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SYNTHESIS, STRUCTURE AND PERFORMANCE  
OF CALCIUM SILICATE ION EXCHANGERS  

FROM RECYCLED CONTAINER GLASS 

Nichola J. COLEMAN*, Qiu LI**, Atiya RAZA* 

* School of Science, University of Greenwich, Chatham Maritime, Kent, ME4 4TB, UK;  
nj_coleman@yahoo.co.uk 

** School of Civil Engineering, University of Leeds, Leeds, LS2 9JT, UK. 

Abstract: Numerous technical, economic and societal factors limit the recycling of waste soda-lime-silica 
glass back into the primary production process and accordingly alternative applications for this material are 
sought. This study demonstrates that waste soda-lime-silica container glass is a suitable feedstock material 
for the production of tobermorite, a calcium silicate cation exchanger. Tobermorites were synthesised at 
100 °C from stoichiometric mixtures of container glass and lime under alkaline hydrothermal conditions. 
Increasing concentrations of sodium hydroxide (between 1.0 M and 4.0 M) in the reaction mixture 
promoted the formation and crystallisation of tobermorite, and also resulted in greater fragmentation of the 
silicate chains along the b-axis direction. The maximum removal capacities of these tobermorite specimens 
for Cd2+ (441 mg g-1) and Zn2+ (122 mg g-1) compared well with those of other waste-derived sorbents. 
Superior Cd2+- and Zn2+-uptake capacities and kinetics were observed for the least crystalline tobermorite 
specimen, indicating that stacking defects facilitate the transport and exchange of cations within the lattice.  

Keywords: tobermorite, sorbent, hydrothermal synthesis, cullet, recycling, ion-exchange  

Introduction 

Discarded soda-lime-silica glass containers constitute a significant and increasing 
proportion of the urban waste stream in every developed nation (Pontikes et al., 2007). 
The reuse and recycling potential of waste container glass (cullet) back into the primary 
production process is limited by a range of political, societal and technical obstacles 
(Coleman, 2011). In response to this problem, a variety of research projects has been 
carried out to identify alternative applications for waste cullet as a secondary feedstock 
in the production of aggregates, concretes, ceramics, abrasives and water filtration 
media (Ayadi et al., 2011; Coleman, 2011; Korkosz et al., 2012; Matteucci et al., 2002; 
Park et al., 2002).  
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Tobermorites are a family of naturally occurring calcium silicate hydrate minerals 
which are also readily synthesised under hydrothermal conditions between 80 and 225 
°C (Coleman, 2005; El-Hemaly et al., 1977; Nelson and Kalousek, 1977). Their 
structure comprises a double Ca-O sheet bound on both sides by anionic 
wollastonite-like silicate chains running along the b-axis, as indicated in Fig. 1. The 
interlayer region houses labile charge-balancing cations and water molecules. Members 
of this family are characterised in terms of the length of their c-axis, which is dependent 
on the number of water molecules per unit formula. There are three principal polytypes 
of this mineral, viz. 14, 11 and 9 Å tobermorite, whose names relate to the approximate 
d-spacings of their (0 0 2) Bragg reflections.  

11 Å tobermorite (Ca2Si6O16(OH)2.4H2O) is of particular interest as it is the primary 
binder in autoclaved cements and also functions as a basic catalyst for organic synthesis 
and as an adsorbent for carbon dioxide and aqueous heavy metal contaminants 
(Al-Wakeel et al., 2001; El-Hemaly et al., 1977; Komarneni et al., 1986; Lima et al., 
2008; Reinik et al., 2011). 11 Å tobermorite specimens exhibit a range of thermal 
behaviour: those which convert to 9 Å tobermorite at ~300 °C by the loss of molecular 
water are referred to as ‘normal’ tobermorites; whereas those which do not are 
described as ‘anomalous’ (El-Hemaly et al., 1977).  
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Fig. 1. Projection of 11 Å tobermorite in the bc-plane 
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The synthesis of 11 Å tobermorites reported in the literature has generally been 
carried out using analytical grade reagents such as sodium silicate and fumed silica; 
however, more recently, tobermorites have been prepared from industrial waste 
materials such as oil shale ash, cement kiln dust and paper recycling residue (Coleman, 
2005; Coleman et al., 2009; Reinik et al. 2011). Recent research has also demonstrated 
that it is possible to prepare 11 Å tobermorite from waste container glass and that this 
material is an effective sorbent for divalent lead and cadmium ions (Coleman, 2011).  

In the present study, waste soda-lime-silica container glass was used as the silicate 
feedstock for the hydrothermal synthesis of 11 Å tobermorites at 100 °C under 
conditions of varying alkalinity. The structures of the tobermorite products were 
analysed by powder X-ray diffraction (XRD) and solid-state 29Si nuclear magnetic 
resonance spectroscopy (NMR). The relationship between structure and ion-exchange 
behaviour was explored via batch sorption of divalent cadmium and zinc ions.  

Materials and methods 

Materials, synthesis and characterisation 
Flint soda-lime-silica glass (SLSG) containers were collected from the urban waste 
stream in Rochester, Kent, UK, and milled to pass 125 µm. An oxide analysis of the 
SLSG, obtained by X-ray fluorescence spectroscopy (XRF) at the Materials Research 
Institute, Sheffield Hallam University, Sheffield, UK, is given in Table 1. 

Reaction mixture compositions and synthesis regimes are summarised in Table 2. 
All syntheses were carried out in triplicate by heating at 100 ºC in hermetically sealed 
PTFE reaction vessels under autogenous pressure for 7 days. Samples Tob-1, Tob-2 and 
Tob-4 were prepared from mixtures of 3.5 g of SLSG and 1.5 g of CaO in 60 cm3 of 1.0 
M, 2.0 M and 4.0 M sodium hydroxide solution, respectively. The products of each 
synthesis were washed with deionised water to pH ~7 and dried to constant mass in air 
at 40 ºC. Oxide analyses for each of the SLSG-derived tobermorite products are given in 
Table 1.  

The reaction products were analysed by powder XRD using a Siemens Kristalloflex 
810 X-ray diffractometer. To determine whether the tobermorite products exhibited 
normal or anomalous thermal behaviour, the samples were heated to 300 ºC for 10 hours 
in air and re-analysed by powder XRD. 

The silicate structures of the tobermorite products were analysed by solid state 29Si 
NMR, as described elsewhere (Coleman and Brassington, 2003). The free induction 
decay profiles were processed by Delta software (provided by JEOL) to obtain spectra 
which were then analysed and deconvoluted using Igor Pro software. 



 N. J. Coleman, Q. Li, A. Raza 8

Table 1. Composition of SLSG and tobermorite products 

Oxide Component SLSG 
(mass %) 

Tob-1 
(mass %) 

Tob-2 
(mass %) 

Tob-4 
(mass %) 

SiO2 72.1 40.12 43.15 41.76 

Na2O 13.4 5.44 3.44 3.16 

CaO 11.3 28.76 31.42 32.52 

MgO 1.30 0.56 0.91 0.64 

Al2O3 1.14 0.68 0.91 0.76 

K2O 0.39 0.10 0.04 0.04 

SO3 0.21 0.28 0.13 0.13 

Fe2O3 0.08 0.04 0.04 0.04 

TiO2 0.05 Nil Nil Nil 

Mn3O4 0.03 Nil Nil Nil 

Loss on ignition Nil 23.76 19.84 20.72 

Table 2. Reaction conditions and mixture compositions 

Sample Reaction conditions Si : Ca : Al : Na molar ratios 

Tob-1 100 °C, 168 h, 1.0 M NaOH(aq) 1.00 : 0.80 : 0.02 : 1.79 

Tob-2 100 °C, 168 h, 2.0 M NaOH(aq) 1.00 : 0.80 : 0.02 : 3.21 

Tob-4 100 °C, 168 h, 4.0 M NaOH(aq) 1.00 : 0.80 : 0.02 : 6.07 

Notation used to describe the silicate structure of the tobermorites is such that the 
symbol Q represents one SiO4

4- tetrahedron and a superscript denotes the number of 
other Q units to which it is bonded. Substitution of Q units by tetrahedra other than 
SiO4

4- is indicated in parentheses, for example, a mid-chain SiO4
4- unit linked to one 

other SiO4
4- unit and one AlO4

5- unit would be represented as Q2(1Al). 
The silicate chain configurations of the SLSG-derived tobermorite products were 

evaluated in terms of their ‘mean chain length’ (MCL). MCL is a measure of the 
average number of tetrahedra linked along the b-axis direction between breaks in the 
chain, and is given by (Richardson and Groves, 1997): 

 
[ ]
1

32321 )Al1()Al1(
2
32

Q

QQQQQ
MCL

⎟
⎠
⎞

⎜
⎝
⎛ ++++

=  (1) 

where, in this instance, Qn symbols represent the relative intensities of the deconvoluted 
29Si resonances arising from the associated silicate tetrahedra.  
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The specific surface areas of the tobermorite products were determined according to 
ISO 9277:1995(E) by nitrogen gas sorption at 77.4 K using a Micromeritics Gemini VI 
analyser.  

Batch sorption of Cd2+ and Zn2+  
The uptake of Cd2+

(aq) and Zn2+
(aq) by Tob-1, Tob-2 and Tob-4  was determined by single 

metal batch sorption at 25 °C. In each case, 50 mg of tobermorite product were 
contacted with 200 cm3 of metal nitrate solution at an approximate metal concentration 
of 0.5 mM in screw-capped polypropylene bottles. Contact times for specimens were 
between 1 and 168 hours, after which, the supernatant liquors were recovered by 
centrifugation at 3000 rpm and analysed by atomic absorption spectrophotometry using 
a Pye Unicam SP 9 spectrophotometer. Each experiment was carried out in triplicate 
and the relative standard deviations of the mean metal-uptake data were lower than 5% 
in all cases.  

