


Physicochemical
Problems

of Mineral Processing
35 (2001)

Instructions for preparation of manuscripts
It is recommended that the following guidelines be followed by the authors of the manuscripts:

Original papers dealing with the principles of mineral processing and papers on technological aspects
of mineral processing will be published in the journal which appears once a year.

The manuscript should be sent to the Editor for reviewing before February 15 each year.

The manuscript should be written in English. For publishing in other languages on approval of the
editor is necessary.

Contributors whose first language is not the language of the manuscript are urged to have their
manuscript competently edited prior to submission.

The manuscript should not exceed 10 pages.

Two copies of the manuscript along with an electronic should be submitted for publication before
April 15.

There is a 80 USD fee for printing the paper. No fee is required for the authors participating in the
Annual Symposium on Physicochemical Problems on Mineral Processing.

Manuscripts and all correspondence regarding the symposium and journal should be sent to the editor.

Address of the Editorial Office

Wroctaw University of Technology

Wybrzeze Wyspianskiego 27, 50-370 Wroclaw, Poland
Institute of Mining Engineering

Laboratory of Mineral Processing

Location of the Editiorial Office:

Pl. Teatralny 2, Wroclaw. Poland

Phone: (071) 320 68 79, (071) 320-68-78

Fax: 3448123, telex: 0712254 pwr.pl

E-mail: Andrzej.Luszezkiewicz@ .ig.pwr.wroc.pl

Jan.Drzymala@.ig.pwr.wroc.pl

http://www.ig.pwr.wroc.pl/conference/conf uk.html



Physicochemical
Problems

of Mineral Processing
35 (2001)

Z. SADOWSKI
(EDITOR)

WROCLAW 2001



Editors
Zygmunt Sadowski, Jan Drzymala, Andrzej Luszczkiewicz

Editional Board
Zofia Blaschke, Witold Charewicz, Tomasz Chmielewski, Beata Cwalina
Janusz Girczys, Andrzej Heim, Jan Hupka, Jerzy Iskra
Andrzej Krysztatkiewicz, Janusz Laskowski, Janusz Lekki, Pawet Nowak
Andrzej Pomianowski (honorary chairman)
Jerzy Sablik, Stawomir Sobieraj
Kazimierz Sztaba (chairman)

Reviewers
W. Blaschke, M. Brozek, W. Charewicz. T. Chmielewski,
B. Cwalina J. Drzymatla, A. Heim, J. Hupka, A. Krysztafkiewicz, J. Lekki,
A. Luszczkiewicz, Sablik, Z. Sadowski, S. Sank-Rydlewska, L. Stoch,
K. Sztaba, J, Szymanowski, A. Wodzinski

Technical assistance
Stefan Zawadzki

The papers published in Physicochemical Problems of Minercal Processing are abstracted
in Chemical Abstracts, Metals Abstracts, Pedepaunubin 2Kypasn and other sources

ISSN 0137-1282

OFICYNA WYDAWNICZA POLITECHNIKI WROCLAWSKIEJ, WYBRZEZE WYSPIANSKIEGO 27, 50-370 WROCLAW,
POLAND



SPIS TRESCI

M. Niewiadomski, J. Hupka, J. Nalaskowski, J. D. Miller, Dispersed oil impact
i froth stability 10 HetliB o mnus s et i
M. Ulewicz, W. Walkowiak, C. Koztowski, Selective flotation of zinc(Il) and
cadmium(II) ions from dilute aqueous solutions in the presences of halides
W. Janusz, A. Gatgan, Electrical double layer at manganese oxides/1:1 electrolyte
SOIULION INEEITACE ...o.vevetieeieieieeere et
R. Ogonowski, W. Wojcik, B. Jariczuk, The effect of liquids on the interaction
between Coal PArtiClEs .......ccooceviiriieiiiiieiee e
W.A. Charewicz, Zhu Chaoyin, T. Chmielewski, The leaching behavior of ocean
polymetallic nodules in chloride solutions ............ccoccevicnciiiicnnniicccn
W. Mulak, M. Chojnacka, D. Wawrzak, Mechanism of catalytic action of cupric
ions in ferric salts leaching of MIlleRIte ..cvwvnmmsssmsmmsmmmosssmsissssmssssssamiss
J. Grodzka, A. Krysztafkiewicz, T. Jesionowski, Comparison of carbonate-
silicate fillers modified with various proadhesion compounds ..........................
L. Domka, L. Domka, M. Kozak, Utilisation of asbestos wastes .................couu......
H. Kucha, R. Cichowska, Precious metals in copper smelting products ................
T. Gluba, A. Heim, A. Obraniak, Investigation of the drum granulation conditions
for mineral raw material of different grain size compositions ..........ccceceeueenn..
T. Szymanski, P. Wodzinski, Membrane screens with vibrating sieves .................
J.K. Putubu, M.S. Morey, S.R. Grano, A pulp-chemical study of skarn ore feed
blends at the Ok Tedi concentrator, Papua New Guinea ...........ccccccueeeveenrenene..
K.N. Sediek, A.M. Amer, Sedimentological and technological studies of abu
Tartur black shales, Western Desert, EGypt ........cccocceviiiviiininninniencceecens
A.M. Ramadan, A.M. Saleh, T.A. Taha, M.R. Moharam, An attempt to improve
mechanical properties of brick produced from El-Maghara coal washing plant
WASTE: sunmsomsmvemsonsssssssmisnssnmnniomesussonsan ssasssiossss sossenes et aamabss s s AN e 0s
C. Hosten, Micro-floatability of rutile and zircon with soap and amine type
COLLBCLOTS ...ivriiiiiiii ettt b et b s
N.E. Altun, C. Higyilmaz, Valuation of Corum Alpagut waste lignite fines ..........
T. Bieszczad, S. Sanak-Rydlewska, Electrowinning of copper and lead from
ammonium acetate SOIULIONS .........cccccvirueiiiiririiiiriireee s nn s e
T. Jesionowski, A. Krysztafkiewicz, A. Dec, Modified titanium white — cha-
ragteristice and APPHERION «osmmsmmmmmemms s R GRS

21
31
43
55
67
73
83
91

103
113

124

141

153

161
171

181



Physicochemical Problems of Mineral Processing, 35 (2001), 5-19
Fizykochemiczne Problemy Mineralurgii, 35 (2001) 5-19

M. NIEWIADOMSKI" J. HUPKA™, J. NALASKOWSKI', J. D. MILLER"

DISPERSED OIL IMPACT ON FROTH STABILITY
IN FLOTATION

Received March 5, 2001, reviewed and accepted May 15, 2001

Foam stability in flotation has been studied for more than half of the last century, however, the
mechanisms responsible for the defoaming action of many presently used reagents are not completely
understood. This research presents oil flotation data, which may be used in the evaluation of aqueous
methods for oily soil treatment. MIBC (isobutylcarbinol, 4-methyl-2-pentanol) and C,E;
(polyoxyethylene 10 lauryl ether) were used as surfactants. Dynamic and static froth stability in the
presence of emulsified paraffin oil was determined as a function of the surfactant concentration. The
froth stability was examined for the O/W emulsion only and combined with silica particles (-38pm)
suspension. The entry, spreading and bridging coefficients were determined to elucidate the
mechanism of oil interaction in the froth phase.

Key words: froth control, foam control, oil flotation, polyoxyethylene 10 lauryl ether
(C1:E ), isobutylcarbinol (MIBC)

INTRODUCTION

Froth stability is an important matter, which determines the performance of
flotation machines, particularly when an oil dispersion is being separated. This is
especially true for the flotation column and the air sparged hydrocyclone. The
principles of operation of both units can be found elsewhere (Pondstabodee et al.
1998, Schultz et al. 1991, Luttrell et al. 1991, Falutsu 1994, Miller et al. 1982, Miller
and Hupka 1983, Miller and Kinneberg 1985, Miller and Das 1995, 1996). Soil
cleaning systems involve both dispersed oil and solid particles. Solid particles can
exhibit various degrees of hydrophobicity/hydrophilicity depending on the presence of
a stable film and surfactant adsorption. Hydrophobic particles in a mixture with non-
polar liquids typically constitute effective defoaming agents (Denkov et al. 1999,

[Department of Metallurgical Engineering, University of Utah, Salt Lake City, Utah 84112, USA.
**Department of Chemical Technology, Technical University of Gdansk, 80-952 Gdansk, Poland.
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Denkov 1999). Thus froth control may be a difficult task in oil flotation systems such
as are encountered in many soil cleaning applications.

In the present paper, dispersed oil and hydrophobic particles were considered
separately and in combination.

FROTH STABILITY FUNDAMENTALS

INFLUENCE OF DISPERSED OIL

Dispersed oil can stabilize or destabilize the froth phase, depending on the relative
significance of three interfacial phenomena 1) aqueous film thinning rate during oil
droplet entry to the gas phase, 2) oil spreading on the water surface, and 3) thin water
film bridging. It has been indicated in the literature that the destabilizing effect was
observed only when oil droplets were able to enter the surface of the aqueous phase
(Garret 1993, Denkov et al. 1999, Basheva et al. 2000, Bergeron et al. 1997). In order
to describe conditions controlling oil droplet entry to the aqueous surface, Harkins
(1941) defined the entering (or the rupture) coefficient Eqs:

Eo/w = ng + y()w _yog (1)

where Y corresponds to the surface or interfacial tension, and the subscripts w, g, o
pertain to water, gas and oil. Positive values of the entering coefficient mean that oil
droplet enters the water/gas interface. For negative values the oil droplet remains in
the aqueous phase without contact with the gas phase. The interfacial and surface
tensions are not only dependent on the surfactant concentration but also on mutual
saturation of all phases. The original entering coefficient accommodates three partial
values, the initial E,, the semi-initial E'O/W and the final or equilibrium E".4, (Ross
1950). The initial coefficient describes the system, when an oil droplet is newly added
to the aqueous solution and both phases are not yet saturated with each other. The
semi-initial coefficient defines a system when one of the phases is already saturated
and the final coefficient describes a system with all phases saturated.

It turns out that this classical approach does not predict the real behavior of
dispersed oil very well. The entering coefficient is calculated considering each of the
involved phases separately. It does not take into account surface interaction forces in
the system during approach of the oil droplet to the surface of the aqueous solution. In
this regard a generalized entering coefficient for an oil droplet in an aqueous
environment was discussed (Kruglyakov and Vilkova 1999, Bergeron et al. 1997,
Aronson et al. 1994, Bergeron et al. 1993). In the modified equation the oil/gas surface
tension is replaced with the tension of the aqueous film, which includes interfacial
forces and is regarded as the disjoining pressure, I1:

)

E drl

g,0lw == M (h=w)=0 " g/wlo (2)
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where E,.w determines the generalized entry coefficient, 1 denotes disjoining
pressure and h the film thickness. The integration is performed from disjoining
pressure of an infinitely thick film h=co, for which I = 0, to the disjoining pressure of
an actual film of thickness h, M(h). The subscripts w and g/w/o mean respectively
water film and water film between gas and oil phases.

An oil droplet entering a gas bubble, shown in Fig. 1, is separated by a thin
aqueous film, also called a pseudoemulsion film. Measurements of the disjoining
pressure are difficult and elaborate, and may be found from the dependence of
capillary pressure on the film thickness function. The situation becomes complicated
when the pseudoemulsion film is curved. However, when the interfaces are assumed
flat the system simplifies, and the capillary pressure, P., can be found as a difference
between the pressure in the meniscus and in the gas bubble:

P =P,~P, 3

The film reaches equilibrium thickness when the capillary pressure P, is equal to
the disjoining pressure of the film, which ensures that water is not flowing between
the meniscus and the pseudoemulsion film. The important aspect is that the capillary
pressure can control pseudoemulsion film stability, which is graphically presented in
Figure 2. When the capillary pressure is small, as presented in Figure 2a, a thicker film
reaches equilibrium. According to terminology proposed by Bergeron (Bergeron
1993) such a film can be called the common film (CF). Further film thinning is
prevented by the energy barrier. Increasing the capillary pressure above maximum, as
shown in Figure 2b, the thinning phenomenon continues until a new thickness, hy,
behind the energy barrier is reached. This new thickness is on the order of several
nanometers, and referred to as the Newton film (NF) (Bergeron 1993). The
generalized entering coefficient is represented by the shaded area. In Figure 2a the
shaded area corresponds to positive pressure values, therefore yields negative E, (in
equation 2). At an elevated capillary pressure, see Figure 2b, the overall entering
coefficient depends on the ratio of areas A to the area B. When B exceeds the sum of
A areas, the entering coefficient is positive.

Gas (Air) 5 Pseudoemulsion film

Fig. 1. Oil/water/gas system, oil droplet entering aqueous solution surface, modified from
(Bergeron et al. 1993)
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Besides the capillary pressure, the kinetic energy - when able to overcome the
energy barrier - is another determining factor for the film thickness. The kinetic
energy level allows for the entering or non-entering behavior of oil droplets to be
understood, but still there are other phenomena, which must be answered. One of the
recent research directions has been the study film thinning. Stratified foam film
thinning was observed very early in the beginning of the 20" century. Nikolov and
Wasan (1989) investigated this phenomenon using an anionic surfactant as the
foaming agent. They found that micelles had an ordered structure in the thinning film.
The stratification in the thinning process corresponded very well to the Debye
atmosphere diameters of the micelles. The ionic strength of the solution could
influence the stratification thickness by decreasing the Debye atmosphere and by
lowering the electrostatic repulsion. Ordered surfactant micelles hinder film drainage.
Bergeron and Radke (1992) measured the disjoining pressure isotherm for a single,
isolated foam film. They found oscillations for films 50 nm thick. Step-wise thinning
creates an additional energy barrier to the oil drop entry.

- A - i A
) ) /\ Pe
o A
2o |/ :
2o - £0 -
5 \/ No  Film thickness, h 5 ho\x Film thickness, h
@ 7
o = B

a) b)

Figure 2. Disjoining and capillary pressures. a) equilibrium film thickness at common black film b)
equilibrium film thickness at Newton black film

Similarly to the entry coefficient, the classical spreading coefficient S, was
defined (Harkins 1941, Ross 1950):

So/w = ng - yow - yor (4)

The initial, semi-initial and final coefficients were also proposed.

Including the disjoining pressure into the definition, a generalized spreading
coefficient S, .« Wwas obtained (Kruglyakow et al. 1999, Bergeron et al. 1997, Jha et al.
2000):

M(h)
golw — N (h=00)=0 oil I_Ig/o/w (5)

S
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where T determines the disjoining pressure, h - the film thickness, and subscripts
g/o/w mean oil films between the gas and water phases, respectively. The integral in
equation (5) is very similar to that describing the generalized entry coefficient in
equation (2) but the water film is replaced by the oil film. As entry of an oil droplet is
crucial for foam destabilization, spreading of oil was reported as an unnecessary
phenomenon (Garret 1993, Denkov et al. 1999, Jha 2000). Mechanisms of foam
destruction either include or do not include oil spreading.

Bridging of aqueous foam films by oil was investigated theoretically by Garret
(Garret 1980). Assuming that the liquid bridge obeys the Neumann's triangle rule of
three phase contact, and that the thin water film is planar, he determined conditions for
an oil bridge stability. Figure 3 presents two states for oil bridges. As indicated by
Garret, a mathematical proof exists that bridges for which the oil-water contact angle
O, < T2 cannot be stable. For the contact angle ©,,, > TV2, a stable bridge can exist
with equilibrium film thickness h.,. On the basis of these findings, the bridging
coefficient (B) was defined (Garret 1980, Aveyard et al. 1993, Bonfillon-Collin and
Langevin 1997, Denkov 1999):

B=y. +y. —Va, (6)

Positive and zero values of B mean an unstable film, while negative values of B
allow for an equilibrium film thickness, hq at which the film is mechanically stable.
The system presented in Figure 3 refers to a planar water film. Other shapes were
investigated in detail by Denkov (1999). He found that in some cases small droplets
can yield a stable bridge even if the bridging coefficient is positive. This observation
was explained by the existence of the so-called perturbed zone of the water film in the
vicinity of an oil bridge. Minimal water flow from the vicinity of the bridge, which
could be practically neglected, still yields stable bridge for positive B. Large oil
droplet bridges were found to be always unstable for positive B.

gas gas

Figure 3. Oil bridging. a) unstable bridge, ©,,, < T2, b) stable bridge, ©,,, > T2, adopted from (Denkov
1999)

Three main mechanisms of foam film collapse due to the dispersed oil presence
were proposed (Basheva et al. 2000, Denkov et al. 1999, Aveyard et al. 1994),see
Figure 4. All of them require oil droplet entry. In spreading - fluid entrainment oil
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causes Marangoni-driven flow of liquid in the foam film (fluid entrainment), which
results in local film thinning and rupture. The other two mechanisms require formation
of an oil bridge between the gas phases. Lack of oil wetting by water in the first case
or stretching of the oil film in the latter case leads to the rupture.

‘oil ¢ ¢
< P

spreading - bridging - dewetting bridging - stretching
fluid entrainment

Figure 4. Three possible mechanisms of foam film destruction by an oil droplet, adopted
from (Denkov et al. 1999)

Regarding the initiation of breakage of the foam film, the most probable hypothesis
states that Gibbs-Plateau borders play a role. The Gibbs-Plateau borders are aqueous
solution regions where three or four thin films meet. As indicated by Schramm and
Novosad, emulsified oil cannot flow through foam lamellae when the droplet diameter
is too large (Schramm and Novosad 1990). Koczo et al. observed that foam collapse
occurs in the Gibbs-Plateau borders (Koczo et al 1994). The hydrophobic particles
resided in lamellae 1 - 2 seconds to return to the Gibbs-Plateau borders immediately
afterwards. It can be expected, based on observations of Shramm and Novosad, that
oil droplets behave in the same way. According to Koczo, thin foam films forced oil
droplets to move from lamellae to the Plateau borders, where they were able to bridge
the aqueous films. Foam can collapse in the dynamic conditions for sufficiently thick
lamellae allowing oil droplet holdup and entry. The Plateau-border mechanism was
confirmed by an investigation of the antifoam effective droplet size. Bergeron et al.
had shown that oil droplets smaller than 6 pm were not able to destabilize the froth
regardless the solution chemistry. This size is relatively large and suggests that these
oil droplets were hidden in the Plateau-borders, where they were not able to bridge the
foam films (Bergeron et al. 1997).

There are also reports of foam stabilization by the dispersed oil (Koczo et al. 1992,
1994). This phenomenon was found for the non-entering oil droplets when the
emulsion accumulated in Plateau-borders and inhibited foam drainage.



Dispersed oil impact on froth stability in flotation 11

HYDROPHOBIC PARTICLES

Dippenaar (1982) investigated the mechanism of froth destabilization by fine
solids. Hydrophobic particles destabilized the aqueous film when its thickness was
smaller than the particle diameter. Single hydrophobic particles ruptured the film,
while with multiple particles the film was stabilized. Johansson and Pugh (1992)
found that the froth stability was uneffected by hydrophilic particles (contact angles
less than 40°). When the hydrophobicity increased (contact angle 65°), froth stability
reached a maximum and then decreased for particles with contact angle more than 80°.

The bridging-dewetting mechanism is responsible for the film rupture here (Garret
1993, Aveyard et al. 1994, Frye and Berg 1989, Aronson 1986). Another mechanism
was also indicated by Garret (1993). He proposed that the solid particle can cause film
thinning by the Marangoni effect when it is in contact with one air/water surface.
Solid particles are regarded as better defoamers than dispersed liquids, which is
believed to be related to roughness.

SYNERGISM OF OIL AND HYDROPHOBIC PARTICLES

A synergistic effect of hydrophobic particles and non-polar oils was discovered and
patented in early 1950s. A list of twenty six patents was given by Garret (Garret
1993). However, studies on the controlling mechanisms were reported twenty years
later (Povich 1975, Kulkarni et al. 1977). Particle size of effective liquid-solid
defoamers range from 1 nm to 1 pm, and the particle concentration from 1 % to 30 %
by weight. The pseudoemulsion film rupture and enhancement of the oil droplet entry
is today the accepted antifoaming mechanism (Aveyard et al. 1993, 1994, Koczo et al.
1994, Frye and Berg 1989). Active are hydrophobic solid particles protruding from the
oil droplets, and facilitating the pseudoemulsion film rupture.

