol

oY . NN oy . n
0 10 20 30 40

Reagent tbtal dosage, g/kg

Fig. 3. Effect of one reagent and two-reagent dosage on the flotation yield of coal using direct contact
flotation procedure

A maximum flotation yield of ~41.5% at 20 g/kg dodecane was obtained in
comparison with a maximum flotation yield of ~18 % at a dose of 10 g/kg when using
normal flotation procedure. In the case of nonionic surfactant (C;E,), a maximum
yield of ~50% at (20 g/kg) was obtained compared to 37 % at a dosage of 10 g/kg,
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which also reflects superiority of the direct contact flotation procedure. Reagent
interactions in the two-reagent systems investigated in this series reflected a
significant positive synergistic effect (Fig. 3). When using dodecane + 1-pentanol,
dodecane + CjE4, and 1-pentanol + Ci,E, systems, at a total dosage of 20 g/kg,
maximum clean coal yields of 94.5, 92.56 and 94.5% were noticed compared to ~
50%, 45 and 61% for the same systems using the normal flotation procedure. The high
yields reflect the negative effect of water during normal flotation of highly oxidized
coals. In general, one can draw a conclusion that using single reagent or two-reagent
mixtures in the direct-contact flotation procedure leads to an improvement in the clean
coal yield but on the expense of reagent dosage used. The high reagent consumption
needed by this procedure can be attributed to particles roughness and / or porosity in
addition to the thickness of the formed reagent film on the solid surface. It is explained
on the proposed adsorption model shown in Fig. 4.

A) Spreading of dodecane droplets take
place on hydrophobic sites with possible
excess reagents consumption in pores

and roughness.

B) Adsorption of C,E, is possible on
hydrophobic and hydrophilic sites with
the formation of forms that may hamper
flotation and require higher reagent
consumption.

C) Adsorption of C,E, takes place on
the oxidized sites giving chance to

dodecane droplets to be adsorbed.

Fig. 4. Hypothetical model showing adsorption / spreading of reagents in case of direct contact flotation
procedure

< Sdodecane droplets W oxidized sites @ nonionic surfactant

Despite the higher consumption of reagents, when applying the direct contact
flotation procedure, it can be considered as successful because it provides greater
yields. Further modification of the direct contact flotation for reduction of the reagents
is very likely possible. One of the approaches can be the use of a third reagent, as it
was done in the previous chapter using the normal flotation method.
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Effect of three-reagent mixtures

The presented results showed that there exist two critical dosages of reagents:
10g/kg which represents maximum effective dosage in case of normal flotation, and
20 g/kg in direct contact flotation procedure. For this reason, the same three-reagent
combinations used in normal flotation were investigated using direct contact flotation
procedure at two different dosage levels, that is at 8 and 16 g/kg, just below the
maximum dosage for each procedure.

1-pentanol

so0 / 2268 63.85 52.02

4] 26 &G &f 80 100 c
Dodecane 12E4

Fig. 5. Effect of dodecane - C |,E, - 1-pentanol combinatiats on clean coal yield, at a total dosage of 8
g/kg using direct contact flotation procedure. Ratios (in wt. %) among the three reagents are the same as
read from temary plot. Circles represent studied points, numbers show clean coal yield

Figure 5 illustrates the Gibbs triangle plot for the yield obtained from the different
combinations at the lower dosage of 8 g/kg. The maximum clean coal yield obtained
in both procedures was encountered at the same two-reagent system (C,E4 + 1-
pentanol at the ratio of 3:2). The higher maximum yield in case of direct contact
(~70%) compared with that obtained in normal flotation (~61%) can be understood
taking into account the adsorption model shown in Figure 4. At the same time, all of
the studied combinations (using direct contact at 8g/kg) provided higher yields



Effect of flotation procedure and composition of reagents on yield of a difficult-to-float coal 61

compared to that obtained by normal flotation procedure (at 10 g/kg) except the case
of using 1-pentanol only. The lower yield obtained in such a case can be attributed to
adsorption of too short chain length of 1-pentanol on coal pores and roughness. Thus,
its consumption in coal pores is higher than the other studied reagents. Figure 6 shows
yields obtained at the higher dosage level. A maximum yield of 93.85% was obtained
at 9.6 g/kg Ci,E,4 together with 6.4 g/kg of 1-pentanol. It confirms the superiority of
the C,E4— 1-pentanol system. It is also clear that the three-reagent combinations did
not result in encouraging results even for the direct contact procedure. This is because
in all the studied systems and combinations, the highest yield of the cleaned coal was
obtained on the lines of the Gibbs plot representing two-reagent combinations.

1-pentanol
%% 100

100 /3856 05 " 846 70.86 53.86

0 20 40 60 80 100
dodecane C12E4

Fig. 6. Effect of dodecane - C ,E, - 1-pentanol combinatiats on clean coal yield, at a total dosage of 16
g/kg using direct contact flotation procedure. Ratios (in wt. %) among the three reagents are the same as
read from temary plot. Circles represent studied points, numbers show clean coal yield
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CONCLUSIONS

From this study one can draw the following conclusions:

1. One-reagent flotation resulted in poor clean coal yields for both normal and direct
contact flotation procedures.

2. After a certain dosage of the reagent under study, 10 g/kg in normal flotation and
20 g/kg in direct contact flotation, the further improvement in clean coal yield can
be considered insignificant.

3. Using a two-reagent system improves flotation. Flotation improvement was
higher in case of the direct contact flotation.

4. For both of the studied flotation procedures, three-reagent combinations provided
relatively poor clean coal yields.

5. The maximum yield of cleaned difficult-to-float coal was ~94% for 9.6 g/kg
C,E4 mixed with 6.4 g/kg of 1-pentanol for direct contact flotation, while in
normal flotation procedure the maximum clean coal yield was ~ 70%.
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W artykule przedstawiono dwie rdézne procedury flotacyjne stosowane we flotacji trudno
flotowalnego, utlenionego wegla. Pierwsza procedura jest to tradycyjna procedura flotacyjna, ktora
polega na zmieszaniu wegla z woda, a nastgpnie dodaniu odczynnikow (dodekan, eter
dodecylotetraoksylenu C,E; 1 1-pentanolu. Druga procedura polega na bezposrednim kontakcie
mieszaniny czystych odczynnikéw z suchem weglem, a nastgpnie dodawaniu wody. Badania pokazaty, ze
dla obu zastosowanych procedur, krzywe obrazujace zaleznos¢ wychodu od ilosci dodanego reagentu
osiagnely plateau. Warto§¢ plateau dla normalnej flotacji wynosita 10 g/kg 1 20 g/kg dla flotacji z
bezposrednim kontaktem reagentu. Przy dodatku odczynnikéw odpowiadajacym plateau, flotacja
prowadzona zgodnie z normalna procedurg dostarcza wegiel z wydajnoscia 70% w przypadku mieszaniny
odczynnikéw (CpE4 + 1-pentanol). Zastosowanie drugiej procedury pozwala uzyska¢ wydajnosé
czystego wegla ~94% przy zastosowaniu tej samej mieszaniny odczynnikow, ale w wigkszej ilosci.
Ustalono, ze uktady skladajace si¢ z dwoch odczynnikéw zapewniaja lepszy wychod wegla w
poréwnaniu do uktadéw z jednym lub trzema odczynnikami. Flotacja trudno flotowalnego wegla moze
by¢ z powodzeniem zrealizowana przy uzyciu procedury bezposredniego kontaktu odczynnikéw z
weglem.
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The properties of chalcopyrite were studied by the methods of cyclic voltammetry, potentiometry,
X-ray photoelectron spectroscopy and various techniques of the evaluation of wettability. Results of
an experimental study of the potential and pH dependencies of the various characteristics of
chalcopyrite hydrophobicity: detachment force, contact angle, gas evolution pressure and floatability,
are discussed. It is shown that the detachment force/potential polarization curves are similar in shape
for the case of the absence of xanthate and for the presence of all xanthates studied. The
electrochemical polarization leads to generation of hydrophilic compounds and increases wettability
of the mineral. A formation of the hydrophilic layer of iron hydroxide is a reason for decrease of
hydrophobicity and floatability under oxidative conditions. Xanthate desorption leads to
hydrophilisation of the mineral surface and depression under flotation in the cathodic area.

Key words:chalcopyrite, flotation, induction time, wettability cyclic, voltammetry

INTRODUCTION

Chalcopyrite is one of the most important for industry and therefore well-studied
sulfide mineral [Gardner, Woods, 1979; Trahar, 1983; Finkelstein et al., 1975; Heyes,
Trahar, 1977; Ammou-Chokroum et al. 1979; Peters, 1977; Eddington, 1977].
Electrochemical reactions of chalcopyrite are important for its processing by a wet
mechanical dressing, flotation, and hydrometallurgy. Common practice of the
operating with ores includes regulations of its redox-conditions for an optimal
treatment. Fig.1 [Chanturiya, Vigdengrauz, 1993] illustrates changes of the immersed
in slurry platinum electrode potential under the influence of air dissolution, sodium
sulfide and potassium xanthate additions.

Irreversible changes of chalcopyrite surface composition during its polarization
are well documented. In the presence of water and oxygen, chalcopyrite is
thermodynamically unstable, but its oxidation is a rather slow process. This is the
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reason for the existence of chalcopyrite in ore bodies and even in flotation tails stored
for many years. There has been general agreement regarding the species responsible
for rendering chalcopyrite hydrophobic and floatable. In the case of natural
floatability, it is elemental sulfur and for the case of xanthate-induced flotation, it is
dixanthogen and copper xanthate [Gardner, Woods, 1979; Trahar, 1983; Finkelstein et
al., 1975; Heyes, Trahar, 1977; Eddington, 1977; Chanturiya, Vigdergauz, 1993].

Epy ¥ Adr Sodium
a1 sulfide Xanthate
T T, min
&
a J(.“-‘ P |
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Fig. 1. Influence of reagents on the pulp potential of copper sulfide flotation

Polarization of solid electrodes changes the surface tension or surface free energy
at the solid-liquid interface (yy) that leads to the alteration of the angle of wettability.
A method for the determination of the point of zero charge for metals that is based on
this phenomenon is widely known [Frumkin et al., 1952]. Metal wettability has a
minimum at this point. It is reasonable to assume that for the mineral-solution
interface, yy and therefore contact angle will also depend on the surface charge. As
long as the charge on the mineral surface depends on the H' and OH ion
concentrations, it is attractive to study pH dependences of minerals’ wettability. In this
paper, a summary is presented of the pH and potential dependencies of chalcopyrite
wettability and possible reasons for these phenomena are proposed. There are
discussed results of electrochemical studies of redox-transitions, sorption activity,
wettability and flotation response of a chalcopyrite.

EXPERIMENTAL
REAGENTS PREPARATION

For the preparation of borate and phosphate buffer solutions with ionic strength
5-10°M, commercial salts of analytical purity were used. Potassium xanthates were
obtained as commercial products from Hoechst. They were purified according to the
standard procedure of two precipitations from acetone by addition of hexane.
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MINERAL USED AND SURFACE PREPARATION

All experiments were carried out with n-type chalcopyrite from Kafan (Armenia)
that was described earlier [Chanturiya, Vigdergauz, 1993]. Some characteristics are:
Cu content 22.6; Fe content 39.0; conductivity — 3.7:10° Qm’'. For flotation
experiments, chalcopyrite was hand-selected, ground dry with an agate mortar and
pestle, sized to -0.16+0.08 mm, rinsed with water to remove fines, dried, and stored in
an dessicator. For cyclic voltammetry (CV), potentiometric and rotating disk (RD)
experiments, a chalcopyrite disc with a diameter of 5 mm was mounted in a
fluoroplast holder. The working surface was dry-polished in stages using alumina
down to 0.05 um and rinsed with distilled water or sometimes with ethanol between
polishing stages. The surface was repolished immediately before using.

APPARATUS AND PROCEDURE

The mineral surface was studied by X-ray photoelectron spectroscopy (XPS) and
electrochemical techniques (potentiometry, electrophoretic mobility measurements,
CV and RD techniques). The X-ray photoelectron spectra were recorded with an X-
ray photoelectron spectrometer IE-1 “Varian” at room temperature and pressure of 10°
Pa with Al Ka (1486.6 eV) as photon source, at 20 eV electron analyzer pass energies.
Binding energies were calculated using the C Is peak as a reference. Quantitative
estimations of surface atomic ratios of Cu, Fe and S were made with integrated peak
areas.

Electrochemical cells with a three-electrode system were used in CV, air bubble
detachment force (DF), air bubble induction time (IT), air bubble evolution pressure
(EP) and potentially controlled flotation experiments. Potentials were measured and
reported versus a silver-silver chloride reference electrode, which had a potential of
+0.22V against the standard hydrogen electrode. The potential of platinum mesh or
chalcopyrite disc electrodes was controlled by a PI 50 potentiostat programmed with a
sweep generator PR-8 (Izmeritel, Gomel, Byelorussia). A wire connected the working
electrode to the external electrical circuit. The reference electrode was connected to
the main compartment through a Lugging probe capillary. Current passed between the
working electrode and a platinum counter electrode, which was housed in the
compartment, separated from the main cell by a sintered glass disc. An X-Y recorder
was used for recording cyclic voltammograms. To study xanthate sorption, spectral
measurements were used [Chanturiya, Vigdengrauz, 1993].

For the evaluation of surface wettability under conditions of pH change and
potentiostatic polarization the measurements of contact angle, IT, DF and EP were
used. Experimental details of the measurements of an air bubble induction time,
detachment force and contact angles were described earlier [Chanturiya, Vigdengrauz,
1993; Vigdergauz, Nedosekina, 1998; Vigdengrauz et al., 1996]. A torsion balance
and a modified Sven-Nilsson device were used in DF and IT experiments. Induction
time was defined as the minimum time necessary for the attachment of an air bubble
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to the chalcopyrite surface. Air bubbles for measurements were deposited on the
holder from a small diameter flat-nosed needle positioned below the holder. The
bubble formation and size were controlled using a combination of plug and needle.
The movement of the bubble was observed through the wall of the cell, the latter being
illuminated by an electric lamp. The DF measurements were made a few seconds after
the gas front had ceased to advance across the mineral surface. A freshly polished
surface was used for each new series. The standard deviations of the DF values with
five repeated measurements were confirmed to be less than 0.2 dyne.

For the studies of the beginning of air bubbles evolution under decompression
was used the set-up that is schematically illustrated in Fig.1.

Lenses and computer
system for an image-analysis

WVacuum pumyp
with manometer

Three-electrode
electrochernical
cell

[P otentiostat PI 50

Mineral electrode

Fig. 2. Set-up for the EP-experiments

This set-up included vacuum box with vacuum pump and manometer,
potentiostat, programmed with a sweep generator, electrochemical cell with a three-
electrode system and photo lens with computer for an image analysis. Under
potentiostatic control, the current passed between the mineral disc and a platinum
counter electrode, which was housed in the compartment, separated from the main cell
by a sintered glass disc. The wetting behavior can therefore be monitored over a range
of anodic as well as cathodic polarization. An air bubbles evolution under
decompression could be used for an evaluation of differences of surface properties of
minerals. Device for the study of an electrochemical polarization influence on air
bubbles evolution under decompression is a unique observatory that enables a direct
view of the wetting process.

Flotation experiments were carried out in an electrochemical cell based on the
Hallimond tube, Fig.3 [Chanturiya, Vigdergauz, 1993].
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Fig. 3. The Hallimond tube cell for flotation with
electrochemical treatment

The potential of the platinum mesh electrode was controlled with a potentiostat.
The Hallimond tube cell design permits flotation without any frother. The usual
procedure was to fill the cell with 7 ml of borate solution, load 250 mg of mineral, and
condition the mineral suspension for 10 min at the desired potential prior to adding the
collector. Floatability was determined by weighing the floated fraction. All flotation
experiments were done with the new portions of chalcopyrite.

RESULTS AND DISCUSSION

REDOX STATE, SURFACE COMPOSITION AND REACTIVITY

X-ray photoelectron spectra of air-ground chalcopyrite show that the Fe(2p)3/2
spectra includes the major peak positioned at 711.7 eV associated with Fe'" in a
sulfide phase. The S(2p) spectra includes an intense peak arising at 162.33 eV that is
usually attributable to sulfide species. One can conclude when comparing the Fe(2p)
Cu(2p), and S(2p) spectra obtained with literature data [Putnis, McConnel, 1976] that
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the oxidation state of the iron is 3+, that of copper is 1+, and that of sulfur is 2-. Thus,
CuFeS; is a double sulfide of Fe,S; and Cu,S. It must also be pointed out that the
position of the S(2p) maximum (about 162 eV) in the spectrum implies that elemental
sulfur and sulfate are not present on the surface, even in the case of CuFeS, not
polished.

CV study of redox-transitions on the chalcopyrite surface under cathodic and
anodic polarization leads to the conclusion that both cathionic and anionic sites
participate in them simultaneously. It could be clearly demonstrated by a comparison
of the CV-curves on the Fig. 4 [Radyushkina et al., 1986]. Rotation of the electrode
leads to the removing of the maximums attributed to the reduction of copper ions and
to the oxidation of hydrogen sulfide.

I mA
=2,I[
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! \\
1w
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I
/
L d |
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a 2 ¥ & & 12 pH
Fig. 4. Influence of rotation on the cyclic Fig. 5. Some lines of the Cu-Fe-S-H,0 diagram
voltammograms of chalcopyrite in acid and potentials of the cathodic maxima of CV
solution (pH 1.3) under potential sweep 25 curves of chalcopyrite(e) and chalcocite (o)

mV/sec: 1 —solid curve without rotation;
2 — dotted curve under rotation 60 rev/sec

Figure 5 shows the open-circuit potentials and the potentials of the cathodic
maxima of CuFeS,, and Cu,S as functions of solution pH. The same figure shows
some lines from the potential-solution pH diagram of the copper-iron-sulfur system
[Chanturiya, Vigdergauz, 1993].

With increasing pH the hydroxides of the metals become ever more important in
the surface redox reactions of chalcopyrite. Fig.6 shows a shift of the stationary
potential of the chalcopyrite electrode during long time conservation under water.
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Impulse electrochemical methods (CV and impedance measurements) reflect an
existence of the cationic and anionic centers on mineral surfaces. Surface of sulfide
minerals is electrochemically heterogeneous and there are could be simultaneously
represented cathodic and anodic areas. It was clearly shown by Plaksin and Shafeev
with the help of microradiographic technique [Plaksin, Shafeev, 1959]. Moreover
these surfaces are chemically heterogeneous and wettability measurements could
reflect this heterogeneity. On the fresh non-oxidized surface of chalcopyrite, there are
sulfur and metall sites with non-compensated negative and positive charges
successively. These charges could be compensated both by regulation of pH and
electrochemical potential according to the follow simplified schemes [Vigdergauz,
2001]:

350 —e— initial
—2— 1 day
—— 30 days
250
—&— 88 days
>
2 i
3“ 150 ~
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=% 50 -
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‘150 T T T T 1
2 4 6 8 10 12 pH

Fig. 6. Time dependence of the electrochemical potential — pH curves for chalcopyrite:
- initial; - 1 day; - 30 days; - 88 days

1. By regulation of pH:
-S* +H,0=-SH + OH" (1)
-Me® + H,0 = -MeOH + H* ()

II. By regulation of an electrochemical potential:
-S¥-8e=-S (3)

-Me®* + 8e = -Me 4)
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EVALUATION OF WETTABILITY

Self-induced wettability was determined and also wettability induced by xanthates
of different alkyl chain length. A combination of wettability measurements with
electrochemical techniques has the advantage of controlling the surface oxidation state
and the nature and amount of surface species present. Study of chalcopyrite wettability
was carried out at various potentials of electrochemical polarization in buffer solutions
with various pH.

Induction time measurements. Table 1 presents the dependence of induction time
on the potential of electrochemical polarization in borate buffer solutions.