Results and discussion 

Characterisation of SLSG  
The major oxide components of SLSG used in this study (listed in Table 1) are in the 
system SiO2-Na2O-CaO-MgO-Al2O3 in proportions which are typical of container 
cullet (Park et al., 2002). K2O, SO3, Fe2O3, TiO2 and Mn3O4 are also present at 
concentrations below 0.5% by mass. The 29Si NMR spectrum of SLSG (Fig. 2(a)) 
shows a broad asymmetric signal of maximum intensity at ~-95 ppm with a shoulder to 
high field which is consistent with a range of amorphous Q1 to Q4 silicate units 
comprising a predominance of Q3 species. Powder X-ray diffraction analysis (not 
shown) also confirmed that SLSG is amorphous.\ 

Preparation and characterisation of SLSG-derived tobermorites 
Powder XRD diffraction patterns of the SLSG-derived tobermorite products are shown 
in Fig. 3(a-c) and closely resemble those of phase-pure 11 Å tobermorites reported in 
the literature which have been prepared from reagent grade materials (Al-Wakeel et al., 
2001; Mitsuda and Taylor, 1975). The comparatively broad and weak (0 0 2) basal 
reflection and poor resolution of the (2 2 0) and (2 2 2) reflections (at 2θ = 28.9° and 
29.9°, respectively) in the XRD pattern of Tob-1 indicate that this specimen is less 
crystalline that its counterparts, Tob-2 and Tob-4, which were produced under 
conditions of increasing alkalinity (Fig. 3(a-c)). All SLSG-derived tobermorite products 
exhibited ‘normal’ thermal behaviour in that they dehydrated to form 9 Å tobermorite 
when heated to 300 °C (Fig. 3(d-f)). This finding is in agreement with those of other 
researchers who report that relatively low reaction temperatures (< 140 °C) and short 
processing times (< 14 days) generally give rise to normal tobermorite (El-Hemaly et 
al., 1977). 
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Fig. 2. 29Si NMR spectra of (a) SLSG, (b) Tob-1, (c) Tob-2 and (d) Tob-4 

The 29Si NMR spectra of samples Tob-1, Tob-2 and Tob-4 (Fig. 2(b-d)) are 
consistent with the presence of crystalline phase-pure 11 Å tobermorites (Komarneni et 
al., 1985; Wieker et al., 1982). Terminal Q1 silicate tetrahedra of the wollastonite-like 
chains and isolated silicate dimers are denoted by resonances at -81.6 ppm. Mid-chain 
Q2 tetrahedra give rise to the resonances at -87.4 ppm and the low field shoulder at -85.2 
ppm is assigned to Q2(1Al) species. The low intensity signals at ~95 ppm arise from 
bridging Q3 species and minor proportions of residual SLSG may also contribute to the 
signals in this region of the spectrum. The mean silicate chain lengths (MCL) of the 
SLSG-derived tobermorite products are listed in Table 3 and indicate that MCL 
decreases from 18.5 to 4.1 units as the sodium hydroxide concentration of the 
hydrothermal system is increased from 1.0 M to 4.0 M. Nitrogen gas sorption analysis 
demonstrated that the BET specific surface areas of the tobermorite products were also 

(a) 

(d) 

(c) 

(b) 
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influenced by the alkalinity of the reaction mixture (Table 3). These data, and those 
obtained by other researchers (Reinik et al., 2011), indicate that specific surface area 
tends to decrease as a function of increasing pH of the reaction mixture.  

5 10 15 20 25 30 35 40 45 50 55 60
2 Theta

 
Fig. 3. Powder XRD patterns of SLSG-derived tobermorites (a) Tob-1, (b) Tob-2, (c) Tob-4; and 

tobermorite after heating at 300 °C (d) Tob-1, (e) Tob-2, (f) Tob-4 

Table 3. Mean silicate chain length (MCL), BET specific surface area 
and metal ion uptake data for tobermorite products 

Sample MCL Surface area Cd2+-uptake at 168 h Zn2+-uptake at 168 h 

  (m2g–1) (mg g–1) (mg m–2) (mg g–1) (mg m–2) 

Tob-1 18.5 16.1 ± 0.2 441 27.4 122 7.58 

Tob-2 5.7 27.1 ± 0.3 374 13.8 96 3.54 

Tob-4 4.1 26.0 ± 0.4 325 12.5 78 3.00 

(a) 

(f) 

(e) 

(d) 

(c) 

(b) 
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This study has demonstrated that phase-pure 11 Å tobermorites can be synthesised 
from a stoicheiometrically appropriate mixture of SLSG and calcium oxide via one-step 
hydrothermal processing at 100 °C under alkaline conditions. Unlike many industrial 
and municipal waste materials, SLSG does not require pre-treatment such as leaching or 
chemical conditioning prior to use. This research has also revealed that increasing 
concentrations of sodium hydroxide in this hydrothermal system increase the degree of 
crystallinity and surface area, yet reduce the average silicate chain length of the 
resulting product. 

Mitsuda and Taylor observed that the development of tobermorite proceeds via the 
formation of a poorly structured calcium silicate hydrate gel phase (C-S-H) similar to 
that found in hydrating cement (Mitsuda and Taylor, 1975). This observation was 
subsequently confirmed in a real-time synchrotron study, which revealed that the first 
hydrothermal reaction product formed during tobermorite synthesis is a C-S-H gel with 
good periodicity in the ab-plane and poor organisation parallel to the c-axis (Shaw et al., 
2000). Other studies have indicated that increasing alkalinity generally enhances the 
rate of tobermorite formation; whereas, increasing concentrations of Na+ ions are 
reported to stabilise the intermediate C-S-H gel phase and impede the development of 
the tobermorite product (Nocun-Wczelik, 1999; Shaw et al., 2000). SLSG-derived 
tobermorites confirm these observations, as increasing sodium hydroxide 
concentrations resulted in an enhanced reaction rate (i.e. superior crystallinity) at the 
expense of mean silicate chain length. 

Batch sorption of Cd2+ and Zn2+ions 
The sorption profiles for the removal of Cd2+ and Zn2+ ions from single metal nitrate 
solutions by Tob-1, Tob-2 and Tob-4 under batch conditions are shown in Fig. 4. The 
uptakes of Cd2+ and Zn2+ after 168 hours as functions of mass and of BET surface area 
are also listed in Table 3. These data demonstrate that the rates and extents of sorption of 
both Cd2+ and Zn2+ ions by the SLSG-derived tobermorites are of the following order: 
Tob-1 > Tob-2 > Tob-4.  

Despite a steadily increasing body of data, the mechanisms and extents of ion 
exchange reactions between heavy metal cations and 11 Å tobermorites remain 
disputed. For example, Komarneni et al. (1986 and 1988) report that essentially all of 
the Ca2+ ions within the tobermorite structure can be exchanged for Co2+ or Ni2+ ions; 
whereas, in a similar investigation, Shrivastava and Glasser (Shrivastava and Glasser, 
1986) found that fewer than 20% of the total Ca2+ ion content was available for 
exchange by these heavy metal cations. It is clear that these and other such 
discrepancies arise from differences in structural features which have not been 
identified to date. Indeed, very little is presently known of the relationship between 
tobermorite structure and ion exchange behaviour. 
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ig. 4. The uptake of (a) Cd2+ ions and (b) Zn2+ ions by SLSG-derived tobermorites 

sults obtained in this investigation indicate that low crystallinity, specifically 
m stacking disorders, assists the transport and ion-exchange of Cd2+ and Zn2+ 
n the tobermorite lattice. Conversely, these findings have also demonstrated 
ural defects arising from breaks along the silicate chains do not facilitate these 
and ion-exchange processes.  

Table 4. Cd2+ and Zn2+ sorption capacities for a range of waste-derived sorbents  

Sorbent Cd2+-uptake (mg g-1) Zn2+-uptake (mg g-1) Reference 

Red mud 68 133 Vaclavikova et al. (2005) 

fied chestnut shell 10.14 9.26 Vázquez et al. (2012) 

Bone char 53.6 33.0 Choy and McKay (2005) 

apaya wood 19.99 14.44 Saeed et al. (2005) 

Rice husk 16.7 8.14 Krishnani et al. (2008) 
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For comparison, the maximum Cd2+ and Zn2+ sorption capacities for a range of 
waste-derived sorbents are listed in Table 4 (Choy and McKay, 2005; Krishnani et al., 
2008; Saeed et al., 2005; Vaclavikova et al., 2005; Vazquez et al., 2012). It should be 
noted that the original data were reported in a variety of units which have been 
converted to mg g-1 for convenience. In general, the sorption capacity of SLSG-derived 
tobermorites for both metal cations compares favourably with those of other waste 
materials such as bone char, papaya wood, rice husk and modified chestnut shells; 
however, their performance was inferior to that of red mud with respect to the removal 
of Zn2+ ions. Further work is now in progress to more fully characterise the 
ion-exchange properties and potential for post-use regeneration of SLSG-derived 
tobermorite sorbents. 

Conclusions 

The findings of this study have demonstrated that waste soda-lime-silica container glass 
is a suitable feedstock material for the one-step hydrothermal synthesis of 
ion-exchangeable tobermorites. Unlike many industrial wastes, discarded container 
glass does not require leaching or chemical pre-treatment prior to use in this application.  

All tobermorites synthesised at 100 °C from stoicheiometric mixtures of waste glass, 
lime and sodium hydroxide solution were structurally similar to those prepared from 
analytical grade reagents and exhibited normal thermal behaviour. Increasing 
concentrations of sodium hydroxide (between 1.0 M and 4.0 M) in the reaction mixture 
promoted the formation and crystallisation of tobermorite, although also resulted in 
greater fragmentation of the silicate chains along the b-axis direction. Superior Cd2+ and 
Zn2+ ion-exchange capacities and kinetics were observed for the least crystalline 
tobermorite specimen, indicating that stacking defects in the c-axis direction facilitate 
the transport and exchange of cations within the lattice.  
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Abstract: The main problem in the flotation of Cu-Mo sulfide ores in seawater is poor floatability of 
molybdenite at pH>9.5. Froth stability plays a very important role in determining concentrate grade and 
recovery in flotation operations and in this paper both floatability and frothability have been tested. The 
frothability have been studied by measuring froth equilibrium layer thickness in a modified laboratory 
flotation cell. Two chemical aspects of seawater need to be considered: the content of NaCl (around 87% 
of salinity), and the concentration of secondary ions (around 13%) (sulfate, magnesium, calcium, 
bicarbonate ions, etc.). Seawater, NaCl solutions, and seawater’s ions were found to depress frothability. 
The effect of pH on frothability over the pH range from 9.5 to 11, which is very strong in freshwater, 
becomes negligible in seawater and the tested electrolyte solutions. The analysis of the relationship 
between the mechanisms of molybdenite depression and the loss of frothability in seawater implies that 
the effects of the studied ions on molybdenite floatability and on pulp frothability are different. While 
depression of molybdenite floatability could be tracked down to magnesium hydroxide precipitation as a 
main culprit, the depression of frothability is a much more complicated issue.     