_ Hydrophobic fine solids
Gas (Air)

. Oi
a o droplet

Figure 5. The pin-effect of fine protruding hydrophobic particles
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EXPERIMENTAL PROCEDURE

MATERIALS

Two surface active compounds from Sigma and Aldrich were used,
Polyoxyethylene 10 lauryl ether (Ci2E,o), and 4-methyl-2-pentanol (isobutylcarbinol,
MIBC), 99% purity. Ci,E;, is known as a good detergent, exhibiting strong foaming
action (Porter, 1991), which can be effective in oily soil clean-up. Paraffin white, light
oil was obtained from Mallinckrodt. Experiments with solid particles were performed
using fine (minus 38 Pm) silica sand from US Silica. In all experiments deionized
water was used.

TECHNIQUES

The froth stability was evaluated using 60 cm long and 3 c¢m diameter glass tube
with a porous glass frit (medium size) at the bottom. Oil-in-water emulsion was
prepared using a homogenizer. The dispersion stability was evaluated based on
determination of coalescence in a cylinder at 1 cm height from the bottom. The
estimated rate of oil content decrease ranged from 8.5 x 10” s at Cy,E;, concentration
of 1 x10°Mtolx10*s" ata Ci,E o concentration 5 X 10* M. Oil droplet size
distribution indicated presence of both numerous oil droplets below 1 pm in diameter
and droplets as large as 20 to 60 pm depending on the C;,Ey or MIBC concentration.
40 cm’ of surfactant solution were poured into the tube and simultaneously air was
blown at a rate of 0.54 dm’/min. Considering the very stable froth created from C;,E,
solutions, the dynamic froth stability was evaluated from the ratio of the froth volume
to the air volume introduced to the tube:

) . 1 i it ti
Dynamic Froth Stability = Volume of frgth created 1T1 a umF tl'me 100%  (7)
Volume of air introduced in a unit time

Static froth stability was evaluated as the collapse rate of the froth given in
centimeters per second. The dynamic surface and interfacial tension measurements
were performed by the pendant bubble method using a Rame-Hart goniometer.

RESULTS AND DISCUSSION

The dynamic froth stability and the collapse rate of C,;E;; aqueous solutions
without oil and with 1% by weight of paraffin oil-in-water emulsion are presented in
Figure 6. Almost no froth was generated below 1 x 10° M concentration, in the
dynamic conditions. The froth reached 100 % dynamic stability at concentration 5 X
10° M, and the collapse rate dropped significantly to 0.017 cm/s. Both very high
dynamic stability and very low collapse rate were observed for the same
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concentration. The dispersed oil shifted the dynamic stability 100 % point beyond 1 X
10* M. The collapse rate turned out to be relatively high even at this concentration,
and was equal to 0.33 cm/s. A low collapse rate of 0.025 cm/s was observed at 5 X 10*
M. It is evident that in the presence of paraffin oil there is a 1 x 10™ to 5 x 10* M
concentration range which yields a stable dynamic froth but still a weak static froth.

The presented froth stabilities can be related to the classical entry, spreading and
bridging coefficients, see data in Figure 7, which were calculated for 30 seconds
contact and equilibrated system. The dynamic surface and interfacial tension
measurements indicate that surfactant adsorption attained equilibrium only after 10
minutes, see Figure 8. Therefore the flotation system did not reach chemical
equilibrium. Hence a 30 seconds time of contact was arbitrarily chosen to represent
the interfacial conditions during the dynamic stability tests. The difference between
coefficient values for 30 seconds and for an equilibrated system results from the
progressive adsorption of surfactant at the interfaces. The entry coefficient after 30
seconds is much larger than for an equilibrated system, therefore it has a positive
value, and according to the theory, represents non-entering oil droplets.

—®- Dynamic stability, without oil —®- Dynamic stability, 1 % of parafin oil
—~ Collapse rate, without oil —©- Collapse rate, 1 % of parafin oil

7
A B
= ST
AN

1.0E-06 1.0E-05 1.0E-04 1.0E-03
C12E10 Concentration (M)

Dynamic Stability (%)
Collapse Rate (cm/s)

Figure 6. Dynamic froth stability and collapse rate for C,E( aqueous solutions

Nevertheless, a defoaming action of the oil was observed. It can be concluded that
the effective entry coefficient is in fact smaller due to the disjoining pressure, which
was not taken into account in the above calculations. Most probably at 1 x 10™* M the
effective entry coefficient is already negative, therefore very stable (dynamically)
froth is observed, as shown in Figure 6. The classical spreading coefficient reaches
values close to zero beginning at concentrations 5 x 10° M in the case of an
equilibrated system and 1 x 10 M in the case of the system after 30 seconds contact
time. Nevertheless the role of spreading is not clear. Negative values for
concentrations lower than 5 x 10 M may indicate that it is not a satisfactory condition
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for froth destabilization. Similarly, as in the case of the entry coefficient, the
intermolecular forces are not considered in the classical approach and calculated small
negative values of the spreading coefficient can be in fact positive.

The bridging coefficient is positive over the entire range of concentrations
investigated, which indicates unstable bridges. Paraffin oil caused a decrease in the
dynamic stability for the concentration range from 5 x 10 to 1 x 10™* M. Relatively
large positive values of the entry and bridging coefficients suggest that formation of
unstable bridges (bridging-dewetting or bridging-stretching) is the most probable
mechanism of froth colapse and spreading appears to play a minor role. Low static
stability in the concentration range from 5 X 10 to 5 X 10™* M can be explained by
both mechanisms, bridging-dewetting and spreading-fluid entrainment, since the
spreading coefficient approaches zero in this concentration range.

—®—Entry, equilibrium —©~Entry, 30 seconds
~®- Spreading, equilibrium ~©- Spreading, 30 seconds
120 —& Bridging, equilibrium & Bridging, 30 seconds - 12000

=
o
o
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N

\
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\ \

P//.\./ °

-20 ™ -2000
1.0E-06 1.0E-05 1.0E-04 1.0E-03

@
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[o2]
o

IN
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»
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Entry/Spreading Coefficient (mN/m)
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o
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Figure 7. Entry, spreading and bridging coefficients of the system: C,Eq aqueous solution
and dispersed paraffin oil

The difference between dynamic and static stabilities in the presence of paraffin oil
is unclear. According to Manlowe and Radke (1990) froth can be metastable under
some dynamic conditions. They explained such a behavior by short contact times
between the gas and oil phases under dynamic conditions. It can be assumed that
dynamic conditions inhibit foam destabilization. This supposition, however, requires
further investigation.

The dynamic froth stability and the collapse rate of MIBC aqueous solutions
without oil and with 1% of paraffin oil are presented in Figure 9. The dynamic
stability of MIBC shows that the impact of paraffin oil is similar to that of Ci,E;o. An
order of magnitude greater frother concentration was required for achieving 100%
dynamic froth stability. However, the static stability was practically not influenced by
the presence of oil.
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The influence of fine solid particles (- 38 pm) is presented in Table 1. Silica
particles were added as hydrophilic particles and as hydrophobilized by exposure to
oil for 24 hours prior to the experiment. The dynamic stability in 1 X 10* M CEq
solution was not affected. The collapse rate, however, increased when oil exposed
silica particles (24 hours) were used, the static froth stability turned out to be much
lower, and the collapse rate increased from 0.33 to 0.44 cm/min.

‘air - aqueous solution — ail - aqueous solution ‘

70

60\

50

40 \ S L

N

20

Surface/Interfacial Tension (mN/m)

10

0 5 10 15 20 25

Time (minutes)

Figure 8. Surface/interface tension of 1 X 10° M C},E, as a function of time

—®- Dynamic stability, without oil ~®- Dynamic stability, 1 % of parafin oil
—~ Collapse rate, without oil —©- Collapse rate, 1 % of parafin oil
100 15
g 80
2 Q)
% > 1.0 g
g 60 X g
< @
e (0]
s 0 g
= T 05 3
g — 8
& 20
0 L 0.0
1.0E-06 1.0E-05 1.0E-04 1.0E-03 1.0E-02
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Figure 9. Dynamic stability and collapse rate of MIBC aqueous solutions
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Table 1. The influence of solid particles on the froth stability. 1 x 10 M C;,E, aqueous solution
containing 1 % by weight of emulsified oil

Presence of Solid Particles Dynamic Stability Collapse Rate
(%) (cm/sec.)
None 100 0.33
Hydrophilic silica, 1 wt. % 100 0.32

Silica particles wetted by oil for 24 hours prior to the

. 100 0.44
experiment

CONCLUSIONS

The frothing ability of aqueous solutions of polyoxyethylene 10 lauryl ether
(Ci2E10) was determined. Experimental results indicated excellent frothing
properties of this compound.

The presence of paraffin oil deteriorated the froth dynamic stability for Cj;E;
only slightly. For 1 wt. % oil in the concentration range of C1,E;o from 1 x 10” to
5 x 10" M it was possible to obtain a dynamically stable froth, which
simultaneously had low static stability. It appears that dynamic conditions inhibit
defoaming action.

The equilibrium interfacial and surface tensions were achieved after 10 minutes,
while the dynamic froth stability was evaluated during the initial 30 seconds.
Therefore a non-equilibrated system was considered for calculation of the oil-
controlled foam stability coefficients.

The entry, spreading and bridging coefficients calculated based on classical
assumptions did not correlate with the experiments, which is confirmed by
previous reports in the literature.

Comparison of the dynamic and static froth stability obtained with Ci,E;, and
MIBC showed that ethoxylated compound provided for better froth stability at
lower concentrations.

Hydrophobic silica particles, conditioned for 24 hours in paraffin oil decreased the
static froth stability to some extent without deterioration the dynamic stability.
The froth behavior results are usefull in the analysis of flotation, particularly air-
sparged hydrocyclone flotation, because a stable dynamic froth is essential for
high recovery. On the other hand an unstable static froth facilitates natural
transport after the separation process. Small soil particles which are expected to be
entrained in the flotation concentrate during oil flotation from soil should not
influence the dynamic stability and may help destabilize the froth after flotation.
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LIST OF SYMBOLS

B - Bridging coefficient

Egom - Entry coefficient, generalized, for an oil droplet entering an aqueous solution
surface

| - Entry coefficient, classical, for an oil droplet entering an aqueous solution surface

h - Film thickness

hy - Equilibrium film thickness under the condition of the capillary pressure equal to
the disjoining pressure

heq - Equilibrium film thickness of an oil bridged aqueous film

hoi - Oil film thickness

h,, - Water film thickness

P, - Capillary pressure

P, - Gas pressure

Py - Water or aqueous phase pressure

S o - Spreading coefficient, generalized, for an oil phase spreading on an aqueous phase

Somw - Spreading coefficient, classical, for the oil phase spreading on an aqueous phase

Yog - Interfacial tension, oil - gas

Yow - Interfacial tension, oil - aqueous solution

Yog - Surface tension of an aqueous solution

n - Disjoining pressure

Myion - Disjoining pressure of a gas/oil/water film

Moo - Disjoining pressure of a gas/water/oil film

M(h) - Disjoining pressure of a film of thickness h

M(h=00)=0 - Disjoining pressure of an infinitely thick film, which is essentially zero

O - Contact angle of an oil droplet on water
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Stabilno$¢ piany byla badana od pierwszej potowy zesziego wieku, jednak mechanism jej
destabilizacji przez srodki przeciwpianowe nie zostat dotychczas catkowicie poznany. W przedstawionej
publikacji okreslono stabilno$¢ piany wodnych roztworéw surfaktantdow w obecno$ci emulsji oleju
parafinowego, jako modelowego uktadu spotykanego podczas oczyszczania zaolejonej ziemi przez
flotacj¢ pianowa. Zastosowano dwa powierzchniowo czynne zwiazki: Ci,E;, oraz MIBC. Okreslono
rowniez wptyw obecnosci piasku o wielkosci ziaren ponizej 38 pm.

Pierwszy zastosowany zwiazek, Ci,E;, wykazal znacznie silniejsze dzialanie pianotworcze niz
MIBC. Powstawanie stabilnej piany zaobserwowano przy stezeniach powyzej 5 x 10 mol/dn’, przy
czym 100 % stabilnoci piany otrzymano powyzej stezenia 5 x 10> mol/dm’. Obecnosé emulsji olejowej
spowodowatla, ze porownywalna stabilno$¢ dynamiczng obserwowano przy st¢zeniach kilkakrotnie
wigkszych. MIBC pozwalil na osiagnigcie stabilnej piany przy stezeniach powyzej 1 x 10 mol/dm?, przy
czym 100 % stabilno$ci piany otrzymano dla stezenia MIBC 5 x 10~ mol/dm® jedynie w poczatkowym
etapie jej tworzenia. Po poczatkowych kilku sekundach od rozpoczgcia do§wiadczenia szybko$¢ gasnigeia
piany zwiekszta si¢ i dorownywala szybkosci tworzenia, co prowadzito do osiagnigcia rownowagowej
wysokosci piany w warunkach dynamicznych. Obecnos¢ oleju parafinowego podobnie jak w prypadku
C,E|y spowodowala, ze kilkakrotnie wigksze stezenia surfaktanta byly wymagane do osiagnigcia
podobnych stabilnoséci dynamicznych.

Stabilno$¢ statyczna piany przy zastosowaniu Ci,E;y korelowata ze stabilnoscia dynamiczna w
uktadzie bez emulsji olejowej. Przy zastosowaniu oleju parafinowego zaobserwowano brak korelacji
pomigdzy dynamiczna i statyczna stabilno$cia w zakresie stgzen od 1 X 10 mol/dm® do 5 x 10™
mol/dm’. Stabilno$é statyczna roztworéw MIBC byta bardzo niska w catym badanym zakresie stezer.

Hydrofilowe ziarna krzemionki w roztworrze C;E|y o st¢zeniu 1 X 10 mol/dm> nie wykazaty
wyraznego wpltywu na stabilno$¢ piany, w przeciwienstwie do ziaren krzemionki hydrofobizowanej przez
zaadsorbowanie oleju parafinowego, ktore znaczaco obnizyly statyczna stabilno$¢ piany. Stabilno$é
dynamiczna, ktéra wynosita 100 %, pozostata nie zmieniona.
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An experimental investigation is presented of the batch ion flotation of zinc(II) and cadmium(II)
ions from dilute aqueous solutions with sodium dodecylbenzenesulfonate (DBSNa) as an anionic
surfactant and cetylpyridinium chloride (CPCl) as a cationic surfactant. The effect of halides,
i.e. fluorides, chlorides, bromides, and iodides, on the selectivity of cadmium(Il) over zinc(Il) is
established. Separation of Cd(II) and Zn(II) ions by DBSNa is not occurred. The separation of
Cd(I1)/Zn(II) by CPCl in presence of halides at concentration range of 0.001 M to 1.0 M increases in
sequence: F<CI' <Br <T.

Key words: zinc, cadmium, halides, ion flotation, and separation

INTRODUCTION

Zinc and cadmium are removed from dilute aqueous solutions with different
methods such as solvent extraction, ionic exchange, ion flotation, sorption or liquid
membranes. Among these methods, ion flotation has special position for the removal
of ions from very dilute solutions, i.e. at the concentration below 1.0-10*M. Ion
flotation involves the removal of surface inactive ions from aqueous solutions by the
introduction of a surfactant and the subsequent passage of gas bubble through the
solution.

The ion flotation selectivity for inorganic cations has been presented in several
papers. Jurkiewicz (1984-85) investigated foam separation of Cd(Il) ions by lauryl
sulfate and sodium dodecanoate from aqueous solutions. The presence of electrolyte in
the solutions has a negative influence on Cd”" foam separation. Also, Jurkiewicz
(1985) investigated separation of thiocyanate and iodide complexes of cadmium(Il) in
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acidic aqueous solutions using cetylotrimethylamonium bromide (CTMABT). In the
presence of acids, the zinc thiocyanate complex removal increases in following
sequence: HCIO, < HI < HNO; < H,SO,4 < H3PO4 < CH;COOH. The influence of
chloride, bromide, iodide and thiocyanate ions on the separation of zinc(Il) and
cadmium(Il) ions with CTMABr Jurkiewicz (1990) also conducted. For anionic
surfactants (sodium dodecylbenzenesulfonate and sodium dodecylsulfonate)
Walkowiak (1991) found the following cations foam separation selectivity sequences
toward: Mn>" < Zn®* < Co’" <Fe’" < Cr’*, and Ag” < Cd* < In’". For the flotation of
cations where no sublate was formed in the bulk solution, the good correlation
between selectivity sequences of studied metal ions with anionic surfactant and the
ionic potentials of those cations was found. The selective flotation of zinc(Il),
cadmium(II), mercury(Il) and gold(Ill) ions using of cetyltrimethylamonium chloride
in presence of chlorides and cyanides was also investigated by Walkowiak et al.
(1976, 1979, 1992). The selectivity order of foam fractionation was as follows:
Au(CN); > Hg(CN),> > Cd(CN),* > Zn(CN),> (Walkowiak and Grieves 1976). The
effect of inorganic ligands, i.e. thiosulfates, thiocyanates, and cyanides on the
selectivity of ion flotation of Zn(Il) and Ag(l) was investigated by Charewicz et al.
(1999). The affinity of cyanide complexes to cetylpyridinium chloride follows the
order: [Ag(CN),] < [Zn(CN)4]* + [Zn(CN);]". The influence of zinc and cadmium ion
concentrations on the effectiveness of flotation removal with potassium oleate was
studied by Sinkova (1998). Zinc(Il) and cadmium(Il) ions are removed effectively
from aqueous solution using this collector. Also, Scorcelli et al. (1999) was studied the
removal of cadmium(II) using sodium dodecylsulfate as a collector. The best removal
(99 %) was obtained for a metal cations to collector ratio equal to 1:3. Preliminary
research of cadmium(Il) over zinc(Il) ions separation by cetyltrimethylamonium
chloride was conducted by Koztowski et al. (2000).

This paper concerns the selective removal of zinc(Il) and cadmium(Il) ions from
dilute aqueous solutions in competitive ion flotation. Anionic complexes of Zn(Il) and
Cd(II) from aqueous solutions were floated with cetylpyridinium chloride. The
competitive ion flotation of Zn>" and Cd*" by sodium dodecylbenzenesulfonate was
also studied.

EXPERIMENTAL

The flotation experiments were carried out in a glass column 45.7 cm high and 2.4
cm in diameter. The nitrogen gas was saturated with water, and the flow rate was
maintained at 12 ml/minute through a sintered glass sparger of 20-30 pm, of nominal
porosity. The initial volume of each feed solution was 100 ml. The temperature was
maintained at 20 % 2 °C. The concentration of zinc(II) and cadmium(II) was 1.0-10°M.
All aqueous solutions were prepared by using double distilled water of conductivity
0.1 pS/m at 25 °C. Inorganic ligands, i.e. F, CI', Br’, and I were investigated in range
of the concentrations of 5.0-10° + 1.0 M. Reagent grade inorganic chemical: NaF,
NaCl, NaBr, Nal, ZnSO,, CdSO4, NaOH and H,SO,; were obtained from POCh
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(Gliwice, Poland). Typical ionic surfactants were applied, i.e. sodium dodecyl-
benzenesulfonate (DBSNa, BHD reagent) as an anionic surfactant, and
cetylpyridinium chloride (CPCl, Loba-Chemie reagent) as a cationic surfactant. Both
surfactants were purified by recrystalization from ethanol. The concentration of
surfactants in the aqueous solutions was 2.0-10™ M.

The dependence of metal ions concentration versus time of each metal in the bulk
solution (c) was recorded continuously during an ion flotation experiment by means of
radioactive analytical tracers and gamma radiation spectrometry following a procedure
described previously by Charewicz and Niemiec (1969) and improved by Walkowiak
and Ulewicz (1999). A single channel, gamma radiation spectrometer was used as the
detector of radiation intensity of specific energy. The gamma radioactive isotopes,
i.e., Zn-65 and Cd-115m, were from the Atomic Energy Institute ,,POLATOM”
(Swierk near Otwock, Poland). They were of sufficiently high specific activity to
neglect the effect of carrier concentration (9.2 MBq/mg for Zn-65 and 2.26 MBq/mg
for Cd-115m).