TABLE 1 The influence of the potential of chalkopyrite electrode and the length of xanthate carbon chain
on the air bubble-mineral attachment and the induction time values®

Potential of chalcopyrite electrode, V

-0.7|-0.6(-0.5|-0.4{-0.3|-0.2(-0.1| 0 (0.1]0.2(03|04|05(0.6 (0.7]0.8]09 |1.0 [1.1 (1.2

Xanthate IT,sec

Ethyl no” | no| no| no| no| no| no|25 |{0.7]0.8[0.8[0.8[0.8(2.0 [20| no| no | no | no | no

Butyl no| no| nofnof nof5.0 |50 |3.0 [0.02]0.02|1.5|3.5]|45]|45 |45|45| no | no | no | no

Amyl no|no| nofnofnofmnof(40/|20 [20(20(25|15]|20]|20 |1.5|04 |15 [1.5 |25 [1.5

Hexyl no (5.0 |35 (35|25 (20|15 (L5 |1.5(0.1]045/1.5]1.5 (0.6 |0.02{0.02/0.004/0.004/0.004|0.5

* Xanthate concentration, - 50 mg /dm’ or 312, 265, 248 and 231uM for ethyl, butyl, amyl, and hexyl
xanthates, respectively.
°No attachment

The result of increasing the carbon chain of xanthate was as a rule a decreasing IT
and an expanding of the area of adhesion potentials. These data are in accordance with
the well known fact that in increase in the alkyl chain of xanthate collectors leads to
more rapid flotation [Vigdergauz, 2001]. In the experiments with hexyl-xanthate, we
observed a cathodic shift of adhesion area of about 500 mV in comparison with the
amyl-xanthate experiment. Due to the narrow adhesion interval, ethyl and butyl
xanthates as collectors have an advantage for the electrochemical regulation of
selective flotation processes.

From the above results, it is clearly seen that a process of bubble attachment to a
planar surface is a rather slow one. It was shown that an induction time in the
experiments with flat surfaces is two orders of magnitude bigger in comparison with
the values determined in the experiments with powders [Sutherland, Wark, 1955]. So
IT results could only be used for the approximate comparison of surface wettability
and preliminary evaluation of its influence on flotation response.
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Air bubble detachment force and calculated contact angles. Detachment
force/potential polarization curves are similar in shape for the absence of xanthate and
for the presence of all the xanthates studied, Fig.7. The qualitatively similar character
of the dependences of hydrophobicity functions with and without collector leads to the
conclusion that xanthate ions block metal sites that give an input to the total
hydrophobicity, but the basic influence is the self-induced hydrophobicity of
chalcopyrite due to the influence of S-sites.
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Fig. 7. DF dependences on the potential of chalcopyrite electrode

For the comparison of the observed DF results with the data on contact angles, a
procedure was developed for the approximate evaluation of a contact angle from the
measured force of detachment. DF data could be recalculated to give contact angles by
Eq. 5 [Drzymala, Vigdergauz, 2001]:

Fq =27y, (1-cos 0) = 4nryyyy sin’ (6/2) = 2nRy;, (1-cos 0) sinB 1 (5)

Eq.5 is based on the process of detachment with the formation of new interfaces
while the use of equations which describe the process of rupture of the bubble from
the surface and account capillary forces only does not explain the experimental values
of the detachment force. Example of contact angles calculation from the experimental
DF is given earlier for pyrite [Vigdergauz, 2001].

In the presence of butyl, amyl and hexyl xanthates the main DF maximum is
observed near a potential of 0.2 V. This potential corresponds to that of dixanthogen
layer formation on the surface. The maximum value of the detachment force changes
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between 20 and 32 dyne with the increase in length of the alkyl chain of the collector.
Minimum and maximum values were observed for ethyl and hexyl xanthates,
respectively. Cathodic shift of DF maximums with an increasing of the length of
apolar group of xanthate, Fig.7, correlates with the similar shift of IT minimums,
Table 1. As it was mentioned above chalcopyrite is roughly a double sulfide of copper
and iron Cu,SFe,S; and its DF-potential curves are in first approximation a
superposition of similar curves for individual sulfides of copper and iron.

Gas evolution under decompression. Micro bubbles are produced on the mineral
surface under decompression and preferably they will be appear on the hydrophobic
sites. Consequently, surface wettability could be estimated by a comparison of a
pressure decrease that will be enough for micro bubbles production.

Fig. 8 illustrates bubbles evolution under decompression on the surfaces of pyrite
and chalcopyrite.

Fig. 8. Bubbles evolution under decompression (500 mm Hg) on the surfaces of pyrite (1) and
chalcopyrite (2): pH 12.2 and butyl xanthate concentration 30 mg/1

Influence of an electrochemical polarization on a vacuum that leads to an
emanation of bubbles on the chalcopyrite surface in weak alkaline buffer solution
under butyl xanthate concentration 10 mg/l is demonstrated in Fig.9.

Area of the potentials of maxima hydrophobicity, Fig.9, corresponds with DF —
potential results, Fig.7. Cathodic polarization leads to desorption of xanthate
compounds from the surface of chalcopyrite electrode decreases DF and puts an end to
bubble formation. Similar effects are observed under anodic polarization due the
formation of hydrophilic layer of iron oxides.

Figure 2 [Vigdergauz, Panova, 2001] shows pH influence on the DF and EP values
for chalcopyrite.

Comparison of Taggart’s evaluation of the suction behind the blades of the
impeller of an agitation-froth machine [Taggart, 1927] and EP data on chalcopyrite,
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Figs.7-10, shows that gas evolution will be observed in the range of 1300-2700
revolutions of impeller per minute for hydrophobic and hydrophilic surfaces
successively.
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Fig. 9. Potential dependence on the decompression of the beginning of bubbles evolution on chalcopyrite:
pH 9.2 and butyl xanthate concentration 10 mg/1
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Fig. 10. DF and EP dependences on the pH for chalcopyrite
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Floatability. Fig. 11 shows floatability-potential curves for chalcopyrite flotation
without xanthate and in the presence of butyl xanthate [Chanturiya, Vigdergauz,
1993].
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Fig. 11. Chalcopyrite floatation dependence on the potential of Pt mesh

Curves are similar in shape for the potentials of Pt mesh less than 0.4 V.
Dixanthogen formation at potentials of +0.4 V and above leads to considerable
increase of floatability in the experiments with xanthate.

SUMMARY

Presented results show that chalcopyrite surface is covered by cationic and anionic
centres with charges that could be compensated by regulation of pH or an
electrochemical potential value. Chalcopyrite surface hydrophobicity is a result of an
input of hydrophilic and hydrophobic sites. Heterogeneity of the chalcopyrite surface
determines the existence of pH and potential dependencies of hydrophobicity and
flotation. In the case of xanthate induced hydrophobicity, a maximal hydrophobicity
of chalcopyrite was observed on the stationary potential values at pH 5.5 and 9.2, and
on the pH 9.2 at potentials of 0-0.2 V. A general agreement is observed between the
pH of maximal hydrophobicity of bulk chalcopyrite determined by DF and EP
experiments. There is also a general agreement between the potentials of maximal
hydrophobicity of the bulk chalcopyrite electrode and the potentials of
electrochemically-conditioned flotation of chalcopyrite. Under the conditions of froth
flotation, it is necessary to account for the hydrophobicity of surface sites of major and
minor influences to predict the observed phenomena. Resultant wettability reflects
wettabilities of atomic or ionic sites and sorbed molecules and could be calculated
through the energies of hydratation of these sites.
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Fizykochemiczne wlasciwosci chalkopirytu, zwlaszcza zwilzalno§¢ powierzchni zostaty przebadane z
wykorzystaniem takich technik badawczych jak: woltamperometria cykliczna, potencjometria,
spektroskopia fotoelektryczna i inne. Przeprowadzono obszerna dyskusj¢ otrzymanych wynikow, ktore
obejmowaty zalezno$¢ stopnia hydrofobowosci chalkopirytu od potencjatu i pH, a takze sitg odrywu, kat
zwilzania, zmiany ci$nienia gazu i flotowalnos¢. Zostato wykazane, ze krzywe obrazujace zaleznos¢ sity
odrywu od potencjatu polaryzacji wykazuja podobny ksztatt dla przypadkéw braku ksantogenianu jak dla
przypadku obecnosci ksantogenianu w uktadzie. Elektrochemiczna polaryzacja prowadzi do powstania
hydrofilnych zwiazkéw i wzrostu zwilzalnosci powierzchni badanego mineratu. Utworzenie hydrofilnej
warstwy wodorotlenku Zelaza jest przyczyna obnizenia stopnia hydrofobowosci i flotowalnosci w
warunkach utleniajacych. Desorpcja ksantogenianu prowadzi do hydrofilizacji powierzchni i depresji we
flotacji prowadzonej w warunkach katodowych.
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Unwanted activation of sphalerite and pyrite by copper ions dissolved from
copper minerals (mainly chalcopyrite) hampers flotation selectivity. Galvanic
interaction between the sulphide minerals is considered as the main cause for such
activation. Therefore, a complexing agent, EDTA, was used to prevent unwanted
activation of sphalerite and pyrite by copper ions in the presence and absence of
collector. In this study, unwanted activation of sphalerite and pyrite by copper ions
and inhibition of this activation by using EDTA was investigated by using cyclic
voltammetry and microflotation techniques. The influence of galvanic interaction
between chalcopyrite-pyrite and chalcopyrite-sphalerite on flotation selectivity and
the effect of EDTA were determined with microflotation tests performed with
single mineral and mineral mixtures. The results pointed out dual effect of EDTA
as preventing activation of sphalerite and pyrite by copper ions, but at the same
time enhancing their collectorless flotation by removing the metal hydroxides from
their surfaces.

Key words: flotation, sulphide minerals, activation, EDTA
INTRODUCTION

Oxidation of sulphide minerals is inevitable during processing in plant conditions.
Every sulphide mineral is influenced at different degrees of oxidation by its chemical
composition, crystal structure and most important its electrochemical reactivity
(Ekmekgi et al. 2003). It is very well known that the flotation behaviour of a sulphide
mineral, when mixed with other sulphide minerals in an ore, can be substantially
different from that predicted by single and mixed mineral studies.

* Hacettepe University, Mining Engineering Department, Ankara, Turkey, zafir@hacettepe.edu.tr.
- Cayeli Bakir Isletmeleri A.S., Rize, Turkey.
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The reasons suggested for this behaviour were attributed to galvanic interactions
between sulphide minerals (Nakazawa and Iwasaki 1985; Yelloji Rao and Natarajan
1989; Ekmekgi and Demirel 1997). Unwanted activation and flotation of sphalerite in
a complex lead/zinc ore or copper/zinc ore is an example to this type of behaviour.
Therefore, determination of the degree of oxidation, surface species and their
influence on flotation behaviour is necessary to develop processing strategies to
minimize the negative effect of oxidation on flotation.

Clarke et al. (1995) has suggested some techniques to remove oxidation products,
particularly metal hydroxides, from mineral surface. These techniques can be either
chemical (dissolution by changing the pH, extraction by EDTA) or mechanical
(sonification and attrition with quartz). Pulp pH can be adjusted to values outside the
range of metal hydroxide formation and therefore mineral recovery can be improved.
This method was found to prevent formation and precipitation of metal hydroxides
rather than removing the previously formed oxidation products. Sonification is also
considered as a potential method for selectively removing oxidation products from
mineral surfaces. Preferential adsorption of metal ions dissolved from mineral surfaces
on to quartz particles increased flotation performance significantly. However, it has
been recognized by numerous workers (Shannon and Trahar 1986; Grano et al. 1988;
Rumball and Richmond 1996) that EDTA has the ability to solubilize the oxidation
products of sulphide minerals.

The negative effect of galvanic interaction in selective flotation, in enhancing the
activation of pyrite by copper ions, has already been emphasized. This interference
from metal ions can be prevented by the use of EDTA as a complexing agent to
extract metal ions from the mineral surfaces and form complex compounds with the
dissolved ions in the pulp. In this work, unwanted activation of sphalerite and pyrite
by copper ions and inhibition of this activation by using EDTA was investigated by
using cyclic voltammetry and microflotation techniques. The influence of galvanic
interaction between chalcopyrite-pyrite and chalcopyrite-sphalerite on flotation
selectivity and the effect of EDTA were determined by using mineral mixtures in
microflotation scale.

MATERIALS AND METHODS

MINERALS

Natural samples of sulphide minerals of high purity were used in this study.
Chalcopyrite and sphalerite were supplied by Wards Natural Science Establishment
and pyrite crystals were obtained from Murgul (Artvin, Turkey) copper ore deposit.

Bulk analysis of the samples was performed by using Atomic Absorption
Spectrometer at Mining Engineering Department of Hacettepe University. The results
are given in Table 1. In addition to the chemical analysis, XRD analysis of the three
mineral samples was also performed. The results confirmed purity of the samples
(Ekmekgi et al. 2002).
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Table 1. Results of bulk analysis of the natural mineral samples used in this study

Element (%) Pyrite (FeS,) Chalcopyrite (CuFeS,) Sphalerite (ZnS)
Fe 44.67 29.14 1.22
Cu 0.16 35.28 0.065
Pb 0.016 0.006 0.57
Zn 0.004 0.028 60.68
S 54.13 33.30 33.61
Total 98.98 97.754 96.145

CYCLIC VOLTAMMETRY EXPERIMENTS

A conventional three-electrode system was used for electrochemical measurements
in which a saturated calomel electrode, a platinum foil electrode with 1 cm” area and a
mineral electrode were used as reference, counter and working electrodes respectively.
The chalcopyrite and pyrite electrodes were prepared from highly mineralized massive
specimens. A section of mineral with a rectangular cross-section was cut and mounted
in a glass tube with an electrochemically inert epoxy resin. However, a different
method was used to prepare sphalerite electrode due to its high resistivity compared to
chalcopyrite and pyrite. Therefore, sphalerite was dry ground and the -100+150 um
fraction was mixed with carbon paste for electrode fabrication as proposed by Yoon
and Chen (1996).The carbon paste was composed of graphite and conductive binder.
The carbon paste was softened with ethyl ether and sphalerite particles were mixed at
a ratio of 1/3 (mineral/paste). The homogenized mixture was then pressed into a glass
tube and dried for one day for hardening. Therefore, current changes occurring at
sphalerite surface were transferred with the aid of conductive carbon paste to a copper
wire and then to a potentiostat.

Surface of the mineral electrodes was polished wet using 800-grit silicon carbide
paper and then 1 pm diamond paste. After polishing the surface, the electrode was
rinsed with distilled water and quickly transferred to the electrochemical cell.
Depending on the experimental conditions CuSQy is first added and then EDTA into
the electrochemical cell. The electrodes were conditioned for 5 minutes for each
reagent addition and then scanning was started. All the experiments were performed in
borate buffer solution of pH=9.2. Bank Elektronik Wenking PGS95
potentiostat/galvanostat was used for the cyclic voltammetry experiments. All the
potentials reported in this paper have been converted to the standard hydrogen
electrode (SHE).
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MICROFLOTATION TESTS

Borate buffer solution of pH=9.2 was used in the microflotation tests. The tests
were performed in a modified Hallimond tube. The mineral particles were dry ground
and the fraction of -150+100 pm was used in the tests. Before conditioning, high
purity (%99.99) nitrogen gas was intensively bubbled in the cell to remove dissolved
oxygen. The same gas was also used for flotation. For each reagent addition the
conditioning was taken as 2 minutes. Flotation was carried out for a total of 8 minutes
with concentrate samples collected after 1, 3, 5 and 8 minutes of flotation. The
flotation concentrates and the tail were filtered, dried and the mass of the mineral, and
hence the recovery, was calculated for single mineral experiments. However, the
concentrates were analyzed for Cu, Zn and Fe in the tests performed with mixtures of
minerals. Calculation of the mass of mineral present in each fraction could then be
made. Conditioning was performed in the following order depending on the number of
reagents added; copper ions, EDTA and KEX.

RESULTS AND DISCUSSION
VOLTAMMETRY

SPHALERITE (ZnS)

Voltammograms of sphalerite taken with and without Cu®" and EDTA at pH=9.2
are given in Figure 1. The scanning was commenced from the cathodic region and
performed between -500 mV and +500 mV. Figure 1 shows that there is no significant
electrochemical activity in this potential range in the absence of reagents. However, as
the sphalerite electrode was treated with 10* M CuSOs, an anodic peak appeared at
about 300 mV. This anodic peak corresponds to oxidation of CuS type compounds
formed as a result of copper activation.

It is very well known that majority of copper ions added into alkaline solutions
precipitate in the form of Cu(OH), (Fuerstenau and Fuerstenau 1982). Copper
hydroxide can rapidly adsorb on sphalerite surface. However, copper sulphide may
form in the following stages due to low stability of Cu(OH),. At the end of activation
process, sphalerite surface may be transformed into (Zn, Cu)S form. Surface analysis
of copper activated sphalerite in alkaline solution by XPS has shown CuS like surface
(Clarke 1997). Therefore, the anodic peak observed at about 300 mV may correspond
to oxidation of CuS-like species to copper oxide and polysulphides.

After copper activation, sphalerite electrode was conditioned in the presence of 107
M EDTA to remove the adsorbed copper ions from the surface (Figure 1). The anodic
peak remained in the presence of EDTA under stirred conditions, confirming
formation of copper sulphide rather than copper hydroxide as an end product even at
pH9.2.
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Fig. 1. Voltammograms of sphalerite with no reagent (———, 10* M Cu*" (------ )
and 10* M Cu*" and 10° M EDTA (—-—-— ) at pH=9.2. (Scan rate=50 mV/s)

PYRITE (FeS;)

Voltammograms of pyrite taken with and without Cu®* and EDTA are illustrated in
Figure 2. One anodic and one cathodic peak were observed in the potential range of -
500 mV and +500 mV. The anodic peak, having the maximum current at about 0 mV,
corresponds to oxidation of ferrous hydroxide to ferric hydroxide form (reaction 2).
This process is a reversible process and the cathodic peak corresponds to reduction of
ferric hydroxide to ferrous hydroxide in the reverse direction of reaction 2.

Fe(OH), + OH <> Fe(OH); + ¢ (1)

Reversible potential of this reaction was calculated as 8.3 mV for pH 9.2, which is
fairly close value to that observed in Figure 2.

Activation of pyrite by copper ions was also investigated using cyclic voltammetry.
The voltammogram of pyrite taken in the presence of 10 M Cu*" is given in Figure 2.
It appears that in addition to the anodic and cathodic peaks showing
oxidation/reduction of iron hydroxide, a new anodic appeared at about 300 mV after
copper activation. It should be noted that this anodic peak appeared at the same
potential to that observed with sphalerite after copper activation (Figure 1),
corresponding to oxidation of CuS (reaction 1).
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Fig. 2. Voltammograms of pyrite with no reagent ( ), 10* M Cu®* (------ )
and 10* M Cu*"and 10° M EDTA (—-—--) at pH=9.2. (Scan rate=50 mV/s)

Voltammogram of copper activated pyrite in the presence of EDTA showed that
the anodic peak showing oxidation of ferrous iron to ferric iron almost disappeared. It
is well known that EDTA can easily remove the iron hydroxide species and therefore
disappearance of the anodic peak at about 0 mV was anticipated. In addition to that
current density of the second anodic peak, observed after copper activation, decreased
substantially, in spite of the fact that CuS has higher stability than Cu-EDTA complex
and therefore should not be affected by addition of EDTA. This may be related to
kinetics of copper activation of pyrite, which may be slower than with sphalerite.
Therefore, a large portion of copper ions might not replace iron in pyrite and still
remained as Cu(OH), in the vicinity of the surface. Addition of EDTA may remove
these species and resulted in considerable decrease in the current intensity of the
corresponding anodic peak.

CHALCOPYRITE (CuFeS,)

Voltammograms of chalcopyrite in the absence and presence of 10 and 10° M
EDTA is illustrated in Figure 3. There were no changes in the shape of chalcopyrite
voltammograms in spite of excess EDTA concentration. This result showed that
EDTA did not affect chalcopyrite surface, as the anodic peak observed at about 300
mV corresponds to oxidation of chalcopyrite producing CuS at the surface.
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Fig. 3. Voltammograms of chalcopyrite with no reagent (), 10* M EDTA (----)
and 10° M EDTA (— —- -) at pH=9.2. (Scan rate=50 mV/s)

MICROFLOTATION EXPERIMENTS

Microflotation experiments give valuable information about the nature of the
species, as hydrophobic or hydrophilic, which is very important for flotation. In this
study flotation behaviour of the minerals were tested as single mineral and mineral
mixtures (chalcopyrite-sphalerite and chalcopyrite-pyrite) in the absence and presence
of ethyl xanthate (KEX). Therefore, effects of galvanic interaction and EDTA on
selective flotation were investigated.