Keywords: seawater, froth stability, Cu-Mo flotation, magnesium ions, molybdenite flotation 

Introduction 

Many large mineral deposits are located in the areas with limited resources of fresh 
water. The Atacama Desert, with a major portion of Chilean Copper Industry situated 
in this area, exemplifies such problems very well. In such cases flotation in seawater 
becomes an increasingly important issue. However, the use of seawater could become 
a sustainable solution only if it could deliver the metal recoveries and concentrate 
grades comparable to those that can be obtained when using freshwater.  
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Molybdenum recovery plays a very important role in making Cu-Mo processing 
plants economically viable, and the major problem in the use of seawater in flotation 
of Cu-Mo sulfide ores results from a poor flotation of molybdenite at pH > 10 (Castro 
et al., 2012c; Castro, 2012; Laskowski and Castro, 2012). This loss of Mo is 
particularly obvious when the ore also contains pyrite/pyrrhotite, the minerals which 
are conventionally depressed with lime at a high pH.  

Molybdenite is a mineral with natural hydrophobicity and its anisotropic laminar 
crystal structure (non-polar faces and polar edges) is similar to that of talc and 
graphite. Along with graphite, talc, sulfur, and also coal, it belongs to a group of 
inherently hydrophobic solids. These minerals were shown to float very well in 
concentrated electrolyte solutions (e.g. 0.5 M NaCl) without any organic flotation 
agents in the process referred to as salt flotation (Klassen and Mokrousov, 1963; 
Castro and Laskowski, 2011; Castro and Laskowski, 2012). It is therefore surprising 
that in the flotation of Cu-Mo sulfide ores in seawater molybdenite is depressed. 
However, while seawater is a concentrated solution of NaCl (about 0.6 mol/dm3), it 
also contains some secondary ions (such as, magnesium, calcium, sulfate, bicarbonate, 
etc.), and precipitating magnesium hydroxide was found to be the major culprit 
responsible for depressing molybdenite when flotation is carried out in seawater over 
alkaline pH range (when pH exceeds pH 9.5–10.0) (Castro et al., 2012c; Castro, 2012; 
Laskowski and Castro, 2012). 

Flotation process requires formation of a froth layer that is to some extent stable. 
Frothing agents prevent bubble coalescence and reduce bubble size (Cho and 
Laskowski, 2002a; 2002b). It is known that foams are stabilized not only by surface-
active compounds (frothers) but also by surface-inactive compounds (inorganic ions) 
(Quinn et al., 2007; Castro et al., 2010). Foamability of frothing agents in distilled 
water does not necessarily predict frothability under flotation conditions. Lekki and 
Laskowski (1975) showed that frothers do not have to be strongly surface active 
agents. For example, di-acetone alcohol, a commercial flotation frother which was 
used by the copper industry in Poland, is not a surface active agent but it was 
performing very well as a frothing agent. While there was no foam when foamability 
tests were carried out in the presence of this agent in distilled water, the three-phase 
froth was sufficiently stable. The same phenomenon has been reported for pine oil. 
While there was no foam when the foamability was tested with pine oil, both in fresh 
water and in seawater, the presence of hydrophobic particles was found to strongly 
stabilize the pine oil froth (Castro et al., 2012b). A strong foaming agent does not 
necessarily produce the most stable froths. Melo and Laskowski (2007) found that DF-
1012 frother (CH3(PO)6.3OH where PO stands for propylene oxide group) generated 
the most stable foams and carried most water, but in the presence of hydrophobic 
bituminous coal particles produced remarkably less voluminous froth when this 
frother was utilized. The same phenomenon was observed by Kuan and Finch (2010) 
who studied the effect of hydrophobic talc particles on the properties of foams in the 
presence of a polyglycol frother. 
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Frothing agents are employed in flotation to facilitate air dispersion into fine 
bubbles and to stabilize the froth. Froth stability depends on the frother type and 
concentration, but also is a function of other variables, such as particle size, 
hydrophobicity, solids content, pH, airflow rate, etc. For example, as reported by Tao 
et al. (2000), coal particles can stabilize or destabilize the froth. This depends both on 
the size of these particles as well as on their concentration. The -150 µm  size fraction 
destabilized froth at lower concentrations but stabilized it at higher concentrations, 
while micronized coal particles showed froth-breaking power. Kurniawan et al. (2011) 
found a correlation between coal recovery and bubble size and claimed that fine coal 
floats better in electrolyte solutions because finer bubbles are produced in such 
systems. Zanin et al. (2009) derived models relating the froth stability and bubble size 
on top of the froth to the amount of hydrophobic material present in the froth. In this 
work the variables affecting froth stability are extended to electrolyte concentration 
and ionic composition, particularly to seawater. 

Replacement of fresh water with seawater in flotation pulps brings about other 
factors. Foaming characteristics of MIBC (methyl isobutyl carbinol) and DF-250 
(CH3(PO)4OH) frothers in NaCl solutions and in seawater have been studied by Castro 
et al. (2010; 2012a). The two-phase foaming was characterized through measurements 
of the dynamic foamability index (DFI) for both frothers at various NaCl 
concentrations, and in seawater. Foamability of both, MIBC and DF-250 frothers, 
were much stronger in seawater than in distilled water. However, the frothability tests 
carried out during rougher flotation of Cu-Mo sulfide ores (Castro et al., 2012b) 
revealed that in the presence of polyglycol frothers (DF-250 and DF-1012) the 
frothability was much lower when measured in seawater as compared with that in 
fresh water. 

To sum it up, the available evidence indicates that while depression of molybdenite 
in the flotation of Cu-Mo sulfide ores containing pyrite can be related to the 
precipitation of magnesium hydroxide, an explanation of the phenomena associated 
with frothing in the flotation of Cu-Mo ores is still missing.  

Experimental 

Material and methods 
In our previous tests the samples of Cu-Mo sulfide ores from three different plants in 
Chile were used (Castro et al., 2012b). The experimental work described in this paper 
has been carried out with the use of Sample No. 3 (from the previous tests). The 
sample contained 0.43% Cu, 6.26% Fe and 0.008% Mo. 

The laboratory flotation tests have been carried out with the use of the same 
reagents which are employed at the plant from which the sample was obtained and 
under the same conditions.  The ore sample weight per one test was 1,161 g; impeller 
speed rate, 900 rpm; 34% solids; and air flow rate, 10 dm3/min. MX-7017 
thionocarbamate (26 g/Mg); MX-945 (21 g/Mg); MIBC, methyl isobutyl carbinol (21 
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g/Mg) were used as reagents. Grinding test: P80 = 150 µm (20% +150 µm and 60.3% –
75 µm) . The conditioning time was 5 min and flotation time 10 min. 

The froth phase was studied by measuring the maximum froth layer thickness in a 
laboratory flotation cell so modified that it operates without discharge of concentrate. 
The LA-500 Agitair flotation cell with a volume of 2.7 dm3 was adapted for the 
frothability tests, as was described elsewhere (Castro et al., 2012b). In these tests air 
flow rate was 10 dm3/min at 900 rpm (other conditions similar to the flotation tests). 
The froth thickness was measured during 60 s by using a digital photographical 
method coupled to image analysis with the ImageJ software. The system was 
continuously  
 

 

Fig. 1. Measurement of the area occupied by froth with the use of the ImageJ program 
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Fig. 2. Kinetics of rougher froth layer thickness growth in fresh water as a function of pH 
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determining the area occupied by the froth and was converting it to a rectangle; its 
height was taken as a mean froth layer thickness. The height of the froth in the cell 
was measured versus time (growth kinetic), and the maximum froth layer thickness 
was determined at the equilibrium time (t∞) (Figs. 1 and 2).  

Examples of the results that can be generated using this technique are shown in 
Fig. 2. 

Results 

The flotation results in seawater given in Figs. 3 and 4 indicate that molybdenite 
recovery is sensitive to pH. A strong depression of molybdenite takes place at a pH 
higher than pH 9.5-10.0, and it was demonstrated that molybdenite is depressed by 
precipitating colloidal magnesium hydroxide (Castro et al., 2012c).   
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Fig. 3. Rougher recovery (Cu, Mo and Fe) as a function of pH in fresh water 

Figure 5 shows that the frothability of the flotation pulp in the tests carried out in 
fresh water is very different from all other tests in other solutions (0.6 M NaCl, 0.6 M 
NaCl with 1,350 mg/dm3 of Mg2+ions, fresh water with 1,350 mg/dm3 of Mg2+ions, 
and seawater). All these cases, different from fresh water, are either concentrated NaCl 
solutions or contain a divalent cation (Mg2+ ions). 
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Fig. 4. Rougher recovery (Cu, Mo and Fe) as a function of pH in seawater 
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Fig. 5. Profile of equilibrium froth layer thickness as a function of pH in fresh water, NaCl 0.6M;  
fresh water-Mg2+ 1300 ppm, 0.6M NaCl-Mg2+ 1300 ppm, and seawater 

As Figure 6 demonstrates, the ionic strength has a strong effect on frothing of the 
pulp under flotation conditions. Figure 7 shows that the concentration of Mg2+ ions in 
fresh water also strongly affects pulp frothability. 
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Fig. 6. Profile of equilibrium froth layer thickness  
as a function of sodium chloride concentration at pH 10.5 
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Fig. 7. Froth layer thickness as a function of Mg2+ ions concentration 
 in fresh water at pH 10.5 

Seawater contains various ions and their effect on frothability is compared in Fig. 
8. These tests were carried out in fresh water with addition of some ions that appear in 
sea water (e.g. SO4

2-, Mg2+, Ca2+) at pH of 10.5. 
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Fig. 8. Froth layer thickness as a function of Ca2+, Mg2+ and SO4
2– ions concentration  

in fresh water at pH 10.5 

Discussion 

Frothability in seawater 
Inorganic electrolytes and seawater prevent bubble coalescence and decrease bubble 
size. Figure 9 confirms that without frother (in our tests MIBC) fine bubbles cannot be 
produced in fresh water. It is totally different in seawater where fine bubbles can be 
obtained even without the frother (Castro et al., 2010).  
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Fig. 9. Effect of seawater and MIBC frother on bubble size (Castro et al., 2010) 
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While critical coalescence concentration CCC values reported for MIBC frother are 
in the range of a few ppm (about 11 ppm that is 0.1 mmole/dm3) (Laskowski et al., 
2003), for NaCl solutions CCC was measured at 0.78 mole/dm3 (Castro et al., 2012a). 
That means that when frother concentration is greater than CCC both in frother 
solutions and in electrolyte solutions bubbles do not coalesce. In seawater, bubbles are 
quite stable and frother is not needed to stabilize them further. In both cases what is 
stabilizing bubbles are water molecules bound to the bubbles. In the case of frothers, 
which molecules adsorb at the gas/liquid interface, some amount of water is bound to 
the bubbles by hydrogen bonding to the adsorbed frother molecules. In the case of 
electrolytes, the water layer is formed around bubbles since inorganic ions are surface-
inactive, they increase water surface tension because they are expelled from the 
surface layer. Thus, in both cases different is only the mechanism by which water 
molecules accumulate around the bubbles. 