The maximal percent removal (M) is described by an equation:

M=1-c¢ /c. (1)
r l

where c¢; — the initial ion concentration,
¢ — metal ion concentration in the residual solution after foam ceased.
Selectivity coefficient (S) is described by an equation:

M
SMeI/MeZ - MMeI 2)
Me2
where My — the maximal percent removal of the first metal,
M2 — the maximal percent removal of the second metal.
The first order equation describing the dependence of floated ion concentration vs.
time is applied to the flotation kinetics studies (Walkowiak and Ulewicz 1999):

Lo G ke 3)

dt ¢ —¢p

where k — kinetic rate constant,
t — time of flotation process,
¢ — metal ion concentration at a given time.

The Statistica Program (Version 5.0) was applied to calculate values of k. The
program also allows to find the determination coefficient (r”), which is from 0.0000 to
1.0000 and can be treated as a measure of data fitting to a first order kinetic
equation (3).
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The total concentration of metal in solutions can be described by an equation (4)
and the formation ratio of metal complexes was calculated by an equation (5). In table
1 are given values of the stability constants of halide complexes of Zn(II) and Cd(II).

cyy =[]+ [md] + MLy |+ ...+ [ML,] (4)

- BulL]"
" 1+B1[L]+B2[L]2+ ........ +8]1"

)

where [L] — ligand concentration not complexed by a metal,
B, — overall stability constants of metal complex.

Table 1. Stability constants of zinc(II) and cadmium(II) for halide complexes (Stability constants, 1982)
Tabela 1. State trwatosci jonéw kompleksowych Zn(II) i Cd(II) z halogenkami

System logB, logB, logBs logB,
F Zn(1l) 0.95 - - -
cddn 0.76 0.60 - -
cr Zn(1l) 0.72 0.49 -0.19 0.18
Cd() 1.32 2.22 231 1.86
Br Zn(1l) -1.46 0.47 2.24 -
cddn 1.57 2.26 2.93 -
I Zn(1l) 0.70 1.18 - -
cd() 1.91 3.34 4.65 5.86
RESULTS AND DISCUSSION

The study of batch ion flotation first involved the flotations of zinc(II) and
cadmium(Il) ions from aqueous solutions containing single metal ions, at the
concentrations of metals equal to 1.0-10” and 2.0-10” M. The flotations of zinc(II) and
cadmium(II) ions from equimolar mixture of both metals were also conducted. The
kinetic curves for flotation of the studied Zn*" and Cd”" cations with DBSNa as the
anionic surfactant are shown in Fig. 1. The maximal flotation percent of Zn(II) and
Cd(II) cations was 92.1 and 89.0, respectively. Zinc(I) ions are removed better than
cadmium(Il) ions from solutions containing single metals and from equimolar
mixture. However, comparing process rate, i.e. values of K, the cadmium(II) ions are
removed faster then zinc(Il) ions. The results of the kinetic calculations for these
flotations are shown in table 2. The determination coefficients were high, i.e. from
0.9789 to 0.9963, respectively. This means that the fitting of experimental points to
the equation (3) is statistically very good.
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Fig. 1. Flotation curves for the Zn(II) and Cd(II) ions from solutions containing single metal (a) and
equimolar metal mixture (b) by 2.0-10* M DBSNa

Table 2. The maximum percent removal of zinc(II) and cadmium(II) ions and results of the kinetic

calculations
Concentration of ions, The maximal flotation Rate constant, Determination
[mol/dm®] percent [min™!] coefficients

Zn>" 1.0-10° 0.993 0.369 0.9928
2.0-10° 0.921 0.369 0.9939

cd* 1.0-10° 0.951 0.481 0.9963
2.0-10° 0.890 0.488 0.9925

Zn’ + Ccd” 1.0-10° 0.800 0.329 0.9789
Cd® +7Zn” 1.0-10° 0.752 0.356 0.9907

The influence of inorganic ligands, i.e. F, CI', Br, and I' on the separation of
zinc(Il) and cadmium(II) ions was examined. The removal of zinc(Il) and cadmium(II)
ions decreases with increasing of ligands concentration in aqueous solution using
anionic collector, i.e. DBSNa. The separation of Zn(II) and Cd(Il) in of fluorides,
chlorides, bromides and iodides media aqueous solution with DBSNa is not possible,
since the removal of both metals was comparable (Ulewicz, 2000). The separation of
both metals occurs when a cationic collector, i.e. CPCl, was applied. In Fig. 2 flotation
kinetics curves of Zn(II) and Cd(II) for competitive ion flotation of those metal from
1.0 M bromide (a) and iodide (b) aqueous solutions with CPCl is presented. As can be
seen from this figure cadmium(Il) is floated much better than zinc(Il).

The maximal percent removal of Zn(Il) and Cd(Il) ions in presence of chloride,
bromide and iodide ions are shown in Fig. 3. In this figure, the calculated percent
formation of metal complexes for chlorides, bromides and iodides is also shown.
Floatation of Zn(II) and Cd(II) in with cationic collector does not occur. Using this
collector it is possible to remove of Zn(I) and Cd(Il) existing in anionic forms from
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aqueous solutions. The differences of predomination range for anionic forms of Zn(Il)
and Cd(II) allow to separate cadmium(Il) over zinc(Il). With the increase of halides
concentration a removal of Cd(Il) ions increase, whereas the removal of Zn(Il) is not
excited of 10 %. The maximal percent removal of Cd(Il) and Zn(Il) is comparable
with the halides complex anions of the investigated metals.

1o

A

:|:|...|__|.-.. _—

g &% 19 %% 20 028 0 0§ 1 15 @ 28

T (. )

Fig. 2. Kinetic curves of the Zn(II) and Cd(II) ions from aqueous solutions containing 1.0 M bromide (a)
and 1.0 M iodide (b) ions in solution by CPCI, [Zn**]=[Cd*']=1.0-10"M,
[CPCI]=2.0-10*M, pH=4.0

a) —e—Cd

Jos
—a—2Zn

08}

Fig. 3. Influence of analytical concentration
of chloride (a), bromide (b) and iodide (c) on
removal of Zn(II) and Cd(I) ions with CPCl,

and molar fractions of anionic metal
complexes, pH = 4.0
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The selectivity coefficients of cadmium(Il) over zinc(Il) separation in presence of
investigated ligands are shown in Fig. 4. The selectivity separation of investigation
metals by CPCl in halides media aqueous solution at the concentration range of 0.01
to 1.0 M increases in the following sequence: Cl” « Br <I'. The selectivity coefficients
of Cd(I1)/Zn(II) at the concentration of 0.5 and 1.0 M for chloride, bromide and iodide
are: 7.3; 59.2; 82.0 and 6.0; 67.3, 85.0, respectively. Separation of Cd(II) and Zn(II)
ions using CPCl is the best in the presence of iodides and bromides. In the presence of
chlorides we observed only a partial separation of Cd(II)/Zn(Il) from aqueous
solutions. The values of rate constants increase with halides concentration increasing,
when CPCI was used (Table 3). As can be seen from this table, the kinetic rate
constants for cadmium(Il) are much higher than for zinc(Il). The rate constant ratios of
Cd(II)/Zn(1I) for CI', Br, and I are equal: 1.95; 18.7 and 19.2, respectively.

<, (mol/de)

Fig. 4. Selectivity coefficients (Scg z,) vS. concentration of ligands, [CPCI] =2.0-10*M

Table 3. Rate constant of Zn(II) and Cd(II) by CPCl in presence of halides at concentration of 1.0 M

K [min™"] r K [min"] r
Lignads Zn(II) Cd(r)
Cr 0.040 0.9907 0.078 0.9972
Br 0.010 0.9914 0.187 0.9893
I 0.005 0.9897 0.096 0.9924
CONCLUSIONS

Separation of Cd(II) and Zn(II) ions using anionic collector, i.e. DBSNa, in halides
media aqueous solution at the concentrations range of 5.0-10” + 1.0 M is not possible,
since the removal of both metals is comparable. This is caused by the fact, that zinc(Il)
and cadmium(Il) form cation complexes possess comparable values of stability
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constants. In the presence of chlorides, bromides, and iodides in the range of
concentrations of 5.0-10” to 1.0 M the separation of Cd(IT) over Zn(II) using a cationic
collector, i.e. CPCl, is possible. The selectivity coefficient of Cd(II)/Zn(Il) in the
presence of studied ligands at the range concentrations of 0.5 to 1.0 M increases in the
sequence: F* < Cl' << Br" <T'. The separation-ability for Cd over Zn are the highest at
halides concentration range of 0.5 to 1.0 M. Selectivity coefficients of Cd/Zn reaches
the values of: 67.3 and 85.0 for 1.0 M aqueous solutions of Br and I', respectively.
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Zbadano wydzielanie oraz selektywne rozdzielanie jonoéw cynku i kadmu w postaci Zn** i Cd** oraz
jako aniony kompleksowe z wybranymi ligandami nieorganicznymi z roztworéw wodnych zawierajacych
zardwno pojedyncze metale jak i z roztworow zawierajacych rownomolowa mieszaning obu metali przy
uzyciu kolektora kationowego - chlorku cetylopirydyniowego (CPCl) oraz kolektora anionowego -
dodecylobenzenosulfonianu sodu (DBSNa). Poniewaz cynk i kadm tworza kationowe formy
kompleksowe o podobnych warto$ciach statych trwatosci rozdzielenie jondw Zn(Il) i Cd(Il) przy uzyciu
kolektora anionowego nie jest mozliwe. Separacja jonéow kadmu(Il) od cynku(II) jest natomiast mozliwa
przy zastosowaniu kolektora kationowego, tj. chlorku cetylopirydyniowego. Separacja badanych jonow
metali przy uzyciu CPCl w obecno$ci halogenkéw o stgzeniu 0,5 i 1,0 M wzrasta w szeregu: F~ < CI” <<
Br < I' . Wspotczynniki selektywnosci Cd(I1)/Zn(IT) dla stgzenia ligandow réwnego 0,5 M wynosza
odpowiednio: 7,3; 59,2; 82,0 i dla st¢zenia 1,0 M odpowiednio: 6,0; 67,0; 85,0. Tak wigc, niezaleznie od
stgzenia halogenkéw, najlepsze rozdzielenie jonow Cd(II) od Zn(II) uzyskano w obecnosci jonow
jodkowych i bromkowych w roztworze wodnym.
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Results of the investigations of the electrical double layer (edl) at manganese oxides/ aqueous
solution of alkali metal chlorides interface are presented. The solid phase in the experiments consists
of Mn,O; or MnO,. Dzeta potential ({) and surface charge (c)) measurements for the mentioned
oxides were performed in 0.1- 0.001M solutions of LiCl, NaCl and CsCl. On the basis of surface
charge density as a function of pH and ionic strength data the ionization and complexation constants
of surface hydroxyl groups were calculated. The surface charge measurements and cation adsorption

data indicated that the sequence of the adsorption of alkali metal cations is Li> Na>Cs.

Key words: electrical double layer, manganese oxides/electrolyte interface, pzc, iep

INTRODUCTION

Dispersions of manganese dioxide are present in environment as pyrolusite.
Manganese hydroxy (oxides) form mineral component of soil. Manganese dioxide
may be found in form of nodules on the bottom of the oceans. It finds vide application
in numerous branches of industry. For example, it is common oxidant, and in ceramic,
textile and rubber industry it is applied as a mineral dye. It is used also as a depolarizer
of dry batteries in electronics (Surowce Mineralne Swiata 1981). Recently, MnO
aroused great interest as a promoter of Fe/Si-2 catalyst for olefin production (Xu et al.
1998), improving its activity and selectivity.

A stability of the dispersion and its rheologic properties are connected with the
structure of the electrical double layer at the interface: metal oxide/aqueous solution of
electrolyte. The electric charge at such interface is formed as a result of some
reactions of acid-base hydroxyl group of metal oxide with electrolyte solution ions
(Wiese et al. 1976, James and Parks 1982).

*Department of Radiochemistry and Colloid Chemistry, Maria Curie Sktodowska University,
pl. M.C. Sktodowskiej 3, 20-031 Lublin, Poland
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=SOH: =SOH+H" (1)

=SOH =80 +H" )

The another determinant, influencing the charge magnitude and the structure of the
double layer is concentration of the background electrolyte. The ions of this
electrolyte take part in, so called, complexation reactions of the surface hydroxyl

groups of the oxide, resulting in the increase of the surface charge density, on the
other hand compensating the surface charge (James et al. 1978).

=SOH: An «=SOH + dn' +H' 3)
=SOH +Ct =SSO Cf +H' “4)

Reactions (1-4) are described by thermodynamic constants defined as follows:

x =lrEsonl yuy, o brev 5)
“" gson,| "y, Ok O
X = |_H+Jls SO'] E‘%Bxp [:e‘PO E (6)
“ [zsoH] "y, 0kT O
— [[_[,+IAn_] [E SO{_I] Y 1nYo e(qu B LIJB) 7
K= = SOH," an”| 4 y. EXP@ kT E @
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Ko M sorer] L P ®

where:

K, - dissociation constant of surface group =SOH,"; K, - dissociation constant of
surface group =SO’; K, - anion complexation constant; K, - cation complexation
constant; [.] - concentrations of specific surface forms or ions in the solution;
W, -surface potential; LIJﬁ - potential of Inner Helmholtz Plane (IHP); T- temperature;
k-Boltzman constant (1.38007 JEK™), e- electron charge, Y, - activity coefficient of
H' ions, V,- activity coefficient of =SOH groups, Y, - activity coefficient of
=SOH, groups, y_- activity coefficient of =SO"groups, ¥, activity coefficient of
anions, ¥, - activity coefficient of cations, Y, - activity coefficient of =SOH, An’

groups, Y. - activity coefficient of =SO°Ct" groups.
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Equilibrium constants of ionization and complexation reactions allow, according to
,site binding” theory, calculation of the concentrations of specific forms, bearing
electric charge on the surface of the oxide and determination of the structure of the
electrical double layer at metal oxide- electrolyte solution interface. These constants
may be determined from the dependencies: surface charge density versus pH and
concentration of the electrolyte solution (James et al. 1978, Janusz 1991, Janusz and
Szczypa 1998).

It is well known from studies on the stability of dispersed system, that even
monovalent ions of alkali metals reveal some differences in coagulation capacity, that
is reflected in so called Hofmeister’s lyotropic series (Cs* > Rb" >K™> Na' > Li").
Examinations of edl structure in metal oxide-clectrolyte solution system and following
studies on dispersion stability showed that for some system for example O-Fe,Os,
V-Al,O; this series may be reversed (Lyklema 1995). What is more, even for the same
oxide TiO, and alkali metal salt solutions the classic lyotropic series or reversed series
may be noticed, depending on the preparation method of the solid. (Dumont 1987).

Ardizzone and Trassatti 1996 summarized information concerning the electrical
double layer of the manganese oxides/electrolyte properties of manganese dioxides.
From their review one can noticed those pzc and iep values scatter, even for the same
crystallographic structure of the sample. They cited data of Tamura et al., for the
Y-MnO,/solution of NaNO;, which indicated the dependence of the pzc on the
concentration of background electrolyte.

In present paper the results of experiments on the structure of electrical double
layer for manganese dioxide and Mn,O; in LiCl, NaCl and CsCl solutions are
presented. The investigations included following measurements: surface charge by
potentiometric titrations, adsorption of alkali metal cations with application of
radioactive isotopes and dzeta potential by electrophoresis. Obtained results were used
to calculation of equilibrium constants of ionization and complexation of surface
hydroxyl groups of metal oxides.

EXPERIMENTAL
MATERIALS

Aldrich, Milwakee, USA delivered manganese dioxide. Specific surface of the
sample, determined by BET method (adsorption and desorption of nitrogen) was
38.14m’/g and porosity analysis proved existence of micropores (total volume of pores
from desorption 1,7nm <d< 300nm by BJH method was 0,046 cm’/g and their average
pore radius from desorption was 4.9nm). Grain size distribution of the sample
determined by PCS method (Photo Correlation Spectroscopy) reveals relatively broad
diameter, 150-550 nm, of grains.

Manganese oxide (III) was obtained following Ul Hag and E. Matijevic (1997)
method. A mixture of carbamide (30.0279 g/l) and MnSO, (15.099¢g/1) solutions was
heated in 85°C during two hours, then cooled to room temperature. Next the obtained
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suspension was centrifuged; sediment was washed out with double distilled water and
dried. Dry MnCOj; was calcinated in 700°C during one hour in air. According to BET
measurements, the specific surface of the obtained sample was 9.22 m*/g and such as
MnO, sample it was microporous (total volume of pores from desorption
1,7nm <d< 300nm by BJH method was 0,0184 cm’/g and their average pore radius
from desorption was 7.8nm). Grain size distribution of this sample demonstrated also
broad range of the particle diameter (100-750 nm).

METHOD

Potentiometric titration was performed in Teflon vessel. Temperature of
measurements, equal to 25°C was maintained by Julabo F10UC thermostat. Carbon
dioxide, dissolved in solutions was removed from the system by flowing nitrogen.
Such method provides neutral atmosphere during titration of the solutions and
suspensions. The content of the titration vessel was stirred by propeller mixer. A pH
measurement was carried out with Radiometer Copenhagen PHM 85 Precision pH
Meter. A titrant (base solution) was added with Metrohm Dosimat 665 burette. Both
the pH meter and the burette were connected to a computer for acquisition data (pH
and titrant volume) and to control the addition of titrant. From obtained data the
surface charge density values were computed.

The adsorption of Na“ or Cs’ was determined by the isotope technique, by
measurement of the **Na or "’Cs activity uptake from the solution. Details of this
procedure were described by Janusz 1996. The adsorption of Li" was calculated from
uptake of the concentration of Li" ions from solution. The concentration of Li" was
determined by means of AAS method.

Dzeta potential was determined by electrophoretic method with Zetasizer 3000 by
Malvern.

RESULTS AND DISCUSSION

ELECTRICAL DOUBLE LAYER AT MnO,/ ALKALI METAL IONS SOLUTIONS

As was mentioned earlier electrical charge at the interface of metal oxide/
electrolyte solution is formed as a result of the reactions of acid-base hydroxyl groups
(Reactions 1 and 2) and due to complexation reactions of surface hydroxyl group with
the background electrolyte ions (Reactions 3 and 4). In the case of specific adsorption
of the electrolyte ions the increase of the electrolyte concentration results in the
increase of the charge density.

Surface charge density versus pH and concentration of the electrolytes (LiCl, NaCl,
and CsCl) dependencies are presented on Figures 1, 2 and 3 respectively. It can be
noticed that pHy,. equals nearly 4. For the MnO,/CsCl solution system the pH,,. is the
same for all concentration of background electrolyte. Small shift of pHy,. with
electrolyte concentration was noticed for LiCl solution. Unexpectedly high shift of
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pH,. was observed for NaCl solutions; for 0.001M solution it moves to pH=5.5. Such
shift of pH,,. is characteristic for specifically adsorbing cations. These results confirm
results of Tamura et al. (Ardizzone and Trasatti 1996). On the other hand, a
comparison of surface charge for the greatest concentrations of the electrolyte
suggests that adsorption sequence should be as follows:

Li>Na>Cs
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This sequence is in good agreement with observation for many oxides, for example
TiO,, Fe,O; (Lyklema 1995) nevertheless it should be noticed that for lithium the
charge density at pH=9 is two times higher than for sodium which is also higher than
for cesium.

In presented sequence of electrolytes the decrease of the influence of the electrolyte
concentration on the charge density is well visible. Considering above it seems that
titration by NaOH and CsOH leads, beside acid base reactions also to neutralization of
some substances that contaminate the surface. LiOH as week base does not take part
in such type reactions.

Potential dzeta versus pH dependence for discussed electrolytes is presented on
Fig 4, 5 and 6 for LiCl, NaCl and CsCl solutions, respectively. For all studied systems
pHicp 1s lower than 4.
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Fig. 5. Zeta potential as a function of pH and Fig. 6. Zeta potential as a function of pH and
electrolyte concentration for the MnO,/NaCl electrolyte concentration for the MnO,/CsCl
solution system solution system.

Only for MnO,/LiCl system the relationship of the { potential as a function of
background electrolyte concentration is typical for oxide systems relation. Dzeta
decreases when the electrolyte concentration increases. The less pronounced
dependence is observed for MnQ,/CsCl. For MnO,/NaCl system the highest { is
observed for concentration 0.01M. This effect seems to be difficult to explain and may
be caused by porosity of the solid.