SINGLE MINERAL

SPHALERITE

Results of sphalerite flotation in the absence and presence of copper and EDTA are
shown in Figure 4. Flotation recoveries of sphalerite in the absence and presence of
copper ions were very low due to formation of hydrophilic Zn(OH), and Cu(OH),
species respectively at pH 9.2. However, addition of EDTA after copper activation
increased the recovery drastically from about 10 % up to 40 %.
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Fig. 4. Collectorless flotation of sphalerite in the absence and presence of copper and EDTA at pH 9.2

The increase in the recovery after EDTA addition was attributed to removal of
copper and zinc hydroxide species and exposure of elemental sulphur or
polysulphides, which made sphalerite hydrophobic to some extent. As it has been
mentioned above, the copper ions are found in the form of Cu(OH), in alkaline
solutions. These species can be first physically adsorbed or precipitate on to sphalerite
surface and then proceed with electrochemical adsorption through reduction of Cu®" to
Cu" (reaction 2). As a result of that sulphide (S*) ions at the surface of sphalerite are
oxidized into elemental sulphur or polysulphides (reaction 3) (Finkelstein 1997).
Therefore, after removal of metal oxides by EDTA from the surface, a hydrophobic
surface exposed and the recovery increased.

Cu’'+e¢ - Cu’ )
14S% — 14S° + ¢ (3)

Addition of 10® M KEX did not increase the recovery of sphalerite in the absence
of copper ions (Figure 5). As it is very well known that solubility of Zn-EX (4.9x10”)
is considerably higher than Zn(OH), (1.62x10™"") and therefore xanthate can not
adsorb on sphalerite. Therefore, copper activation is essential for flotation of
sphalerite and as it is shown in Figure 1, sphalerite can easily be activated by copper
ions even in alkaline solutions. Addition of KEX resulted in formation of strongly
hydrophobic CuEX, and thus very high recoveries.
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Addition of 10* M EDTA did not affect the recovery. This is in agreement with the
cyclic voltammetry results (Figure 1) showing no effect of EDTA addition to copper
activated sphalerite. However, as EDTA concentration was increased to 10° M, the
recovery and flotation rate decreased significantly. The decrease in the recovery after
excess EDTA addition may be due to break down of the collector species adsorbed at
the surface and/or precipitation of EDTA complexes at the surface.
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Fig. 5. Flotation of sphalerite with 10* M KEX in the absence and presence of copper and EDTA
PYRITE

Collectorless flotation behavior of pyrite in the absence and presence of copper
ions and EDTA is illustrated in Figure 6. Collectorless flotation of pyrite is very low
due to formation of hydrophilic iron oxide/hydroxide species in alkaline solution.
Addition of copper ions increased the recovery slightly due to formation of elemental
sulphur or polysulphides to some extent as also observed in the case of sphalerite
(Figure 4). Addition of EDTA, however, increased the recovery considerably due to
removal of hydrophilic ferric hydroxide species and exposure of sulphur rich
hydrophobic layer at the surface.

Addition of KEX did not affect pyrite recovery significantly (Figure 7). Flotation
of pyrite strongly depends on formation of dixanthogen which also depends on the
presence of oxygen in the pulp. However, the flotation experiments were performed in
the absence of oxygen by bubbling nitrogen gas prior to flotation. Therefore, absence
of oxygen in the solution might inhibit formation of dixanthogen and resulted in low
recovery of pyrite.
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Addition of copper ions increased the recovery drastically up to 75 %. This was
apparently due to activation of pyrite by copper ions, as shown by cyclic voltammetry
in Figure 2, and formation of CuEX species upon addition of collector. However,
addition of EDTA after copper activation could remove the adsorbed copper ions
largely as shown by voltammetry experiments. Therefore, addition of EDTA before
xanthate addition removed most of the pre-adsorbed copper ions and therefore
prevented formation of CuEX at pyrite surface. In spite of that the recovery was still
around 50 %. It was clear that addition of EDTA inhibited collector adsorption, but at
the same time removed metal hydroxide species and resulted in exposure of sulphur
rich hydrophobic surface, as observed with collectorless flotation (Figure 6).
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Fig. 6. Collectorless flotation of pyrite in the absence and presence of copper ions and EDTA

CHALCOPYRITE

In this section, only influence of EDTA on collectorless flotation of chalcopyrite
was discussed since chalcopyrite was not affected by EDTA at all in the presence of
KEX. Addition of EDTA increased the collectorless flotation recovery from about 30
% up to about 90 % (Figure 8). Electrochemical experiments showed that oxidation of
chalcopyrite in alkaline solutions resulted in formation of ferric hydroxide at
moderately oxidizing potentials and copper hydroxide at higher potentials. These
hydrophilic metal hydroxide species cover the mineral surface and prevent its
collectorless flotation. Addition of EDTA removed all of these metal hydroxide
species and brought about exposure of a sulphur rich hydrophobic layer, as observed
with collectorless flotation of both sphalerite and pyrite.



Effects of EDTA on selective flotation of sulphide minerals 89

100
90 - —=— Py+KEX
%0 | —a— Py+Cut+KEX
70 —— Py+Cut+tKEX+EDTA
S
~ 60
oy
S 50 -
o
S 40 -
~
30
20
10 7 ./.__/_,_J/.
0
0 2 4 6 8 10

Flotation Time (minutes)

Fig. 7. Flotation of pyrite with 10* M KEX in the absence and presence of copper ions and EDTA
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Fig. 8. Collectorless flotation of chalcopyrite in the absence and presence of 10* M EDTA at pH 9.2
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MINERAL MIXTURES

Effects of galvanic interaction on activation and flotation of sphalerite and pyrite
were investigated with microflotation experiments performed using chalcopyrite-
sphalerite and chalcopyrite-pyrite mineral mixtures. It is very well known that
galvanic interaction between these minerals cause dissolution of copper ions from
chalcopyrite and thus unwanted activation of sphalerite and pyrite by these copper
ions, which deteriorates the selectivity. Therefore, EDTA was tested as a complexing
agent to prevent activation of sphalerite and pyrite in these experiments.

The results of collectorless flotation of chalcopyrite and sphalerite in the absence
and presence of EDTA are illustrated in Figure 9. Presence of chalcopyrite did not
affect sphalerite recovery in the absence of EDTA. However, as EDTA removed the
metal hydroxide species from surface of both minerals, their recovery increased
considerably, as it was also observed with single mineral experiments.

Addition of KEX increased flotation recovery of sphalerite in the mineral mixture
(Figure 10). This was attributed to activation of sphalerite by copper ions dissolved
from chalcopyrite as a result of galvanic interaction. However, addition of EDTA
decreased the recovery in the order of 10 %. The final sphalerite recovery in the
presence of EDTA was still about 30 %. EDTA was considered to have dual effect as
preventing activation of sphalerite by copper ions, but at the same time enhancing its
collectorless flotation by removing the metal hydroxides from the surface. Therefore,
selective flotation could not be achieved at satisfactory level in the existing
experimental conditions. The influence of pH and particularly EDTA concentration on
selectivity must be investigated in detail.
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Fig. 9. Collectorless flotation of chalcopyrite and sphalerite in mineral mixture in the absence and
presence of EDTA
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Similar flotation behaviour was also observed with chalcopyrite-pyrite mixture in
the absence and presence of KEX (Figures 11 and 12). Collectorless flotation of both
chalcopyrite and pyrite in mineral mixture was not significantly different from that in
single mineral experiments. However, addition of EDTA removed the metal hydroxide
compounds for their surfaces and increased recovery of both minerals.
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Fig. 11. Collectorless flotation of chalcopyrite and pyrite in mineral mixture in the absence

and presence of EDTA
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Recovery of pyrite in the presence of KEX increased to about 40 % due to galvanic
interaction between chalcopyrite and pyrite. Dissolution of copper ions enhanced due
to galvanic interaction. The dissolved copper ions may adsorb/precipitate on pyrite
and form CuEX compounds after KEX addition. Addition of EDTA removed the
copper ions from pyrite surface and prevent formation of CuEX, but it also removed
the metal hydroxides and led to collectorless flotation of pyrite. Flotation of
chalcopyrite was not affected by addition of EDTA in the existing experimental
conditions.
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Fig. 12. Flotation of chalcopyrite and pyrite in mineral mixture with 10* M KEX in the absence
and presence of EDTA

CONCLUSIONS

Unwanted activation of sphalerite and pyrite by copper ions dissolved from copper
minerals (mainly chalcopyrite) hampers flotation selectivity. Galvanic interaction
between the sulphide minerals is considered as the main cause for such activation.
Therefore, a complexing agent, EDTA, was used to prevent unwanted activation of
sphalerite and pyrite by copper ions in the presence and absence of collector.

Cyclic voltammetry experiments showed that sphalerite and pyrite can be activated
by copper ions at pH 9.2, forming CuS like compounds at the surface. Addition of
EDTA did not affect the newly formed CuS layer with sphalerite, but decrease the
current intensity with pyrite. The activated copper layer was weakly adsorbed onto
pyrite surface, presumably due to slower adsorption kinetics of copper on pyrite
compare to sphalerite.
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The results of collectorless flotation revealed that flotation of chalcopyrite, pyrite
and sphalerite was significantly affected by the presence of metal hydroxide at their
surface. The use of EDTA removed these hydrophilic metal hydroxide species thereby
exposing a sulphur rich hydrophobic surface. Similar effects were observed with both
single mineral and mineral mixture experiments. This effect increased the overall
recovery and did not improve the selectivity.

The flotation experiments in the presence of collector showed that galvanic
interaction resulted in unwanted activation of both sphalerite and pyrite by copper
ions, thereby resulting in formation of CuEX layer at their surface. This situation
increased their recovery and hampers the flotation selectivity. EDTA was used to
prevent copper activation. However, the flotation recovery of both sphalerite and
pyrite remained almost the same in the presence and absence of EDTA. EDTA was
considered to have dual effect as preventing activation of sphalerite and pyrite by
copper ions, but at the same time enhancing their collectorless flotation by removing
the metal hydroxides from their surfaces.
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Proces aktywacji sfalerytu i pirytu przez jony miedzi, znajdujace si¢ w roztworze, ma niekorzystny
wplyw na selektywno$¢ procesu flotacji. Procesy galwaniczne sa rozpatrywane jako gltéwna przyczyna
powodujaca aktywacje. Odczynnik kompleksujacy- EDTA- zostal uzyty w celu przeciwdziataniu
aktywacji sfalerytu i pirytu. Badania z wykorzystaniem EDTA prowadzone byty bez i z udzialem
kolektora. Metody cyklovoltamperometrii i mikroflotacji zostaly wykorzystanie dla zbadania efektow
wynikajacych z dodania EDTA. Dla uktadéw chalkopiryt-sfaleryt i chalkopiryt-piryt okreslono wplyw
EDTA na zjawiska galwaniczne i na selektywno$¢ flotacji. Otrzymane wyniki wskazuja, ze dodanie
EDTA zapobiega aktywacji sfalerytu i pirytu jonami miedzi, a takze podwyzsza bezkolektorowa flotacje
tych mineraléw przez usunigcie wodorotlenkoéw metali z ich powierzchni.
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In this study the performance evaluation study of Georgia Madneuli Copper Ore flotation plant
was performed using the data obtained from the detailed survey at the flotation circuit. The solids
contents of the streams around the circuit were measured and the particle size distribution of the
samples taken from the plant was determined. Mass balancing studies were performed using
JKSimmet software. Mass balance results provided the flow rates and the chemical assays around the
circuit. Therefore using the flow rates around each stream, the recovery of every unit in the circuit
was calculated. The laboratory flotation tests were performed to obtain the optimum flotation
conditions. For this purpose the flotation rate constants were determined for the different ore types
processed at the circuit. Using the data obtained from plant and laboratory, a new circuit design was
proposed.

Key words: flotation, flotation rate, mass balance, flotation test

INTRODUCTION

Madneuli-Georgia Copper Concentrator processes mainly three different ore types
(named as sulphide ore, complex ore and oxidized ore). The plant consists of three
different grinding and flotation circuits. Flotation circuit consists of two stages of
rougher, two stages of scavenger and two stages of cleaner circuits. In the circuit
studied, the plant capacity was found as 85.4 t/h. According to the design capacity,
1.600.000. t/y, the circuits must be operated at the capacity of 100 t/h. Therefore it is
revealed that, the plant is performing with 85 % of the design capacity.

The flotation circuit consists of rougher, scavenger and cleaning circuits. The
volumetric size of the cells in the rougher, scavenger and cleaner circuits are 6.3 m’,

* Hacettepe University, Department of Mining Engineering, 06532, Beytepe, Ankara, Turkey;
e-mail: ogulsoy@hacettepe.edu.tr
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3.25 m’, and 3.25 m’ respectively. The flotation feed comprises 33-36 % solids with
1% Cu content. The concentration method is the selective flotation of the chalcopyrite.
The pH value is kept around 11.5 for pyrite depression. Potassium isobutyl xanthate is
used as the collector with the dosage of 25-32 g/t.

During the sampling survey, the average Cu grade of the flotation feed was 0.89 %
and the concentrate grade was approximately 21 %. But the average Cu concentrate
grade was approximately 18%.

In this study, the performance evaluation of Georgia Madneuli Copper Ore
flotation plant was performed using the plant data and laboratory test results. For this
purpose, pulp samples were taken from the flotation circuit. All samples were dried,
weighed and sieved. Size distribution of each sample was determined down to 6 pm.
Each size fraction was assayed for Cu, Fe and insoluble contents in the flotation
circuit. Mass balancing of both grinding and flotation circuits was performed to
calculate the flow rates in each stream.

Laboratory flotation tests were also applied to the ore samples taken from feed of
the primary grinding mill to determine the best flotation conditions and to compare the
laboratory results with existing conditions. This study provided the required
information to enhance the existing circuit and operation conditions.

SAMPLING AND ORE CHARACTERIZATION STUDIES

To evaluate the performance of flotation circuit, pulp samples were taken from the
points marked in Fig. 1.

The samples taken from flotation circuit were dried, weighed and sieved. Size
distribution of each sample was determined. Flotation feed fineness was determined
as d80=300 pum in the existing circuit. Each size fraction was assayed for Cu, Fe and
insoluble contents.

Fig. 1. Flotation circuits sampling points
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In the plant mainly three different ore types (named as sulphide ore, complex ore
and oxidized ore) are processed. Mineralogical compositions of the samples were
determined by microscopic examination of the polished sections for sulphide minerals
and X-Ray diffraction for non-sulphide minerals. The ore consists of mainly pyrite
(FeS,), chalcopyrite (CuFeS,), traces of chalcocite (Cu,S), covellite (CuS) and bornite
(CusFeS,) as sulphide minerals and, quartz and clay minerals as non-sulphides.
General chemical compositions of the ores are given in Table 1.

Table 1. Chemical compositions of the ores

Contents Flotation feed Oxidized ore Sulphide ore Complex ore
Cu % 0.89 % 0.7 % 1.3 % 0.5
Fe % 6.28 % 3 %5.2 % 3.6
Zn % 0.02 % 0.01 % 0.02 % 0.02
Pb <50 ppm <50 ppm <25 ppm <50 ppm
SiO, % 80.58 % 76.38 % 79.89 % 87.18
Al O; % 3.78 % 15.12 % 5.67 % 3.78
MASS BALANCING

Flow rates of each stream were calculated and balanced by using Cu and Fe assays
of the head samples. Fig. 2 represents the balanced flow rates and Cu grade of the
every sampling point around the flotation circuit.

The results showed that, during the survey, Cu recovery of the circuit was 89%.
But Cu recovery of the circuit is between 63 and 82 % in regular measurements during
the operation.

Flotation behavior of size fractions in the circuit was also investigated using the
following kinetic model. The flotation rate of the size fractions was investigated in the
rougher flotation bank. The relationship between flotation rate parameters and particle
size is given in Fig. 3.

kA=R/(1-R) (1)

where; k is the flotation rate parameter, A is the retention time, R is the recovery.
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Fig. 3. Rate parameters obtained from plant data
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Cu recoveries and flotation rate parameters of each size fraction were also
calculated by using flow rates and Cu assays of the size fractions. It was observed that
especially Cu recoveries of the fine size fractions were greater than that of the coarse
sizes.

LABORATORY STUDIES

To obtain the best flotation behavior of the ore a series of laboratory flotation tests
were carried out following the procedures given in Fig. 4.

In the laboratory Cu recovery higher than 94 % could be obtained in the rougher
stage and the grade of this concentrate was increased to 26 % Cu by 3 stage cleaning.
Although locked cycle tests were not performed, the Cu recovery was approx. 80%
after cleaning.

Grinding
(pH=11.7)
60 % solids
Isobutil Xantate
—_—
Frother
—_—
(T-80) 40 gr/t
4
Flotation 1
O EETS +——p-Concentrate 1
Isobutil Xantate
—_—
Frother -
—_—p
(T-80) 40 gr/t J
y
Flotation 2
40 % solids —— Concentrate 2
Tail

Fig. 4. Laboratory flotation test procedure

Finally, the laboratory studies showed that it is possible to obtain higher Cu
recovery and grade by finer grinding.

In the laboratory, depending on the kinetic test results, retention times for each
stage on the plant were estimated. By using the retention time values and flow rates,
the required cell volumes and the number of cells were calculated. The laboratory
revealed that different ore types showed different flotation behavior. The flotation
behavior of different ores is illustrated in Fig. 5.
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Fig. 5. Flotation behavior of the different ore types

The recovery and flotation rate of complex and oxidized ores were substantially
lower than the sulphide ore. This was attributed to excessive oxidation of the sulphide
minerals in these ore types. Therefore the flotation feed was prepared as a blend
containing mainly sulphide ore and small amounts of oxidized and complex ores.
Special flotation procedures and reagent schemes should be proposed for affective
flotation of these problematic ore types.

The flotation behavior of the size fractions was also investigated. The relationship
between flotation rate parameters and particle size is given in Fig. 6.
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Fig. 6. Rate parameters obtained in laboratory study

To investigate the effect of feed fines on the flotation performance, two different
samples (d80= +312 pm and d80= -312 pum) were prepared and used in laboratory
flotation tests. In these tests, the copper recovery was increased from 89.79% to 94.56
for coarse (d80= +312 pm) and fine (d80= -312 pum) feed respectively. The
concentrate Cu grade was reached to 26.07% after 3 stages cleaning for fine feed. This
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indicated that it is possible to increase the Cu grades by cleaning easily. Therefore the
recovery must be as high as possible.

Consequently, the laboratory tests and plant scale studies showed that it is possible
to obtain a concentrate with higher Cu recovery and grade by finer grinding.

Based on the results of the kinetic tests, retention time of the pulp was estimated
for each stage in the plant. By using the retention time values and flow rates, required
cell volumes and the number of cells were calculated using the following equation.

Vi=(Q-4-9)/(60 - a) 2)

where Q is pulp volume m*/h, A is retention time, S is scale up factor (1.7 for lab.
batch test) a is aeration factor (0.85).

Using the actual plant data and the laboratory test results a new circuit layout was
developed in order to increase the performance of the circuit. The proposed circuit is
given in Fig. 7. Therefore the number of cells in the circuit was increased from 18 to
24 for rougher, from 18 to 24 for scavenger and from 11 to 13 for cleaning circuits. In
addition to that, the number of cleaning stages was increased from 2 to 3 to increase
the Cu grade of the concentrate.

L. Rougher | 2. Rougher]

Feed |T0tal cell volume 51.2 | |T<zta1 cell volume 25.6 |

IScavenger 2. stage | IScavenger 1. stage |

Tail [<%
Total cell volume 51.2 | Total cell volume 25.6
3 3

3y

Cleaner 1st stage ¥
|Tota1 cell volume 25.6 |
[Cleaner 2nd |
Cleaner 3rd

|thal cell volume 9.6 | [
Total cell volume 6.4m’ |

Concentrate |

Fig. 7. Proposed flowsheet
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CONCLUSIONS

The performance evaluation studies of the flotation circuit indicated that it is
possible to obtain 21 % Cu copper concentrate with 90 % recovery. During the
sampling survey flow rates of the flotation feed and the cooper concentrate were
measured as 85.4 t/h and 3.15 t/h respectively. According to these results annually
1.610.000 tons of ores would make 60.000 tons of concentrate.

Performance evaluation and laboratory test results showed that an improvement
can be obtained by finer grinding of the ore and some changes in the circuit design. In
the plant, the ore could not be ground to even design values, and retention time is not
enough to handle the capacities greater than 85 t/h. Therefore, the required total
number of cells was increased to handle the longer retention time after fine grinding.
In addition to this, instead of 2 stages of cleaning as in the existing circuit, 3 stages
cleaning were proposed to obtained higher Cu grade. Flotation studies revealed that
the grinding circuit must be optimized to produce finer flotation feed.