The effect of magnesium ions on air bubbles 
The results reported in this paper also indicate that frothability in fresh water is highly 
influenced by pH and shows a peak around pH 10.5. However this strong effect of pH 
is not observed in the frothability tests in seawater (or in general, in electrolyte 
solutions). 

In flotation of Cu-Mo sulfide ores, lime is commonly applied to depress 
pyrite/pyrrhotite. The best pH range for pyrite depression is between 10 and 12, and 
over this pH range, when the flotation process is carried out in seawater, magnesium 
hydroxide precipitates. As Figure 10 shows, magnesium hydroxide may start 
precipitating around pH 9.5 as the process depends not only on pH but also on initial 
Mg2+ concentration (Li and Somasundaran, 1991). It is not yet possible to clarify 
whether molybdenite depression is just caused by a precipitating hydroxide (which 
happened to be magnesium hydroxide), or whether this phenomenon results from the 
ability of Mg(OH)+ ions and/or colloidal Mg(OH)2(s) to accumulate on the surface of 
bubbles.  

Eigeles and his co-workers (Eigeles and Volvenkova, 1963; Eigeles and Volova, 
1964; 1968) studied in the 60’s the effect of colloidal species accumulated on the 
surface of bubbles on flotation. They pointed out that adsorption on solid particles, 
which are in general heterogeneous, does not lead to an even distribution of the 
adsorbed surfactant on the solid surface but creates islands, and this does not 
necessarily affect flotation. On the other hand, accumulation of such species on the 
surface of bubbles always affects flotation, and translates into a strong depression 
when these species are hydrophilic.  

The zeta potential measurements on air bubbles indicate that the iso-electric point 
of bubbles is around pH 2–4 (Li and Somasundaran, 1992; Yang et al., 2001; Oliveira 
and Rubio, 2011), and, practically, is not affected by the adsorption of flotation 
frothers (Elmahdy et al., 2008). Bubbles in alkaline pH are negatively charged in  
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Figure 10. Magnesium species distribution as a function of pH at 1·10–2 mol/dm3 (1)  
and 1·10–5 mol/dm3 (2) MgCl2 solutions (Li and Somasundaran, 1991,  

with the permission of Elsevier) 

water and in NaCl solutions. However, in the presence of hydrolysable divalent 
cations the zeta-potential may, depending on pH, reverse its sign. Li and 
Somasundaran (1992) showed that the electrical charge change from negative to 
positive takes place when Mg2+ ions are present in the system in the pH range from 9 
to 11. This was explained by coating of the bubbles by precipitating Mg(OH)2(s). Han 
et al (2004) confirmed a very high affinity of Mg(OH)+ and Mg(OH)2(s) to bubble 
surface. It is therefore quite likely that the highly depressing effect of precipitating 
Mg(OH)2 on molybdenite flotation results from the fact that these species tend to 
accumulate on air bubbles and the fact that such bubbles are positively charged may 
also play an important role. 

The effect of ions present in the pulp 
Inorganic electrolytes inhibit bubble coalescence and increase foamability (Castro el 
al., 2010). However, frothability, that is the stability of a three-phase froth, the system 
which may contain quite different solid particles, may behave differently. As Figure 8 
shows, at pH of 10.5, the froth height decreases in 0.6 M NaCl solutions, and in fresh 
water containing SO4

2–, Mg2+ and Ca2+ ions up to the concentration similar to those in 
seawater (400 ppm in the case of Ca2+ ions, 1300 ppm for Mg2+ ions, and 2700 ppm 
for SO4

2– ions).  
In our study the depressing effect of Ca2+ ions in fresh water on frothability was 

higher than the effect of Mg2+ ions. This is completely different to what takes place in 
molybdenite depression by the same ions, were the effect of Mg2+ ions is stronger than 
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that of Ca2+ ions (Castro et al., 2012c; Laskowski and Castro, 2012). The surface 
precipitation and/or hetero-coagulation of colloidal Mg(OH)2(s) has been suggested as 
the main depression mechanism. Because magnesium hydroxide is much less soluble 
than calcium hydroxide, whenever lime is added to seawater (to depress pyrite) and 
pH exceeds 9.5–10.0 magnesium hydroxide starts precipitating (Castro et al., 2012c). 

On the other hand, the depressing effect of Ca2+ ions on frothability produced in 
fresh water at pH 10.5 takes place before the precipitation of Ca(OH)2(s), and when zeta 
potential of bubbles is negative (Yang et al., 2001; Han et al., 2004). Mg2+ ions are 
able to reduce frothability at pH 9 (Fig. 5), i.e., below the critical pH of precipitation 
of colloidal Mg(OH)2(s) (around pH 10). Apparently, the adsorption of the 
hydroxylated species, Ca(OH)+and Mg(OH)+, on air bubbles, which concentration is 
predominant before the hydroxide precipitation, may be involved in the loss of 
frothability. 

Of particular note, not only hydrolysing divalent cations showed a deleterious 
effect on frothability. Electrolytes, such as NaCl also reduce frothability (Figs. 6 and 
8). It must be noted that, with the exception of fresh water, in all other cases the 
frothability was practically independent on pH, contrarily to molybdenite depression 
which takes place at the critical pH of magnesium hydroxide precipitation. Therefore, 
the inhibition of frothability (by secondary seawater’s ions and NaCl solution), and 
molybdenite depression, seem to be quite independent phenomena. Depression of the 
frothability in NaCl solutions takes place at NaCl concentration of about 0.3 M NaCl 
(Fig. 6), in the solutions containing Mg2+ ions similar effect is observed at a 
concentration of about 0.05 M, while for Ca2+ this was observed at around 0.01 M. 
The fact that much higher concentrations were needed in case of NaCl than in the case 
of divalent cations of Mg2+ and Ca2+ may as well indicate that the phenomena 
discussed here result from coagulation of solid particles.  

In general, it can be concluded that while we were able to demonstrate that poor 
floatability of molybdenite in seawater can be tracked down to the precipitation of 
magnesium hydroxide when pH is raised above 10 (to depress pyrite), the situation 
with frothability in such systems is a much more complicated issue.  

Conclusions 

In the lab flotation tests with Cu-Mo sulfide ore the froth layer thickness (frothability) 
was measured and compared with Cu and Mo recoveries. The tested parameters 
included pH, fresh and seawater, and 0.6 M NaCl solutions with addition of various 
ions that appear in seawater. Several conclusions are evident from the data: 
• Frothability in fresh water was higher than in seawater, and it shows a maximum 

froth layer thickness around pH 10.5. 
• In all cases in which either ionic strength of the pulp was high (0.6 M NaCl 

solution, sea water) or divalent cations (e.g. Mg2+) were present in fresh water, the 
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frothability was depressed over the 9 to 11.5 pH range, that is over the range over 
which the frothability in fresh water was very high.  

• The loss of frothability was observed whenever the prepared aqueous solutions 
contained the main components of seawater: NaCl or ions such as  Mg2+, Ca2+ and 
SO4

2-  at concentrations similar to those in seawater.  
• The obtained results imply that while the effects detected when studying 
•  frothability result from the phenomena driven by coagulation, the molybdenite 

depression by Mg2+ ions takes place only above the critical pH of Mg(OH)2(s) 
precipitation.   

• The results suggest that in flotation of Cu-Mo sulfide ores, the effect of seawater’s 
ions on molybdenite depression is very different from the role these ions play in 
stabilizing the froth.  

References 
BICAK, O, EKMEKCI, Z., CAN, M., OZTURK, Y., 2012. The effect of water chemistry on froth 

stability and surface chemistry of the flotation of a Cu-Zn sulfide ore, Int. J. Miner. Process., 102–
103, 32–37. 

CASTRO S., VENEGAS I, LANDERO A., LASKOWSKI J.S., 2010. Frothing in seawater flotation 
systems, Proc. 25th International Mineral Processing Congress. Brisbane, 4039–4047. 

CASTRO S., LASKOWSKI J.S., 2011. Froth flotation in saline water. KONA, No 29, 4–15. 
CASTRO S., TOLEDO P., LASKOWSKI J.S., 2012a. Foaming properties of flotation frothers at high 

electrolyte concentrations. Water in Mineral Processing – Proc. of the First International Symposium 
(J. Drelich, ed.) , SME, 51–60. 

CASTRO S., RAMOS O., CANCINO J.P., LASKOWSKI J.S., 2012b. Frothing in the flotation of copper 
sulfide ores in sea water. Water in Mineral Processing – Proc. of the First International Symposium 
(J. Drelich, Ed.), SME, 211–223. 

CASTRO S., RIOSECO P., LASKOWSKI J.S., 2012c. Depression of molybdenite in seawater. Proc. 26th 
Int. Mineral Processing Congress, New Delhi, 739–752. 

CASTRO S., 2012. Challenges in flotation of Cu-Mo sulfide ores in sea water, Water in Mineral 
Processing – Proc. of the First International Symposium (J. Drelich, Ed.), SME, 29–40. 

CHO Y.S., LASKOWSKI J.S, 2002a. Effect of flotation frothers on bubble size and foam stability, Int. J. 
Miner. Process., 64, 69–80. 

CHO Y.S., LASKOWSKI J.S., 2002b. Bubble coalescence and its effect on dynamic foam stability. Can. 
J. Chem. Eng., 80, 299–305. 

EIGELES M.A., VOLVENKOVA V.S., 1963. Inorganic Electrolytes and Colloids in Elementary 
Flotation, Proc. 6th Int. Mineral Processing Congress (A. Roberts, ed.), Peramon Press, 513–525. 

EIGELES M.A., VOLOVA M.L., 1964. On the Mechanism of Activating and Depressant Action in Soap 
Flotation, Proc. 7th Int. Mineral Processing Congress (N. Arbiter, ed.), Gordon and Breach, Vol. 1, 
269–277. 

EIGELES M.A., VOLOVA M.L., 1968. Activating of air bubbles by the insoluble products of reactions 
in flotation, Proc. 8th Int. Mineral Processing Congress, Leningrad, Vol. 2, 353–364 (in Russian).  