Figure 7 demonstrates dependence of the adsorption of alkali cation on pH of the
0.001M solutions. A plot of these dependencies is in agreement with reaction 4 that is
adsorption increases with the pH increase, however observed increase of the
adsorption as a function of pH is not uniform. For Na" and Li" sharp increase of the
adsorption is observed at pH=7 whereas for Cs" the increase of the adsorption starts at
pHiep. The greatest adsorption is noticed for sodium ions. It may be explained by low
value of dzeta potential in the case of MnO,/NaCl system.
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Equilibrium constants for ionization and complexation of surface hydroxyl groups
were calculated according to Davies et al. 1978 method, basing on potentiometric
titration data. Obtained constants for LiCl, NaCl and CsCl solutions are listed in
Table 1. It may be noticed that values of the constants of positively charged groups are
similar. Only for NaCl the higher stability of ionized, positively charged groups is
observed. Considered cations arrange in the following sequence: the lowest ionization
tendency reveals CsCl solutions and the highest LiCl.

Table 1. Ionization and complexation constants of surface hydroxyl groups for MnO,/Ct
(Ct=Li, Na, Cs)Cl system.

Constants Elektrolyte
LiCl NaCl CsCl
pKa 2.93+0.65 4.12+0.97 3.02+1.34
pKaz 8.70+0.07 8.38+0.82 7.62+0.30
pPKa 2.62%1.14 1.20+0.66 0.26+1.09
PKc 6.20%1.03 5.44+0.42 5.96x1.06

Analysis of the value of the cation complexation constants indicates that the
strongest complexes are formed by sodium ions, weaker for cesium and the weakest
for lithium ions in observed system. These results are in agreement with ion
adsorption studies — Fig. 7. It may be concluded from the above that in lithium
chloride solutions the ionization reactions has the greatest share in the charge
formation whereas complexation reactions does the same in MnO,/NaCl system.
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ELECTRICAL DOUBLE LAYER AT Mn,0;/ALKALI METAL IONS SOLUTIONS

Surface charge density versus pH dependence for Mn,O5/LiCl solution system is
presented on Figure 8, Mn,Os/NaCl solution system on Figure 9 and for Mn,03/CsCl
solution system on Figure 10. For Mn,0s/LiCl and Mn,0s/NaCl systems pH,,. equals
to 6 whereas for Mn,O5/CsCl small shift to pH=6.4 was noticed. On Figure 8 small
dependence of charge density on the concentration of the background electrolyte may
be noticed. For the remaining two cases (Figs 9 and 10) this dependence is typical for
the oxides, although its character is different for each system. For Mn,0;/NaCl
solution system pronounced dependence of surface charge density on electrolyte
concentration is visible up to pH=7, whereas for Mn,O5/CsCl system this dependence
is relatively higher below pH,,.. In the first example the higher influence of the cation
adsorption on the charge density is visible.
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Dzeta potential versus pH dependences for three concentrations of the background
electrolyte for systems Mn,0O3/LiCl Mn,O3/NaCl and Mn,05/CsCl are presented in
Figures 11, 12 and 13 respectively. It may be noticed that pHi, value for Mn,O5/LiCl
and Mn,03/NaCl systems equal to 3.2 whereas for Mn,O;/CsCl it is 3.5. A comparison
of both values, pH,,. and pHi,, reveals difference in all systems bigger than three
units. The reason for such difference may be significant adsorption of the anion, which
shifts pH,,. towards higher values, presence of contamination or porosity of the solid.

Examination of the structure of the solid by BET method (adsorption and
desorption of the nitrogen) can not exclude the latter factor in principle. The lack of
this shift for higher ionic strengths proves the same adsorption of the electrolyte ions
at pH,,. vicinity, so for any noticed shift alkali contamination such as NaOH or KOH
should be responsible. On the other hand, the process of the sediment preparation
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excludes their presence. The precipitation of MnCO; is performed in the presence of
carbamide and obtained sediment is washed with doubly distilled water until the
conductivity of supernatant was constant. A difference between pH,,. and pH;., may
results from neglecting the sediment solubility. Titration of the sediment with various
weighed portion of the solid, to take the solubility into account, gave shift towards
lower values about 0.5 pH unit. Because mentioned difference between pH,,. and
pHic, was too big the washing out the solid with acid is necessary.
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Ionization and complexation constants of surface hydroxyl groups were determined
from the dependence - surface charge density versus pH, according to Davies et al.
These constants are listed in Table 2, for studied electrolytes.

Table 2. Ionization and complexation constants of surface hydroxyl groups
for Mn,05/Ct (Ct=Li, Na, Cs)CI system

Electrolyte
Constant -

LiCl NaCl CCl
pKa 4.77£0.01 5.02+0.20 4.97+£0.07
pKa 7.85%0.08 7.80+0.22 8.28+0.08
pKal 4.99+0.06 5.02+0.35 5.544+0.32
pKct 7.50+0.01 7.5240.28 8.15+0.09

For this oxide, some small differences of ionization constants are connected with
positively charged groups (0.2 pH units) and a little bigger with negatively charged
(0.4 pH units). The greatest differences are visible for cations. From the above data it
may be concluded that lithium cations are the stronger complexing agent whereas
cesium cations are the weakest one. This sequence is different than that of for
previously mentioned MnO, and may result from ordered state of water layer at the
surface of the oxide. For oxides with firmly hydrated surface the adsorption of
hydrated ions is favored, whereas for the oxides with poorly hydrated surface the
adsorption of ions hydration shield for example cesium. To prove above assumption
the calculation of hydration degree of both oxides seems to be very helpful.

CONCLUSIONS

The following conclusions may be drawn from calculations based on
potentiometric titrations, ion adsorption and dzeta potential measurements of the
systems manganese oxide/ alkali metal chlorides:

1. pHy.e and pHi,, of MnO; in solutions of alkali metal chlorides is lower than 4.

2. Obtained sequence of the adsorption of alkali metal cations is Li> Na>Cs. It
should be noticed that the highest charge density was obtained for LiCl and the
smallest one for CsCl solution. It is caused by a considerable contribution of the
ionization of surface hydroxyl groups in LiCl solution.

3. Examination of the systems with Mn,O; revealed big difference between pH,,.
(6.5) and pHi, (3.8), which is difficult to explain on the base of the performed
experiments.

4. Sequence of cations adsorption on Mn,0; surface is Li> Na>Cs.
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Przedstawiono wyniki badan podwdjnej warstwy elektrycznej na granicy faz tlenki manganu/wodny
roztwor chlorkéw metali alkalicznych. Badania prowadzono nad wtasciwos$ciami granicy faz w ktorych
fazg stala stanowily tlenki manganu; Mn,O; i MnO,. Pomiary C i tadunku powierzchniowego (o,) dla
wyzej wymienionych tlenkow przeprowadzono w 0.1-0.001M roztworach LiCl, NaCl, CsCl. W oparciu o
zalezno$ci gestosci tadunku powierzchniowego, potencjatu { od pH i stgzenia elektrolitu obliczono state
jonizacji i kompleksowania powierzchniowych grup hydroksylowych tlenkéw. Na podstawie pomiardw
fadunku powierzchniowego oraz przez bezposredni pomiar adsorpcji kationéw okreslono nastgpujaca
sekwencje adsorpcji kationdw Li>Na>Cs.
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Taking into account the published earlier values of the destruction time of the coal column
structure formed from the four fractions of coal particles having the average diameter 1.5x10™ m,
2.5x10" m, 3.5x10” m and 4.5x10* m in the homologous series of alkanes and alcohols, the
correlation between destruction time and bulk properties of coal and liquids as well as the liquid-air,
coal-air and coal-liquid interfacial properties was studied. On the basis of this study the linear
relationship between the reciprocal destruction time and average diameter of the coal fractions, work
of alkane and alcohol cohesion, their density, the difference between liquids and coal density, and free
energy of interactions per one molecule of the liquid was found. From these relationships, the critical
values of the particles diameter, work of cohesion, density, difference between coal and liquid
density, and free energy of interactions for infinitely long destruction time were determined. It was
stated that for systems having critical values of these parameters, the detachment force is equal to the
attachment one. From study it also results that the attachment forces between coal particles depend on
the work of cohesion of liquid and work of adhesion of coal to liquid, and that the destruction of the
structure of the sediment column take place as a result of the interruption of the film of the liquid
between two coal particles.

Key words: adhesion, coal particles, alkanes, alcohols, interfacial interactions, attachment and
detachment forces

INTRODUCTION

Interactions among particles of solid through a liquid play an important role in
many technological processes such as: froth flotation, oil agglomeration, shear
flocculation, carrier flotation, precipitate flotation, coagulation flocculation (Leja
1982), (Warren 1975), (Sadowski 1993) and (Wojcik et. al. 1978). In these processes
an aqueous suspension of mineral particles is mixed with a collector or an immiscible

*Department of Interfacial Phenomena, Faculty of Chemistry, Maria Curie-Sktodowska University,
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liquid, such as kerosene or diesel oil, which consist of different kinds of hydrocarbons.
Adsorption or spreading of the collector on the surface of a mineral causes its
hydrophobization. Hydrophobic or hydrophobized particles of an ore can be
preferentially wetted by an apolar liquid, which forms capillary bridges between the
particles, causing thus their aggregation or agglomeration.

Knowledge of the values of the interparticle interactions through a liquid can be
helpful to explain more exactly the mechanism of these processes.

Different apparatuses and methods are used to determine adhesive interaction as
well as the perimeter of the contact plane between a soft solid sphere and a flat rigid
solid surface, or between a hard solid sphere and a flat soft solid surface (Johnson et
al. 1971), (Maugis 1992), Derjaguin et al. 1961) and (Derjaguin et al. 1975). The
obtained results are discussed on the basis of two main approaches commonly called
as Johnson, Kendall and Roberts (JKR) (1971) or Derjaguin, Muller and Toporow
(DMT) (1975) theories. In our laboratory in the sixties, a simple device was used to
measure the destruction time of the sediment coal structure (Waksmundzki et al. 1965)
and (Waksmundzki et al. 1965a).

Using this device the destruction time of the sediment column structure of coal
particles was measured in two homologous series of liquids: n-alkanes (Wojcik et al.
2000) and n-alcohols (Wojcik et al. 2000a). The obtained results were interesting, but
not explained enough so far. Therefore, the purpose of our paper is to find the
correlation between the destruction time and bulk properties of the n-alkanes, n-
alcohols, and coal as well as the n-alkanes (n-alcohols)-air, coal-air and coal-n-alkanes
(n-alcohols) interfacial properties.

EXPERIMENTAL
METHOD

A schematic diagram of the device for measurements of the destruction time of the
sediment column structure (Waksmundzki et al. 1965), (Waksmundzki et al. 1965a),
(Wojcik et al. 2000), (Wojcik et al. 2000a) and (Wojcik et al. 2000b) is presented in
Fig. 1. It consists of a glass tube (1) -0.4m long and a 3 10”m in inner diameter, and a
glass vessel 3 10°m’ in volume (2) connected with the glass tube by a rubber plug (3)
so as to move the tube up and down. The glass vessel is closed by a stopper (4). The
other end of the tube is closed by a silicone plastics seal tightened by a screw (5).

MEASUREMENTS

The destruction time of the coal sediment column structure was measured for four
size fractions of coal particles whose average diameters were: 1.5 10*m, 2.5 10™*m,
3.5 10"m and 4.5 10™m, respectively. The measurements were carried out in n-
alkanes, from hexane to hexadecane, and in n-alcohols from methanol to decanol
(Wojcik et al. 2000) and (Wojcik et al. 2000a).
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Fig. 1

Fig. 1. Schematic diagram of the device for the destruction time measurements: (1) glass
tube; (2) glass vessel; (3) rubber plug; (4) stopper; and (5) sealing system. (A) The device
filled with the studied suspension; (B) formation of the sediment column; (C) the sediment

column formed; (D) destruction sediment column structure. h; and h, are the bottom and

upper levels of the of the sediment column

The sediment column of coal particles was formed in the glass tube by pouring
2,5 10°m’ of the liquid in the glass vessel and tube and adding 2x10~kg sample of a
given fraction of coal particles (Fig.1A). The tube was moved down, as shown in Fig.
1B, and the particles falling into the tube formed a sediment column, the length of
which was ca. 0.3 m between the level h; and h, (Fig. 1C). Next, the tube was moved
up over the level of alkane, and the column structure was established in 10 min. After
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that the device was quickly inverted, as shown in Fig. 1D, and the particles detached
from the sediment column and dropped to the end of the tube, forming a new sediment
column (Fig. 1D).

The destruction time of the coal sediment column structure was measured by a
stop-watch, starting when the first coal particle detached from the column at the level
h; (Fig. 1D), and stopping when the last coal particle started to drop at the level h,
(Fig. 1D). The procedure of the destruction time measurements was repeated several
times for each coal fraction and each liquid used.

DISCUSSION

We have found that the destruction time increases with increasing length of the
hydrocarbon chain of the studied liquids and decreases with increasing diameter of
coal particles. This means that the difference between the force of a coal particle
attachment to a coal particle through the liquid and the force of a coal particle
detachment from a coal particle increases with increasing number of carbon atoms in a
molecule of the liquid and decreases with increasing average diameters of coal
particles. These findings suggest that the difference between the attachment and
detachment forces go to zero as the average diameter of coal particles decreases.
Therefore, for certain size of coal particles the destruction time is infinitely long and
the particles do not detach from those of the column. The diameter of such particles is
called the critical diameter (Waksmundzki et al. 1965), (Waksmundzki et al. 1965a),
(Wojcik et al. 2000), (Wojcik et al. 2000a) and (Wojcik et al. 2000b).

We have found linear relationship between the reciprocal of the destruction time
and: 1) the average diameter of coal particles fractions, 2) work of cohesion of the
liquids, 3) density of the liquids, 4) difference between densities of coal and a
studied liquid, 5) reciprocal of the free energy of interaction per molecule of the
liquid. These relationships satisfy the equation:

1/t = a+bX (1)

where: ¢ is the destruction time, @ and b are the constants and X the parameters
mentioned above.

The parameters determined from Eq. (1) for the destruction time equal to infinity
(1/t = 0) were called critical. The critical diameter of coal particles did not depend on
length of the hydrocarbon chain of the liquids and average values in alkanes and
alcohols is 9.4 - 10°m and 9.8 - 10°m, respectively.

The critical work of cohesion of the liquids and their critical density difference
practically did not depend on the average diameter of coal particle fractions (Tab. I).

For each studied liquid if the coal particles diameter has critical value, then the
detachment force is equal to the attachment one. The same case takes place for all
studied fractions of coal particles if the liquid (alkane or alcohol) would have the
critical work of cohesion. In these cases coal particles do not detach from one another
and the sediment column is stable.
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Table 1. Critical work of cohesion of alkanes and alcohols and the critical density differences
between coal and the liquids

= Coal size Critical work Critical density
g fractions of cohesion differences
= x10*m in mN/m Ap in kg/m’
A
1.5 57.1 556.5
§ 2.5 57.3 551.3
8 3.5 57.5 549.8
< 4.5 57.5 549.9
Average 573 551.9
B
1.5 58.2 505.5
2 2.5 58.3 504.3
5 3.5 58.5 503.2
< 4.5 584 503.5
Average 58.4 504.1

Assuming that coal particles are spheres, the detachment force was calculated from
equation (W¢jcik et al. 2000) and (Wdjcik et al. 2000a)

Fp=)end},e (oc-rp1) ()

where d,, is the critical diameter of coal particles, g is the acceleration due to gravity;
Pc and p; are the density of coal and liquid, respectively. The calculated Fp values in
alkanes (from hexane to hexadecane) and alcohols (from methanol to decanol) were
in the range from 29.1-10""N/particles to 24.2-10""N/particles and from
26.6 - 10" N/particles to 24.7 - 107" N/particles (Tab. II), respectively (Wojcik et al.
2000) and (Wojcik et al. 2000a).

Taking into account the critical density difference, the detachment force was
calculated from Eq. (2) for alkanes and alcohols and was 23.5 - 10" N/particle and
24.4 - 10" N/particle, respectively.

For coal particles having the critical diameter the detachment force can be
expressed by the equation

FD = WCoh.cr (L= WCoh.cr (2R (3)
where Weoner 1 the critical work of cohesion of the alkane or alcohol, L is the

parameter of the contact plane between two coal particles in the liquid and R is the
radius of the contact plane.
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Table II. Detachment (Fp) and attachment (F ;) forces between two coal particles (in N/particle and in
N/m), radius of the contact plane between coal particles (R), and the difference between attachment and
detachment forces (Fp - Fy).

Liquid Fp-10' | Fp-10° R-10" | Fa-10" | (Fp-Fa)-10'°| Fu- 10°
N/particle N/m M N/particle N/m N/m
A.
1.Hexane 29.1 57.3 80.9 18.7 10.4 37.6
2.Heptane 28.0 57.3 77.8 19.7 8.3 41.2
3.0ctane 272 57.3 75.6 20.5 6.7 44.0
4 Nonane 26.9 57.3 74.8 21.5 5.4 46.6
5.Decane 26.1 57.3 72.5 21.7 4.4 48.6
6.Undecane 25.6 57.3 71.1 22.0 3.6 50.2
7.Dodecan 252 57.3 70.0 224 2.8 51.9
8.Tridecane 249 57.3 69.2 22.6 2.3 53.0
9.Tetradecane 24.7 57.3 68.6 22.8 1.9 54.9
10.Pentadecane 24.3 57.3 67.5 22.9 1.4 55.0
11.Hexadecane 24.2 57.3 67.3 232 1.0 55.9
12.Average 23.5 57.3 65.3 23.5 0 57.3
B.
1.Methanol 26.6 58.4 72.6 20.4 6.2 45.1
2.Ethanol 26.7 583 72.9 20.5 6.2 45.1
3.Propanol 26.0 58.4 70.9 20.8 5.2 47.1
4 Butanol 25.7 58.4 70.1 21.5 4.2 49.2
5.Pentanol 25.5 58.4 69.6 22.5 3.0 51.8
6.Hexanol 252 58.3 68.8 22.6 2.6 52.7
7. Heptanol 25.1 58.4 68.5 23.1 2.0 54.1
8.0ctanol 25.0 58.4 68.2 23.4 1.6 55.0
9.Nonanol 24.8 58.3 67.8 23.7 1.1 56.0
10.Decanol 24.7 58.4 67.4 24.0 0.7 57.1
11.Average 24.6 58.4 67.1 24.6 0 58.4

The radius of the contact plane between two coal particles in the studied liquids
was calculated from Eq. (3), using the detachment force and critical work of cohesion
of alkane and alcohol taken from literature (Wojcik et al. 1978), (Wojcik et al. 2000a)
and (Wojcik et al. 2000b). The values of the radius of the contact plane are listed in
Tab. II A and B and they decrease with increasing length of the hydrocarbon chain of
alkanes from 80.9-10"m to 67.3-10"" m and alcohols from 72.6-10""m to
67.4-10""m.

Knowing the detachment force in Newton per particle and the perimeter of the
contact plane between two coal particles in the liquid, detachment force in Newton per
unit of length was calculated from Eq. (3) and listed in Tab. II. As it is seen the values
of the detachment force, for both homologous series of liquids, do not depend on the
length of hydrocarbon chain of alkanes and alcohols. The average values for these
series of liquids are 57.3 - 10"°N/m and 58.4 - 10"°N/m, respectively. These values
are equal to the critical cohesion of alkane and alcohol determined from linear
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relationship of the reciprocal of the destruction time as a function of the work of
cohesion of the liquid.

The changes of the radius of the contact plane were unexpected to us because the
work of cohesion of the studied liquids and their work of adhesion to coal increased
with increasing length of the hydrocarbon chain of the liquids. Only the interfacial free
energy of the coal-liquid system decreased as a function of the length of hydrocarbon
chain of alkanes and alcohols. Therefore, we previously calculated the attachment
force of two coal particles through a liquid assuming that the contact plane between
them was formed by a constant number of molecules of the studied alkanes or alcohols
(Wojcik et al. 2000) and (Wojcik et al. 200a). The values of the attachment force
obtained in this way were bigger than those of the detachment force, which would
mean that coal particle were not disrupted from the sediment column. To explain this
problem the attachment force between two coal particles through the studied liquid
was calculated from the equation

Fy =Weop RIR “4)

where W, is the work of the cohesion of the studied liquid, R is the radius of the

contact plane between two coal particles.