Ergin L., Ekmekg¢i Z., Gulsoy O., H. Benzer H., Poprawa pracy zakladu flotacji na podstawie
oprobowania i testow laboratoryjnych, Physicochemical Problems of Mineral Processing, 38, (2004) 95-
102 (w jez. ang.).

W pracy przedstawiono wyniki badan majace na celu poprawg pracy instalacji flotacyjnej w kopalni
miedzi Madneuli w Gruzji. Wezet flotacji zostal oprobowany, okreslone zostaly przeptywy, sktad
ziarnowy 1 zawarto§¢ czesci stalych. Badania bilansu masowego wezla flotacji przeprowadzono z
wykorzystaniem programu komputerowego JKSimmet. Otrzymane wyniki pozwolity okresli¢ wiasciwe
predkosci przeplywow oraz wychody. Przeprowadzone zostaly takze laboratoryjne badania flotacyjne w
celu okreslenia optymalnych warunkéw flotacji rudy miedzi. Okreslono na podstawie testow
laboratoryjnych state flotacji dla poszczegélnych rodzajow rud. Otrzymane dane z optymalizacji zaktadu i
z testow laboratoryjnych pozwolily na zaproponowanie nowej instalacji do prowadzenia procesu flotacji.
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Application of selective flocculation using starch to separate chromite from serpentine has been
investigated. It was determined that starch has a specific affinity towards chromite which can be
exploited in selective flocculation. However, it was found that this could only be achieved when the
amount of serpentine in the chromite-serpentine mixture is below 30% by weight and in the presence
of a dispersant such as sodium silicate or ultrasonic treatment of the pulp.

Key words: selective flocculation, chromite, serpentine, starch

INTRODUCTION

Concentration separation of finely ground minerals has been a common industrial
practice for a long period. Slimes, defined as —20 pm particles, are an unseparable
part of such operations and may contain significant amounts of valuable minerals.
Conventional techniques, such as gravity concentration, magnetic separation and
flotation, are generally ineffective in treating slimes. Thus, slimes are usually
discarded prior to concentration. Discarded slimes are not only an economical loss but
their disposal may be an environmental concern and costly to manage as well. Many
techniques have been developed to treat slimes. Among them are shear flocculation,
selective flocculation, carrier flotation, high gravity separators, etc.

Selective flocculation is one of the techniques applicable to the enrichment of slime
fraction. The technique is based on the preferential adsorption of an organic flocculant
on the mineral particles to be flocculated, leaving the rest of the minerals suspended.
Separation is brought about by the different settling rates of mineral particles
controlled by the effective diameter which can be altered by flocculation or dispersion
of a particular mineral. For a successful selective flocculation process, the pulp must

* Middle East Technical University Mining Engineering Department, 06531 Ankara, Turkey
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be fully dispersed prior to the addition of the flocculant. Considerable success has
been achieved in applying this technique for the separation of finely disseminated
valuable minerals from ores on experimental as well as commercial scale (Yarar and
Kitchener, 1970; Read, 1971; Attia, 1977; Lien and Morrow, 1978; Drzymala and
Fuerstenau, 1981; Pradip and Moudgil, 1991; Moudgil and Mathur, 1994;
Weissenborn et al., 1994; Sworska et al., 2000).

Chromite ores are usually concentrated by gravity concentration methods based on
differences between specific gravities of chromite and gangue minerals, i.e., olivine
and serpentine. Considerable amount of fine chromite is lost in the conventional
gravity separation plants as a result of the process and/or equipment inefficiency in the
fine particle size range. As much as 3x10° Mt of fine chromite tailings having upto
20% Cr,0; have been accumulated in several disposal sites in Turkey (Anon.; Giiney
and Onal, 2000). Several researchers, employing gravity separation, flotation and
magnetic separation have attempted to recover the chromite values from these sites
with limited success (Dogan et al., 1996; Cicek et al., 1998; Giiney and Onal, 2000).

The mineral chromite is the main valuable mineral in chromite ores. It belongs to
the spinel group and has the chemical formula of FeCr,O4. The gangue mineral,
serpentine, is a magnesium hyroxysilicate mineral with a chemical formula of
Mg;Si,05(OH),. Replacement of the cations in both minerals is a common occurrence
in natural deposits.

Starch is a natural polymer and known to have a specific affinity towards iron
bearing minerals (Iwasaki, et al., 1969; Balajee and Iwasaki, 1969; Dogu and Arol,
2004). This affinity has been related to a complex formation and hydrogen bonding
between metal ions on the mineral surfaces and starch molecules (Khosla, et al., 1984;
Laskowski, et al., 1991; Ravishankar, et al., 1995 and Weissenborn, et al., 1995).
Because of this property, starch and its derivatives have been used in the commercial
application of flotation and selective flocculation to iron ores (Lien and Morrow,
1978; Balajee and Iwasaki, 1969; Iwasaki et al., 1969).

The facts that chromite has iron oxide in its structure and that starch has a specific
affinity towards iron oxide were exploited in the present study. Possibility of applying
selective flocculation to chromite-serpentine mixture using starch, in a similar fashion
to the selective flocculation of iron oxide-silica system, was explored.

MATERIALS AND METHODS

Both the chromite and serpentine samples were obtained from the Kavak Chromite
Mine, Eskisehir, Turkey. The final size of both samples were reduced to —45um by
stage crushing and grinding. The grinding was carried out on —150um roller crusher
product wet in a porcelain mill. The -45um material was washed with distilled water 5
times to remove the dissolved species from the mineral surfaces, drained and dried at
105°C, and kept in plastic bags to be used in the experiments. The size and specific
surface areas, analyzed by Sympatec Helos Laser Sizer (H1305), chemical and
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mineralogical compositions of the samples, determined by XRF and XRD methods,
are given in Table 1.

The commercial corn starch of Cargill, Turkey, was used as the flocculant. Reagent
grade NaOH and HCI were used for pH adjustments. Distilled water was used in all
experiments.

Table 1. Chemical, physical and mineralogical properties of chromite and serpentine

Property Chromite Serpentine

%80 passing size, um 25 18

Specific surface area, cm%/g 1.63 291

Specific gravity 4.71 2.70

Cr03, % 57.6 0.8

Fe,03, % 19.0 12.5

AL O3, % 8.0 2.5

SiO,, % 3.0 47

MgO, % 8.5 29.0

Ca0, % 0.2 2.5

Mineralogical composition Chromite, y-hematite, Serpentine, chlorite, smectite,
magnetite, olivine hematite, calcite, amorphous

silicate

Starch was dissolved by cooking in distilled water for 30 min. in an autoclave at
140°C and 207 kPa. The cooked starch was homogenized in a Waring Blender and
stored in 1mg/mL concentration. The starch solution was freshly prepared daily to
avoid degradation (Iwasaki et al., 1969).

Starch adsorption of minerals was determined by mixing 2.5 g of minerals with a
starch solution of known concentration for 10 minutes. The mixture was centrifuged to
separate the solids. Starch remaining in solution was analyzed by sulfuric acid-phenol
method (Dubios et al., 1956).

Flocculation and single stage selective flocculation tests were performed in a 250
ml graduated glass cylinder of 35 mm in diameter. In multiple stage selective
flocculation experiments, tests were carried out in 1000 ml graduated cylinder of 6,5
cm diameter. All flocculation experiments were performed at a pulp density of 5%
solids by weight. After adjusting the pH, starch was added in three equal increments
and the cylinder was inverted 3 times after each addition and 5 times after the last
addition. The pulp was allowed to settle for 60 seconds and the supernatant of the
upper 80 % part of the cylinder was siphoned off, dried and weighed to determine the
suspended solid and Cr,0O5 content. For the multiple stage selective flocculation tests,
the same procedure was followed up to the first stage flocculation. The subsequent
flocculation tests were carried out by adding a make-up water to the settled portion of
the previous stage. This allows the cleaning of the flocs. All the suspended and settled
products were collected, weighed and analyzed for Cr,O;. Complete details of the tests
are given else where (Beklioglu, 2002).
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RESULTS AND DISCUSSION

It is well known that selective flocculation can be applied to ores which are fully
dispersed prior to polymer addition, and one of the minerals selectively adsorbs the
polymer and flocculates after polymer addition. Flocculation-dispersion behavior as
well as polymer adsorption characteristics of chromite and serpentine were
investigated to determine under which conditions these prerequisites are achieved. As
known coagulation-dispersion behavior of minerals in the absence of salts and
polymers is dependent on the pulp pH governing the surface charge of the minerals.
Dispersion behaviors of chromite and feldspar as a function of pH, expressed in terms
of percentage of solids settled, are given in Figure 1. As seen from the amount of
settled solids in the figure (also visually observed during the tests), neither chromite
nor serpentine fully settled at any pH as a result of coagulation. Normally, a
coagulated suspension would lead to around 90-100 % settling.  Relatively higher
amounts of settled fraction for chromite is a result of higher density as well as coarser
size distribution of that mineral than serpentine.

100
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80 |
70 |
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50 |
40 1
30 ¢ m
20 1
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0

—e— Serpentine

Solids settled, %

2 4 6 8 10 12 14
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Fig. 1. Flocculation-dispersion behavior of chromite and serpentine as a function of pH

Adsorption of starch as a function of pH is another factor in selective flocculation.
It is known that to have a successful selective flocculation process, starch must be
adsorbed on one of the minerals while the other mineral adsorbs little or no starch.
Starch adsorption as fuction of pH was determined at a costant starch addition of 150
mg/mL at all pH values. As seen in Figure 2, in acidic and neutral pH values both
chromite and serpentine adsorbed substantial amount of starch. In fact, in acidic pH
range, serpentine adsorbed more starch than chromite. However, above pH 9, while
chromite did still adsorb starch, adsorption by serpentine sharply decreased. It has
been reported that pzc values of chromite and serpentine is around pH 5.5 and 8.7,
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respectively (Sobieraj and Laskowski, 1973; Akdemir, 1995). Thus, adsorption by the
respective minerals below these pH values can be partly attributable to the
electrostatic attraction between the positively charged minerals and the negatively
charged starch molecules (Iwasaki et al., 1969; Drzymala and Fuerstenau, 1987).
Adsorption of starch by chromite above the pzc value of pH 5.5 may be explained by
a specific affinity of chromite which contains iron in its crystal lattice towards starch
in a similar fashion to iron minerals reported by many investigators (Iwasaki et al.,
1969; Hanumantha, et al., 1985; Hanumantha and Narasimhan, 1985; Bagster and
Mcllveny, 1985; Weissenborn et al., 1994 & 1995; Ravishankar, et al., 1995 and
Dogu, 2002).
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Fig. 2. Adsorption of starch by chromite and serpentine as a function of pH (initial starch concentration
of solution: 150 mg/L)

Starch adsorption behavior of serpentine and chromite as a function of starch
concentration were conducted at pH 5.5 and 11.9 in order to understand the nature of
adsorption. The results are given in Figure 3. It was found that starch adsorption by
serpentine was strongly pH dependent. At pH 5.5, serpentine completely adsorbed
starch from solution at low concentration level and reached surface saturation with
regard to starch above around 4 mg/m’® adsorption density. However, at pH 11.9, very
littled starch was adsorbed at all starch concentartion levels tested. Chromite, on the
other hand, exhibited a different behavior. Its starch adsorption behavior was pH
independent. At low starch concentration levels, the amounts of adsorption for both
pH values were virtually the same. Starch adsorption at higher starch concentration
levels at pH 11.9 was slightly lower than those at pH 5.5. From these results, it can be
concluded that starch has a specific affinity towards chromite but not towards
serpentine and selectivity can be achieved at around pH 11-12.
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Fig. 3. Starch adsorption characateristics of chromite and serpentine as a function of starch concentration
atpH 5.5and 11.9
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Fig. 4. Flocculation behavior of chromite and serpentine alone as a function of starch addition at pH 11.9

Based upon the above findings, flocculation tests were conducted for chromite and
feldspar alone at pH 11.9 as a function of starch addition. As seen from the results
presented in Figure 4, chromite starts to flocculate at a relativly low starch
concentration with almost complete settling of chromite particles which are suspended
with no starch addition. However, serpentine remained dispersed regardless of the
starch addition level. Such behavior of the individual minerals is a prerequisite for a
successful selective flocculation process.

The flocculation tests indicated that selective flocculation can be applied to an ore
consisting of chromite and serpentine using starch as flocculant at pH 11.9. Thus,
selective flocculation tests for artificial mixtures of chromite and serpentine were run
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to observe the behavior of such mixtures. Two different chromite:serpentine ratios,
namely 50%:50% by weight (the first value refers to chromite and the second to
serpentine throughout this paper) and 70%:30% by weight, were tested. The results are
given in Figures 5 and 6 as grade vs recovery curves. In such plots, a line extending
along the full dispersion line shows dispersion; a line to the right of the full dispersion
line indicates some degree of selectivity (the farther to the right, the more selective is
the separation) in flocculation and all data points at around the feed means
indiscriminate flocculation.
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Fig. 5. Selective flocculation of chromite-serpentine mixture (50%:50% wt), pH 11.9

The selective flocculation tests yielded rather unexpected results, Figure 5 and 6.
Both mixtures had some selectivity of separation with no starch addition. This can be
attributed to the different settling velocities of denser chromite particles and lighter
serpentine particles, Table 1. However, upon 10 mg/L starch addition for 50%:50%
mixture and 14 mg/L starch addition for 70%:30% mixture, the pulp indiscriminatly
flocculated. Obviously, an interaction between chromite, serpentine and starch
occured. Although the nature of this interaction was not investigated in this study, it
can be postualted that chromite and serpentine heterocoagulated and as starch
flocculates chromite, both chromite and serpentine flocculated. A similar occurence
has been reported for the hematite-montmorillonite mixture (Arol and Iwasaki, 1986).
The remedy for the adverse effect of a heterocoagulating solid is to remove it from the
surface of the mineral to be flocculated. Use of a dispersant is a common practice and
ultrasonic treatment of the pulp, albeit less common, can be applied (Heerema et al.,
1982; Krishnan and Iwasaki, 1984; Arol and Iwasaki, 1987; Manukonda and Iwasaki,
1987).
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Fig. 6. Selective flocculation of chromite-serpentine mixture (70%:30% wt), pH 11.9

In this study, both methods were tried. As dispersant, 110 mg/L sodium silicate
was added to the pulp prior to the starch addition. In another series of selective
flocculation tests, the pulp was subjected to ultrasonic treatment for 60 seconds with a
horn type sonication device after the starch addition. The results reported here were
obtained under optimized conditions (Beklioglu, 2002) and are also included in
Figures 5 and 6. As seen in Figure 5, both sodium silicate and ultrasonic treatment
restored some selectivity lost by starch addition. However, there was no improvement
over what was obtained with no starch addition. It is likely that both sodium silicate
and ultrasonic treatment did prevent heterocoagulation but too many serpentine
particles crowded the environment and hampered bridge formation between chromite
particles by starch. When the amount of serpentine in the mixture was reduced to
30%, Figure 6, better selectivity was obtained with sodium silicate and ultrasonic
treatment as the separation curves moved to the upper right direction. Improved
selectivity can be attributed to the lessening of the crowding effect by serpentine
particles. This behavior of chromite-serpentine mixture in the presence of sodium
silicate and with ultrasonic treatment is also similar to the hematite-montmorillonite
mixture (Arol and Iwasaki, 1987). Thus, it could be stated that selective flocculation
of chromite from a chromite-serpentine mixture could only be possible at lower
concentration of serpentine.
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CONCLUSION

It was determined that starch has a specific affinity towards chromite but not
serpentine. At above pH 11, chromite alone can be flocculated with starch while
serpentine alone remains dispersed. When mixed, chromite and sepentine
heterocoagulate which makes it difficult to separate the two minerals. Selective
flocculation of chromite from a chromite-serpentine mixture is only possible in the
presence of lower amounts of serpentine. A dispersant (sodium silicate) or ultrasonic
treatment must be used to have a successful separation. Higher amounts of serpentine
in the pulp leads to crowding which prevents any separation at all.
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Metoda selektywnej flokulacji z uzyciem skrobi jako flokulanta, zostata uzyta do oddzielenia
chromitu od serpentynitu. Zostatlo ustalone, na podstawie badan, ze skrobia wykazuje specyficzne
powinowactwo do chromitu, ktory dzigki temu moze ulec selektywnej flokulacji. Okazato si¢ jednak, ze
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przekracza 30% wagowych. Proces separacji zostal zrealizowany w obecno$ci dysperganta - krzemianu
sodu, a zawiesina byla traktowana ultradzwigkami.
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Cyanex 272 and di(2-ethylhexyl)phosphoric acid (DEHPA) were used for extraction of zinc(II)
from sulphate solutions. Counter-current extraction-stripping process was simulated. The simulation
enabled CYANEX 272 to be selected for the recovery of zinc(I) from acidic sulphate solutions. A
higher selectivity of zinc(Il) extraction was the main benefit of using CYANEX 272. Technologically
significant conclusions could be arrived at only when process solutions with metal contaminants were
used for the studies and several extraction-washing-stripping cycles were carried out. The studies of
individual extraction and/or stripping using model solutions could be only considered as an initial step
and were of a limited technological value.

Key words: zinc(ll) extraction, CYANEX 272, di(2-ethylhexyl)phosphoric acid, counter-current
extraction-stripping process simulation

INTRODUCTION

Pyrometallurgy of zinc, especially of secondary resources, gives several dust
streams of which further pyrometallurgical processing is difficult and very
inconvenient. Such wastes could be processed by hydrometallurgical methods
(Dutrizac et al. 1998). Zinc could not be directly electrowinned from leach solutions
because of the presence of metal contaminants. The contaminants should be separated
in an extraction-stripping process. Acidic extractants, especially those containing
dialkylphosphoric acid and dialkylphosphinic acid, are convenient for such separation
(Gega et al. 1991, Sastre et al. 1984).
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The fundamental technological problems of zinc(Il) extraction were discussed in
several reviews (Bart, 2000, Jha et al. 2002, Mishonov et al. 2002). In most of the
published papers, model feed solutions were used and either single extraction or the
stripping stage was studied. Such results were very important for basic studies but they
were of a limited value for designing the extraction-stripping process. Such basic
studies should be verified using actual process solutions containing metal
contaminants. Moreover, the process should be verified in a continuous multistage

L. Gotfryd, J. Szymanowski

counter-current extraction-stripping process.

Aqueous feed
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2.3 M H,S0, (S)
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Fig. 1. Simulation of counter-current extraction-stripping process. 0.2 M CYANEX 272 as extractant
(99.5 mL of the aqueous feed (AF) used for extraction in each cycle A2-G2, 45 mL of 2.3 M sulfuric acid
(S) used for stripping in each cycle A6-G6, different volumes of 2.5 M NaOH (N) used for pH adjustment

in each extraction, 50 mL of 0.1 ZnSO, (W) used for washing in each cycle D4-G4)
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The aim of this work was to simulate a counter-current extraction-stripping process
in a laboratory scale using an actual sulphate process solution containing zinc(II), and
contaminated with Cu(Il), Cd(II), Na(I), K(I), Mg(II), Ca(Il) and As(V). These studies
were considered as the first step in the design of the counter-current extraction-
stripping step working in a continuous mode.

EXPERIMENTAL

The aqueous feed was obtained by leaching electric furnace dust obtained from a
copper smelter, Glogow, Poland, with sulphuric acid. Silica was removed from the
leach solution by changing its pH value with sodium carbonate solution, and
precipitation. The feed contained (in g/L): Zn 68.6, K 9.40, Na 4.4, Mg 3.05, Cu 3.4
Cd 0.38, CI approx. 1 and As 0.053. 0.2 M solutions of CYANEX 272 (Cytec Inc.,
Canada) and di(2-ethylhexyl)phosphoric acid (DEHPA, SIGMA-Aldrich, Germany) in
ESCAID 120 (Esso/Exxon, USA) were used for the extraction.