ELMAHDY A.M., MIRNEZAMI M., FINCH J.A., 2008. Zeta potential of air bubbles in presence of 
frothers. Int. J. Miner. Process., 89, 40–43. 

HAN M.Y., AHN H.J., SHIN M.S., KIM S.R., 2004. The effect of divalent metal ions on the zeta 
potential of bubbles, Water Sci. and Technology, 50, 49–56. 



 Effect of seawater main components on frothability in the flotation of Cu-Mo sulfide ore 29

KLASSEN V.I., MOKROUSOV V.A., 1963. An Introduction to the theory of flotation, Butterworths, 
London.  

KUAN S.H., FINCH J.A., 2010. Impact of talc on pulp and froth properties in F150 and 1-pentanol 
frother systems, Miner. Eng., 23, 1003–1009. 

KURNIAWAN A.U., OZDEMIR O., NGUYEN A.V., OFORI P., FIRTH B., 2011. Flotation of coal 
particles in MgCl2, NaCl, and NaClO3 solutions in the absence and presence of Dowfroth 250. Int. J. 
Miner. Process., 98, 137-144. 

LASKOWSKI J.S., CASTRO S., 2012. Hydrolyzing ions in flotation circuits: seawater flotation, Proc. 
13th Int. Mineral Processing Symp., Bodrum (Turkey), 219–228. 

LASKOWSKI J.S., TLHONE J., WILLIAMS P., DING K., 2003. Fundamental properties of the 
polyoxypropylene alkyl ether flotation frothers, Int. J. Miner. Process., 72, 289–300. 

LEKKI J., LASKOWSKI J.S., 1975. A new concept of frothing in flotation systems and general 
classification of flotation frothers, 11th Int. Mineral Processing Congress, Cagliari, 427–448.  

LI C., SOMASUNDARAN P., 1991. Reversal of bubble charge in multivalent inorganic salt solutions – 
effect of magnesium. J. Colloid Interface. Sci., 146, 215–218. 

LI C., SOMASUNDARAN P., 1992. Reversal of bubble charge in multivalent inorganic salt solutions – 
effect of aluminium. J. Colloid Interface Sci., 148(2), 587–591. 

MELO F., LASKOWSKI J.S., 2007. Effect of frothers and solid particles on the rate of water transfer to 
froth, Int. J. Miner. Process., 84, 33–40. 

OLIIVEIRA C., RUBIO J., 2011. Zeta potential of single and polymer-coated microbubbles using an 
adapted microelectrophoresis technique. Int. J. Miner. Process., 98, 118–123. 

QUINN J.J., KRACHT W., GOMEZ C.O., GAGNON C., FINCH J.A., 2007. Comparing the effect of 
salts and frother (MIBC) on gas dispersion and froth properties, Miner. Eng., 20, 1296–1302. 

TAO D., LUTTRELL G.H., YOON R-H., 2000. A parametric study of froth stability and its effect on 
column flotation of fine particles, Int. J. Miner. Process., 59, 25–43. 

YANG C., DABROS T., LI D., CZARNECKI, MASLIYAH J. H., 2001. Measurements of the zeta 
potential of gas bubbles in aqueous solutions by microelectrophoresis method. J. Colloid Interface 
Sci., 243, 128–135. 

ZANIN M., WIGHTMAN E., GRANO S.R., FRANZIDIS J.P., 2009. Quantifying contributions to froth 
stability in porphyry copper plants, Int. J. Miner. Process., 91, 19–27.  



http://dx.doi.org/10.5277/ppmp140103 

Physicochem. Probl. Miner. Process. 50(1), 2014, 31−40 
Physicochemical Problems 
of Mineral Processing  

www.minproc.pwr.wroc.pl/journal/ ISSN 1643-1049 (print) 
ISSN 2084-4735 (online) 

Received April 8, 2013; reviewed; accepted July 1, 2013 

IMPACT OF OVALBUMIN ON PYRITE FLOTATION  
IN THE ABSENCE AND PRESENCE OF METAL IONS 

Taki GULER*, Kemal SAHBUDAK**, Unal AKDEMIR***,  
Sevil CETINKAYA**** 

* Mugla Sitki Kocman University, Mining Eng. Dept., Mugla, Turkey, takiguler@mu.edu.tr  
** Cumhuriyet University, Metallurgical and Materials Eng. Dept., Sivas, Turkey 
*** Cumhuriyet University, Mining Eng. Dept., Sivas, Turkey 
**** Cumhuriyet University, Chemical Eng. Dept., Sivas, Turkey 

Abstract: Recovery of gangue pyrite and its accidental activation are vital issues in flotation of complex 
sulfide ores. This work was performed by cyclic voltammetry (CV) and flotation tests to elucidate 
applicability of ovalbumin (OVA) as depressant for pyrite. The synergetic effect of metal ions in addition 
to its possible use in case of accidental activation by metal ions. CV tests stated that OVA adsorbed 
irreversibly on pyrite, and restricted electron transfer up to moderately oxidizing potentials due to 
electrostatic interaction together with weak hydrophobic interactions. At highly oxidizing potentials, 
adsorption occurred through electrochemical mechanisms through formation of metal-OVA chelates. Rate 
of pyrite depression with OVA was found to be potential dependent reaching its peak point around 
moderately oxidizing potentials both in absence and presence of metal ions. Electrochemically active 
metals display synergetic effect with OVA on pyrite depression, whereas noble metals activate pyrite and 
reduced depressing potency of OVA. 

Keywords: pyrite, ovalbumin, metal ion, flotation, redox potential  

Introduction 

Pyrite (FeS2) is the most widespread sulfide mineral in earth crust. It is the major 
gangue of most sulfide ores and is rejected in flotation processes. Flotation practices 
revealed that there is a potential problem arising from concentrate dilution with 
recovery of gangue-pyrite in froth even in alkaline pulp due primarily to accidental 
activation. Its hydrophobization may result from dissolved metal ions from constituent 
of ore, and/or intentionally used ions as modifying agent to satisfy selectivity 
(Chandra and Gerson, 2009). Commonly encountered metal ions in flotation pulps are 
Cu+2, Pb+2 and Fe+2. First two of them may come from constituent of ore in addition to 
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intentionally added ones to improve selectivity, while a comminution circuit is major 
source of Fe+2. Iron ions significantly depress ore-pyrite from neutral to mildly-
alkaline pHs (Jiang et al., 1998). Activation by Cu-ions occurs through direct 
adsorption instead of one-to-one exchange with lattice. Cu+2 ions reduce into Cu+ on 
pyrite by reducing components chiefly coming from grinding circuit and new  
Cu+-sulfide phase forms (Weisener and Gerson, 2000; Chandra and Gerson, 2009). 
Similarly, activation by Pb+2 ions does not obey exchange with lattice cation. Lead 
activation occurs by deposition of dissolved or precipitated lead oxidation species on 
pyrite. In contrast to Cu+2-activation, electrochemical potential was found to have no 
effect on pyrite activation by Pb+2 ions (Peng et al., 2012).  

Various inorganic agents were used as pyrite depressant despite environmental 
concerns. Their consumptions have increased day by day due to need to process more 
complex and lower grade ores. However, selectivity has still remained as significant 
problem. By the time, researchers engaged more on the use of environmentally-
friendly organic depressants as a result of strict environmental regulations and 
necessity to process low grade complex ores at low cost. However, ovalbumin (OVA) 
has not taken enough interest as a modifying agent in spite of being a good candidate 
as an adsorbent of metal ions (Maruyama et al., 2007). 

OVA is a chicken egg protein having a molecular weight of 45000 g/mol. It is 
composed of amino acid subunits forming backbone structure and sidechains. The 
backbone structure contains 385 amino acids having carboxyl (–COOH) and amine  
(–NH2) groups. The chemical structure and elemental constituent of sidechains of 
amino acids determine protein type. OVA exhibits electrochemically active behavior 
in aqueous environment due to presence of one disulfide (S-S) in cystine and four 
sulfhydryl (-SH) bonds in cysteine groups in sidechains (Fothergill and Fothergill, 
1970).  

Investigations on the use of OVA in mineral processing are limited. Bastrzyk et al. 
(2008) separated magnesite from quartz with anionic collector by using OVA as 
modifier. Guler et al (2013) emphasized importance of redox potential on OVA-pyrite 
interaction based on FTIR spectroscopy and cyclic voltammetry (CV). Ying et al 
(2004) stated that adsorbed albumin was stable on Au at potential range −200+600 
mV, and could partly block redox reactions. Liu et al. (2006) attributed cysteine 
adsorption on pyrite to chemical interaction. Rojas-Chapana and Tributsch (2001) 
explained cysteine-pyrite interaction with disulfide formation between sulfhydryl 
groups of cysteine and free-SH groups from pyrite.  

Since OVA is easily suppliable, abundant and cheap in addition to its affinity to 
interact with heavy metals depending on redox condition, its use as an 
environmentally friendly depressant with metal ions has rather not been considered 
yet. This work was made to elucidate impact of electrochemical condition on pyrite 
depression with OVA in absence and presence of metal ions by CV and flotation tests.  
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Experimental 

Pyrite sample was supplied from Artvin-Murgul deposits in Turkey. Chemical and 
mineralogical analysis showed that pyrite was highly pure (>98% FeS2) and major 
impurity was quartz. Mineralogical analysis was made by Bruker D8 Advance X-ray 
diffractometer. Pyrite was ground in a ceramic mill for flotation tests, sized (-212+75 
µm) and stored in glass tubes under nitrogen atmosphere to eliminate surface 
oxidation. 

Tetraborate (0.05 M Na2B4O7·10H2O) buffer solution (pH 9.2) was used in 
experimental works. O2 content of buffer was reduced down to 1 ppm by intensive 
bubbling of nitrogen (>99.998% N2) for at least 15 minutes. It was controlled by a 
YSI-5100 oxymeter. CuSO4·5H2O, Pb(NO3)2 and FeCl2·7H2O were used as sources of 
Cu+2, Pb+2, Fe+2 ions. Highly pure OVA (98%) supplied by Merck was tested as the 
environmentally-friendly organic modifier. Metal ion concentration was applied as 10-

4 M and 250 g/Mg in CV and flotation tests, respectively. A 500 ppm of OVA in CV 
tests and 50 g/Mg in flotation study was used.  