The attachment force for the homologous series of alkanes from hexane to
hexadecane and alcohols from methanol to decanol is in the range from
18.6 - 10" N/particle to 23.1-10"°N/particle and from 20.4 - 10""°N/particle to
24.0 - 10" N/particle, respectively as listed in Tab. II A and B, respectively. The
attachment force increases with increasing length of the hydrocarbon chain of the
liquids which is clearly seen in Fig. 2 A and B where, the attachment and detachment
forces as a function of the number of carbon atoms in alkane and alcohol molecules
are presented. It appeared that the maximal attachment force was equal to the minimal
force (Fig. 2 A and B, Tab. II A and B).

As it is seen in Fig. 2 the difference between the detachment and attachment forces
which values are also listed in Tab. I decreases with increasing length of the
hydrocarbon chain of the liquids, reaching zero for alkane and alcohol whose work of
cohesion is critical. In Fig. 3 A and B the relationship of the reciprocal of the
destruction time as a function of the difference between the detachment and
attachment forces is plotted. The reciprocal of the destruction time of the coal
sediment column structure decreased linearly (Fig. 3) with decreasing difference
between the detachment and attachment forces (AF).

The curves presented in Fig. 3 should be started from the beginning of the co-
ordinate system because for AF = 0 the reciprocal of the destruction time should be
zero. As it is seen in Fig. 3 for 1/t = 0 the difference between the detachment and
attachment forces is smaller than zero. It is evident that the attachment force results
not only from the work of cohesion of the liquid but also from the work of adhesion of
coal-liquid.
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Detachment and attachment force, x10"° mJ m™

Detachment and attachment force, x10° mJ m™

Fig. 2. The detachment (curve 1) and attachment (curve 2) forces as a function of the number of carbon
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It is seen from the results presented in Fig. 3 that the curves would start from the
beginning of the co-ordinate system if the values of AF (Tab. II) were smaller by
about 0.4- 10" N/particle and 0.13 - 10" N/particle for alkanes and alcohols,
respectively. To obtain these smaller values of AF, the attachment force should be
enhanced by 0.4 - 10" N/particle and 0.15 - 10™° N/particle for alkanes and alcohols,
respectively. Thus the attachment force for alkanes and alcohols is in the range from
19.1-10" N/m to 23.6-10"° N/particle and from 20.55- 10" N/particle to
23.85 - 10" N/particle, respectively. Then the values of the attachment force per unit
of the perimeter length of the contact plane were calculated and listed in Tab. II. As it
is seen the value of the attachment force is bigger by 1 mN/m than the work of
cohesion of alcohols. It is evident that the detachment of coal particles from the
sediment column occurred by disruption of the liquid film present between them. The
attachment force between coal particles in alkanes and alcohols is a little bigger than
the work of cohesion of the liquid. It means that the origin of the attachment force is
the work of cohesion of the liquid and work of adhesion coal-liquid.

CONCLUSION

The presented analysis and discussion of the results of the detachment experiments
has clearly shown that detachment of coal particle from one another in the studied
liquids occurs by disruption of the liquid film present between them.

The perimeter of the contact plane between two coal particles decreases with

increasing length of the hydrocarbon chain of alkanes and alcohols.
Increase of the destruction time of the sediment column structure of coal particles with
increasing length of the hydrocarbon chain of the studied liquids results on the one
hand from decrease of the detachment force of coal particle and from one another and
on other from an increase of the attachment force between them.

The values of the attachment force is determined by the cohesion work of alkane or
alcohol and by the adhesion work of coal — studied liquid.
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Ogonowski R, Waojcik W., Janczuk B., Wphw cieczy na oddzialywanie miedzy ziarnami wegla,
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Wykorzystujac opublikowane warto$ci czasu destrukcji struktury stupka sedymentu w rurce szklanej
dla frakcji ziaren wegla o sredniej $rednicy 1.5x10m, 2.5x10™m, 3.5x10™*m i 4.5x10m, w
weglowodorach od heksanu do heksadekanu i alkoholach od metanolu do dekanolu, przeprowadzono
badania nad korelacja pomigdzy czasem destrukcji a wlaciwosciami objgtosciowymi badanych cieczy i
wegla oraz migdzyfazowymi ciecz-powietrze, wegiel-powietrze 1 wegiel-ciecz. Na podstawie
przeprowadzonych badan stwierdzono, ze czas destrukcji rosnie ze wzrostem dlugosci tancucha
weglowodorowego alkanow i alkoholi a maleje ze wzrostem $redniej $rednicy ziaren wegla. Zmiany
czasu destrukcji wynikaja z rdznicy pomigdzy sitami odrywajacymi ziarno wegla od ziarna wegla a sitami
adhezyjnymi (zlepienia), ktore odpowiednio zaleza od oddziatywan grawitacyjnych i migdzyfazowych.
Obliczone sily odrywajace, przy zalozeniu, ze ziarna wegla sa kulkami, maleja ze wzrostem dlugosci
tancucha weglowodorowego badanych cieczy.

Dla obu badanych szeregdw homologicznych stwierdzono liniowa zalezno$¢ pomigdzy odwrotnoscia
czasu destrukcji stupka sedymentu i $rednia $rednica badanych frakcji ziaren wegla, praca kohezji
alkanow 1 alkoholi, ich gestoscia, réznica ggstoSci wegla 1 badanych cieczy oraz swobodna energia
oddziatywan w przeliczeniu na jedna czasteczkg cieczy.

Prostoliniowe zalezno$ci pozwolily na wyznaczenie tzw. ,krytycznych wartosci” takich parametrow
jak: $rednica ziaren, praca kohezji, ggsto$¢, roznica ggstosci i swobodna energia oddzialywan dla
nieskonczenie dlugiego czasu destrukcji (1/t=0). Dla uktadéw o krytycznych warto§ciach wymienionych
parametrow sity odrywania réwne sa silom zlepienia. Biorac to pod uwagg obliczono promien
plaszczyzny kontaktu oraz wielko$¢ sit zlepienia pomigdzy ziarnami wegla w badanych cieczach.
Przeprowadzone obliczenia wykazaly, ze sily zlepienia pomigdzy ziarnami wegla sa nieco wyzsze od
pracy kohezji badanej cieczy. Wynika z tego, ze o wielkosci sit zlepienia pomigedzy ziarnami wegla w
badanych cieczach decyduje nie tylko wielko$¢ pracy kohezji danej cieczy ale rowniez wielko$¢ pracy
adhezji wegiel-badana ciecz. Poniewaz praca adhezji jest wigksza od pracy kohezji, zatem niszczenie
struktury shupka sedymentu ziaren wegla zachodzi w wyniku przerwania cieklego filmu pomigdzy dwoma
ziarnami wegla.
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Laboratory investigations have been undertaken in order to determine the influence of major
parameters on the process of leaching of metal values from ocean nodules by means of model “sea-
water”, that is - acidified chloride solutions. The effect of leaching conditions, i.e. time, temperature,
stirring rate, liquid/solid ratio and HCI concentration was examined on leaching efficiency. It was
found that concentration of hydrochloric acid greatly influences leaching of metals from ocean
nodules. At HCI concentration exceeding 4.0 M and at 30 °C of temperature all valuable metals were
almost completely leached out from the feed. Elevation of the leaching temperature allowed for
reduction of the initial HCI concentration. Deep-sea nodules studied in this work exhibited somewhat
different leaching behavior that reported in the literature.

INTRODUCTION

Since the 1960's manganese nodules have been recognized as a prospective source
of metals and their investigation is stimulated by the progressive depletion of land-
based mineral resources (Agarwal et al., 1976). These nodules are an unique and
complex deposit requiring an equally unique extraction process suitable to their
specific properties. Manganese and iron oxides are the major components of nodules
while copper, cobalt and nickel - finely disseminated in the oxide matrix - make their
economic value (Sridhar et al., 1976; Agarwal et al., 1976; Fuerstenau et al., 1973).
Unfortunatelly, nickel, copper and cobalt are not present in separate mineral phases
and therefore they cannot be liberated and beneficiated by means of widespread
physical methods. Unique chemical compositions as well as dissemination of Cu, Ni,
Co and heavy metals in Fe/Mn oxide phase require the application of chemical
reductants to decompose the oxide matrix and to liberate the colloidal particles of
metallic compounds for leaching.

*Division of Hydrometallurgy, Institute of Inorganic Chemistry and Metallurgy of Rare Elements,
Wroctaw University of Technology, 50-370 Wroctaw, Poland.
**Mineral and Metallurgical Institute of Changsha, Division of Mineral Processing,
Changsha, P.R.China.
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Numerous metallurgical processes for recovering of metals from nodules have
been investigated in recent thirty years (Han et al, 1974, Han and Fuerstenau, 1975;
Han and Fuerstenau, 1980; Fuerstenau and Han, 1983; Jana, 1993; Kohga et al, 1995;
Acharya, 1999. High moisture content (30 - 40 %), high porosity (about 60 %), and
inability for common physical beneficiation eliminate the application of simple and
economically feasible smelting processes for ocean nodules. Hydrometallurgy
remains the only rational route of metals recovering from this specific raw material. In
rational selection of the most effective hydrometallurgical process, we look for the
lowest consumption of reagent and for the best recovery of metals in a relatively
simple process. However, processes considered for the commercial application must
strictly involve a reducing step of insoluble MnO, matrix to soluble Mn(Il) ions and
releasing the valuable metals for further recovering (Han and Fuerstenau, 1980; Shinn
et al., 1984; Kawahara and Mitsuo, 1993; Chen, 1996). Hydrogen chloride, Fe(II)
ions, sulfur dioxide and some organic compounds are frequently used as reductans.

The hydrometallurgical processes can be divided into several types with respect to
leaching reagents used. For example, hydrochloric acid (Jana, 1993) is comparatively
cheap leaching agent and can be obtained from the sea water and reused. Both
ammonia (Chen, 1996, Acharya, 1999); and elevated temperature/elevated pressure
leaching processes (Han and Fuerstenau, 1975) can selectively extract nickel, copper
and cobalt from the feed nodules and therefore, reduce the consumption of leaching
reagents.

We now report experimental results on hydrochloric acid leaching, ammonia
leaching and elevated temperature, elevated pressure leaching processes of the
Pacific's polymetallic nodules. Leaching behavior of these nodules in hydrochloric
acid acidified model "sea water " has been studied in detail.

EXPERIMENTAL

A sample of polymetallic nodules was taken from northeastern Pacific's subequato-
rial part of Clarion/Clipperton Fracture Zone (CCZ). Particularly, nodules from
eastern nodule-bearing area of CCZ within the Interoceanmetal (IOM) pioneer
investor claim. The air-dried nodules, which density was 2.53 g/cm’ and bulk density
of 1.23 g/em’, were crushed with a hammer and subsequently ground in the ball mill
for about 1 hour. The particle size distribution of ground nodules used as a feed in the
leaching experiments is given in Table 1.

Table 1. Particle size distribution of deep-sea nodules

Size fraction Weight %
-0.045 10.06
-0.071+0.045 38.7
-0.160+0.071 29.27
-0.300+0.160 13.26
+0.300 8.71
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Thermal analysis revealed 13.06 % of the moisture content in the examined
nodules. Feed material for leaching experiments was the mixture of all particle
fractions. Chemical composition of the feed is given in Table 2. Leaching experiments
were carried out in a three-necked, round-bottomed glass reactor with the reflux
condenser and a stirrer of adjustable stirring rate. Samples of 30 g of nodules were
leached in 300 ml of solution. Reagent grade chemicals dissolved in distilled water
were utilized during the examinations. The temperature was kept constant using
thermostat throughout each test.

Table 2. Chemical composition of polymetallic deep-sea nodules
Element Cu Mn Fe Ni Co
Content, % wt. 1.05 22.51 3.82 1.12 0.13

Additional preliminary tests were performed in 0.6 M NH; OH,O + 0.6 M
(NH,4),CO; in the presence of SO, at temperature — 90 °C and at liquid/solid ratio -
10:1. A sample of nodules was also leached at 120 °C and 0.7 MPa of O, pressure
with liquid/solid ratio of 10:1 and H,SO, added in amount of 0.75 kg/kg of nodules.

After each leaching experiment and after periodical sampling, a solid-liquid
separation was performed. The filtered aqueous phase was colorimetrically analyzed
for cobalt with 0.20 % of Nitroso-R-Salt and 25 % of CH3COONa solutions while
manganese was determined colorimetrically as MnO, due to oxidation with KIO4.
Moreover, selected solid residues after leaching were digested and analyzed with
AAS for nickel, copper, cobalt, manganese and iron to verify the results of leaching.

RESULTS AND DISCUSSION

PRELIMINARY EXPERIMENTS

In order to determine the leaching behavior of examined nodules at conditions
previously reported in the literature (Agarwal, 1976; Fuerstenau et al., 1973; Han and
Fuerstenau, 1980; Jana, 1993, Sridhar et al., 1976; Kohga, 1995), several checking
experiments were performed. The experiments involved hydrochloric acid and sodium
chloride leaching, ammonia-SO, leaching and high temperature, high pressure sulfuric
acid leaching.

Figure 1 shows the recovery versus leaching time plot for cobalt and manganese
during the leaching of nodules with hydrochloric acid - sodium chloride aqueous
solutions at 30 °C. The relationships in Figure 1 indicate that about 80% of cobalt and
nearly 70% of manganese were extracted after 1.5 hours of leaching of nodules with
aqueous HCI + NaCl. The results based on the chemical analysis of the solid residue
(9.6 g) after leaching for 3 hours are shown in table 3. The reported results of similar
leaching: 99% of copper, 99% of nickel, 93% of cobalt, 92% of iron and 96% of
manganese recovery (Jana, 1993), were better than these of above experiment.
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Table 3. Leaching recovery of metals in HCl — NaCl solution at 30 °C

Element Cu Fe Mn Ni Co
Assay of residue , % 0.135 3.37 16.69 0.293 0.068
Recovery , % 96.19 71.77 76.27 91.63 83.26
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Fig. 1. The recovery — time relationship for HCI -
NaCl leaching of nodules
(NaCl - 4.0 M, HCI - 2.75 M, temperature — 30 °C,
stirring rate - 900 rpm, liquid/solid ratio - 10:1)

Figure 2. Recovery of Co and Mn during the
leaching of nodules in NHj; - SO, solution.
(NH3 D‘IQO -0.6 M, (NH4)2CO3 - 06M, flow rate
of SO, -100 ml/min., temperature — 90 °C, stirring
rate — 900 rpm, liquid/solid ratio - 10:1)

Figure 2 shows the Mn and Co recovery - time plots for ammonia - SO, leaching of
nodules at 90 °C. The observed relationships evidently show that cobalt was greatly
extracted in half an hour while the most of manganese reminded in the solid after
leaching. The results based on the analysis of the residue (29.26 g) after leaching for
30 minutes are given in Table 4.

Table 4. Leaching recovery of metals in NH; — SO, solution at 90 °C

Element Cu Fe Mn Ni Co
Assay of residue , % 0.638 3.46 21.85 0.821 0.064
Recovery , % 41.30 11.66 5.33 28.50 51.98
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Literature data (Kawahara and Mitsuo, 1993) reported different results of nodules’
leaching with NH; -SO, solutions. Recovery of metals increased with the time of
leaching and 99% of copper, 98% of nickel, 95% of cobalt, 3% of manganese and 1%
of iron was leached after 1.5 hour. Figure 3 reveals that recovery of cobalt increases
with the leaching time up to 30 minutes, but thereafter remarkably decreased.

Literature reported recoveries (Kawahara and Mitsuo, 1993) were higher than
these in Figure 2. The reason for this discrepancy may originate from cobalt
precipitation or adsorption on precipitated Fe and Mn solid compounds (Osseo-Assare
and Fuerstenau, 1979) since the final pH observed was as high as 4.8. Moreover,
liquid to solid ratio applied in the literature (Kawahara and Mitsuo, 1993) was much
higher. Therefore, a different leaching tendency was observed in presented
examinations.

The results of leaching of nodules with oxygenated sulfuric acid at elevated
temperature and pressure (120 °C and 0.7 MPa of O, pressure) based on analysis of
the solid residue (71.58 g) after leaching of 100 g of nodules for 3 hours, are given in
table 5.

Table 5. Recovery of metals during the elevated temperature and pressure leaching of nodules

Element Cu Fe Mn Ni Co
Assay of residue , % 0.289 4.12 24.08 0.532 0.128
Recovery , % 80.30 22.80 23.43 66.00 29.52
Table 6. Leaching recovery of metals in 6 M HCI at 30 °C
Element Cu Fe Mn Ni Co
Assay of residue, % 0.03 4.12 0.09 0.009 0.0013
Recovery ,% 99.58 84.25 99.94 99.88 99.85

These leaching results differ from those reported in the literature (Han and Fuer-
stenau, 1975) where 80 % of nickel, 90 % of copper, 30 % of cobalt, 3.2 % of
manganese and 2.0 % of iron was extracted from the feed nodules at 195 C, 0.7 MPa
(7 atm) of O, and 10 g H,SO,/kg of nodules.

The results of preliminary leaching tests reveal that the examined nodules
exhibited somewhat different leaching behavior than other nodules described in the
literature. Particularly, low metal recoveries were achieved with studied nodules at
similar leaching conditions. Nevertheless, general tendencies in metal leachability
were similar.

LEACHING WITH HYDROCHLORIC ACID

The leaching systems using hydrochloric acid were systematically examined since
their essential practical meaning. Figure 3 shows the concentration versus time
relationships for leaching of Co and Mn from nodules with aqueous 6.0 M HCIL. It can
be observed that recovery of cobalt and manganese slightly increases with leaching
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time. Over 95 % of cobalt and 98 % of manganese was extracted after leaching in
6.0 M hydrochloric acid for half an hour at 30 °C. Table 6 provides the results of
leaching based on analysis of the solid residue (4.38 g) after leaching for 2 hours.

The results presented in Table 6 indicate that even at temperature as low as 30 °C
the leaching with 6.0 M solutions of hydrochloric acid resulted in recovering of
almost all nickel, copper, cobalt, manganese and the most of iron from the feed
nodules.
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Fig. 3. Recovery of Co and Mn during the Fig. 4. Recovery of Co and Mn from nodules
leaching of nodules with hydrochloric acid during the leaching in HC1 +NaCl solution.
solution.(HCI — 6.0 M, temperature — 30 °C, (NaCl 0.55 M, HCI 5M, stirring rate 900 t/min.,
stirring rate - 900 rpm, liquid/solid ratio - 10:1) temperature 30°C, liquid to solid ratio 10:1

Based on the idea that leaching of nodules would be performed on a ship fixed at
the spot where the ocean polymetallic nodules are mined, the leaching behavior of
nodules in acidified with HC1 model "sea water" has been studied in detail. Since the
content of CI” in the ocean water from CCZ is 19.6 g/L, the model " sea water " used
in the subsequent tests contained 0.55 M of NaCl.

EFFECT OF LEACHING TIME

The metal recovery vs. leaching time plots for extraction of nodules with a model
"sea water" containing 5.0 M HCI is showed in Figure 4. It is well seen that leaching
for only 5 minutes leads to more than 70 % of cobalt and manganese recovery.
Observed recovery of both cobalt and manganese was therefore high and further
increased with leaching time. After 1.5 hour of the process, almost all manganese and
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about 95 % of cobalt was leached out from the feed nodules. Extension of the
leaching time over 2 hours resulted in additional increasa of the recovery of Co and
Mn to about 95 % and 98 %, respectively.

The results of leaching of nodules with model "sea water" containing varying
concentrations of HCI are shown in Figure 5. The recovery of cobalt and manganese
from nodules increased with the increase of hydrochloric acid concentration at 30 °C.
However, this dependence is rather complex. At hydrochloric acid concentration less
than 3.0 M recovery of cobalt and manganese was very low. The reason for this was
to low concentration of hydrochloric acid required to reduce insoluble Mn(IV) to
Mn(II) ions. This reduction step was necessary for cobalt, copper and nickel (associ-
ated with iron- and manganese-containing minerals) to be leached.

EFFECT OF HYDROCHLORIC ACID CONCENTRATION

The leaching recovery of cobalt and manganese rose sharply with hydrochloric
acid concentration between 3.0 M and 5.0 M and reached above 93 % for Co and
above 98 % for Mn in 5.) M HCL

EFFECT OF STIRRING RATE

Experiments have been performed at stirring rates within the range of 300 - 1100
rpm and the results were presented in Figure 6.
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Fig. 5. Effect of concentration of hydrochloric acid Fig. 6. Effect of stirring rate on recovery of Mn
on leaching recovery for Co and Mn.. (NaCl - and Co from nodules (HCI1 + NaCl solution). (NaCl
0.55 M, tem. — 30 °C, stirring rate 900 rpm, -0.55 M, HCI - 5.0 M, temperature — 30 °C,

liquid/solid ratio - 10:1, leaching time - 1.5 hour) liquid/solid ratio - 10:1, leaching time - 1.5 hour)
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It was found that recoveries of cobalt and manganese are barely influenced by stir-
ring rate. At 300 rpm more than 90 % of cobalt and manganese was leached out.
These recoveries increased gradually with the stirring rate and almost all metals were
transferred to the solution at stirring rate 1100 rpm under studied experimental
conditions.