45 mL NaOH 228 g/l H,S0,

{S) 57mL
02MDEHPA 1L Aqueous feed (AF)
> A3 »A7
/pH 3.01

29 mL NaOH

17 mL NaOH

AF

pH3.04
23 mL NaOH

13 m]. NaOH

AF
0.1 M ZnSO, (W)
Raffnat PH 301 pH 3.02 50mL

o (R 15 mL NaOH

21.5 mL. NaOH
%
?H 3.00

Final  pH292 pH3.00  pH315  pH335  pH3.00

raffinate 3 .
0.14 gL Zsie 29781 Washing solutions Strips OR.Zin;I %‘;‘;i A

l Extraction ’ Washing I Stripping

Fig. 2. Simulation of counter-current extraction-stripping process. 0.2 M DEHPA as extractant (117.5 mL
of the aqueous feed (AF) used for extraction in each cycle A3-G3, 57 mL of 2.3 M sulphuric acid (S)
used for stripping in each cycle A7-G7, different volumes of 5 M NaOH (N) used for pH adjustment in
each extraction, 50 mL of 0.1 ZNSO, (W) used for washing in each cycle D5-G5)
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The extraction-stripping process (2-2-2 and 3-2-2 for CYANEX 272 and DEHPA,
where the subsequent digits denote the numbers of stages in extraction, washing and
stripping, respectively) were simulated by contacting phases for 10 minutes in beakers
(up to 2 L volume) and separating the phases in separatory funnels at a room
temperature. pH was adjusted with 2.5 or 5 M NaOH to 3.5 and 4.0 in the first and
second extraction stages with CYANEX 272, and to pH 3 in each extraction step with
DEHPA. The same volume of 2.3 M (228.3 g/L) sulphuric acid was used for stripping
in each stage (48 and 57 mL from CYANEX 272 and DEHPA, respectively). 0.1 M
ZnSO,4 was used for washing. Actual equilibrium pH values in each extraction stage
are given in Figs. 1 and 2.

The simulation was carried out in the manner presented in Figs. 1 and 2. Seven
extraction cycles (A-G) were carried out. The raffinate obtained in the first cycle (A2)
was used as an aqueous feed in the second stage (B1) of extraction of cycle B, in
which the regenerated organic phase (after stripping in A6) was used. Next the organic
phase was contacted with the fresh feed solution in B2. In the same second cycle B,
both the aqueous phase from the first cycle (A6—B5) and fresh sulphuric acid (in B6)
were used for stripping. Washing was started from the fourth cycle (D) and was
carried out in two stages in each subsequent cycle.

Atomic absorption spectroscopy was used to determine the contents of the
components in the aqueous phases.

RESULTS AND DISCUSSION
Initial experiments showed that equilibria of extraction stripping were obtained in 5
minutes of phase contact. The phases separated completely both in extraction and

stripping.

100
75

50

Extraction, %

Fig. 3. Effect of pH on extraction of selected metal cations with 0.2 M CYANEX 272
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Fig. 4. Effect of pH on extraction of selected metal cations with 0.2 DEHPA

Figures 3 and 4 show the effect of equilibrium pH on the extraction of selected
metal cations with 0.2 M solutions of CYANEX 272 and DEHPA. Such relationships
are usually given in reagent catalogues. However, the position of the curves of
% extraction vs. pH depends on the extraction conditions, i.e., concentrations of
reagents in both phases and the diluent. The isotherms given in Figs. 3 and 4
correspond to the experimental conditions used in this work. In the both considered
systems, zinc(II) was better extracted than other cations. DEHPA extracted zinc(II) at
lower pH than did CYANEX 272. pHys values determined for metal sulphate
concentration equal to 0.5 M amounted as follows: 0.2 DEHPA — Zn 2.21, Cd 2.83,
Cu 2.90 and 0.2 M CYANEX 272 — Zn 2.72, Cd 4.82, Cu 3.93. Bigger gaps between
the curves of % extraction vs. pH were observed for CYANEX 272.

Extraction isotherms of zinc concentration in the organic phase versus zinc
concentration in the aqueous phase (Fig. 5) indicated that the loading capacities of the
organic phases (0.2 M) were in the range 6-8 g/L for the considered equilibrium pH.
Such low capacities indicated that i) the organic phase could easily be totally loaded
with zinc(Il) and, due to the crowd-out effect, the selectivity of zinc extraction could
be improved, and ii) a significant volume excess of the organic phase would be needed
to efficiently recover zinc(Il) from concentrated aqueous feeds (68.6 g/L Zn(Il)). The
extraction should then be carried out in 2-3 counter-current stages.

The compositions of the selected aqueous phases and recoveries of contaminated
components are given in Tables 1 and 2. A higher recovery of zinc(Il) (99.997%) was
obtained using DEHPA. However, the final aqueous phase contained significant
amounts of metal contaminants. About 50% Cu(Il), 30% Cd(II), 20% K(I) and 3.5%
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Mg(Il) present in the aqueous feed was transferred to the final strip. The content of
sodium increased drastically from 4.4 g/L up to 7.6 g/L. That high concentration of
sodium could result from the great difference in the volumes of phases in the stripping
(1 L of organic phase and 57 mL of strip phase). The organic phase was not totally
loaded with zinc(II) and accumulated sodium. Additional washing with a diluted acid
should be necessary to remove sodium. However, some amounts of zinc(Il) would be
also washed out as a result.

Zn(0) g/L

Fig. 5. Extraction isotherms

for zinc(II) extraction with

0.2 DEHPA (pH 3.0)

and 0.2 M CYANEX 272 (pH 4)

Zn(W) glL

Table 1. Composition of selected aqueous phases and recoveries from the feed.
0.2 M CYANEX 272 as extractant

Solution Concentrations, g/L

Cu Cd K Na Mg As Fe Zn
Aqueous feed 34 0.38 9.4 4.4 3.05 0.053 68.6
F5 Strip 0.026 0.0034 0.14 0.94 0.036 0.013 0.006 110
G5 Strip 0.011 0.0021 0.10 1.01 0.018 0.010 0.004 140
Fl Raffinate 1.99 0.22 5.49 274 1.78 0.027 - 2.00
Gl Raffinate 1.98 0.22 5.50 26.2 1.79 0.028 - 4.25
G2 Raffinate - - - - - - - 54.0

Recovery, %

F5 Strip 0.37 0.43 0.72 - 0.57 11.8 - 94.8
G5 Strip 0.16 0.27 0.51 - 0.28 8.9 - 89.4

CYANEX 272 extracted less zinc(Il) (near 90%) but transferred significantly less
metal contaminants. Thus, the use of CYANEX 272 was preferred because the reagent
coextracted 150-300 times less copper(Il), 70-100 times less cadmium(II), 35-45 times
less potassium, 9-12 times less magnesium(Il) and 6-8 times less sodium than
DEHPA. Only the level of arsenic(V) was 1.3 times higher when CYANEX 272 was
used.
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Table 2. Composition of selected aqueous phases and recoveries from the feed.
DEHPA as extractant.

Solution Concentration, g/L
Cu Cd K Na Mg As Zn
Aqueous feed 34 0.38 9.4 4.4 3.05 0.053 68.6
F6 Strip 3.95 0.25 4.75 7.63 0.33 <0.007 150
G6 Strip 3.63 0.22 4.50 5.75 0.22 <0.007 150
Fl Raffinate 1.00 0.175 4.79 19.1 1.95 0.033 0.14
Gl Raffinate 1.12 0.187 4.94 19.2 2.02 0.034 0.15
G2 Raffinate - - - - - - 2.6
G3 Raffinate - - - - - - 29.7
Recovery, %
F5 Strip 56.4 319 24.5 - 5.25 <6.5 99.997
G5 Strip 51.8 28.1 23.2 - 3.50 <6.5 99.997

A higher selectivity of zinc(Il) extraction with CYANEX 272 was obtained,
although the equilibrium pH of the aqueous phases in the extraction (3.1-4, mainly
near 4) was near 1 unit higher in comparison with the process in which DEHPA was
used (near 3). At the same pH the advantage of using CYANEX 272 would be
significantly higher. However, the strip solution needed further purification before
electrowinning to reduce the content of Cu(Il) and Cd(II) down to the level of 0.0001-
0.0005 g/L. Such purification could be accomplished by cementation with zinc.

The use of Cyanex 272 was also more convenient because the formation of cruds
was not observed. Contrary, the cruds were formed after a few cycles of extraction and
stripping when DEHPA was used. The DEHPA organic phase became more viscous
than the phase containing CYANEX 272.

CONCLUSIONS

The simulation of the counter-current extraction-stripping process enabled
CYANEX 272 to be selected for the recovery of zinc(Il) from acidic sulphate
solutions. A higher selectivity of zinc(II) extraction was the main benefit of using
CYANEX 272. Technologically significant conclusions could be arrived at only when
process solutions with metal contaminants were used for the studies and several
extraction-washing-stripping cycles were carried out. The studies of individual
extraction and/or stripping using model solutions could only be considered as an initial
step and were of a limited technological value.
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Gotfryd L., Szymanowski J., Odzysk cynku(ll) z kwasnych roztworéw siarczanowych. Symulacja
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Cyanex 272 oraz kwas di(2-etyloheksylo)fosforowy (DEHPA) zastosowano do ekstrakcji cynku(Il) z
procesowych roztwordw siarczanowych zawierajacych dodatkowo Cu(Il), Cd(II), Na(I), K(I), Mg(D),
Ca(Il) i As(V). Symulowano przeciwpradowy proces ekstrakcyjno-reekstrakcyjny. Symulacja pozwolita
wytypowaé Cyanex 272 jako odpowiedni ekstrahent do selektywnej ekstrakcji cynku(Il) wobec
wystepujacych zanieczyszczen. Tylko zastosowanie prawdziwych roztwordw technologicznych i
prowadzenie pelnego cyklu ekstrakcji — przemywania i reekstrakcji umozliwia wyprowadzenie
technologicznie rozsadnych wnioskow. Badanie indywidualnego etapu ekstrakcji lub reekstrakeji posiada
ograniczone technologiczne znaczenie.
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METAL REMOVAL FROM SPENT PICKLING
SOLUTIONS OF HIGH ZINC(I1) CONCENTRATION
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The extraction of zinc(Il), iron(IIl) and iron(II) with TBP from hydrochloric acid solutions
containing high zinc(II) concentration is studied. Two technological approaches for the separation are
considered. Firstly, the selective extraction of iron(IIl) (iron(Il) is oxidized to iron(IIl)) over zinc(II)
with TBP deficiency. Secondly, iron(IIl) reduction to iron(Il) followed by zinc(Il) selective
extraction with an excess of TBP. The total removal of iron(III) needs several successive extractions
with fresh TBP portions. Such a process is not technologically reasonable. Stripping both of zinc(II)
and iron(Ill) can be effectively accomplished with water but is not selective. Prior stripping, the
organic phase can be washed with small amounts of water. Scrubbing of TBP solutions containing
iron(Ill) contaminated with zinc(Il) gives always a mixture of zinc(Il) and iron(Ill) which must be
recycled to the extraction step in continuous process. Scrubbing of TBP solutions containing zinc(II)
and iron(II) enables the removal of iron(II) with some amounts of zinc(II). Again, the solution must
be recycled. Scrubbing is more advantageous than multistage extraction with small volume of TBP.
The following technological concept is proposed: reduction of iron(Ill) to iron(Il), extraction of
zinc(Il) with 5-10 volume excess of TBP, washing of TBP phase contaminated with iron(II) with
small volumes of water and recycling of the scrubbings and stripping of zinc with water.

Key words: extraction, zinc(Il), iron(lll), iron(1l), tributyl phosphate, spent pickling solutions
INTRODUCTION

Regeneration of spent pickling solutions from hot-dip galvanizing is an important
and still unsolved problem. Hot-dip galvanizing in 96.5-99% purity zinc, carried out at
445-465 °C (Maass, 1998), needs the pure surface of iron goods. The rust is removed
by the pickling with 20% HCI carried out at room temperature.

Pickling solutions are considered as spent solutions when hydrochloric acid
concentration decreases by 75-85%, and metal content increases up to 150-250 g/L

“Institute of Chemical Engineering and Technology, Poznan University of Technology,
pl. M. Sklodowskiej - Curie 2, 60-965 Poznan, Poland, jan.szymanowski@put.poznan.pl
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(Maass 1997, Anielak 1987). The spent pickling solution content depends on the
origin plant and pickling method applied there. Spent pickling solutions from steel
pickling contain zinc(Il), iron (mainly iron(Il)), traces of lead, chromium and other
heavy metals (max. 500 mg/L) and hydrochloric acid. Zinc(II) passes to the spent
solution due to removal of bad covered zinc layers, dissolution of covered with
zinc(II): racks, chains and baskets used for transportation of galvanized elements. As a
result, zinc(II) concentration increases even up to 130 g/L, while iron content does not
exceed 10 g/L (Maass 1997).

The use of several techniques was proposed to regenerate spent pickling solutions
but they were not implemented into industrial practice (Lo, 1991). One of the
possibilities is the use of solvent extraction. Fundamental problems of such separation
were described in our previous papers (Regel et al. 2001, Cierpiszewski et al. 2002,
Regel-Rosocka et al. 2002, Regel-Rosocka et al. 2003). However, problem concerned
spent pickling solutions containing low amounts of zinc(Il) and high amounts of iron.

It is the aim of the work to study the effect of phase ratio on selectivity of zinc(II)
or iron(IIl) extraction with tributyl phosphate from spent pickling solution containing
high zinc(II) concentration.

EXPERIMENTAL

Tributyl phosphate (TBP) (Merck, Germany) was used as an extractant. The
reagent was used as delivered without any purification and was applied as undiluted
and diluted (80%) with low aromatic kerosene Exxsol D 220/230 (ESSO A.G,,
Germany).

Extraction was carried out in small scale (separatory funnels) using different
volume ratios equal to (organic/water) 1:10, 1:5, 1:1, 5:1, 8:1, 9:1 and 10:1. Phases
were mechanically shaken for 10 minutes and left for phase separation. Contents of
the model aqueous feed was near to a real solution from “Belos” galvanizing plant in
Bielsko-Biala and contained 100 g/L Zn(Il), 29 g/L Fe(Il), 1 g/L Fe(Ill) 2.5 M HCI,
6.5 M CI". Stripping from loaded TBP was carried out with deionized water at volume
ratio 1:1. Scrubbing of loaded TBP was carried out with deionized water at w/o ratio
1:5 and 1:10.

In the second part of the experiments the aqueous phase containing 120 g/L Zn(II),
30 g/L Fe(Illl), 4 M HCI, 6.5 M CI' (Feedl) was extracted with 80% TBP in several
stages until iron(IlT) was removed completely. Three volume ratios were used o/w 1:2,
1:5, 1:10. After first extraction, the organic phase was contacted with the fresh
aqueous feed (Feed2: 120 g/L Zn(II), 30 g/L Fe(Ill), 4 M HCI, 6.5 M CI') and after
each further extraction the organic phase was contacted with raffinate (R2;) to load
TBP with iron(Ill) and to push up zinc(Il) from the organic phase. The way of
carrying out the experiment is shown in Fig. 1.

Zn(Il) concentration in the aqueous phase was determined by amperometric
titration with 0.05 M K4[Fe(CN)s]. HCI content in aqueous phase was determined by
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potentiometric titration (702 SM Titrino, Metrohm, Switzerland) with 0.1 M NaOH.
The content of Fe(Il) and Fe(Ill) was determined by titration with K,Cr,O; (Fe(III)
was reduced to Fe(Il) with 5% solution of SnCl,). The content of water in the organic
phase was determined by the Karl - Fischer titration.

Fresh
Feedl TRD Eeed?
E2;
Ely > 1 B2y . £
1 — E1l : —
Rl . 2 . 2 B.24 . E2s .
2 E.1 3 Rz
S El; ——
Fresh . Ry * Elq *
TBP 4 Rld »
Frezh
TEF TFresh

TEP

Fig. 1. Scheme of multistage extraction experiment (E and R denote extract and raffinate, respectively;
capital digit succeeding R or E stands for feed 1 and 2; subscripts denote extraction step)

RESULTS AND DISCUSSION

The real solution from “Belos” galvanizing plant in Bielsko-Biala contains 120 g/L
Zn(Il), 30 g/L Fe(Il), 1 g/L Fe(Ill), 2.5 M HCI, 6.5 M CI". In the considered system of
high chloride concentration, metal ions exist mainly in the form of chlorocomplexes.

The computing results of chlorocomplexes distribution, presented in previous work
(Bartkowska et al. 2002), suggest that in the initial aqueous feed only iron(Il) is
present in cationic forms (Fe*" and FeCl") and can not be extracted by TBP. Both
iron(IIl) and zinc(II) form higher chlorocomplexes which are extracted effectively.

Two technological approaches for the separation were considered. Firstly, the
selective extraction of iron(Ill) over zinc(Il) with small portions of TBP. Thus, it was
assumed that prior extraction iron(Il) would be oxidized to iron(Ill), e.g., with
hydrogen peroxide. Secondly, iron(Ill) reduction to iron(Il) with iron wool followed
by zinc(II) selective extraction with an excess of TBP. Taking into account a high
concentration of zinc(II), the first option seems technologically more sound.

The extraction depends on the phase ratio. Fig. 2 indicates that percentage of
zinc(Il) extraction increases significantly with increasing organic phase volume. For
10-folded excess zinc(Il) extraction reaches almost 100%. Similar behavior is
observed for iron(Ill). However, iron(Ill) extraction is high even for small organic



124 M. Rozenblat, M. Regel-Rosocka, J. Szymanowski

phase volume. Iron(Il) extraction increases with increasing o/w volume, too. It can be
explained with iron(II) oxidation to iron(IlI) or iron(Il) transport in hydrophilic cores
of reverse micelles to the organic phase.

In fact zinc(Il) concentration in feed is near 100 times higher than iron(III)
concentration. Thus, the content of zinc(Il) in the organic phase is higher than iron(I1I)
concentration, even for small organic phase volumes. Real view of zinc(I) and
iron(IlT) extraction is better expressed as selectivity characterized by the ratio of
distribution coefficients, e.g.:

125
100 Zn(ll)
Fe) 720
80- .
{15 =
60 S
X )
=2} i m‘--
40 10
20 13
0 T T T T T T T T T T O
0 2 4 6 8 10
o/w ratio

Fig. 2. Effect of organic/water volume ratio on percentage of zinc(Il) (<), iron(IT) (A) and iron(I1I) (1)
extraction and selectivity (ll) of iron(Il) extraction over zinc(II) with 100% TBP. (Feed: 100 g/L Zn(II),
29 g/L Fe(Il), 1 g/L Fe(Ill), 2.5 M HCl, 6.5 M CI')

S _ DFe(III)
Fe(IIl)/ Zn(II) — D
Zn(1l)

6]
The results in Fig. 2 indicate that good extraction selectivity of iron(IIl) over zinc

can be obtained only for small o/w ratios (up to 1:2).

Table 1. Zinc(IT) and iron(III) extraction with 80% TBP for different volume ratios (Feed: 100 g/L Zn(II),
30 g/L Fe(Ill), 2.5 M HCI, 6.5 M CI).

o/w ratio Eznq [Zn(ID)], Efeqm Fe(I1D),
% g/L % /L
1/10 0.37 3.7 11.4 34.2
1/5 0.81 4.1 22.3 334
12 0.78 1.6 42.0 25.2
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Fig. 3. Scheme of multistage extraction experiment (E and R denote extract and raffinate, respectively;
capital digit succeeding R or E stands for feed 1 and 2; subscripts denote extraction step)
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Fig. 4. Iron(I1T) (M, OJ), zinc(I) (A, A) and HCI (>k, +) concentrations in raffinate R1; (., A, +) and
R2; (H, A, %) in nine steps of extraction at o/w = 1:5 (Feed: 120 g/L Zn(II), 30 g/L Fe(Ill), 4 M HCl, 6.5
M CT’; Organic: 80% TBP)

The loading capacities of 80 and 100% TBP are equal to 36 and 45 g/L Fe(lll)
respectively. The organic phase after single extraction with the volume ratio o/w
changed from 1:10 to 1:5 contains over 30 g/L. Fe(Ill) and 3-4 g/L. Zn(Il) (Table 1).
Thus, the total removal of iron(Ill) (after oxidation of Fe(Il)) needs several successive
extractions with fresh TBP portions. Such process is not technologically reasonable.
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Fig. 5. Iron(I1T) (M, OJ), zinc(IT) (A, A) and HCI (>k, +) concentrations in raffinate R1; (d, A, +) and
R2; (M, A, %) in five steps of extraction at o/w = 1:2 (Feed: 120 g/L Zn(II), 30 g/L Fe(IIl), 4 M HC], 6.5
M CT’; Organic: 80% TBP)

The separation of iron(III) over zinc(Il) is enhanced with an excess of the aqueous
feed due to the crowd effect, i.e. when the organic phase is saturated with metal
species then weaker complexes are replaced by the stronger ones. Such a phenomenon
takes place in case of the second extraction (see Fig. 1 with extraction scheme), where
raffinate after the extraction is richer in Zn(II). It is observed for all o/w ratios 1:2, 1:5
and 1:10 in Figs. 3-5, respectively. Iron(IIl) concentration in both raffinates (Fel, Fe2
in R1; and R2;) decreases almost to 0 g/L.. However, zinc(I) concentration (Znl) in
raffinate R1; also decreases in each successive step of extraction. It means that Zn(II)
is co-extracted to the organic phase. However, after contacting the loaded TBP with
the second raffinate R2;, Zn(Il) concentration (Zn2) increases in each step and finally
amounts to at least initial value in feed. HCI extraction plays important role in zinc(II)
and iron(III) extraction. A dramatic decrease of HCI concentration (HCI11), from over
4 to 2 M, is observed in first three, six and nine steps in raffinate R1; for o/w = 1:2, 1:5
and 1:10, respectively. Then, HCI transport is not significant. HCI concentration
decreases continuously in the raffinate R2;.