Three-electrode system cells were used in polarization works. Calomel electrode 
and Pt-foil were used as reference and counter electrodes, respectively. The working 
electrode was Pt-wire (150 cm) for flotation tests mounted to inner side of cell, while 
it was a shaped pyrite crystal in CV setup. Electrochemical works were performed 
using Gamry PCI-750 potentiostat and PHE-200 Physical Electrochemistry software 
of Gamry Co. Flotation tests were carried out in a specially designed closed cell 
system (Güler et al., 2013). Polarization was applied potentiostatically for 10 minutes, 
and then, froth was collected for 5 minutes.  

Results and discussions 

Pyrite reacts with surroundings in aqueous medium due to its semiconducting 
property, and surface state is established through electrochemical mechanisms in 
addition to possible chemical reactions. Electrochemistry of pyrite is a well-
documented issue. Pyrite oxidizes first to release Fe+2 and S° (Ekmekci and Demirel, 
1997). Fe+2 ion is not stable, and oxidizes to form ferric oxy-species at higher 
potentials, which reduces to ferrous hydroxides at lower potentials during cathodic 
scan. Fe+2/Fe+3 redox of iron hydroxides drew distinctive oxidation (A1) and reduction 
(C1) peaks on pyrite voltammogram (Fig. 1a). Peak A2 arose chiefly from oxidation 
of S° to sulfate. Further oxidation of pyrite surface to Fe+3-oxyhydroxides, and 
decomposition of H2O to release O2 did also contribute to charge transfer, which 
shaped peak A2. Oxidation products were reduced in cathodic scan, and increased 
current flow at lower potentials. Therefore, size of C1 (QC1 = 821 µC) was greater than 
that of A1 (QA1 = 615 µC) (Güler et al., 2013).  



 T. Guler, K. Sahbudak, U. Akdemir, S. Cetinkaya 34

     

Fig. 1. Effect of metal ions and OVA on (a) electrochemical behavior of pyrite,  
and (b) percentage change in anodic current respons of pyrite electrode 

Pyrite floatability curves were thought to be shaped by dominating surface hydroxy 
species in the examined range (Fig. 2). The recovery curve drew an arch-shape. It 
reached a plateau around 200 mV owing to formation of hydrophobic elemental sulfur 
S°, together with possible hydrophobic polysulfides. Self-induced floatability left at 
lower rates in moderate to highly oxidizing potentials due to presence of ferric-
hydroxides and hydrophilic sulfoxy species while ferrous species and HS- inhibited 
pyrite flotation at reducing potentials (Ekmekci and Demirel, 1997).  

 

Fig. 2. Pyrite flotation in the absence and presence of metal ions (Me) and OVA 

Electrochemistry of pyrite-metal ion interaction was investigated both in absence 
and presence of OVA. Examined metal ions were opted depending on abundance in 
sulfide ores, and their standard formation potentials E°. From the selected ions Fe (E° 
for Fe+2/Fe is –440 mV) is the most active one, while Pb (E° for Pb+2/Pb is –126 mV) 
is ready to oxidize around open circuit potential (OCP) of pyrite, and Cu (E° for 
Cu+2/Cu is 337 mV) is the most noble one. 
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Metal ions did not significantly alter pyrite voltammograms (Fig. 1a) except slight 
changes in current flow rate. Then, percentage variation in anodic current by metal 
ions with respect to reference value of bare pyrite was also considered (Fig. 1b). 
Positive values mean that modifying agents increase electron transfer rate, while 
negative ones show inhibition of charge transfer and passive layer formation. 
Electrochemical activity of pyrite was at minimal level in slight to moderately 
oxidizing potentials, in which region, amount of charge transferred was out of 
significance regardless of percentage magnitude of calculated value. Beyond this 
range, all the constituents affected current flow. Fe-ions displayed added-effect on the 
activity of Fe+2/Fe+3 redox couple, and enhanced anodic current flow (Fig. 1). 
Depressing effect of Fe+2 ions became more predominant at oxidizing potentials. 
Since, number of surface sites covered by hydrophilic ferric species increased at 
higher potentials. Pb+2 ions adsorbed onto pyrite as Pb-complexes independent of 
applied potential. Adsorbed layer has porous structure (Nava et al., 2002; Güler, 
2012), and does not inhibit anodic processes occurring on pyrite at moderate to highly 
oxidizing potentials. Therefore, Pb+2 ion also increased anodic current flow at 
moderate to highly oxidizing potentials. On the other hand, Cu-ions confined electron 
flow at changing rate among potential range. Potential icerased from reducing to 
slightly oxidizing values. Electrochemical activity increased on the surface. Redox 
processes completed at certain rate releasing ferric hydroxide and S°, at which point 
passivation by Cu+2 was significantly overcome (Fig. 1). Simultaneously, Cu-ions 
adsorbed on pyrite as hydrophobic CuS-like species and upgraded recovery. They are 
not stable at moderate to highly oxidizing potentials, and then Cu-hydroxides form on 
mineral surface. Hence, recovery started to decrease again at higher potentials with 
combined effect of ferric species and Cu-oxyhydroxides (Peng et al., 2012; Weisener 
and Gerson, 2000).  

Isoelectric point of OVA is at pH 4.6 (Bastrzyk et al., 2008) and it has net negative 
charge at pH 9.2. Pyrite is also negatively charged in alkaline condition at OCP, which 
is around 200 mV at pH 9.2 (Kocabağ and Güler, 2008). Therefore, amount of 
adsorbed OVA on pyrite is expected to increase at positive potentials above OCP due 
to supply of more binding sites (Ying et al., 2004). OVA adsorption under reducing to 
slightly oxidizing conditions is also possible due to conformational changes in protein 
structure, which occurs at lower rates since OVA is hard protein (Nakanishi et al., 
2001). OVA has electrochemically active sulfhydryl groups in addition to amine and 
carboxyl functional groups (Fothergill and Fothergill, 1970). These groups are 
anticipated to influence OVA-pyrite interaction related to potential.  

Role of sulfhydryl residues on OVA-pyrite interaction did not appear on E-I 
spectrum up to about 750 mV besides passivation (Fig. 1). Since both OVA and pyrite 
have the same sign at lower potentials and around OCP, the passivation was not 
expected due to electrostatic repulsion. Therefore, the passivation would mainly be 
referred to irreversible adsorption of OVA during repeated cycling. The flotation 
results clarified role of OVA and passive layer formation (Fig. 2). Although weak 
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conformational changes in OVA molecule verified protein-pyrite interaction under 
OCP, electrostatic repulsion restricted the adsorbed amount (Ying et al., 2004). The 
monolayer coverage was thought to be satisfied at low OVA concentrations in slightly 
reducing condition due to large molecular size and side-on-type configuration (Liu et 
al., 2006). OVA loses only a small fraction of its secondary structure (α-helix) during 
adsorption on hydrophilic surface, which takes long time to reach equilibrium when 
conformational change or rearrangement of molecular structure occurs (Nakanishi et 
al, 2001). Moreover, collectorless flotation of pyrite was already achieved at its 
minimum value under reducing condition, and then electron blocking and depressing 
effect by electrostatic interaction could be only partially reflected on self induced 
floatability. 

Figure 3 shows depression rate of pyrite with respect to applied potential drawn 
using experimental data: 

 Depression rate = (RM+Py – RPY)/RPY, 

where RM+Pyrite and RPY are pyrite recovery with and without modifying agent(s), 
respectively. Hydrophobic redox products made pyrite more floatable around OCP, 
and reduced depressing effect of OVA (Figs. 2 and 3). Conversely, hydrophobic redox 
products may behave as tools for OVA adsorption through hydrophobic interaction in 
addition to weak conformational changes (Nakanishi et al., 2001; Bastrzyk et al., 
2008; Güler et al., 2013). At moderately oxidizing potentials, OVA accumulation took 
place through ionic interaction between OVA and OH- group of oxidized surface 
(Parida et al., 2006) and recovery drop reached peak point (Fig. 3). Effect of 
sulfhydryl groups became apparent at highly oxidizing potentials (Fig. 1). OVA 
shifted peak A2 to higher potentials, which was attributed to formation of metal-OVA 
chelate (Maruyama et al., 2007). OVA adsorption might also proceed through 
disulfide bond formation between sulfhydryl groups of OVA and –SH, oxidation 
product of pyrite (Rojas-Chapana and Tributsch, 2001). Although rate of recovery 
drop with OVA was significantly high at cited potentials, role of electrochemical 
interaction could not be clarified due to lower recovery values in collectorless 
condition both in absence and presence of OVA. 

A combined effect of OVA+metal ions on electrochemical behavior of pyrite was 
given in Fig. 4. No peculiar peak did appear besides present ones. Instead, metal ions 
enhanced passivizing effect of OVA. The maximum passivation was observed with 
OVA+Fe+2. The polarization potential vs. rate of pyrite depression curve for 
OVA+Fe+2 did also exhibit similar results (Fig. 3). In general, curves in Fig. 3 
assumed an “M-shape” and two maxima appeared at -100 mV and 500 mV. Recovery 
drop decreased down to minimum point at about 200 mV between two maxima due to 
hydrophobization of pyrite surface. Since hydrophilic surfaces bound significantly 
more protein than hydrophobic ones due to less charged property of hydrophobic 
surfaces, and binding of protein to hydrophobic surfaces by unspecific hydrophobic 
and van der Waals interactions. Under OCP, where first peak appeared, both OVA and 
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pyrite were negatively charged. Metal ions served as bridging medium between OVA 
and pyrite through ion attachment to peptide chain leading to unfolding (Nakanishi et 
al., 2001; Jansson and Tengvall, 2004; Ying et al., 2004). Conversely, OVA is known 
to have high internal stability, and there would be significant electrostatic repulsion 
between OVA and pyrite in alkaline condition. So, OVA adsorption by bridging action 
of metal ions occurred in limited rate, which referred to limited pyrite depression with 
OVA+metal ion as seen in Figs. 2 and 3. Positive applied potential satisfied significant 
electrostatic interaction of OVA with metal-oxyhydroxides (Parida et al., 2006). Rate 
of pyrite depression reached its maxima, and almost kept on at higher potentials with 
negligible decrease.  