EFFECT OF LIQUID TO SOLID RATIO

Liquid to solid ratio in the leaching system was studied within the range from 2:1
to 10:1 (Figure 8). The experimental results revealed that liquid to solid ratio
remarkably influenced the observed recoveries of metals from nodules leached with
acidified "sea water". The decrease of liquid to solid ratio resulted in remarkable
decrease of the recovery of cobalt and manganese. Only about 30 % of cobalt and
manganese was recovered from nodules during the leaching when liquid to solid ratio
was 2:1 (100 g nodules were leached in 200 ml of solution). There are two possible
reasons for the observed effects:
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and Mn.(NaCl - 0.55 M, HC1 — 5.0 M, temperature  of Co and Mn from nodules. (NaCl - 0.55 M, HC1 —

—30 °C, stirring rate - 900 rpm, leaching time - 1.5 3.0 M, leaching time - 1.5 hour, stirring rate -
hour 900 rpm, liquid/solid ratio - 10:1)
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e In a hydrochloric acid solution, insoluble Mn(IV) being in the form of MnO,,
must first be reduced to Mn(II). Then, remaining metals can be leached (there are
0.41 moles of manganese, 0.07 moles of iron, 0.002 moles of cobalt, 0.02 moles
of nickel and 0.016 moles of copper in 100 g of nodules). To leach out the entire
amount of these metals, 1.92 mol of Cl is theoretically required. At liquid to
solid ratio 2:1, the amount of C1” available was 1.11 mol. This is only a half of CI
required to reduce Mn(IV) to Mn(Il) and to leach all metals.).

o The Mn(IV) begins to be reduced to Mn(Il) only at certain hydrochloric acid
concentration. If concentration of hydrochloric acid is lower than this level, the
Mn(IV) is hardly reduced to Mn(Il). Consequently, copper, cobalt and nickel
associated with manganese-containing minerals can not be extracted, except some
copper, cobalt, and nickel from the surface of iron- and manganese- containing
minerals.

On the other hand, at liquid to solid ratio of 10:1, the recovery of both Mn and Co
from the feed nodules has reached 98 % and 93 %, respectively.

EFFECT OF LEACHING TEMPERATURE

The effect of leaching temperature on recoveries of Co and Mn from nodules is
given in Figure 8. The observed relationships revealed that leaching temperature
substantially influences the leaching of nodules. At temperatures ranging from 30 to
80 °C and with 3 M HCI in the model "sea water", the recovery of cobalt varied from
21.55 % to about 90 % while the recovery of manganese varied from 4.66 % to 95 %.
These results based on the analysis of leaching residue (7.4 g) after leaching for 1.5
hour at 80 °C are given in table 7.

Table 7. Leaching recovery of metals in 3 M HCl at 80 °C.

Element Cu Fe Mn Ni Co
Assay of residue, % 0.086 2.75 16.16 0.155 0.044
Recovery, % 97.98 82.24 82.36 96.56 91.65

From the experimental results it comes that concentration of hydrochloric acid in
the leaching solution could be greatly reduced by means of raising the temperature of
leaching. Based on above data, we have examined both two stage counter-current and
multiple fresh solid leaching systems under following conditions: leaching
temperature — 30 °c, stirring rate - 900 rpm, leaching time - 1.5 hours, 30 g of
nodules, 300 ml of 0.55 M NaCl and 5.0 M HCI aqueous solution.

Semi two-stage countercurrent leaching of nodules reveals that analyses of the
final liquid gave recoveries of 43.1 % for Co and 59.6 % for manganese. The results
of these experiments, based on the analysis of final solid residue (28.39 g), are given
in table § .
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Table 8. Leaching recovery of metals in HCI — NaCl at 30 °C during two-step process.

Element Cu Fe Mn Ni Co
Assay of Residue, % 0.23 3.08 19.47 0.48 0.07
Recovery, % 91.71 69.48 67.26 83.78 79.62

The multiple, four-stage leaching of fresh solid gave the final solution containing

0.22 g/L of cobalt and 33.5 g/ of manganese. Table 8 shows the weights of feed
nodules and volumes of leaching liquid at each stage of the multiple-stage leaching

experiment.

Table 9. Weight of feed nodule and volume of leaching liquid during the multiple-stage experiments

Stage number I IT I v

Feed nodule weight, g 30 29 28 27

Liquid volume, ml 300 290 280 270
CONCLUSIONS

Concentration of hydrochloric acid greatly influences leaching recovery of metals
from ocean nodules. At temperature of 30 °C, high recovery of metals from raw
deep sea polymetallic nodules can be obtained by leaching them with
hydrochloric acid solution of concentration exceeding 4.0 M.

Concentration of hydrochloric acid in the leaching solution can be substantially
reduced by raising the temperature or by adding sodium chloride.

Leaching recovery of metals from raw nodules was barely influenced by stirring
rate ranging from 300 rpm to 1100 rpm under experimental conditions.

Copper, cobalt and nickel can be selectively leached from raw deep-sea
polymetallic nodules with ammonia-SO, solutions or with H,SO, under high
temperature and high pressure. Both manganese and iron remain in the solid
residue.

Studied polymetallic nodules taken from Clarion/Clipperton Fracture Zone at
northwestern Pacific exhibit somewhat different leaching behavior than the
nodules reported in the literature. Though, general tendencies in metal
leachability were similar.
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Przeprowadzono badania laboratoryjne nad wplywem najwazniejszych parametréw na proces
tugowania metali z rozdrobnionych, polimetalicznych konkrecji oceanicznych, pobranych z pola Clarion-
Clipperton na Pacyfiku. Konkrecje te zawieraja mangan i zelazo jako sktadniki gléwne za$ miedz, nikiel i
kobalt stanowity cenne do odzysku metale. Jako czynnik tugujacy zastosowano tzw. ,,modelowa wodg
morska”, tj. zakwaszone roztwory chlorkowe. Okre§lono wplyw warunkéw tugowania: czasu,
temperatury, szybko$ci mieszania zawiesiny, stosunku masowego fazy cieklej do stalej (I/s) oraz st¢zenia
HCI na wydajnos¢ szybko$¢ tugowania.

Przeprowadzone badania wykazaty, ze stgzenie kwasu solnego jest parametrem, ktory najbardziej
wplywa zaréwno na szybkos¢ jak i na wydajnos$¢ tugowania metali z badanych konkrecji oceanicznych.
Dla stezenia HCl powyzej 4.0 M i w temperaturze 30 °C obserwowano prawie catkowite
przeprowadzenie metali z surowca do roztworu po ok. 30 minutach tugowania. Podwyzszenie
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temperatury fugowania do 80 °C pozwalato uzyska¢ znaczne podniesienie szybko$ci procesu i istotnie
zredukowac stezenie kwasu solnego w roztworze. Zaobserwowano, ze zmiana stosunku fazy cieklej do
stalej w zakresie od 3 do 10 prowadzita do wzrostu wylugowania z 30 do 93-97 %. Pordéwnanie
uzyskanych wynikow z danymi literaturowymi pozwolilo stwierdzi¢, ze cho¢ badane konkrecje
oceaniczne zachowywaly si¢ podczas tugowania chlorkowego nieco odmiennie w poréwnaniu z
konkrecjami opisywanymi w literaturze, to ich podatno$¢ na tugowanie w badanych warunkach daje
mozliwos¢ odzyskania zawartych w nich metali.
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Based on experimental leaching results of millerite as well as changes in the composition and
microstructure of solid residue surface after leaching with ferric salts acid solutions the mechanism of
catalytic action of cupric ions has been proposed. The solid residues were examined using a scanning
microscope (SEM), X-ray diffraction, electron microprobe and chemical analyses. It was found that
cupric ions added to the ferric chloride solution oxidizes catalitically the sulphide ions on the surface
of millerite to the elemental sulphur. During the ferric sulphate leaching of millerite a sulphurrich
sulphide layer passivating the surface of the mineral was found, and addition of cupric ions has no
influence on the leaching rate.

Key words: millerite leaching, mechanism of catalytic action, ferric salts

INTRODUCTION

It has been shown by several investigators that the addition of cupric ions to acidic
oxidizing leach solution significantly accelerates the rate of dissolution of sphalerite
(Dutrizac, MacDonald 1978; Crundwell 1987), chalcopyrite (Dutrizac 1978) and
heazlewoodite (Mulak 1985; Mulak 1987, Mulak 1996).

Dutrizac and MacDonald (1978) studied the effect of CuCl, addition on dissolution
rate of sphalerite disc in ferric chloride solution to which various amounts of CuCl,
has been added. Although the rate increases steadily with copper concentration, the
greatest influence was noted in going from 0 to 8 g/dem’ of CuCl,. When copper was
present in the solution, the surface of the disc became covered with a black film
consisting of sphalerite and copper sulphides. Crundwell (1987) found that dissolution
of sphalerite in ferric solutions with CuSO, addition resulted in diminished rate of the
leaching.

*
Institute of Inorganic Chemistry and Metallurgy of Rare Elements, Wroctaw University of Technology,
Wyb. Wyspianskiego 27, 50-370 Wroctaw, Poland
**Institute of Chemistry, Academy of Pedagogy, 42-200, Czgstochowa, Poland
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Mulak (1985, 1987, 1996) examined the addition of cupric ions on dissolution of
heazlewoodite in nitric acid solutions. It was found that in the presence of cupric ions
dissolution of Ni;S, in dilute nitric acid solutions is controlled by surface mechanism.
There is a suggestion that in moderate acidic oxidative conditions without cupric ions
the hydrogen sulphide gas evolved in the first step produces some polysulphides
which are more stable thermodynamically than the dissolved Ni;S,. Cupric ions
eliminate the evolution of H,S and oxodize it directly on the surface of dissolving
sulphide by forming intermediate products which are oxidized faster in the leaching
solution than hydrogen sulphide. A catalytic effect of cupric ions was also noticed
during the bioleaching of metal sulphides (Ballaster et al. 1989; Ballaster et al. 1990).

The principal aim of presented work was to investigate the mechanism of millerite
leaching in acid solutions of ferric chloride or ferric sulphate with cupric ions addition.

EXPERIMENTAL

Preparation of synthetic 3-NiS, the equipment used, and this work procedure
were described in our previous paper (Mulak 1983). Metal ions concentration in the
solution was determined by atomic absorbtion spectroscopy method. Iron ions
concentration in the ferric salts leaching was found by dichromate titration. The
elemental sulphur content was measured by CS, extraction of washed and dried
samples. In addition, the reaction residues at various levels of nickel extraction were
examined by SEM, X-ray diffraction, electron microprobe and chemical analyses.

RESULTS AND DISCUSSION
FERRIC CHLORIDE LEACHING

Ferric chloride leaching of millerite was tested in 0.2M FeCl; — 1.0M HCI - 2.0 M
NaCl solution at 95°C. After 5 hours leaching 21% of nickel was extracted. The
addition of 0.2M cupric chloride to the leaching solution increases the nickel
extraction from 21 to 51%. It was found that after the 1 hour leaching with cupric ions
addition the fraction of nickel extracted vs. time obeys a linear law (Mulak, Wawrzak
1997). The constant dissolution rate seems to indicate that the reaction area remains
constant during the leaching. Similar results have been obtained in catalytic action of
cupric and ferric ions in nitric acid leaching of heazlewoodite (Mulak 1987).

Optical observation of the solid residues of millerite after the ferric chloride
leaching with addition of cupric chloride shows that the characteristic colour of 3-NiS
(grey with metallic lustre) changes during the process to that of cupric sulphide, which
is black. Due to the extreme thinness of the layer no measurable change in the cupric
ions concentration can be detected.
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Figure 1 shows some particles of solid residues after the reaction in the ferric
chloride solution with the cupric ions addition at 95°C. Two types of elemental
sulphur particles are visible in the leached regions: small, discrete granules of 0.5+1
Mm and much more globules of 5+7 pum in diameter. Many such sulphur particles
occur preferentially in certain chosen regions. This may indicate a selective
dissolution in isolated active areas. The development of large, well formed, sulphur
crystals during the process suggests that sulphur is deposited rather from species
dissolved in the leaching solution and it is not formed directly by the immediate attack
of millerite.

Fig. 1. SEM photograph of millerite leach
residue after 5 hours leaching in
0.2M FeCl; - 0.2M CuCl, — 1.0M HCI -
2.0M NaCl solution at 95°C;
(a) — leached millerite, (b) — small sulphur
granules, (c) — large sulphur granules

We presume the following mechanism:

* step I: acid attack of millerite
NiS + 2H" = Ni*" + H,S(aq) (a)

Hydrogen sulphide formed according to eq.(a) dissolves in the leaching solution at the
millerite surface and then it is oxidized by cupric ions to the elemental sulphur.

e step II: intermediate products formation

2H,S(aq) + 2Cu*" = Cu,S + S + 4H" (b)
» step III: intermediate products oxidation

Cu,S + 2Fe*" = CuS +2Fe*" + Cu*" (c)

CuS + 2Fe’" = Cu® + 2Fe*" + S (d)

It is worth mentioning that the elemental sulphur is formed in two stages: (b) and

(.
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During the ferric chloride leaching in the case of absence of cupric ions hydrogen
sulphide arising at the millerite surface is oxidized directly by ferric chloride:

2H,S(aq) + 4FeCls = 4FeCl, + 4HCI +2S (e)

Evidently, the leaching rate in the presence of cupric chloride in the leaching
solution is markedly increased. The explanation of this fact seems to be apparent:
chloride system consisting of three ions (Fe*", Cu®", Fe’") is more effective than this
consisting of two ones (Fe’*, Fe"). Ferric chloride quickly oxidizes the intermediate
cuprous ions and maintains a high activity of cupric ions. This is the way in which the
cupric ions act as catalyst in ferric chloride leaching.

FERRIC SULPHATE LEACHING

The leaching was tested in 0.2M Fe,(SO,); — 1.0M H,SOy, solution at 95°C. It was
found that after 30 min leaching only 2.5% of nickel dissolved . Unfortunately, an
extension of the leaching time from 30 to 300 min increases the nickel extraction from
2.5 to 3.6% only. Similarly, any increasing the sulphuric acid concentration from 1 to
5M has no noticeable effect on the rate of the process. Varying the ferric sulphate
concentration from 0.1 to 3 M has no influence on leaching rate of millerite too. Thus,
the process is ineffective.

Fig. 2. SEM photograph of millerite

particle cross-section after 5 hours

leaching in 0.2M Fe,(SO,); — 1.0M
H,S0, solution at 95°C; two different
’ phases — grey and white — are denoted
35 001 by o and +, respectively.

The residue from the leaching experiments after drying was washed with carbon
disulphide. No elemental sulphur was detected. Figure 2 shows a SEM photograph of
cross-section of solid residue after 5 hours leaching in 0.2M Fe,(SO4); — 1.0M H,SO4
solution at 95°C. Two different phases are visible — a grey and a white one. The results
of electron microprobe analysis of both the phases are shown in Figure 3a and 3b.

The grey part of the particle (marked by a circle in Figure 3a) is characterized by
two distinct nickel and sulphur peaks of the same intensity. On the other hand, for the
white part (indicated by a cross in Figure 3b) the sulphur peaks dominates indicating a
sulphur-rich sulphide phase.
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Fig. 3. Microprobe diagrams of the particle shown in Figure 2 for: grey phase (indicated by a circle),
white phase (indicated by a cross)

The results of microprobe analyses suggest that the passivating layer is a sulphur-
rich one. It is found as a result of modifications inside the solid phase that this layer
occurs on the millerite surface during the leaching. The presence of the sulphur-rich
sulphide layer passivating the surface of nickel sulphide was also demonstrated by
Power (1981) during its anodic dissolution in acid solution within the potential range
from 0 to 0.8V. The addition of cupric ions to the ferric sulphate solution has no
influence on leaching rate of millerite.

CONCLUSIONS

Based on experimental leaching results of millerite as well as changes in
composition and microstructure of surface of solid residue after leaching with ferric
salts acid solutions the mechanism of catalytic action of cupric ions has been
proposed. The solid residues were examined using a scanning microscope (SEM), X-
ray diffraction, electron microprobe and chemical analyses. It was found that cupric
ions added to the ferric chloride solution eliminate the evolution of hydrogen sulphide
oxidizing it directly on the surface of dissolving millerite by forming intermediate
products which are oxidized faster by ferric ions than hydrogen sulphide. Leaching of
millerite in ferric sulphate solution produces a sulphur-rich sulphide layer passivating
the millerite surface and the addition of cupric ions has no influence on the leaching
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rate. The main requirement for metal ion to exhibit the catalytic activity appears to be
the formation of such intermediate products, which are oxidized by the leaching
solution in consequence of which the catalytic ion is reproduced.
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W oparciu o wyniki tugowania milerytu jak rowniez nowe dane eksperymentalne dotyczace zmiany
sktadu 1 mikrostruktury powierzchni faz stalych po lugowaniu w roztworach soli zelaza (III)
zaproponowano mechanizm katalitycznego wplywu jondw miedzi (II) na proces tugowania. Fazy state po
tugowaniu badano mikroskopem skaningowym, mikrosonda rentgenowska, jak rowniez poddano analizie
rentgenowskiej i chemicznej. Lugowanie prowadzono w czasie 5 godz. w roztworach zawierajacych
0.2M FeCl; — 1.0M HCI - 2.0 M NaCl w temperaturze 95°C. Stwierdzono, ze dodatek 0.2 M CuCl, w
powyzszych warunkach tugowania zwigksza wylugowanie niklu z 21 do 51%. Zaproponowano
mechanizm katalitycznego wptywu jonéw miedzi (II) na proces tugowania. Zgodnie z tym mechanizmem
jony miedzi (II) biora bezposredni udzial w utlenieniu wydzielanego siarkowodoru z utworzeniem
produktéw posrednich ulegajacych szybciej utlenianiu przez jony zelaza (III) niz siarkowodor.
Wykazano, ze podczas tugowania milerytu roztworami siarczanu zelaza (III) nastgpuje tworzenie sig
pasywnej warstewki polisiarczku niklu na powierzchni milerytu. Dodatek joné6w miedzi (II) do roztworu
siarczanu zelaza (III) nie wptywa na szybkos¢ tugowania milerytu. Warunkiem koniecznym, aby jony
miedzi (II) spelnialy role katalizatora w procesie tugowania jest powstawanie takich produktow
posrednich z jonami siarczkowymi, z ktorych roztwor tugujacy szybko odtwarza jony miedzi (II).
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Studies were performed on the production of highly dispersed carbonate-silicate fillers by the
precipitation procedure. The fillers were subjected to surface modification employing for this
purpose either the dry or the wet technique. For the modification various acrylic derivatives and
silane coupling agents were used. The obtained products showed variable hydrophobic character and
particle homogeneity. The modified and the unmodified carbonate-silicate fillers were used in facade
acrylic paints and in silicate paints. Application of the fillers promoted production of facade acrylic
paints of properties consistent with the norms an of silicate paints of a good density in the
formulation system.

Key words: carbonate-silicate fillers, silane coupling agents, acrylic derivatives, acrylic and silicate
paints

1. INTRODUCTION

Despite rich deposits of natural chalk and natural limestones, the synthetic
calcium carbonate is still a product which is highly required by multiple users. Also in
the nature various types of calcium silicates are encountered (e.g., bentonites,
montmorillonites, etc.). Co-precipitated calcium carbonate and calcium silicate should
exhaust several requirements, among other high extent of dispersity, low bulk density,
well developed outer surface, particle homogeneity, surface activity, defined
crystallographic structure, etc.