The results indicate that the “double extraction” carried out according to the
scheme given in Fig. 1 enables the extraction of iron(Ill) in the presence of zinc(II)
which accumulates in the aqueous phase (Fig. 6). Unfortunately, too many stages are
needed.

Stripping both of zinc(Il) and iron(IIl) can be effectively accomplished with water
which, however, is not selective, i.e., both Fe(Ill) and Zn(Il) are stripped. Prior
stripping, the organic phase can be washed with small amounts of water (Table 2). For
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w/o = 1:5 near 30% of zinc(Il) is scrubbed from loaded TBP with water and almost
40% with Fe(Ill) solution. Fe(Ill) solution is used to increase crowd effect and to

cause higher zinc(Il) transfer to the aqueous phase. However, no visible impact is
observed.
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Fig. 6. Ratio of Fe(IIT) and Zn(II) concentrations in raffinate R1; (L, B, <) and R2; (A, A, V) after
each extraction step at o/w = 1:2 (1, A); 1:5 (M, A) and 1:10 (k, V).

Table 2. Zinc(II) and iron(I1I) scrubbing from two times loaded 80% TBP (E2;) (Sc stands for scrubbing,
ol and 02 denote organic phase before and after scrubbing, respectively)

Scrubbing w/o [Zn(ID)], [Fe(IID)],1 Scznan SCre(u [Zn(1D)]2 [Fe(IID)]o2
phase g/L g/L % % g/L g/L
water 1:5 47.2 16.3 27.5 20.4 34.3 13.0
water 1:5 31.7 42.2 28.4 18.0 22.9 34.6

4.5 g/L Fe(II) 5:1 18.3 23.2 100 71.3 0 6.62
4.5 g/L Fe(Ill) 1:5 19.4 22.1 394 15.8 11.7 18.6

Table 3. Zinc(IT) and iron(II) extraction for different volume ratios and TBP concentrations
(Feed: 100 g/L Zn(II), 30 g/L Fe(II), 2.5 M HCl, 6.5 M CI)

[TBP] o/w before EZn(ll) EFe(ll) [ZH(II)]O [Fe(H)]O o/w after
% extraction % % g/L g/L extraction
100 8:1 99.4 15.9 11.9 0.55 20:1
9:1 99.8 42.1 10.3 1.3 37:1
30 8:1 98.3 12.4 11.7 0.44 16:1
9:1 99.0 14.9 10.9 0.49 20:1
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An excess of scrubbing phase causes high Fe(Ill) washing out. Unfortunately, in
case of small water amounts iron(IIl) is also scrubbed. Thus, it is impossible to wash
out zinc(Il) selectively without loss of iron(Ill). Scrubbing solution is always a
mixture of zinc(Il) and iron(Il) and it must be recycled to the extraction step in
continuous process. However, scrubbing is more advantageous than multistage
extraction with small volume of TBP.

Results presented in Table 3 show very effective zinc(Il) extraction (over 98%) in
the presence of iron(Il) at high excess of the organic phase. On the other hand, iron(II)
is extracted significantly (over 10%). It is probably result of water transfer to the
organic phase and iron(Il) physical transport. o/w ratio after extraction confirms a
dramatic decrease of the aqueous phase volume, especially in case of 100% TBP.
Practically such continuous process can be carried out only with recycling of the
aqueous phase from the settler to the mixer of the same contactor to keep the phase
ratio in reasonable range o/w = 2:1-1:1.

Table 4. Zinc(II) and iron(II) scrubbing with water from loaded 80% TBP (Sc stands for scrubbing, ol
and 02 denote organic phase before and after scrubbing, respectively)

w/o [Zn(ID)]o; [Fe(ID]o Sczaan Screan [Zn(ID)],, [Fe(I0D],
g/L g/L % % g/L g/L

1:5 12.7 0.42 15.3 100 10.7 0

1:5 11.3 0.43 16.1 100 9.4 0

1:10 12.7 0.42 5.1 50.6 12.09 0.21

1:10 11.3 0.43 6.5 78.4 10.56 0.09

Scrubbing of TBP solutions containing zinc(II) and iron(Il) enables the removal of
iron(Il) with some amounts of zinc(Il) (Table 4). 100% of iron(II) is washed out from
80% TBP at w/o volume ratio 1:5. Using of higher volume ratio decreases amount of
scrubbed iron(Il). Again, the solution must be recycled because some amounts of
zinc(Il) (5-16%) are washed out. The removal of iron(Il) by scrubbing with water
supports the idea of unspecific iron(Il) transfer in the cores of reverse micelles.

CONCLUSIONS

Two technological approaches for the separation are considered: the selective
extraction of iron(IIl) over zinc(Il) with TBP deficiency, and zinc(Il) selective
extraction with an excess of TBP after iron(IIl) reduction to iron(Il). None of the both
versions enables selective extraction of iron(IIl) or zinc(Il). The total removal of
iron(IIl) needs several successive extractions with fresh TBP portions. Zinc(II) can be
quantitatively recovered using 5-10 volume excess of TBP.

Stripping both of zinc(Il) and iron(Ill) can be effectively accomplished with water
but is not selective. Prior stripping, the organic phase can be washed with small
amounts of water. Scrubbing of TBP solutions containing iron(III) contaminated with
zinc(I) gives always a mixture of zinc(Il) and iron(IIl) which must be recycled to the
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extraction step in continuous process. Scrubbing of TBP solutions containing zinc(II)
and iron(Il) enables the removal of iron(Il) with some amounts of zinc(Il) (5-16%).
Again, the solution must be recycled. The removal of iron(Il) by scrubbing with water
supports the idea of unspecific iron(Il) transfer in the cores of reverse micelles.

The following technological concept is proposed: reduction of iron(IIl) to iron(Il),
extraction of zinc(Il) with 5-10 volume excess of TBP, washing of TBP phase
contaminated with iron(II) with small volumes of water and recycling of the
scrubbings and stripping of zinc with water.
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Badano ekstrakcje cynku(Il), zelaza(Il) i zelaza(IIl) za pomoca fosforanu tributylu (TBP) z
roztworéw potrawiennych kwasu solnego o wysokim stgzeniu cynku. Rozpatrzono dwa podejscia
technologiczne. Pierwsze: selektywna ekstrakcje zelaza(IIl) (zelazo(Il) utleniono do zelaza(III)) wobec
cynku(Il) niedomiarem TBP. Drugie: redukcjg zelaza(Ill) do zelaza(Il), a nastgpnie selektywna ekstrakcje
cynku(Il) nadmiarem TBP. W celu catkowitego usunigcia zelaza(Ill) nalezy zastosowaé kilka do
kilkunastu stopni ekstrakcji §wiezym TBP. Reekstrakcje zarowno cynku(ll), jak i zelaza(III) za pomoca
wody mozna przeprowadzi¢ wydajnie, ale nie jest ona selektywna. Przed reekstrakcja nalezy przemyc¢
fazg organiczna niedomiarem wody. Odmycie z TBP natadowanego cynkiem(II) i zelazem(II) pozwala na
calkowite usunigcie zelaza(Il) i pewnych ilosci cynku(Il). Odmywanie jest korzystniejsze niz
wielostopniowa ekstrakcja niedomiarem TBP. Zaproponowano nastgpujaca koncepcje technologiczna:
redukcje zelaza(Ill) do zelaza(Il), ekstrakcje cynku(II) nadmiarem objgtosciowym TBP 5-10, odmycie
TBP zanieczyszczonego zelazem(Il) mala iloScia wody i zawrdcenie roztworu wodnego po odmyciu,
reekstrakcje cynku(Il) woda.
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Competitive transport of Zn(II), Cd(Il), and Cu(Il) ions from aqueous chloride source phase
(cme =0.01 M) through polymer inclusion membranes (PIMs) containing cellulose triacetate
(support), o-nitrophenyl pentyl ether (plasticizer) and side-armed lariat ether-type derivative of
diphosphaza-16-crown-6 (ion carrier) has been investigated. The influence of the group attached type
to the PNP-lariat ether molecule on the selectivity and efficiency of Zn(II), Cd(II), and Cu(Il)
transport through polymer inclusion membranes is studied. The removal of metal ions by transport
through PIM’s from acid aqueous phase into 0.1 M CH3COONH,, NH,OH or EDTA aqueous
solution (receiving phase) is presented. The selectivity coefficient of Cd/Zn and Cd/Cu decreases with
CI' concentration increase in source phase for transport with bis-lariat ether, whereas for mono-lariat
ether the selectivity coefficients are not changed.

Key words: polymer inclusion membrane, zinc(Il), cadmium(Il), copper(ll), PNP-crown ethers

INTRODUCTION

Recently a remarkable increase in the applications of liquid membranes for
separation processes was found. The use of liquid membranes containing ion carriers
is an alternative to solvent extraction for selective separation and concentration of
metal ions from source aqueous phase, in which the concentration of metal ionic
species is > 1-10* M (Bartsch and Way 1996). A new type of membrane system,
called polymer inclusion membrane (PIM), has been developed which provides metal
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ion transport with high selectivity, as well as easy setup and operation (Bond et al.,
1999).

Crown ethers as ion carriers were successfully used for metal ions separation in
solvent extraction, transport through liquid membranes and ion exchange systems. A
few papers deal with the selective removal of Zn(Il) and Cd(II) ions with neutral
crown ethers. Katsuta et al. (Katsuta et al., 2000) has studied the extraction of Zn*
and Cd*" cations with benzo-18-crown-6 (B18C6) into benzene organic phase in the
presence of picric acid. Compared with Cd*, B18C6 extracts Zn®" more effectively
although the size of Zn>" cation is less suited for the cavity of crown ether. Billah and
Hohjo (Billah and Hohjo, 1997) extracted the mixture of cadmium(Il) and zinc(II)
from aqueous solutions as their thenyltrifluoroacetone (TTA) complexes with
dibenzo-18-crown-6 (DB18C6) into o-dichlorobenzene. At pH 4.9 only Zn(Il) was
extracted quantitatively, whereas Cd(II) remained in the aqueous solution.

A reverse selectivity in Zn*" and Cd*" separation was obtained in transport across
liquid membranes containing 18-membered crown ethers. In competitive transport of
Zn(Il) and Cd(II) through emulsion liquid membrane containing dicyclohexane-18-
crown-6, near quantitative selectivity for Cd(Il) over Zn(Il) and Hg(II) has been
achieved (Izatt et al., 1987). This can be explained by the preferential transport of
neutral cation-anion moieties of CdA, from Zn*" and HgAzz', where A= SCN’, I' Br
or CI" (Izatt et al., 1986). Cho et al. (Cho et al., 1988, 1991, 1995) found out that a
single transport of Cd*" across emulsion liquid membranes by diazo-18-crown-6
(DA18C6) from 0.4 M SCN™ aqueous solutions is much more effective in comparison
with Zn**. On the other hand, Dadfarnia and Shamsipur (Dadfarnia and Shamsipur
1992) discovered quantitatively transport of zinc(Il) and only 1% of cadmium(Il)
across bulk liquid membrane by DA18C6 and hexadecanoic.

We now present results for competitive transport of zinc(Il), cadmium(II), and
copper(I) ions from dilute aqueous solutions by side-armed PNP 16-crown-6
derivatives. PNP-lariat ether were used for separation of zinc(Il) and cadmium(II) ions
by ion flotation (Ulewicz et al., 2003). We have shown that the selectivity of
cadmium(II) and zinc(Il) separation with use of the PNP-lariat ethers depends upon
pH of aqueous solution and the nature of the substituents at the N;P; ring, playing part
of the side arms. Present work deals with the separation of zinc(Il), cadmium(II) and
copper(I) metal ionic species (cme= 0.01M) from chloric aqueous solutions
containing equimolar mixture of these metals by polymer inclusion membranes.
Effects of structural modification of crown ethers upon the efficiency and selectivity
of ions transport is now reported.

EXPERIMENTAL
POLYMER INCLUSION MEMBRANE PREPARATION
A solution of cellulose triacetate as the support, o-nitrophenyl pentyl ether as the

plasticizer, and crown ethers 1 and 2 as the ion carriers in dichloromethane as the
organic solution was prepared. A specified portion of this organic solution was poured
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into a membrane mold comprised of a 9.0 cm glass ring attached to a plate glass with
cellulose triacetate - dichloromethane glue. The dichloromethane was allowed to
evaporate overnight and the resulting membrane was separated from the glass plate
by immersion in cold water. Next, the membrane was soaked in 0.1 M aqueous
solution of hydrochloric acid for 12 hours. Two samples of membrane were cut from
the same membrane for duplicate transport experiments. The membrane contained 2.6
cm’ ONPPE / 1g CTA, and 0.1M crown ether based on plasticizer.

The inorganic chemicals, i.e. zinc(Ill), cadmium(Il), copper(Il) chlorides and
hydrochloric acid were of analytical grade and were purchased from POCh (Gliwice,
Poland). The organic reagents, i.e. cellulose triacetate (CTA), o-nitrophenyl pentyl
ether (ONPPE) and dichloromethane were also of analytical grade and were purched
from Fluka and used without further purification. The density of plasticizer, i.e.
o-nitrophenyl pentyl ether was 1.085 g/cm’. The aqueous solutions were prepared with
double distillation water, which conductivity was 0.1 uS/m. Crown ethers 1 and 2
were synthesized in Institute of Polymer Chemistry, Polish Academy of Sciences,

Zabrze (Poland).
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TRANSPORT STUDIES

Transport experiments were conducted in a permeation cell in which the membrane
film (at surface area of 4.9 cm’) was tightly clamped between two cell compartments.
Both, i.e. the source and receiving aqueous phases (45 cm’ each) were mechanically
stirred at 600 rpm. The receiving phase was 0.1 - 0.5 M aqueous solution of
ammonium acetate, EDTA or ammonium hydroxide. 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 zinc and cadmium concentrations by atomic absorption
spectroscopy method (AAS Spectrometer, Solaar 939, Unicam). The source phase
acidity was controlled by pH meter (pH meter, CX-731 Elmetron, with combine pH
electrode, ERH-136, Hydromet, Poland) and pH was kept constant by adding
periodically small amounts of 1.0 M HCI aqueous solution.

The kinetics of PIM transport can be described by a first-order reaction in metal ion

concentration:
h{ij = —kt (1)
&

where c is the metal ions concentration (M) in the source aqueous phase at some given
time, ¢; is the initial metal ions concentration in the source phase, k is the rate constant
(s), and t 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 relationship of In(c/c;) vs. time was linear, which was
confirmed by high values of determination coefficient (1), i.e., from 0.9974 to 0.9912.

The initial flux (J;) was determined as equal to:

J =——k-c 2
1 [ 1 ()

where V is volume of the aqueous source phase, and A is an effective area of
membrane.

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

RF=5"¢

-100% 3)
C.

1

The selectivity coefficient, S was defined as the ratio of initial fluxes for M1 and M2
metal ions, respectively:

§= Ji,Ml /Ji,MZ 4)
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RESULTS AND DISCUSSION

Previously it was found that competitive transport of zinc(Il) and cadmium(II) ions
through PIM with tri-n-octyl amine (TOA) as the anionic carrier (Koztowski et al.,
2000), allows to remove both metals from acidic chloride aqueous solutions. Now we
applied lariat ethers with cyclophosphazene subunits for zinc(Il), cadmium(II), and
copper(Il) removal from chloride aqueous solutions. The mono- and bis-lariat ethers
(1, 2) were synthesized for the purpose of this study with diphosphaza-16-crown-6
rings and different sets of substituents.

The kinetic parameters and selectivity orders of metal ions transport through PIM
from aqueous source phase containing equimolar mixture of all metal ions are shown
in Table 1. The initial fluxes of all investigated cations increase with acidity of the
feed phase increase. The selectivity order was as follows: Cd(I) > Zn(Il) > Cu(Il).
The selectivity coefficients of Cd/Cu and Zn/Cu for PIM decreases with HCI
concentration increase in source phase. The highest values of Scqqnyeuar and Szngnyeuar
was observed for lariat ethers 2 — the selectivity coefficients of Cd(II)/Cu(Il) were 8.7,
6.6 and 5.4 for 0.1, 0.3 and 0.5M HCI, respectively.

Table 1. The values of initial fluxes, selectivity coefficients and selectivity orders for competitive
transport of Zn(II), Cd(II), and Cu(II) through PIM
Source phase: solution of Cd(Il), Zn(II), Cu(Il) at concentration 0.01M in 0.1+0.5 M HCI;
Receiving phase: 0.1 M CH;COONH,; Membrane: 2.6 cm’® ONPPE / 1g CTA, 0.1 M crown ether

Crown | [HCI],M Cation Initial flux, Selectivity orders and selectivity
ether (umol/m’s) coefficient of Cd to other metals

Cd(n 3.52 Cd > Zn,Cu

0.1 Zn(II) 1.97 1.8
Cu(I) 1.92
Cd(I1) 5.75 Cd >Zn >Cu

1 0.3 Zn(1D) 5.25 1.1 1.9

Cu(I) 3.04
Cd(Il) 48.1 Cd >Zn>Cu

0.5 Zn(IT) 26.9 18 1.9
Cu(I) 243
Cd(1n) 17.4 Cd > Zn>Cu

0.1 Zn(1D) 14.1 1.2 87
Cu(I) 2.01
Cd(I) 39.5 Cd 2 Zn>Cu

2 0.3 Zn(ID) 38.1 1.0 6.6

Cu(I) 6.02
Cd(I) 76.7 Cd > Zn>Cu

0.5 Zn(1) 73.8 5.4
Cu(I) 14.3
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The results of metal ions removal, i.e. zinc(Il), cadmium(Il), and copper(Il) from
aqueous solutions containing equimolar mixture of metals (cpe= 0.01M) with lariat
ethers 1 and 2, are shown in Fig.1. As it comes from Fig.la using mono lariat ethers
1 all metal ions are removed from aqueous solutions in the comparable percent.
Removal of metal ions increased with the increase of acidic solutions. Using bis-lariat
ether 2 Cd(II) and Zn(II) ions are removal better than Cu(Il) from 0.1 and 0.3M HCI
solutions, but from 0.5M HCI solutions cadmium, zinc and copper ions are removed
comparable. In the presence of chlorides at concentration > 0.3 M all metals studied
are in the form of chloride complex anions (Stability constants, 1982), which are
attached to donor nitrogen atoms of ether 2. As the effect of ion pairs formation
zinc(Il), cadmium(Il) and copper(ll) are transported across polymer inclusion
membranes with 2 (Fig.1b) The recovery factor of all investigated metals with ether
2 was higher than for ether 1. This suggests that formed ion pair between metal ion
and ligand is determined by number of nitrogen atoms in the ring and sidearm of
ligand (Bartsch et al., 2002).

100

a) [ ]cd b)
I I Zn I
g0 L vzzzZ) Cu |
— %

60 L
$ -
w
& 7

40 L
20 b L

oz L

0.3 0.5

o

0.5
HCI concentration, M
Fig. 1. Recovery factor (%) after 8 hours of transport for Zn(II), Cd(II), and Cu(Il) ions from chloride
aqueous solutions through polymer inclusion membrane with 1 (a) and 2 (b).