 

Fig. 3. Relationship between applied  
potential and depression rate 

Fig. 4. Effect of modifying agents  
on voltammetric behavior of pyrite 

Cu+2 ion activated pyrite (Fig. 2a) and reduced depressing potency of OVA from 
about 40% down to 20% at moderate to highly oxidizing potentials (Fig. 3). On the 
other hand, Pb+2 and Fe+2 exhibited synergetic effect with OVA except that depression 
effect of Pb+2 left at negligible rate in slight to moderately oxidizing potential range. 
Effect of metal ions on OVA-pyrite interaction was thought to depend mainly on their 
formation potentials. Then, impact of OVA on pyrite flotation was also depicted on 
contour maps concerning rate of pyrite depression with OVA+metal ion (Fig. 5a) and 
depression rate of metal-interacted pyrite with OVA (Fig. 5.b). In general, depressing 
effect of OVA+metal ion was in increasing order by applied potential, and a formed 
M-shape curve with peaks at slightly reducing and moderately oxidizing potentials 
almost for all Eº values. The curve for OVA from Fig. 3 was overlapped in Fig. 5a. 
This curve intersected Eº value of about 0 mV indicating that metal ion with positive 
Eº could not be applicable as depressant with OVA in pyrite flotation. Metal ions 
should have negative Eº to enhance depressing potency of OVA on pyrite, and 
flotation should be performed at moderately oxidizing potentials. The overlapped 
OVA curve did almost draw frontier line. More noble metals having positive E° 
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behave as activator, whereas more active metals with lower E° depress pyrite. On the 
other hand, OVA was found to be effective in depressing activated pyrite with more 
noble metals almost only at highly oxidizing potentials (Fig. 5b). Depression rate of 
activated pyrite with OVA did also form a peak around slightly reducing potentials for 
noble metals. In case of flotation application at slightly reducing potentials, OVA 
might then be preferred as pyrite depressant.  

      
Fig. 5. Rate of recovery drop of (a) bare pyrite with the synergetic effect  

of metal ions and OVA, and (b) metal-interacted pyrite with OVA depending  
on standard formation potential of metal ion ( 0

MetalE ) and applied potential (E) 

Conclusions 

Adsorption and depressing effects of OVA on pyrite in absence and presence of metal 
ions were investigated by CV and flotation tests. The following conclusions can be 
drawn. 

1) Flotation reached peak point around OCP of pyrite due to hydrophobization. 
Beyond this range, the hydrophilic redox products decreased pyrite recovery. Cu+2 
activated pyrite, whereas Fe+2 exhibited depressing effect. Pb+2 did also depressed but 
at negligible rate. 

2) OVA reduced flotation both in absence and presence of metal ions. 
3) Pyrite depression with OVA can be controlled by applied potential. Electrostatic 

interaction as a result of conformational changes in OVA molecule, together with 
hydrophobic interaction, caused nearly insignificant depression in reducing to slightly 
oxidizing potentials. OVA adsorption through ionic interaction induced the maximum 
depression at moderately oxidizing potentials, which level was almost kept at highly 
oxidizing potentials due to formation of metal-OVA chelates. 
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4) Metal ions with more negative E° enhanced depressing potency of OVA, 
whereas those with positive E° could not be used as alternative depressant with OVA. 

5) Activated pyrite with metal ions having positive E° can be depressed with OVA 
at moderate to highly oxidizing potentials. Reasonable depression might also be 
possible at slightly reducing condition. 
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Abstract: The aim of this study was to investigate manganese and zinc recoveries from spent zinc-carbon 
and alkaline battery powder. The effect of sulfuric acid concentration, ascorbic acid dosage, reaction 
temperature and leaching time on zinc and manganese dissolutions was investigated. The optimum 
reductive acid leaching conditions were determined as: 3 hours, 70 °C, 0.5 M of sulfuric acid 
concentration, 13 g/dm3 of ascorbic acid dosage, 1/20 g/cm3 of solid/liquid ratio and 200 rpm of stirring 
speed. Under these conditions, dissolution efficiencies were 99.99% for Zn and 99.25% for Mn. In 
addition, dissolution kinetics of manganese was undertaken, and the activation energy was found to be 
7.04 kJ/mol. Using 3 M NaOH as precipitating agent at room temperature, 95.35% of Zn (at pH 8) and 
93.66% of Mn (at pH 10) were precipitated from the leaching solution. Under the same conditions, using 
3 M KOH, precipitations of Zn and Mn were 91.63% and 96.39%, respectively. Based on the 
experimental results, a flowsheet of zinc and manganese recovery was proposed.  

Keywords: leaching, ascorbic acid, manganese, zinc, precipitation 

Introduction 

Manganese is a key element in the development of different industrial fields such as 
zinc-carbon and alkaline batteries, steel production, preparation of dietary additives, 
fertilizers, fine chemicals, non-ferro alloys as well as some medicines (Sahoo et al., 
2001; Ghafarizadeh et al., 2011). The world annual production of the total manganese 
alloys passed 10 Tg and it will increase (Lasheen et al., 2009).  

A consumption of relatively rich manganese ores has focused attention on the 
possible exploitation of its low grade ores and wastes. Besides, the low grade 
manganese ores and wastes have also generated a lot of interest as a potential source 
of associated metal value such as zinc, nickel, copper, vanadium, chromium and 
molybdenum (Ghafarizadeh et al., 2011). Therefore, several hydrometallurgical 
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processes have been developed for these ores and wastes such as, dissolving 
manganese as a soluble sulphite or nitrate, purifying a obtained liquor each by 
different techniques such as precipitation (as sodium or potassium hydroxide), solvent 
extraction and electro-winning (Salgado et al., 2003; Mantuano et al., 2004; De Souza 
and Tenorio, 2004; Veleso et al., 2005; De Michelis et al., 2007; Sayilgan et al, 2010). 

Recently, numerous reduction methods in acid media has been investigated such as 
lactose reduction leaching (Veglio et al., 2000), sucrose reduction leaching (Veglio et 
al., 1994), corncob reduction leaching (Tian et al., 2010), oxalic acid reduction 
leaching (Sahoo et al., 2001; Sayilgan et al., 2009), waste newspaper reduction 
leaching (Biswal et al., 2011), hydrogen peroxide reduction leaching (El Hazek et al., 
2006; Zhang and Cheng, 2007), ascorbic/oxalic acid reduction leaching (Sayilgan et 
al., 2010; Kaya and Kursunoglu, 2012) and activated carbon powder reduction 
leaching (Kursunoglu and Kaya, 2013).  

In the present work, the zinc-carbon and alkaline battery powder is reduced to zinc 
sulfate and manganese sulfate by employing ascorbic acid in sulfuric acid solution. 
The following reactions can be considered for the dissolution of zinc oxide and 
manganese dioxide from zinc-carbon and alkaline battery powder. According to Eq. 
(1), zinc oxide fully dissolves in sulfuric acid solution. On the other hand, Eq. (2) 
indicates that ascorbic acid can be used to dissolve manganese dioxide in sulfuric acid 
solution: 

 ZnO + H2SO4 → ZnSO4 + H2O (1) 

 10MnO2 + 10H2SO4 + C6H8O6 → 10MnSO4 + 14H2O + 6CO2. (2) 

The aim of this study is to investigate manganese and zinc recovery from spent 
battery powder by sulfuric acid leaching in the presence of ascorbic acid as a reducing 
agent. The effects of dissolution time, sulfuric acid concentration, ascorbic acid 
dosage and temperature were investigated to determine dissolution kinetics of 
manganese in this system. In addition, precipitation studies were conducted to reveal 
structure of manganese hydroxide.  

Experimental 

Spent AA and AAA sized zinc-carbon and alkaline batteries were collected from 
Eskisehir Osmangazi University battery collection bins in Turkey. The batteries were 
first dismantled by a laboratory hammer crusher and then dry screened by a 2 mm 
sieve to remove manually steel cases, plastics and papers. Spent battery cells contain 
55.3% battery powder, 28.94% steel cases, 6.12% papers and 2.25% plastics. The 
obtained black battery powder was put into oven at 105±5°C for 24 h. The moisture 
content of the battery powder was found to be 7.4%. The dried battery powder was 
mixed carefully to ensure the homogeneity and then ground to the required particle 
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size of -88 µm for 30 min in a laboratory Bond ball mill. All leaching tests were 
performed with the battery powder.  

A semi-quantitative analysis of the battery powder was carried out using a Philips 
PW-2404 X-Ray Fluorescence spectrometer (XRF) for Mn, Zn, Cl, Fe, Si, Ni, Al, S, 
Mg and K after neutral leaching. The mineralogical composition of the washed battery 
powder was determined by a Bruker AXS-D8 Advance X-Ray Diffractometer (XRD), 
using Cu Kα radiation generated at 30 mA and 40 kV.  

The chemical composition of the washed battery powder was 32.80% Mn, 32.92% 
Zn, 1.29% Cl, 0.84% Fe, 0.62% Si, 0.54% Ni, 0.30% Al, 0.28% S, 0.27% Mg, and 
0.24% K. The presence of Cl is due to ammonium chloride that is the electrolytes of 
zinc–carbon batteries (De Souza et al., 2001; Ferella et al., 2008). Based on the XRD 
analysis (Fig. 1) the major phases in the washed battery powder were manganese 
oxides (MnO2 and Mn3O4), simonkolleite (Zn5(OH)8Cl2·H2O), graphite (C) and zinc 
oxide (ZnO).  

 

Fig. 1. XRD pattern of washed battery powder 

Before reductive acid leaching tests, neutral leaching tests were performed in 
a 250 cm3 Erlenmeyer flasks at a constant stirring speed of 200 rpm. The temperature 
was maintained at 60 °C. The neutral leaching was carried out at solid/liquid ratio of 
1/20 g/cm3 and leaching time was 3 hours. After neutral leaching, the final solution pH 
was measured between 8.7 and 9.0 using a digital pH-meter (Hach, 40d).  

In reductive acid leaching tests the battery powder was leached using ascorbic acid 
as a reducing agent in sulfuric acid solution. The 250 cm3 Erlenmeyer flasks were 
dipped in a temperature-controlled water-bath. The slurry was agitated using 
a magnetic stirrer (Advantec, TBS 541 PA) at 200 rpm. Glass condensers were fitted 
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on the Erlenmeyer flasks in order to prevent liquid evaporation. The experimental set 
up used in experiments is shown in Fig. 2. 

 

Fig. 2. Experimental set-up. 1 – temperature controlled water bath, 2 – stirring speed controller,  
3 – glass condenser, 4 – 250 cm3 Erlenmeyer flask 

After the reductive acid leaching step, selective precipitation tests were carried out 
at room temperature in a 1 dm3 beaker under constant stirring by a magnetic stirrer. A 
solution of 3 M NaOH or KOH was added slowly to the leach solution to increase the 
pH up to 11. The pH of the solution was controlled during precipitation test. A 5 cm3 
sample was withdrawn at determined pH values, and then the samples were diluted 
with distilled water by 1:100. Zinc and manganese concentrations in the diluted 
solutions were determined by an Atomic Absorption Spectrometer (AAS). At the end 
of the precipitation, the solution in the beaker was filtered and the solid residue 
remained in the filter paper was dried in an oven at 105 °C for 24 hours. The dried 
solid residue was analyzed by the SEM-EDX to display its structure.  