The principal problem which still awaits solution involves selection of optimum
parameters of CaCOs precipitation, which assure that the planned properties of the
product are obtained. According to a widespread opinion, selection of raw materials
from which carbonate-silicate filler is precipitated by carbonisation with gaseous CO,

*Poznan University of Technology, Institute of Chemical Technology and Engineering,
P1. M. Sklodowskiej-Curie 2, 60-965 Poznan, Poland, e-mail: Teofil.Jesionowski@put.poznan.pl
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exerts significant effect on quality of the product. Literature data permit to conclude
(Domka 1979, 1995, Trypu¢ 1990, Sekutowski 1992) that chemical synthesis of
calcium carbonate of the quality which is required by the industry is far from easy.
Depending upon the precipitation process, calcium carbonate and calcium silicate
form gel-like colloid sediments of carbonate-silicate fillers, which gradually transform
into crystallic sediments, consisting of the grains of various polymorphic varieties of
CaCQOs;, i.e., calcite, aragonite, or waterite. The type of crystalisation is determined by
conditions of the precipitation (Domka 1979, Krysztafkiewicz 1998, Grodzka 1999,
Grodzka 2000).

At the second stage of the process, i.e. at the stage of CaCOj; crystal growth,
undergoing when the sediment is left in the original medium, either a further increase
may take place in the number and the size of grains of a given variety or the
transformation of the unstable waterite crystals into thermodynamically stable
varieties, i.e. calcite and aragonite (Krysztafkiewicz 1990).

EXPERIMENTAL

MATERIALS

For production of carbonate-silicate fillers, the following substrates were used:
e Sodium metasilicate (10 wt% solution of M=3.3 modulus)
e  (Calcium hydroxide (10 wt% solution)
e (Carbon dioxide (gaseous).

For surface modification of carbonate-silicate fillers the following compounds
were used:
e Acrylic derivatives: acrylic acid and methyl acrylate
e Silane coupling agent:

- 3-ureidoethylaminopropyltrimethoxysilane (U-165),

- 3-methacryloxypropyltrimethoxysilane (U-511),

- N-2-aminoethyl-3-aminopropyltrimethoxysilane (U-15D),

- n-octyltrimethoxysilane (U-222).

METHODS

Carbonate-silicate fillers were precipitated using 10 wt% solution of calcium
hydroxide, 10 wt% solution of sodium metasilicate, the modulus of Si0O,/Na,O = 3.3,
and gaseous CO, with the flow rate equal 300 cm’/min. On the other hand,
modification of carbonate-silicate filler surface was performed by the following two
procedures:

e  Modification in the course of precipitation (the “wet” technique)

The modification was conducted in such a way that various amounts of an
appropriate modifier (1 to 7 weight parts per 100 weight parts of the obtained filler)
were added to the reactor in the course of precipitation of carbonate-silicate filler. The
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reaction was conducted at 60°C. The substrates included 10% solutions and gaseous
CO, was dosed at the rate of 300 cm’/min.
e  Modification of precipitated carbonate-silicate fillers (the “dry” technique)

The carbonate-silicate filler, precipitated from solutions of sodium metasilicate and
calcium hydroxide in the presence of gaseous CO, (Na,SiO;:Ca(OH),=2:1 (v/v), the
temperature of precipitation: 60°C), was placed in a mixer, adding appropriate
amounts of the modifier. The mixing was conducted for 1 h. The silanes were added at
1 to 7 weight parts per 100 weight parts of the filler and acrylic derivatives at 0.5, 1, 2,
or 3 weight parts per 100 weight parts of the filler.

Selected samples of the precipitated fillers were subjected also to microscopic
analysis, mainly in order to characterise the surface morphology of respective particles
and their tendency to form agglomerates. For this purpose, the scanning electron
microscope, Philips SEM 515 was used. Sample preparation included formation of a
suspension of the filler in tertiary butanol, application of the suspension on the
microscope table and 10 min coating with gold atoms on an ionisation plate.

Particle size distribution was also examined using a ZetaPlus apparatus
(Brookhaven Instruments Co, USA). The particle size was measured using the
dynamic light scattering (DLS) technique. The technique involved weighing out of an
appropriate sample, placing it in a small amount of water (0.1 g in 200 cm’ H,0) and
stabilising it in an ultrasonic bath (50 kHz). The prepared sample was placed in a
cuvette and size distribution of carbonate-silicate particles was then measured.

The unmodified carbonate-silicate filler was used as a substitute for titanium white
and for the carbonate filler (chalk) in the formulation of the facade acrylic paint
AKRYL LAKMA. In the studied paint, 10 wt% of the titanium white content in the
formulation and the total amount of the chalk filler were substituted by the carbonate-
silicate filler.

Carbonate-silicate fillers were used also in the anti-corrosion silicate paints.
Composition of the silicate paint included:

- 50 g potassium metasilicate solution, modulus 4.0

- 25 gzinc powder

- 0.5 g pyrogenic silica, Cab-O-Sil

- 5 g carbonate-silicate filler, unmodified or modified.

Time of silicate paint densification was measured. Paint samples were observed for
one week.

RESULTS AND DISCUSSION

The samples of carbonate-silicate fillers, precipitated from sodium metasilicate
and calcium hydroxide solution using gaseous CO, at various temperatures, are listed
in Table 1.

Carbonate-silicate filler of best parameters was obtained at 60°C. The product
showed the lowest bulk density, the highest paraffin oil and dibutyl phthalate
absorbing capacities and a high value of flow-off point.
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Table 1. Physicochemical properties of carbonate-silicate fillers precipitated with calcium hydroxide and
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sodium metasilicate solutions as well as gaseous carbon (Na,SiO;:Ca(OH), =2:1)

Bulk Flow-off Dibutyl Paraffin oil Water
Temperature density point phthalate absorbing absorbing
absorbing capacity capacity capacity
[°C] [g/dm’] | [em®/10g] [em®/100g] [em*/100g] | [em*/100g]
40 243 26.5 300 400 250
60 235 26.5 300 450 200
80 282 23.0 250 300 200

Modification of carbonate-silicate filler using either the “dry” or the “wet”
technique was conducted using various substances in order to obtain various
physicochemical properties of the fillers.

At the first stage, acrylic derivatives, methyl acrylate and acrylic acid were used for
modification. The derivatives were introduced to the system in the course of
precipitation, preserving the remaining conditions of the process. Samples of
carbonate-silicate fillers, precipitated in the presence of acrylic derivatives, are listed
in Table 2. As compared to acrylic acid, methyl acrylate was less effective in affecting
principal physicochemical properties of the carbonate-silicate fillers. Acrylic acid
induced higher activity of carbonate-silicate fillers: bulk densities of the fillers
decreased and the values of their flow-off point increased. The amounts of acrylic acid
used for the modification of carbonate-silicate filler evidently affected parameters of
the filler. Following modification of the filler with 3 weight parts of acrylic acid, bulk
density decreased by more than 25% and flow-off point increased by almost 75% as
compared to the unmodified filler.

Table 2. Physicochemical properties of carbonate-silicate fillers precipitated with calcium hydroxide and
sodium metasilicate solutions as well as gaseous carbon in presence of acrylic derivatives

Amount of Methyl acrylate Acrylic acid
m"dlfying Bulk Flow-off Bulk Flow-off
[a v%?lel/] density point density point

[e/dm’] [cm/10g] [g/dm’] [cm*/10g]
0.5 296 28.0 263 26.0
1.0 205 32.0 238 30.0
2.0 224 29.0 174 36.5
3.0 236 29.0 175 36.0

Modification with the silanes was conducted both by the “dry” and the “wet”
technique. Principal physicochemical parameters of carbonate-silicate fillers following
their modification are presented in Tables 3 and 4.
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Table 3. Physicochemical parameters of chose sample of carbonate-silicate fillers modified with silane

coupling agents (,,wet method”)

Amount of Bulk Flow-off Dibutyl Paraffin oil Water
modifying density point phthalate absorbing absorbing
agent absorbing capacity capacity
capacity
[w/w] [g/dm’] [em®/10g] [cm*/100g] [em®/100g] [em*/100g]

U-165 silane

1 251 20.5 300 250 350

2 289 20.0 200 200 300

5 248 21.0 250 250 300
U-511 silane

1 296 18.0 200 200 250

2 305 17.5 200 250 200

5 279 23.5 250 250 250
U-15D silane

1 217 21.5 336 253 275

3 221 26.0 325 276 306

5 231 28.5 277 280 310

7 245 29.0 223 292 320
U-222 silane

1 216 * 390 210 *

3 255 * 260 216 *

5 270 * 210 235 *

7 265 * 200 250 *

*non-wettable

Following modification with ureidosilane and with aminosilane in particular the
capacity of carbonate-silicate fillers to absorb water increased markedly. The
respective value reached even 360 cm’/100g. This proved that the adsorption of
silanes with the amino group increased hydrophilic character of the modified fillers.
Similar relations could be observed (Tables 3 and 4) whether the “wet” or the “dry”
technique of modification was applied. Surface modification of carbonate-silicate
fillers with octylsilane was most effective in altering surface of the filler from a
typically hydrophilic to a hydrophobic one. This was shown by the measurements both
the water absorbing capacity and the flow-off point. The surface was demonstrated to
be completely unwettable with water.

Size distribution of agglomerates of carbonate-silicate filler, precipitated at 60°C,
at the Na,SiO;:Ca(OH),, v/v ratio = 2:1, is presented in Fig.1. Mean diameter of
agglomerates was 1,772.4 nm and the polydispersity value amounted to 0.011. As
demonstrated by the presented agglomerate size distribution, the unmodified
carbonate-silicate filler was characterised by the presence of two agglomerate bands of
various intensities.
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Table 4. Physicochemical parameters of chose sample of carbonate-silicate fillers modified with silane
coupling agents (,,dry method”)

Amount of Bulk Flow-off Dibutyl Paraftin oil Water
modifying density point phthalate absorbing absorbing
agent absorbing capacity capacity
capacity
[w/w] [g/dm’] [cm®/10g] [cm*/100g] [em®/100g] [cm®/100g]
U-165 silane
1 296 18.0 200 200 250
2 305 17.5 200 250 300
5 279 23.5 250 250 350
U-511 silane
356 19.5 250 320 250
367 * 150 300 *
U-15D silane
1 217 25.5 240 225 290
3 247 29.0 230 243 350
5 267 325 203 276 360
7 282 33.0 200 296 360
U-222 silane
1 215 * 380 200 *
3 239 * 265 193 *
5 267 * 260 156 *
7 296 * 250 136 *

*non-wettable
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The primary agglomerate (aggregate) band exhibited higher intensity than that
shown by the secondary agglomerate band. The primary agglomerate band fitted the
agglomerate range of 1,170-1,350 nm (maximum intensity of 100 corresponded to the
agglomerate diameter of 1,253.1 nm). On the other hand, the band of secondary
agglomerates occupied the diameter range of 2,300 to 2,650 nm (maximum intensity
of 73 corresponded to the agglomerate diameter of 2,471.1 nm). Thus, the unmodified
sample of carbonate-silicate filler showed low homogeneity.

Following modification with ureidosilane (U-165), conducted in the course of
precipitation of the carbonate-silicate filler, more extensive secondary agglomerates
formed than those of the unmodified filler. Following modification with 2 weight parts
of U-165 silane, mean diameter of agglomerates was 4,878.8 nm and polydispersity
value was 0.250. The particle size distributions for the carbonate-silicate filler,
modified with 2 weight parts of ureidosilane, is presented in Fig.2. In the distribution,
two primary agglomerate bands of lower intensity are present together with a
secondary agglomerate band of a higher intensity. The primary agglomerate band is
noted within the range of small diameters (340 to 610 nm) and maximum intensity of
80 corresponded to agglomerate diameter of 482.6 nm. On the other hand, the band of
secondary agglomerates fitted the range of 7,900 to over 10,000 nm.

100 ¢
Aggregates Agglomerates
Diameter | Intensity | Diameter | Intensity
d (nm) G(d) d (nm) G(d)
80 3822 | 20 | 79202 | %
4255 51 86995 | 100
4826 80 | 100000 | 99
542.3 &
Z 60 608.3 4
7]
c
]
£ 40+t
20
0
Fig. 2. Particle size distribution 240
of modified carbonate-silicate Diameter (nm)

filler with 2 w/w of U-165

il
Sane Muitimodal Size Distribution

Most important parameters of facade acrylic paints are presented in Table 5. In the
table, the parameters of the standard paint were compared with the parameters of the
paint in which 10% of titanium white in the formulation and the complete amount of
chalk filler were substituted by the precipitated unmodified carbonate-silicate filler
(the sample was precipitated at 60°C at Na,SiO;:Ca(OH),, v/v ratio = 2:1).
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In Table 5, similar parameters were obtained for both studied acrylic paints.
Moreover, the acrylic paints containing precipitated carbonate-silicate filler
manifested coat quality, coat adherence to the base, water solubility, coating ability
and the resistance to flowing off vertical surfaces consistent with appropriate norms.

Effect of modified carbonate-silicate fillers on time of densification of silicate paint.
The unmodified and the aminosilane-modified carbonate-silicate fillers were found to
form a stable suspension of a silicate paint. This consistency persisted for over a week

(in line with expectations).

Table 5. Physicochemical parameters of acrylic paint

Norm requarement

TOP AKRYL LAKMA

AKRYL LAKMA with

Parameter [PN-C-81914: 1998] w modified carbonate-silicate
filler
Density, [g/cm’] 1.45-1.55 [< 1.6] 1.48 1.48

Viscosity KW10
estimated by time of

dripping, [s]

Drips after 10-30"

Drips after 23"

Drips immediately

Viscosity acc. to

Brookfield, [cP] - 82.5% 16 180
(S05, 20RPM ) 16520
Drying time (20°C, 58% 20°C, 64%

air humidity) air humidity)
1° [min.] - 23’ 13°
5° [min.] [S5h] 28’ 18’
Resistance to wet [=750 Base exposure after 800 Base exposure after
scrubbing advances ] advances 10,000 advances
Quality coating of
white paint <1l 1 111

On the other hand, the fillers modified with methacryloxysilane and, first of all,
those modified with octylsilane promoted rapid gelation and densification of the paint.
Thus, in silicate paints the best effects were obtained using fillers of a hydrophilic
character. Following application on metal plates, the obtained silicate paints,
containing aminosilane-modified carbonate-silicate fillers, were noted to form ideal
coats of the surfaces.

CONCLUSIONS

e  Modification of carbonate-silicate filler with acrylic acid promoted increased
activity of the surface (flow-off point elevated by 75% as compared to the
unmodified filler)

e Following modification with octylsilane (U-222), independently of the applied
modification technique, the carbonate-silicate filler exhibited highly hydrophobic
character.
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e Following modification with ureidosilane (U-165), conducted in the course of
precipitation, secondary agglomerates of carbonate-silicate filler were formed and
the effect was more pronounced than in the case of the unmodified filler.

e Unmodified and aminosilane-modified carbonate-silicate fillers form stable
suspensions of silicate paints.
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Przeprowadzono badania nad otrzymywaniem metoda stracania wysoko zdyspergowanych
napelniaczy weglanowo-krzemianowych. Napeliacze te poddawano powierzchniowej modyfikacji,
wykorzystujac w tym celu metodg ,,mokra” i ,,sucha”. Do modyfikacji zastosowano pochodne akrylowe
oraz silanowe zwiazki wiazace. Otrzymano produkty o roéznym stopniu hydrofobowosci oraz
jednorodnosci czastek. Modyfikowane i niemodyfikowane napelniacze wgglanowo-krzemianowe
zastosowano w farbach akrylowych fasadowych oraz w farbach krzemianowych. Aplikacja tych
napelniaczy przyczynia si¢ do uzyskania farb fasadowych akrylowych o wiasciwosciach zgodnych z
normami oraz farb krzemianowych o dobrym stopniu zaggszczenia w uktadzie recepturowym.
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UTILISATION OF ASBESTOS WASTES
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The fibrous structure of asbestos, the ubiquitous material in the environment and exhibiting
multiple applications, has proven to constitute hazards for human health. For this reason at present
utilisation of asbestos has to be stopped, its resources have to be neutralised and reutilised in a safe
way. In this paper we shall present studies on asbestos utilisation with the use of selected fluxes in
order to alter its fibrous character but preserving fire resistance of the new material.

Key words: asbestos, utilisation, structural change

INTRODUCTION

Asbestos belongs to the dangerous air-polluting agents, ranked third in importance
in the list of global scale environment-polluting substances in the Report of the Rome
Club on The Limits to Development (World Health Organisation, 1986). The common
name of asbestos (from the Greek, asbestos = unextinguished, undestroyable) includes
natural silicates of the serpentinite and amphibole groups. The first group include
chrysolite ~ (3Mg0-2Si0,-2H,0)  while the other contains  actinolite
(2Ca0-4Mg0O-FeO-8Si0,-H,0), tremolite (2Ca0-5Mg0-8Si0,-H,0), crockidolite
(NayO-Fe O30 3Fe0-8Si0,-H,0), antophyllite (7Mg0O-8Si0,-H,O) and amosite
(5.5Fe0O-1.5Mg0-8Si0,-H,0). All the mentioned varieties differ in respect to physical
and chemical traits, which reflects both the type of deposite and conditions which
prevailed when the asbestos was formed.

* Technological Centre, Adam Mickiewicz University, Grunwaldzka 6, 60-780 Poznan.
Asbestos Handler Certificate (04713) New York and (10254) State of New Jersey Department
of Labor Office of Asbestos Control and Licensing.

** Department of Environmental Education, Adam Mickiewicz University, Stowackiego 20,
60-823 Poznan.

*** Department of Macromolecular Physics, Adam Mickiewicz University, Umultowska 85,
61-614 Poznan.
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Apart from its fibrous structure, all asbestos varieties exhibit extensive resistance
to physical forces, mechanical strength, high resistance to tearing, temperature
changes and to action of corrosive substances. They exhibit low electrical
conductance, high elasticity, specific sorptive and isolating properties. Due to these
properties, asbestos finds multiple applications. Its presence can be noted in over
3,000 industrial products (Domka et al 2000; Wachowski and Domka 2000).

In the human environment, asbestos originates, first of all, from:
¢ natural deposits, from which asbestos is washed off with the outflowing waters

(asbestos impurities are encountered in exploited deposits of coal, copper ores,

construction stones, etc);

¢ asbestos processing (e.g., in mines, industrial works, wastes formed in the course
of production of articles containing the fibrous material);

e utilised asbestos products (asbestos dust is released to air during corrosion of
asbestos-cement or eternit panels, upon abrasion of brake and gear box discs, from
heating, ventilation, air-conditioning appliances, from house elevations and
isolation).

The mineral fibres may penetrate human organism through the respiratory tract,
alimentary tract or through the injured skin. The first of the penetration pathways has
received the greatest attention. The stable, chemically resistant fibres of the mineral
puncture walls of pulmonary alveoli, lead to inflammatory conditions, tissue
hyperplasia and to further, life-threatening conditions. Together with the asbestos
fibrils, the organism may be penetrated by fibre surface-adsorbed hazardous aromatic
hydrocarbons (e.g., benzo(a)pyrene). Human populations exposed to asbestos
manifested numerous clinical signs/symptoms, radiological alterations, impoverished
pulmonary function, appraised by the pulmonary function tests. The resulting diseases
include asbestosis, lung cancer, pleural or peritoneal mesothelioma, laryngeal tumours
and other. The risk of severe disturbances linked to the long-term exposure to asbestos
dust corresponds to the size and morphology of incorporated fibrils. Fibres of more
than 5 pm in length and of a diameter below 3 pum (according to the norm ISO
DP10312, 1995; ISO 13794, 1997, ASTM, 1990) are thought to carry the highest
potential to induce malignant tumours in humans and animals. In view of the health
and life hazards associated with asbestos exposure, in 1970s many countries have
implemented very restrictive regulations, which reduce contact of the material with
humans. In the countries regulations have been introduced which forbid utilisation of
the fibrous materials. For a long time, air pollution monitoring has been conducted
and methods are used to eliminate asbestos-containing materials (mainly using the wet
technique with addition of surfactants) by dismantling them, securing all safety
precautions, removing them from rooms, installations (central heating, ventilation).