Source phase: solution of Cd(II), Zn(II), Cu(Il) at concentration 0.01M in 0.1+0.5 M HCI; Receiving
phase: 0.1 M CH;COONH,; Membrane: 2.6 cm’® ONPPE / 1g CTA, 0.1 M crown ether

Type of receiving aqueous phase also influences on the process transport of metal
ions through PIM’s. The maximal percent metal removal from chloride aqueous
solutions into different receiving phases is shown in Fig.2. As it comes from this
figure removal of metal ions increased in the sequence: CH;COONH,; > EDTA >
NH4OH.
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100
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Fig. 2. Recovery factor (%) after 8 hours of transport through PIM with 2 of Zn(II), Cd(II), and Cu(II)
ions from chloride aqueous solutions; Source phase: Cd(II), Zn(II), Cu(II) at concentration 0.01M in
0.5 M HCI; receiving phase: 0.1 M solution of CH;COONH,, NH,OH or EDTA

CONCLUSION

Zinc(Il), cadmium(Il), and copper(Il) ions can be effectively removed from
aqueous chloride solutions in hydrometallurgical processes of polymer inclusion
membranes. Competitive transport of zinc(Il), cadmium(Il) and copper(Il)
(cmMe =0.01 M) from an aqueous chloride source phase through polymer inclusion
membranes containing derivatives of PNP-crown ethers as ion carriers into aqueous
ammonium acetate solutions allows removal of zinc(Il), cadmium(Il) and copper(Il).
The selectivity coefficients of Cd/Cu and Zn/Cu for PIM decreases with HCI
concentration increase in source phase.
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Zbadano selektywno$¢ procesu wydzielania jonow cynku(Il), kadmu(Il) i miedzi(I) z wodnych
roztworéw chlorkowych zawierajacych rownomolowa mieszaning tych trzech metali (cy=1,0 102 M) w
procesie transportu przez polimerowe membrany inkluzyjne (PIM) przy uzyciu w roli przeno$nikéw
jonoéw eterow PNP-difosfazakoronowych. Membrany typu PIM zbudowano z trdjoctanu celulozy
(nosénik), eteru o-nitrofenylopentylowego (pastyfikator) i eteru koronowego (przenosnik jonéw); stgzenie
eteru w przeliczeniu na plastyfikator wynosito 0,1 M. Wspolczynniki separacji Cd/Cu i Zn/Cu przez PIM
przy uzyciu mono-lariat eteru byly porownywalne, podczas gdy przy uzyciu bis-lariat eteru malaly wraz
ze wzrostem stgzenia jonéow ClI° w fazie zasilajacej. Wspodtczynniki separacji Cd/Cu wynosity
odpowiednio 8,7; 6,6 i 5,4 dla roztworu 0.1; 0.3 i 0.5 M HCI, natomiast wspolczynniki separacji Zn/Cu
dla tych roztworéw wynosity odpowiednio 7.0; 6.3 i 1.2. Tak wigc wspdtczynniki separacji jonéw kadmu
do miedzi byly wyzsze niz jonow cynku do miedzi. Separacja jondw Cd/Zn nie zachodzi. W pracy
przedstawiono ponadto wyniki transportu badanych jonéw przy zastosowaniu réznych faz odbierajacych,
tj., roztworu octanu amonu, wodorotlenku amonu i EDTA. Najwyzszy procent wydzielenia jondéw
badanych metali uzyskano przy zastosowaniu CH;COONH, (RF = 80 %).
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and BARIUM(I1) CATIONS WITH PROTON-IONIZABLE
LARIAT ETHERS IN THE ION FLOTATION PROCESS
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An experimental investigation is presented on competitive flotation of cesium(I), strontium(II)
and barium(II) cations from dilute aqueous solutions with proton-ionizable lariat ethers in the presence of
foaming agent. The influence of aqueous solution pH on the flotation rate and efficiency with lariat ethers
possessing DB-16-C-5 cavity and four different acidic groups, i.e. sulfonamide (1), sulfonic (2),
carboxylic (3), and phosphonic (4) was studied. It was found that, the ion flotation of Cs(I), Sr(Il)
and Ba(Il) cations with dibenzo-16-crown-5 derivative 1 from dilute aqueous solutions was fast and
selective, which might have a practical meaning for the decontamination of industrial (toxic,
radioactive) aqueous solutions.

Key words: ion flotation, cesium(l), strontium(Il), barium(l1), proton-ionizable crown ether

INTRODUCTION

The ion flotation process is a simple and an effective method for removal and
separation of metals ions from dilute aqueous solutions (¢ < 1.0 - 10 M). In this
process, an ionic surface active compound (collector) is introduced to the aqueous
solution to transport non-surface active colligent of the opposite charge from a bulk
aqueous solution to the interface of solution and vapour. Counter ions must be co-
adsorbed to neutralize the charge. If a sufficiently large aqueous solution / gas
interface is provided by sparging gas through the solution, the colligend ions can be
concentrated and removed along with the collector in a foam phase. The rate and
efficiency of the ion flotation process separation is a function of many factors but the
most important is the composition of aqueous solutions from which ions are to be floated

* Tadeusz Kosciuszko Military Academy, 54-150 Wroctaw, Czajkowskiego 107 Street, Poland
“Institute of Inorganic Chemistry and Metallurgy of Rare Elements, Wroclaw University of
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[Sebba, 1959; Grieves, 1975; Lemlich, 1972; Golman, 1982; Walkowiak, 1992;
Zouboulis and Matis, 1987; Matis, 1987; Okamato and Chou, 1997].

Selectivity of a process is not so high, when the ions of the same charge are being
removed. This is reason why inclusion compounds having a cage, such as crown ethers,
calixarenes or cryptands, and their derivatives have been investigated in recent years for
many systems of metal ions selective removal. Since discovery in 1967 by Pedersen (1967)
the first crown ether, i.e. dibenzo-18-crown-6, the macrocyclic compounds hold great
interest and potential and were successfully applied for many metal ions separations in
solvent extraction, transport across liquid membranes, and ion-exchange systems [Bond et al.,
1999; Bartsh and Way, 1996]. Macrocycles, which exhibit metal ion molecular recognition,
can be also regarded as being a novel inclusion-type surfactants (collectors) if they
have sufficient solubility in water and can adsorb quantitatively onto aqueous - air interfaces.
The recent advances of the crown ethers chemistry have been reviewed [Ludwig,
2000]. The general area covering the binding of all types of macrocycles in molecular
cavities often is referred as host-guest chemistry. Structural modifications lead to
macrocycle compounds with improved selectivity and efficiency in metal ions
separation [Walkowiak et al., 1990; Talanowa et al., 1999, Deng et al., 1995]. There
are only few papers which deals with application of macrocycles in the ion flotation
process. Koide et al. (1996) used phosphate ethers of C-undecylcalix[4]
resorcinarenes for uranium flotation from seawater and calix[4]arenes derivatives for
alkali metal cations flotation [Koide et al., 1993]. Schulz and Warr (1998) applied
cryptand 222, and 18-crown-6 together with anionic surfactant, i.e. bis(2,2")-
ethylhexylsulfosuccinate (AOT) for alkali metal cations separation. Another approach to
application of macrocycles for flotation of metal cations was done by Charewicz et al.
(2001). They used as macrocycles proton-ionizable lariat ethers with sulphonic,
phosphate and carboxylic acid groups for flotation of Sr*" and Cs” cations. Ulewicz and
Walkowiak (2003) used proton-ionizable lariat ethers with foaming agent for
flotation of Zn(Il) and Cd(II) ions from aqueous solutions.

We now present results for the selective removal of cesium(I), strontium(II) and
barium(Il) cations with proton-ionizable lariat ethers in the ion flotation process from
dilute aqueous solutions in the presence of nonionic foaming agent. We have shown
that the selectivity of cations flotation is a function of pH of aqueous solution and kind
of acidic group attached to the dibenzo-16-crown-5 cavity.

EXPERIMENTAL

The flotation experiments were carried out in a glass column 45.7 cm in high and
2.4 cm in diameter. The argon gas was saturated with water, and the flow rate was
maintained at 12 cm’/min. through a sintered glass sparger of 20-30 um nominal
porosity. The initial volume of each feed solution was 100 cm’. Concentrations of
Cs(I), Sr(II) and Ba(Il) in aqueous solutions were 1.0 - 10° M. All aqueous solutions
were prepared using double distilled water of conductivity 10 uS at 20 °C. As the
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lariat ethers were used four dibenzo-16-crown-5 derivatives with following acidic
groups: sulfonamide (with terminal -CF; group) (1), sulfonic (2) carboxylic (3) and
phosphonic (4).

X Ether nonionic foaming
no. agent
Cw%x -OCH,CONHSO,CF; 1 5
S X -O(CH2)3 SO3Na 2 Rl@—Rz
Cr 1) [ocucoon :
0 Q R, =-CsHyy
b()Q ~OCH,PO(OH)(OC,H) 4 R, = -O(CH;CH,0),0H

The metal cations concentration in the bulk solution (¢) versus time was recorded
continuously during ion flotation experiments by means of radioactive analytical tracer
and gamma radiation spectrometry following a procedure described previously by
Charewicz and Niemiec in 1969 and modified by Walkowiak and Ulewicz (2003).
A single channel, gamma radiation spectrometer was used as the detector of radiation
intensity of specific energy. In the present work the gamma radioactive isotopes, i.e.,
Cs-137, Sr-85, Ba-133, were used. They were of sufficiently high specific activity to
neglect the effect of carrier concentration. The isotopes were purchased from the
Atomic Energy Institute (Swierk, Poland). Proton-ionizable lariat ethers (1-4) were
synthesized by Richard Bartsch research group from Texas Tech University. Octylphenylo
decyl (ethylene glycol) ether (5 -Triton X-100), a nonionic foaming agent was obtained
from Merck (USA). Analytical grade CsNO; Sr(NOs),, Ba(NO;),, all from POCH
(Poland), were used to prepare the initial solutions of desired composition for each flotation
experiment.

The kinetic rate constant of flotation was calculated from the general equation
[Rubin, 1968; Rubin et. al., 1966]:

dc Ci n
dt~ G cr (c—cr) (D

where c; — stands for the initial ion concentration, ¢, — denotes the metal ion concentration
in the residual solution and n — order of flotation.
The equation (1) after integration leads for n =1 to the expression,:

C;: —C _
i r In C—Cr (2)

Cit Ci —Cr

The maximal percent removal (W) was described by the equation:
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W = (1-5).100% 3)
C.

RESULTS AND THEIR DISCUSSION

The preliminary experiments revealed that lariat ethers 1 and 3 exhibited
insufficient foaming ability, so that they had to be used together with a foaming
agent 5. On the other hand, crown ethers with sulfonic (2) and phosphonic acidic
groups (4) behaved like a regular ion flotation collector and they had a sufficient
foaming ability. The flotation of studied cations without lariat ethers but in the
presence of nonionic foaming agent only does not occur. The preliminary flotations of
Cs(I), Sr(II) and Ba(II) were performed from dilute aqueous solutions containing single
metal cations with crown ethers 1-4 in the presence of foaming agent as a function of
aqueous solution pH. The percent removal versus pH for Sr** cations is shown in fig.
1. The maximal removal of metals depends upon pH of aqueous solution, for crown
ether carboxylic derivative (3) especially. The percent removal for the others ethers
were high and they increased with pH increase up to 7.0 and than remain constant.

Fig. 1. The maximal percent removal of Sr(II) with crown ethers 1-4 at initial concentration of metal
=1.0-10"° M. [Lariat ether] = 5.0-10™ M, [Triton X-100] = 2-10°M

The rate constant values (k) for first-order kinetics equation (2) and maximal
percent removal for competitive ion flotation of Cs(I), Sr(Il) and Ba(Il) cations from
dilute aqueous solutions with crown ethers 1 - 4 in the presence of foaming agent
(Triton X-100) are presented in Tab.1. For all crown ethers with cavity size of 16-
crown-5 removal of floted ions is quit high, however a selectivity of process using
ethers 2-4 is low. The comparison of studied lariat ethers possessing the same
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cavity size (DB-16-C-5) and lipophilic part (-C,oH,;) indicates that attachment to
sulfonamide (trifluoromethyl -CF3) increases the selectivity of ion flotation process
with selectivity order: Sr*" < Cs” < Ba®" (Tab. 1). As can be seen from this table also
the kinetic rate constant for barium(Il) are higher than for others cations. The high
values of determination coefficient indicate that the ion flotation process runs
according to first order kinetics as was previously suggested by Rubin et. al. [Rubin,
1968; Rubin et. al., 1966]. Flotation kinetic curves of Cs(I), Sr(Il) and Ba(Il) for
competitive ion flotation of those metals from aqueous solutions with crown ethers
derivative 1 in the presence of foaming agent are shown in Fig. 2. As can be seen from
these curves flotation of Cs” Sr*” and Ba®" is fast and after 5-6 min. final removal is
reached.

Ba(ll) Sr(ll)

0 1 2 3 4 5 6 7 8 9 10
time [min.]
Fig. 2. The kinetic curves of competitive flotation of of Cs(I), Sr(Il) and Ba(Il) with crown ether 1 at

equimolar initial concentration (1.0-10” M) of each metal. [Lariat ether] = 5.0-10° M,
[Triton X-100] = 1-10"M, pH = 10,0

It was found that, the ion flotation of Cs(I), Sr(Il) and Ba(Il) with dibenzo-16-
crown-5 derivative 1 from dilute aqueous solutions was fast, selective and efficient
process, which might have a practical meaning for the decontamination of industrial
(toxic, radioactive) aqueous solutions.

CONCLUSION

Cesium(]), strontium(Il) and barium(Il) cations can be effectively removed from
aqueous solutions in process of ion flotation. The flotations of Cs(I), Sr(II) and
Ba(Il) from dilute aqueous solutions containing single metal cations with lariat ethers
1-4 in the presence of foaming agent indicate that the maximal percent removal of
metals depends upon pH of aqueous solution, for crown ether carboxylic derivative
(3) especially. The percent removal for the other lariat ethers were high and
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increased with pH increase up to 7.0. Competitive flotation of Cs(I), Sr(II) and Ba(II)
at equimolar initial concentrations (cye = 1.0-10°M) from a dilute aqueous solutions
with crown ether 1 allows for selective removal of floted metals, with selectivity
order: Sr*" < Cs" < Ba®". Proton-ionizable crown ether derivates of sufficient surface
activity and water solubility could be a new generation of specific collectors for
selective flotation of cations, such as Cs*, Sr**, Ba** from dilute aqueous solutions.

Table 1. The flotation parameters for Cs(I), Sr(II) and Ba(II) competitive flotation with crown
ethers 1 - 4. Initial concentrations of Cs(I), Sr(Il) and Ba(Il) = 1.0-10°° M, [Lariat ether] = 5.0-10° M,
[Triton X-100] = 1-10°M

Cs(I Sr(II Ba(Il
Ether no. pH @ |k [min )/ (rz*)/ W(%] | @
0.0824 0.0306 0.1821
1 10.0 0.9990 0.9933 0.9992
58.0 26.1 89.4
0.1495 0.1899 0.2431
2 4.0 0.9990 0.9990 0.9987
83.4 91.6 97.1
0.1219 0.1946 0.5661
3 10.0 0.9991 0.9994 0.9983
75.0 91.6 100.0
0.0737 0.1087 0.1183
4 4.0 0.9982 0.9991 0.9986
56.1 74.5 81.3
“Determination coefficient
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Zbadano selektywne wydzielanie jondéw cezu(l), strontu(Il) i baru(Il) z wodnych roztworow
zawierajacych réwnomolowa mieszaning metali (cye=1,0-10"° M) w procesie flotacji jonowej z uzyciem
czterech jonizowalnych eteréw lariatowych o koronie DB-16-C-5; posiadajacych decylowa grupg
lipofilowa, rézniacych si¢ natomiast grupa kwasowa, tj. z grupa sulfonoamidowa 1 (z rodnikiem CF3)
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sulfonowa 2, karboksylowa 3 lub fosfonowa 4. Flotacje prowadzono z zastosowaniem ww. eterow
lariatowych o stezeniu 5-10° M, w obecnosci spieniacza niejonowego, tj. Triton X-100, o stezeniu
1-10° M, przy pH optymalnym dla danej grupy kwasowej. Badano wptyw pH flotowanego roztworu
w zakresie pH od 4,0 do 10,0 stwierdzajac, Zze procent wydzielenia metali wzrasta z wzrostem pH,
szczegblnie dla pochodnej karboksylowej. Dla pozostatych pochodnych badanych eteréw, zaleznosé
ta jest stabsza. Wyniki uzyskane dla pochodnej sulfonowej2 i karboksylowej 3 eterow lariatowych
charakteryzuja si¢ podobnym, wysokim wydzieleniem dla wszystkich flotowanych jonéw, co jest
niekorzystne z punktu widzenia selektywnosci procesu. Dla pochodnej fosfonowej 3 eteru uzyskano nieco
gorsze kolektywne wydzielenie. Dopiero zastosowanie pochodnej sulfoamidowej 1 umozliwia
selektywne wydzielenie baru(Il) a uzyskane procenty wydzielenia wynosza: bar(Il) -89 %, cez(I) — 58 %
i stront(IT) —26 %.
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ON THE RATE OF GRINDING IN BALL MILLS
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Results of studies aiming at the determination of the effect of the number of contact points of
grinding media on the rate of grinding in ball mills are discussed in the paper. Studies covered batch
mills operating in industrial conditions. Wet grinding in a water solution with the addition of anti-
emulsifiers was carried out for typical raw materials applicable in industrial production of ceramic
tiles. The process of grinding was investigated for three industrial ball mills with different numbers
and sizes of corundum grinding media. In the tested mills the rate of grinding of particular size groups
was specified. The change of ground material particle size distribution in time was analysed, and the
effect of ball size, frequency of drum revolutions and the number of grinding media on the process
rate was reported. This rate is variable during grinding and the effect of the above mentioned factors
is different in consecutive periods of the process.

Key words: ball mill, point of contacts

INTRODUCTION

In ceramic industry, advantage is most often taken of grinding equipment whose
operating principles are based on the use of free energy of grinding media. The
simplest design solution are ball mills with steel or corundum grinding media.
Grinding of material particles in these mills proceeds mainly between grinding
elements and to a lesser extent between grinding media and the inner drum surface
[Drzymata 1992, Mattan 1971]. Particles of the ground material which are between the
surfaces of adjacent balls moving against each other (this motion may result from both
translational motion and rotations of the balls) will be mainly abraded and sheared
with possible crushing [Lynch 1974, Lowrison 1974]. In the cataract motion of balls
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(very desirable in ball mills), the striking mechanism of falling balls will be involved
additionally [Shipway, Hutchings 1993]. Moreover, the particular mechanisms of
grinding are affected by the size of balls and their number. It is obvious that at the
same volume of the bed of balls (the same degree of drum filling with balls) the bigger
are the balls the smaller is their number. Bigger balls mean a bigger mass of a single
ball and higher forces of interactions. A related smaller number of balls means a fewer
points of contact, hence a decrease of mini-regions in which in a given moment there
can be loads breaking the particles of material being ground. Selection of ball
diameters depends on the strength of material being ground and the diameter of raw
material particles. In general, for bigger particles, which require bigger forces to be
destroyed, bigger balls should be used, while in the case of smaller particles (of
weaker materials) better results are obtained when the number of the points of ball
contact increases, hence when this number grows at the cost of diameter. Results of
grinding in three industrial ball mills operating in the plants that manufacture ceramic
tiles were analysed from this point of view.

Simple construction of the mill does not correspond with grinding efficiency. Low
efficiency of the process makes technologists search for such ball composition in
which mean particle diameter decreases most quickly. This will enable the mill
operation time to be more economical.

PROCESS AND EQUIPMENT PARAMETERS OF GRINDING

Changes of particle size distribution of ground material in time were investigated in
three industrial mills. Mills A, B and C, were characterised by similar size and
kinematic parameters (Table 1). The process of wet grinding was carried out in a
water suspension with the addition of anti-emulsifiers. The feed consisted of a mixture
of minerals, mainly feldspar and clay. Tables 2 to 4 show the compositions of feed
ground in the tested mills.

Table 1. Main parameters of industrial mills

Industrial mills A B C
Inner diameter, [m] 3 2.5 3.15
Total volume, [m’] 34 38 38
Frequency of rotations, n[min™'] 13 12.65 13
Critical frequency, n, [min™'] 24.43 26.76 23.84
n/ng 0.53 0.47 0.54
Number of grinding balls, [thousand] 620 400 400
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Slight differences in feed composition for the tested mills followed from different
technologies of production. This was related to the application of ground product in
manufacturing of ceramic materials that would meet special requirements. The ground
product from each of the three mills was used in the production of two types of
ceramics. Wall tiles are burnt from a material called monoporosis (mill A, B) and
silica (mill C). In the production of floor tiles quarry tiles are used (mills A, B and C).