The removed asbestos wastes are secured in such a way as to prevent emission of
mineral dusts and fibres to the environment. The so called solid wastes contain below
20% asbestos, strongly fixed in the material. The wastes manifest higher volume
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density (exceeding 1,000 kg/m’) and, due to higher mechanical strength, they present
lower risk of asbestos fibre emission, which used to accompany mechanical
processing. Product defined as soft asbestos products contain over 20% asbestos and
are regarded to be particularly dangerous for health and, as such, they should be
removed and utilised in an alternate way. Solid wastes are packed in polyethylene foil
of at least 0.2 mm in thickness while the soft wastes, such as asbestos dust or loose
asbestos are placed in bags made of a similar foil, hermetically sealed at an elevated
temperature or using an appropriate glue. Following the packing, fibrous aerosol
content has to be established in the air. The collected waste material should be placed
in depositories adjusted for the purpose. Asbestos wastes should be covered by 20 cm
thick layer of soil or an inert material. After filling an appropriate chamber, it is
additionally covered by HDPE geomembrane of at least 1.5 mm in thickness, which is
overlaid by 2 m soil layer.

A new, chemical technique for asbestos utilisation at the site of its manifestation is
worth attention, patented and marketed by the American company, Grace (Grace
Construction 1999). The applied DMA (Digestion Material for Asbestos) product is
based on phosphoric acid, supplemented with fluoride catalyser and surfactants,
which induce foaming of the mixture (Mastalski 1999). In order to identify the
surfaces subjected to DMA action, a pigment was additionally introduced to the
preparation. Surfactant content assures that the deeper layers of the treated material
are penetrated and appropriately wetted. The preparation was found to react with
chrysotile asbestos and to abolish its fibrous structure while preserving the required
characters, like fire-proof property of the new material. Chrysotile asbestos contains
alternate layers of silicate and magnesium, oriented according to a cylindrical
geometry, which under effect of DMA active component become split. Application of
the technique may, to a certain extent, restrict the need for exchange of asbestos-
containing elements to new elements which do not contain asbestos. Moreover, the
costs associated with utilisation of asbestos wastes and with isolation of the renovated
site are lowered (Grace Construction 1999).

In Poland, the health hazards associated with asbestos are particularly grave. Much
later than in other countries, the act of 19 June, 1997 (Dz.U. No.101, p0s.928), which
abolished the use of asbestos-containing products, established the deadline for
production of asbestos-cement items at 28 September, 1998. Legal regulations have
been worked out which control application and utilisation of asbestos-containing
products. In the decision of 17 June, 1998 (Dz.U. No.79, pos.513), the Minister of
Labour and of Social Policies established the highest permissible levels and
intensities of health-hazardous agents in a work environment. In our country,
asbestos-associated hazards are very severe and solution of the problems will
probably take several years. For example, in the Szczucin community the total volume
of asbestos wastes with the earth masses polluted with the mineral is appraised at 1
million m’. Volatile asbestos dusts, originating from destruction or modernisation of
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buildings constructed of asbestos materials, will continue to present a hazardous
source for a long time (Dolegowski, Janczata 1999). In such a situation, the search
and design of effective asbestos utilisation techniques is an important and a currently
urgent goal. We have attempted to approach the problem in this presentation.

EXPERIMENTAL

The studies were performed on asbestos samples mixed with selected flux. The
samples were subjected to eclevated temperatures. The zero (standard) sample
consisted of asbestos which contained over 95% chrysotile. The asbestos
decomposition reaction was conducted in various experimental conditions. The
temperature of the reaction varied between 50 °C to 500 °C, and the reaction time was
2 to 3 h. Asbestos samples were mixed with selected fluxes, introduced in excess, at
the molar ratio of 1.5:1. Two series of experiments were performed.

In the first series, the agents which degraded asbestos structure included the
following fluxes: NaF, NH4F, Na,B,0,.10H,0, H;BOs;, H;PO,+NH,F. The samples
were subjected to the temperature of 500 °C in a muffle furnace.

In the other series of experiments, 4% flux solutions and mineral acids were used,
known for their catalytic affect of reactions which take place upon structural
alterations in the studied fibrous mineral. In the series, extensively mixed samples in
the modifying reagent solutions were left for 24 h at room temperature. Then, the
solutions were paper-filtered and the residue on the filter was dried at around 100 °C.
The obtained residue was subjected to a structural analysis. Before microscopic
analysis, some of the samples were additionally roasted at 300 °C.

Morphology of samples was examined by scanning electron microscopy (SEM-
515, Philips). The powdered sample, intended for the studies, was dispersed in t-
butanol and, following sedimentation on a microscope holder, it was coated with gold
using ionisation chamber. The typical magnification ratio was 100-200.

Some asbestos samples were also examined by powder X-ray diffraction analysis
using a modified HZG-3 powder diffractometer and CuKa radiation (A=1.54178 A).
The source of X-ray was X-ray tube mounted on TUR M62 generator operated at 30
kV and 30 mA. Diffraction test were conducted within the t angle of 5-45, at the
scanning rate 0.05 °/s. The identification took advantage of the POWDER data base

RESULTS

Results of morphological analysis of asbestos samples, fused with selected fluxes,
are presented in SEM microphotographs (Figs. 1 to 6). As compared to the standard
sample (Fig. 1), fusing of asbestos with sodium fluoride (at 500 °C, Fig. 2) or with
boric acid (at 300 °C, Fig. 3) proved least effective: the fibrous structure of asbestos
remained practically unaltered, large chrysotile fibres were seen, of few hundred pm
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in length and few to more than ten pm in diameter. Also the fine, particularly
dangerous fibres of few to more than ten pm in length and less than 1 pm in diameter
remained unchanged. Somewhat better effects were obtained with asbestos samples
fused with borax at 300 °C (Fig. 4). Analysis of morphology of such a sample
demonstrated a clearly reduced fine fibrous fraction of asbestos. The best effects were
noted for asbestos fused at 500 °C for 2 and 3 h with borax (Fig. 5) or ammonium
fluoride (Fig. 6). The respective SEM microphotograph demonstrated none or
sporadic only fine or long asbestos fibres.

[T A — T B b rads L]

Fig 3. Asbestos fused with H;BOs Fig 4. Asbestos fused with borax
(300 °C, 2h) (300 °C, 2h)



88 L. Domka, L. Domka, M. Kozak

Bib .o |- . ) : i h— Bk, - PHAT ...-|.|.- ’
Fig 5. Asbestos fused with borax Fig 6. Asbestos fused with NH,F
(500 °C, 2h) (500 °C, 2h)

Results of microstructure analysis and those on morphology of asbestos samples
subjected to degradation in 4% solution of NaF, NH,F, H;BO; are presented in Figs 7.
In most of the samples subjected to degradation process in solution, only weak effects
of the modifying agents on asbestos structure could be detected. Both the asbestos
fibre structure and content of individual size fractions remained unchanged. The
situation did not change when the additional stage of roasting the dried samples was
introduced.

The most extensive degradation of asbestos fibrous structure was observed using
H;PO4 and NH4F mixture (at the molar ratio of 2:2, respectively, per 3 moles of
asbestos). The so degraded sample showed a fully amorphous structure even when no
roasting stage was used. (Fig. 8).

The samples of asbestos fused with borax and those fused with phosphoric acid
and ammonium fluoride, which showed the most desirable morphology, suggesting
transition from the stratified to amorphic structure, were subjected to diffraction
studies. The recorded powder diffractograms were compared with the standard data,
listed in ASTM files 22-1162, 25-645 and 31-808, characterising diffractive
parameters of chrysotile. The course of diffractogram lines and the absence of
diffractive peaks comparable of the standard peaks pointed to complete degradation of
chrysotile asbestos structure and to amorphic structure of the samples.
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Fig 7. Asbestos after degradation process in Fig 8. Asbestos after degradation process in
solution (NaF) solution (NH4F and H3PO4)

CONCLUSIONS

In the conducted series of experiments, effects of selected fluxes were
demonstrated on alteration of chrysotile asbestos structure from a fibrous to amorphic
one. In asbestos samples with flux supplementation the desired effect was obtained
upon roasting at 700 °C, at lower temperatures the structure was only partially
degraded.

Alterations of asbestos structure in samples subjected to action of flux solutions
was negligible but was complete in samples subjected to action of a mixture of the
flux (NH4F) and phosphoric acid.
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Widknista struktura azbestu, majacego wiele roznorodnych zastosowan co wiaze si¢ z jego
wszechobecnoscia w $rodowisku, okazala si¢ zagrozeniem dla zdrowia czlowieka. W zwiazku z tym
obecnie, waznym problemem jest wycofywanie azbestu z uzytkowania, unieszkodliwianie go i utylizacja.
W niniejszym opracowaniu zaprezentowano badania nad utylizacja azbestu przy wykorzystaniu
wybranych topnikéw celem zmiany jego struktury widknistej przy zachowaniu cech ognioodpornosci
nowego materiatu. Probke wzorcowa stanowit chryzotyl. Jako topniki zastosowano zwiazki znane z
katalitycznego wptywu na przebieg zachodzacych reakcji przy zmianie mineratu. Byty to: NaF, NH,F,
Na,B,0,.10H,0, H3BOs, H;PO,+#NH,F. Najlepszy wynik w postaci zmiany struktury uzyskano dla prob
azbestu stapianego w temperaturze 500 °C w ciagu 2 i 3 godzin z boraksem, kwasem fosforowym oraz
mieszaning kwasu fosforowego i fluorku amonu. Dokumentuja to mikrofotografie SEM.
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PRODUCTS
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Mineralogical and geochemical research was carried out on shaft slags, converter slags,
suspension slags and copper matte from the Legnica-Glogow Copper Region. Silver appears as small
metallic inclusions in metallic Cu, metallic Pb is found in both in copper matte as well as metallic and
sulphide droplets in slags. Silver occurs also as solid solution in metallic Cu and as Pb-Ag alloys. The
main gold carriers are metallic phases: silver, lead and copper. The main carriers of Pd and Pt is
metallic silver and metallic copper.

Key words: mineralogy, geochemistry, copper matte, slag, precious metals

INTRODUCTION

The copper ore-deposit located in the Legnica-Glogow Copper Region is a
polimetallic deposit. Copper is associated with following elements: Fe, Pb, Zn, Ni, Co,
Mo, Ag, Au, Bi, Ga, Ge, Hg, In, Re, Sb, Se, Sn, Te, Tl, V and platinum group metals
(Kucha 1981, 1983, Banas et al. 1976). In the whole process of metal production they
do not have significant importance, but many of them are enriched, mainly during the
flotation, metallurgical and refining processes (Rapacz 1998).

Precious metals, which occurs in copper concentrates sometimes form their own
minerals or substitutions in others. For example: silver occurs as native silver, Ag-Cu
sulphides or substitutions in bornite & chalcocite (Salamon 1979). Gold forms its own
minerals or substitutions in arsenides, antimonides, sulphides, organic matter,
arsenates and oxysulphides (Kucha 1982, 1990), behave in similar way to the platinum
group metals (Kucha 1976, 1982, 1984).

Copper metals is produced in copper smelters, which use two different
technologies: multistage smelting - copper smelter in Legnica (HML) and Glogow 1
(HMG 1) (Fig.1); single stage smelting — copper smelter in Glogow II (HMG II)

(Fig.2).

*University of Mining and Metallurgy, Faculty of Geology, Geophysics and Environmental Protection,
ul. Mickiewicza 30, 30-059 Cracow, Poland
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Fig. 1. Schematic diagram of technology in Copper Smelter Legnica and Glogow I
(modified after Karwan et al. 1996)
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During the process of copper concentrate smelting, copper accumulates in the shaft
process as a copper matte and converter copper, and in the suspension process as
blister and converter copper. Research has shown that part of the copper and other
precious elements are lost in the slag by mechanical and physico - chemical ways
during these processes (Acuna 2000, Imri$ et al. 2000, Sridhar et al. 1997, Simeonov
et al. 1996). This causes a loss of precious metals during metallurgical production.

The aim of the study was the mineralogical and geochemical characterisation of the
metallurgical slags and copper matte from the Legnica-Glogow Copper Region.
Phases hosting precious metals, such as: Ag, Au, Pt and Pd were located and
identified, and their chemical composition has been examined.

MATERIALS AND METHODS

Samples of shaft slag from Legnica, converter slag from Legnica and Glogow,
suspension slag from Glogow and copper matte from Legnica were studied by
reflected light microscopy, scanning electron microscope (SEM), proton induced X-
ray emission (PIXE), electron microbe and bulk chemical analysis. Areas for scanning
electron microscope (SEM) were selected based on the reflected microscope. The
SEM analyses were carried out at AGH using a JEOL ISM 5400 scanning electron
microscope. Electron microprobe analyses were carried out at the Institute of Non-
ferrous Metals in Gliwice using a JEOL JCXA 733 at 20 kV. The following spectral
lines and synthetic standards were used: S Kq, Fe Ky, Co K, Cu Kq, Zn Ky, MgO K,
Ni Ky, Ag Ly, As Ly, Mo Ly, PbF, Mg, Au M. All analyses were ZAF corrected. The
PIXE analyses were carried out at the Institute of Nuclear Physics in Cracow. The
proton energy was 2,5 MeV and beam intensity was up to SUA, time counting was 20
to 30 min. The beam diameter on the target was about 0,5 mm. Analyses were
corrected by “Maestro” software package. Bulk chemical analyses were done at Omac
Laboratories Ltd., Loughrea, Ireland by inductively coupled plasma (ICP).

SLAGS

The main component of slag is a glass phase that contains abundant small, oval
aggregates of metallic copper, sulphides, Fe-Co alloys, Pb-Ag alloys, spinels,
sphalerite, arsenate phases and sometimes olivine and pyroxene or amphibole crystals.
The proportion of glass phase to crystalline phase changes widely in different slags.
Porosity changes from a single pore to structures similar to pumice (Muszer 1996,
Kucha et al. 1998).

METALLIC COPPER

Metallic copper from slag creates small, oval aggregates (Fig.3). Analyses in
microarea showed that its chemical composition is as follow (%wt): Al 0,05-0,08, V
0,04-0,08, S 0,07-0,21, Mn < 0,02, Fe 0,11-0,67, Co 0,03-0,17, Ni 0,03-0,16, As up to
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0,06, Ag 0,05-0,41, Zn 0,05-0,2, Pb 0,09-0,33 (Tab.1). Sometimes metallic Cu from
suspension and converter slags (HMG II) contains detectable gold. Gold concentration
in suspension slag are from 0,225+0,04 to 0,304+0,03 and in converter slag from
0,016+ 0,009 to 0,024+0,009 (Tab.2).

SULPHIDES

Copper sulphides from slags are similar in composition to chalcocite and half-
bornite (Kucha et al.1998). Sulphides similar to Cu,S very often contain inclusions of
metallic silver, metallic copper, Fe-Co alloys, and Pb-Ag alloys (Fig.4, 5). Metallic
silver from converter slag (HL) contains (%wt.): up to 0,75 S; 1,42-2,44 Fe; up to 0,64
As; 3,66-4,73 Pd; up to 0,41 Sb; up to 0,73 Te; up to 1,01 Au; up to 0,74 Hg and up to
1,88 Bi (Cichowska & Kucha 2000). Fe-Co alloys are reach in Ni, Cu and As. Pb-Ag
alloys are very small and difficulty to examine.

ARSENATES

Their chemical composition is close to CaAsO,. They create big crystals and
contain from 3,01 to 3,88 %wt. of S; from 28,36 to 29,76 %wt. Ca; from 0,10 to 0,27
% wt. Fe; 0,23 to 0,65 % wt. Cu; from 31,05 to 33,68 %wt. As; from 2,68 to 3,29 %wt
Pb; from 30,05 to 34,03 %wt.O. They have sometimes small admixture of Co, Ni, Ag,
Sn and La.

The other phases, such as: spinels, pyroxenes, amphiboles and sphalerite do not
contain detectable admixtures of precious metals.

Bulk chemical analyses showed that there is 6 ppm Ag, 9 ppb Au, < 2 ppb Pt and
Pd in shaft slag from Legnica and about 40 ppm Ag, 8 ppb Au, <2 ppb Pt and Pd in
converter slag from Legnica.

Fig. 3. Microphotograph of suspension slag from Fig.4. Microphotograph of converter slag from
HMG II — metallic copper (oval bright) with Fe-Co ~ HMG II — chalcocite (oval light-grey) with light
alloys. Reflected light. Scale bar 100 pm metallic copper inclusions. Reflected light. Scale
bar 75 pm
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Fig.5. Microphotograph of converter slag from HL
— chalcocite (oval light) with light metallic silver
inclusions. Reflected light. Scale bar 100 um

Table 1. Chemical composition of metallic copper from slags (%wt.), electron microprobe analyses
(Not detected: Mn <0,02)

Sample | Al \% S Mn | Fe | Co | Ni | Cu As Ag | Zn | Pb p3
SA/1 | 0,03 | 0,04 |<0,07| <0,02 | 039 | 017 | 0,14 | 99.41 | 0,06 | 0,03 | <0,05| 0,17 | 100,34
SA2 <005 005 |<0,07| <002 | 036 | 0,01 | 0,08 | 99,56 | <0,06 | 0,04 | <0,05| 0,24 | 100,34
5A/3 0,08 | 0,08 |<0,07| <0,02 | 0,67 | 0,02 | 0,08 | 96,82 | <0,06 | 0,26 | <0,05| 0,19 98,2
SA/4 0,06 | <0,04 |<0,07| <0,02 | 0,57 |<0,03| 0,16 97,03 | <0,06 | 0,12 |<0,05| 0,22 | 98,16
7B/1b | <0,05 | <0,04 | <0,07 | <0,02 | 0,06 | 0,03 | 0,07 | 98,51 | <0,06 | 0,33 | <0,05| 0,33 | 99,35
7B/2b | <0,05 | 0,04 | <0,07 | <0,02 | 0,11 | 0,04 |<0,03|99,71 | <0,06 | 0,05 | <0,05| 0,11 | 100,02
6A/3b | <0,05 | <0,04 | 0,16 | 0,02 | 0,36 | <0,03 | 0,03 98,71 | 0,06 | 0,41 | 03 |<0,09| 100
6A/4b | <0,05 | <0,04 | 021 | 0,02 | 041 |<0,03 | <0,03|99,11 | <0,06 | 0,24 | 0,02 | <0,09 | 99,99

Table 2. Chemical composition of metallic copper. Suspension slag (X26037G/3, X26037H/3,
X260371/3) and converter slag (X26A37P/5, X26037L/7) from HMG II. PIXE analyses [%owt.]

Elements | X26037G/3 X26037H/3 X260371/3 X26A37P/5 X26037L/7
Ca 0,054 £0,004 | 0,078 0,007 | 0,108 +0,006 0,005+0,002 | 0,012 +0,003
Cr 0,119 40,008 | 0,053+0,010 | 0,111+0,010 0,027 £0,008 | 0,026 +0,005
Fe 12,718 +0,060 | 16,368 +0,081 | 17,853 0,074 | 6,130+0,050 | 2,713 0,030
Ni <0,005 <0,005 <0,005 0,583 £0,050 | 0,120+0,020
Cu 32,324 +0,120 | 36,294 +0,152 | 41,692 40,140 | 60,604 £0.215 | 28,236 +0,080
Br 0,033 £0,005 | 0,214 £0,006 | 0,304 +0,031 0,959 +0,180 | 0,838 +0,081
La <0,005 <0,005 <0,005 0,066 £0,020 | 0,023 £0,009
Au 0,250 £0,020 | 0,225 0,040 | 0,304 +0,031 0,024 +0,009 | 0,016 +0,009
Pb 2,604 +0,062 | 3,485 £0,070 | 3,519 0,083 | 33,348+0,221 | 6,9350,090
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COPPER MATTE

The main component of copper matte are copper sulphides, which constitute 80
— 95 %, metallic copper 5 — 17 % and Fe-Co alloys, metallic silver, galena, Pb-Ag
alloys, Pb-Ni alloys, Pb-Cu alloys and arsenides.

COPPER SULPHIDES

Copper sulphides are the main component of copper matte. There are two
different sulphides, one is similar in chemical composition to CuszsFep25S4 and other
to CussFepsSs (Kucha et al. 1998).These sulphides contain (%wt.) Al from 0,10 to
2,86; As from 0,10 to 0,83; Ag from 0,10 to 0,20 and Pb from 0,15 to 2,45.

METALLIC COPPER

Metallic Cu forms veins, oval and irregular droplets of variable sizes (Fig.6).
Copper aggregates are from single um to several cm. Metallic copper contains
inclusion of Fe-Co alloys, Pb-Ag alloys, metallic silver, metallic lead and copper
oxides. Chemical composition of metallic Cu is shown in table 3. Metallic copper
contains admixture of gold, which is associated with lead (Fig.7). The Au content is
from 0,08 to 0,39 % wt. Tab.3, 4)