Table 2. Feed composition for silica quarry tiles in mill A.

Monoporosis Quarry tiles

Solid components, [kg] 18 000 18 000

- including feldspar, [kg] 5220 9 540

- clay, [kg] 7740 7020

- quartz, [kg] 2 880 1 440

- carbonates, [kg] 2160 -
Liquid components, [kg] 1095 1 064

- including water, [kg] 1 000 1 000

- sodium tripolyphosphate, [kg] 15 24

- water glass, [kg] 80 40

Table 3. Feed composition for monoporosis and quarry tiles for mill B.

Monoporosis Quarry tiles

Solid components, [kg] 21300 22 000

- including feldspar, [kg] 3834 11 660

- clay, [%] 11502 7700

- dolomite, [%] 1704 1980

- calcium carbonate, [%] 1704 -

- scrap metal, [%] - 660
Liquid components, [kg] 2100 2 600

- including water, [kg] 2 051 2 550

- sodium tripolyphosphate, [kg] 49 50

Table 4. Feed composition for silica and quarry tiles in mill C.

Silica Quarry tiles

Solid components, [kg] 20 000 20 000

- including feldspar, [kg] 6 000 10 000

- clay, [kg] 14 000 10 000
Liquid components, [kg] 1500 1500

- including water, [kg] 1422 1422

- flumix, [kg] 20 20

- water glass, [kg] 68 68
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Filling of mills with grinding media, in all three mills equal to ca. 45% batch-wise,
was composed of corundum balls of different sizes. Particular ball size fractions in the
tested mills are presented in Table 5.

Table 5. Composition of balls and their sizes

Mill A B C
Ball diameter, [mm)] Mass of balls, [kg]
19,05 1700 - 925
22,23 2750 - 1625
25 - 4000 -
25,4 4150 - 2500
30 - 8000 -
31,75 8000 - 5050
38,1 1800 - 1400
40 - 8000 -
44,45 3050 - 2300
45 - 6500 -
50,8 4550 - 3450
63,5 - - 5750
Altogether 26000 26500 23000

The grinding was a batch process. After feeding the mill with raw material, in
determined intervals (every 60 min) samples were taken for analysis of particle size
distribution. The analyses were made using a FRITSCH laser particle size analyser
ANALYSETTE 22. Table 6 gives examples of the results of particle size analysis for
quarry tiles in mill A.

On the basis particle size analysis the rate of grinding of particular size fractions
was calculated. In the calculations, equation (1) proposed by Gardner and Austin was
used in the differential form for discrete values of fractions, under the assumption of
an ideal mixing of the ground material.

i—1
%:—S[W[(t)‘l' ZSjbi,j Wj(t) (1)
Jj=Li>1
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Rate coefficients S; in equation (1) for grinding of quarry tiles in mills A, B and C
are given in Table 7.

Table 6. Particle size composition of quarry tiles for mill A

Grinding time, [min]
Size fraction i, [um] 60 ‘ 120 | 180 ‘ 240 ‘ 300 | 360 ‘ 420 ‘ 480
Size fraction w;, [%]
1 0,21+0,28 0,73 0,69 0,67 0,64 0,64 0,65 0,66 0,68
2 0,28+0,36 0,95 0,92 0,89 0,86 0,86 0,88 0,91 0,92
3 0,36+0,47 1,33 1,31 1,28 1,25 1,25 1,28 1,33 1,35
4 0,47+0,62 1,91 1,90 1,87 1,84 1,85 1,9 1,96 2
5 0,62+0,8 2,59 2,61 2,56 2,55 2,56 2,62 2,72 2,78
6 0,8+1,05 3,18 3,22 3,16 3,16 3,18 3,26 3,39 3,47
7 1,05+1,37 3,66 3,72 3,66 3,67 3,70 3,79 3,94 4,04
8 1,37+1,78 3,97 4,04 3,98 4 4,04 4,14 4,31 4,42
9 1,78+2,32 4,13 4,21 4,15 4,18 4,24 4,33 4,52 4,63
10 2,32+3,03 4,22 4,31 4,26 4,31 4,36 4,46 4,66 4,78
11 3,03+3,95 4,37 4,50 4,46 4,54 4,58 4,68 491 5,04
12 3,95+5,16 7,73 4,96 4,92 5,03 5,07 52 5,45 5,62
13 5,16+6,73 5,25 5,64 5,60 5,75 5,83 6 6,31 6,56
14 6,73+8,78 5,5 6,09 6,08 6,24 6,46 6,69 7,07 7,42
15 8,78+11,45 5,16 5,93 5,97 6,12 6,60 6,86 7,33 7,80
16 11,45+19,94 4,54 5,48 5,60 5,74 6,50 6,77 7,34 7,92
17 14,94+19,48 4,16 5,29 5,54 5,72 6,57 6,88 7,49 8,13
18 19,48+25,42 4,15 5,46 5,98 6,33 6,81 7,22 7,60 8,01
19 25,42+33,16 4,37 5,87 6,81 7,49 7,07 7,55 7,32 7,02
20 33,16+43,25 4,71 6,53 7,91 8,91 7,51 7,87 6,83 5,48
21 43,25+56,42 3,1 4,65 5,51 5,24 4,53 3,78 2,57 1,21
22 56,42+73,60 3,44 4,35 4,78 3,60 3,04 1,68 0,68 0,13
23 73,60+96,01 5,33 3,95 3,03 1,85 1,49 0,62 0,11 0,01
24 96,01+125,24 6,2 2,56 0,69 0,37 0,42 0,16 0,01 0
25 125,24+163,38 4,8 0,98 0,06 0,03 0,09 0,03 0 0
26 163,38+213,12 1,98 0,15 0 0 0,02 0,01 0 0
27 213,12+278,01 0,52 0,01 0 0 0,01 0,03 0,01 0
28 278,01+362,67 0,11 0 0 0 0,04 0,03 0,1 0
29 362,67+473,09 0,06 0,01 0 0 0,06 0,04 0,1 0
30 473,09+617,14 0,15 0,06 0 0,02 0,03 0,03 0 0
31 617,14+791,42 0,12 0,02 0 0 0,06 0,04 0,01 0
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Table 7. Rate coefficients S; for grinding of quarry tiles in mills A, B and C

Mill A Mill B Mill C
di Sia di Sis di Sic
617,14+791,42 0,000713 - - - -
473,09+617,14 0,000859 - - 473,09+617,14 0,0165
362,67+473,09 0,00107 - - 362,67+473,09 0,0313
278,01+362,67 0,00187 278,01+362,67 0,00709 278,01+362,67 0,0481
213,12+278,01 0,00219 213,12+278,01 0,0167 213,12+278,01 0,0464
163,38+213,12 0,00194 163,38+213,12 0,0212 163,38+213,12 0,0353
125,24+163,38 0,0016 125,24+163,38 0,0238 125,24+163,38 0,0264
96,01+125,24 0,00121 96,01+125,24 0,0242 96,01+125,24 0,0178
73,60+96,01 0,000703 73,60+96,01 0,0198 73,60+96,01 0,0119
56,42+73,60 0,000428 56,42+73,60 0,0144 56,42+73,60 0,00997
43,25+56,42 0,000266 43,25+56,42 0,0127 43,25+56,42 0,00694
33,16+43,25 0,000101 33,16+43,25 0,0041 33,16+43,25 0,00262
25,42+33,16 7,53E-03 25,42+33,16 0,002 25,42+33,16 0,00187
19,48+25,42 4,48E-03 19,48+25,42 0,0015 19,48+25,42 0,00134
11,45+19,94 2,16E-03 11,45+19,94 0,00123 11,45+19,94 0,00107
8,78+11,45 1,09E-04 8,78+11,45 0,00105 8,78+11,45 0,000835
6,73+8,78 -6,06E-04 6,73+8,78 0,000982 6,73+8,78 0,000649
5,16+6,73 6,75E-04 5,16+6,73 0,00088 5,16+6,73 0,000525
3,95+5,16 2,00E-04 3,95+5,16 0,00068 3,95+5,16 0,000475
3,03+3,95 1,60E-04 3,03+3,95 0,000513 3,03+3,95 0,000448
2,32+3,03 -2,14E-04 2,32+3,03 0,000419 2,32+3,03 0,000346
1,78+2,32 -2,67E-04 1,78+2,32 0,000384 1,78+2,32 0,000198
1,37+1,78 -5,08E-04 1,37+1,78 0,000305 1,37+1,78 7,41E-05
1,05+1,37 -7,01E-04 1,05+1,37 0,000236 1,05+1,37 -0,00011
0,8+1,05 -8,38E-04 0,8+1,05 0,000134 0,8+1,05 -0,00025
0,62+0,8 -8,97E-04 0,62+0,8 8,00E-04 0,62+0,8 -0,00044
0,47+0,62 -8,74E-04 0,47+0,62 5,80E-05 0,47+0,62 -0,0005
0,36+0,47 -6,61E-04 0,36+0,47 0,000621 0,36+0,47 -0,00059
0,28+0,36 -1,84E-05 0,28+0,36 0,000199 0,28+0,36 -0,00068
0,21+0,28 0 0,21+0,28 0,00144 0,21+0,28 -0,00134
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1. Change of particle size composition of material ground in mill A in time

Knowing the particle size composition, mean particle size was calculated from the

formula

d, = 2ds'ri X 2

This enabled a graphical representation (Fig. 2) of grinding kinetics in the form of
a relation between mean particle size and grinding time: dg, = f{(t).
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Fig. 2. Change of mean particle size dy during grinding
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RESULTS AND DISCUSSION

Diagrams in Fig. 2 show clearly that in the first period of grinding, when raw
material particles are big, the process of grinding is the fastest in mill C. Already, after
60 min of grinding, the mean size of particles ground in this mill is about 32 pm.
Decay rates of size fractions between 699 and 109 pm are the biggest for mill C
(Table 7) reaching about 0.04 min™'. A worse result was achieved in mill A, because
after the same time di, =~ 41 um. Rate S;s for so big size fractions (362,67 to 73.6
pm) in mill B is almost twice as small as rate Sc for the same fractions in mill C. For
the mentioned size range the mean value of Sz for mill B is around 0.02 min . To
obtain a mean size of particles of ground material dg, =45 pum, the process should be
carried out in mill B for 300 min. These results can be explained by two factors. The
first one is the size of grinding balls. The biggest balls in mill B had the diameter
45 mm, while in mill A the balls had the diameter 50.8 mm, and in mill C even
63.5 mm. Another parameter is the relative frequency of drum rotations which in mill
B was much lower than in the two other mills (Table 1). This made that the energy of
grinding balls in mill C was the highest (the highest relative rate and the biggest balls),
while in mill B this energy was definitely the lowest. For these reasons, with big
particles in the first period of grinding the process rates are so differentiated in
particular mills. In the second period of grinding, shown in Fig. 2, which starts when
the mean particle size of ground material reaches dozen micrometers, the process rate
is determined not by the size of balls but their number to which the number of points
of contact between balls is proportional. As was reported above, the probability that a
particle of ground material can appear in the region where it is destroyed, thus in the
region near the contact point of two balls, is proportional to the number of these
contact points. In mills B and C the number of balls is the same and a time-dependent
change of the mean particle size proceeds in a similar way. The values of Siz and S;c
for the size fraction below 5.84 um are similar (Table 7) and are equal to around
0.0004 min™. In mill A filled with a bigger number of balls (a bigger number of
contact points) the rate of decreasing the mean particle size is bigger in the second
period of grinding when only small particles occur.

CONCLUSIONS

The following conclusions can be drawn from the results discussed above:

1. In the first period of grinding in ball mills, when raw material particles are
relatively big, the process depends on ball size and rotational speed of the mill,
which determines the forces with which balls act on each other.

2. In the second period of grinding, when particle size of the ground material is
much smaller, the effect of the number of balls and consequently the number of
the points of contact of grinding elements between which material particles are
comminuted, becomes more evident.
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LIST OF SYMBOLS

ds;:  — mean (arithmetic) particle size in size interval i

Xi —mass fraction of particles from the size interval i

wi(t), wi(t) — weight fraction of particles from interval i or j after grinding time ¢,

S;, §; — specific rate of grinding of particles from interval i or j called also the
distribution parameter,

b;;  — distribution function defined as this part of ground material from size fraction
J, which passed to size interval .
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Heim A, Olejnik T.P., A. Pawlak A., Wplyw liczby punktéw kontaktu mielnikéw na szybkos¢ mielenia
w miynach kulowych, Physicochemical Problems of Mineral Processing, 38, (2004) 147-155 (w jgz. ang.).

W pracy przedstawiono wyniki badan, ktdrych celem byto okre$lenie wplywu liczby punktow
kontaktu mielnikdw na szybkos$¢ mielenia w mlynach kulowych. Badania prowadzono dla trzech mtynow
o dziataniu okresowym pracujacych w warunkach przemystowych. Mtyny posiadaty zblizone wymiary
geometryczne. Przemiatl prowadzono na mokro (w zawiesinie wodnej z dodatkiem antyemulgatoréw) dla
typowych surowcoéw, majacych zastosowanie w przemystowej produkcji ptytek ceramicznych, ktorymi
byly mieszaniny skalenia oraz ilow w odpowiednich udzialach masowych. Zbadano przebieg procesu
mielenia dla trzech przemystowych mtynéw kulowych, rézniacych sig liczba i wielko$ciami mielnikow
korundowych. Dla kazdego z przemiatéw, co 60 minut pobierano probki do analizy granulometryczne;.
Okreslono szybko$¢ rozdrabniania poszczegodlnych klas rozmiarowych w oparciu o réwnanie Gardnera
Austina. Analizowano zmiang w czasie skladu granulometrycznego mielonego materiatu, stwierdzajac
wplyw na szybkos$¢ procesu wielkosci kul, czgstosci obrotowej bgbna oraz liczby mielnikow. Szybkos¢ ta
jest zmienna w czasie mielenia, a wptyw w/w czynnikow jest rézny w poszczegdlnych okresach procesu.

Praca wykonana w ramach projektu 3TOC 005 23, finansowanego przez Komitet Badan Naukowych w
latach 2002-2005.
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PARAMETERS ON TORQUE DURING DISK
GRANULATION OF BENTONITE
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Changes of torque during foundry bentonite granulation in disk granulators were studied. Variable
parameters were the diameter and inclination angle of the granulator disk and filling of the disk with
granular material. The bed of loose material was wetted drop-wise during tumbling, at a constant
volumetric liquid flow, by a sprinkler that ensured uniform supply of the wetting liquid. In every trial
the instantaneous values of net torque were measured. The effect of the disk diameter, its angle of
inclination, filling with raw material and moisture content of the granulated bed on torque changes
was assessed. A correlation equations was proposed to describe the effect of the above parameters on
the reduced torque change.

Key words: disk granulation, torque

INTRODUCTION

For majority of operations that take place in rotary granulators the type of bed
motion characterises and determines the process [Kapur 1992]. Granular bed
dynamics in tumbling granulators, i.e. the motion of granules and particles and forces
with which the bed and disk interact, determines the angle of bed inclination [Heim et
al. 1995] and net torque [Heim et al. 2000], and consequently, the power of a driving
motor [Gluba et al. 1995]. The inertial and friction forces in the discussed system are
determined by such equipment and process parameters as the diameter and inclination
angle of the apparatus [Chadwick and Bridgwater 1997], its filling with raw material
[Kantorowicz 1959] and rotational speed [Heim et al. 1995]. The effect of these
parameters on the dynamics of a model granular bed during mixing in a horizontal
rotary drum [Koroticz 1961, Heim et al. 1995], during grinding in ball mills [Harris et
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al. 1985, Tarjan 1981] and during granulation in a horizontal drum granulator
[Obraniak 2002] has already been studied. However, there are no studies on bed
dynamics during disk granulation in a broad range.

AIM OF THE STUDY

The aim of this study was to determine the effect of selected process and
equipment parameters, namely bed moisture content, disk filling and diameter and
angle of disk inclination on torque.

RANGE OF STUDIES

The variable parameters were:
— disk diameter D = 0.5, 0.75, 1.0 m,
— filling of the granulator with granular bed k = 3% - 7%,
— angle of disk inclination o = 45° - 53.
The torque was measured on line during wet disk granulation.

MEASURING EQUIPMENT and METHODS

The experimental set up is shown in the photograph in Figure 1. The disk was
driven by a motoreducer by means of a belt transmission and flexible coupling. A
smooth change of disk rotational speed was obtained using an inverter, and the speed
was controlled by a speedometer. Instantaneous values of torque were measured by a
torquemeter, converted by a reader and recorded by a computer. The granular bed
placed in the disk was wetted dropwise by a sprinkler which ensured a uniform liquid
supply. The sprinkler was mounted on a stand independent of the granulator. The
wetting liquid (distilled water) was supplied from a tank located on the level 2.5 m
above the disk surface, and its constant flow rate (Q=0.7 - 10°® m’/s) was controlled by
a rotameter. For the whole time of testing a constant liquid level was kept in the tank
which ensured constant pressure of the supplied liquid. The granular bed was wetted
until final moisture content was equal to w,=0.29. Every 60 s or 120 s a sample was
taken and bulk density and the angle of natural repose were measured. After that it
was returned to the disk. The process of granulation was carried out batch-wise for
each of the three disk dimensions at steady-state process and equipment parameters,
i.e. filling of the disk and inclination angle of the granulator axis.

Results of measurements of instantaneous values (at time intervals 1s) of net torque
M were converted to the reduced torque M* according to equation (1).

M) - Mj

M*(2) =
ms+Q'pw't

@)
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1. Experimental set-up lor disc

Fig. 1. Experimental set-up

Next, mean values of torque were calculated for 10-second periods (from 10
consecutive values). Variability of the reduced torque in time, when the wetting liquid
is supplied continuously at a constant flow rate, is identical to the change of torque as
a function of feed moisture content. This moisture content in a given moment “t” is
calculated from the equation:

m, ‘t-p,
o _Qtp, o
mS mS
RESULTS

An example of the dependence of reduced torque M* averaged for 10-second
periods on moisture contents is illustrated in Fig. 2. When analysing the diagrams
three ranges can be distinguished each time for which different functions were
obtained. In the first range, dependence of the torque on time is in the form of an
increasing function, in the second range a decrease of the torque is observed, while in
the third one it is stabilised.

Particularly interesting is the initial growth of the torque and its further steady
state. This character of torque changes can be explained by changes in the parameters
that characterise the granulated bed during the process. Then, the particle size
distribution changes and due to water supply, the mass and moisture content of the
entire bed and individual granules as well as the bulk density and inner friction angle
at certain stages of the process also change.
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Fig. 2. Example of the dependence of reduced torque on wetting time, (D=0.5, k=5%; a=45°)

It follows from Fig. 2 that after reaching some boundary value of bed wetting, the
further liquid supply causes a decrease of the torque, and next the torque is on a stable
level which is a result of steady state of the parameters that characterise the processed
material (bulk density, angle of natural repose).

Analysis of results obtained in the studies indicates that the torque during bed
wetting (granulation) in the rotating disk depends also on the equipment and process
parameters, i.e. the degree of filling of the granulator k, disk diameter D and its angle
of inclination a.

Figure 3 shows an example of comparison of reduced torque changes during bed
wetting for different levels of disk filling k. On the basis of the results obtained it can
be concluded that the reduced torque decreases with an increase of disk filling. This
tendency is observed in the whole wetting range; from the starting point, through the
stage of growth, until torque stabilisation. This is most probably related to a
decreasing (with an increase of filling) distance of the point of application of the
resultant force of friction (between the bed and disk surface) from the axis of the disk
rotation. Owing to the arm of the force this has an effect on the torque coming from
the resultant force of friction. Analysis of the relationships obtained allows us to
conclude that different values of coefficient k, (due to changes in raw material mass)
affect the wetting time and agglomeration rate, which in Fig. 3 is revealed by both
total process duration and different time points in which characteristic stages of
granulation occur.

To confirm the observed tendencies and to explain the effect of filling degree k,
changes of torques in Fig. 3 are shown in Fig. 4 as functions of averaged bed moisture
content changing during the process. Relations obtained show that for tests made at all
degrees of filling k, the maximum unit torque is obtained for similar bed moisture
contents. The torque is also stabilised for similar moisture contents.
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