Results and discussion 

Preliminary leaching tests  
In order to determine the effect of sulfuric acid concentration on the zinc and 
manganese dissolution, the preliminary leaching tests were carried out at different 
sulfuric acid concentrations (0.05-3 M), a solid/liquid ratio of 1/20 g/cm3, stirring 
speed of 200 rpm and leaching temperature of 70°C for 3 hours leaching time in the 
absence of a reducer. The results obtained are given in Fig. 3. It shows that zinc 
dissolution increased significantly with increasing sulfuric acid concentration up to 
0.15 M, and then gradually increased after that point. It can be seen that 98.25% of 
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zinc was dissolved in 0.5 M sulfuric acid concentration and thereafter remained 
constant.  
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Fig. 3. Effect of acid concentration on dissolution of zinc and manganese  
(70 °C, 1/20 g/cm3, 200 rpm and 3 hours) 

Manganese dissolution gradually increased with increasing sulfuric acid 
concentration. The maximum manganese dissolution at 3 M sulfuric acid 
concentration was found to be 69.42%. These results showed that sulfuric acid 
concentration was very effective on dissolution of zinc and manganese from zinc-
carbon and alkaline battery powder, which is consistent with the results of previous 
studies (El-Nadi et al., 2007; Sayilgan et al., 2009; Gega et al., 2011). In order to 
dissolve zinc and manganese, ascorbic acid was used as a reducing agent to improve 
manganese dissolution. For this reason and environmental considerations, low sulfuric 
acid concentrations were chosen for the subsequent reductive acid leaching tests.  

Reductive acid leaching tests  
The effect of ascorbic acid dosage on the dissolution of manganese from zinc-carbon 
and alkaline battery powder was carried out at different ascorbic acid dosages (10-15 
g/dm3) using 0.5M sulfuric acid concentration, at 70 °C, stirring speed of 200 rpm, 
solid/liquid ratio of 1/20 g/cm3 for 3 hours of leaching time. Figure 4 shows that the 
manganese dissolution increased with increasing ascorbic acid dosage. A 13 g/dm3 of 
ascorbic acid dosage was sufficient to leach almost all manganese from zinc-carbon 
and alkaline battery powder. After 13 g/dm3 of ascorbic acid dosage, manganese 
dissolution increased slightly remaining almost constant. There were small increases 
in the manganese dissolution values when the leaching tests were performed up to 15 
g/dm3 ascorbic acid dosage. 



 S. Kursunoglu, M. Kaya 46

10 11 12 13 14 15

94

95

96

97

98

99

100

 Mn
D

is
so

lu
tio

n 
of

 M
n,

 %

Ascorbic acid, g/dm3

 
Fig. 4. Effect of ascorbic acid on dissolution of manganese 

 (0.5 M sulfuric acid concentration, 70 °C, 200 rpm, 1/20 g/cm3 and 3 hours) 

The effect of sulfuric acid on dissolution of zinc from zinc-carbon and alkaline 
battery powder was studied using 13 g/dm3 of ascorbic acid dosage, at 70 °C, stirring 
speed of 200 rpm, solid/liquid ratio of 1/20 g/cm3 for 3 hours of leaching time. Figure 
5 shows that zinc dissolution increased with an increased sulfuric acid concentration 
up to 0.5 M and then remained constant. The maximum reached value of Zn 
dissolution was 99.99%.  
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Fig. 5. Effect of sulfuric acid concentration on dissolution of zinc 

 (13 g/dm3 of ascorbic acid dosage, 70 °C, 200 rpm, 1/20 g/cm3 and 3 hours) 

Effect of solid/liquid ratio 
Dissolution of zinc and manganese from zinc-carbon and alkaline battery powder by 
0.5 M sulfuric acid concentration, 13 g/dm3 of ascorbic acid dosage, at 70 °C, stirring 
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speed of 200 rpm for 3 hours leaching time was tested by varying the solid/liquid 
ratios (1/20, 1/16, 1/10 and 1/5), as given in Fig. 6. Zinc and manganese dissolution 
significantly decreased with increasing solid/liquid ratio. When the solid/liquid ratio 
was lower than 0.10, leaching of zinc and manganese significantly increased, since 
most of zinc and manganese were leached into the solution to form ZnSO4 and 
MnSO4. The highest dissolutions were found at solid/liquid ratio of 0.05 (1/20 g/cm3).  
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Fig. 6. Effect of solid/liquid ratio on dissolution of zinc and manganese (0.5 M sulfuric acid 
concentration, 13 g/dm3 of ascorbic acid dosage, 70 °C, 200 rpm and 3 hours) 

Effects of leaching time and temperature 
To determine the effects of time and temperature on dissolution of zinc and 
manganese from zinc-carbon and alkaline battery powder more accurately, leaching 
experiments were performed under constant conditions of 0.5 M sulfuric acid 
concentration, 13 g/dm3 of ascorbic acid dosage, 1/20 g/cm3 of solid/liquid ratio, 200 
rpm stirring speed and 20-70 °C temperature range. The results obtained are shown in 
Fig. 7. Dissolution of manganese increased with increasing temperature. The 
maximum manganese dissolution values were 92.06% at 20 °C, 98% at 50 °C and 
99.75% at 70 °C. 

Zinc dissolution slightly increased with increasing leaching time. Zinc was almost 
fully dissolved at 70 °C for 3 hours leaching time. Dissolution behavior of zinc and 
manganese showed a similar trend for all temperatures and leaching times. Figure 7 
shows that temperature and leaching time are important factors that affect the leaching 
process. After one hour of leaching at 20 °C in 0.5 M sulfuric acid solution using 13 
g/dm3 of ascorbic acid, dissolutions of manganese and zinc were 91.2% and 90.76%, 
respectively. However, when leaching temperature and time were 70 °C and 3 hours, 
dissolution of zinc and manganese increased to 99.99% and 99.25%, respectively. 
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Fig. 7. Effect of leaching time on Zn and Mn dissolution at different leaching temperature (0.5 M sulfuric 
acid concentration, 13 g/dm3 of ascorbic acid dosage, 200 rpm, 1/20 g/cm3) 

Kinetics of manganese from zinc-carbon and alkaline battery powder 
Kinetics data collected at different temperatures for 0.5 M sulfuric acid, 13 g/dm3of 
ascorbic acid dosage, 200 rpm of stirring speed, 1/20 of solid/liquid ratio for 3 hours 
leaching time were evaluated according to shrinking core model (Sohn and 
Wadsworth, 1979; Levenspiel, 1999). To determine chemical rate constant (kp) of 
manganese dissolution in the temperature range of 20–70 ºC (Fig. 8), the best linear 
relationship for manganese was obtained from equation: 

 
2
321 (1 ) ,

3 px x k t− − − =  (3) 

where kp is chemical rate constant (cm·min–1), t time (min), x fraction reacted of 
manganese. 
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The Arrhenius plot (Fig. 9) was constructed using the experimentally determined 
ln kp values as a function of the reciprocal of leaching temperature (1000/T) as shown 
in Fig. 9. The activation energy for manganese dissolution was calculated to be 7.04 
kJ/mol, which is consistent with the values of activation energy reported for diffusion-
controlled leaching process (Habashi, 1969).  

 

Fig. 9. The Arrhenius plot for manganese dissolution 
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Comparison of previous studies with present study 
Table 1 compares the data between this paper and previous studies reported on the 
reductive acid leaching of zinc and manganese from zinc-carbon and alkaline battery 
powders or manganese dioxide ores. It is clear that present work has some advantages 
over other studies. For instance, the sulfuric acid and reductants concentrations and 
leaching temperature are lower and manganese dissolution is relatively higher than in 
previous studies. 

Table 1. Comparison of the conditions and dissolutions of recent and present studies 

Precipitation tests 
Selective precipitation was previously reported by Veleso et al. (2005), De Michelis et 
al. (2007) and Poravazi et al. (2011) to separate metals present in spent batteries. In 
the current study, the precipitation tests were conducted using aqueous liquor obtained 
under the optimum test conditions found in the study of the reductive acid leaching 
tests (Table 2).  

 Battery/Ore 
Type 

Leaching agents Temperature 
(°C) 

Leaching 
time (min)

S/L 
ratio 

Dissolution 
of Zn (%) 

Dissolution 
of Mn (%) 

Sahoo et. 
al. (2001) 

Manganąese 
dioxide ore 

0.543 M H2SO4 
+ 30.6 g/dm3 
oxalic acid 

85 105 1/20 - 98.4% 

Ferella et 
al. (2006) 

Zn-C and 
Alkaline 

1.8 M H2SO4 + 
59.4 g/dm3 oxalic 

acid 
80 300 1/20 100% 70% 

Sayilgan et 
al. (2009) 

Zn-C and 
Alkaline 

+30 
stochiometric 
ratio H2SO4 

+ –30 
stochiometric 

ratio oxalic acid

45 180 1/10 Full 91.2% 

Sayilgan et 
al. (2010) 

Zn-C and 
Alkaline 

stochiometric 
ratio H2SO4 
+ (1.7 M) 

stochiometric 
ratio ascorbic 

acid 

45 180 1/15 Full 97% 

Tian et al. 
(2010) 

Manganese 
dioxide ore 

1.9 M H2SO4 
+ 3 g corncob 85 60 1/10 – 92.8% 

Present 
Study 

Mixed AA-
AAA sized 

0.5 M H2SO4 
+ 13g/dm3 

ascorbic acid 
70 180 1/20 99.99% 99.25% 
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Table 2. Optimum reductive acid leaching test conditions 

Sulfuric acid 
concentration (M) 

Ascorbic acid dosage 
(g/dm3) 

Temperature (°C) Time (hour) 

0.5 13 70 3 

Precipitations of zinc and manganese at different pH values adjusted with NaOH or 
KOH are given in Fig. 10. It shows that precipitation ratio of zinc and manganese 
increased with increasing pH value. The zinc precipitation increased from about 20-
30% to near-complete precipitation with increasing solution pH from 6 to 8. The 
manganese precipitation gradually increased with increasing pH value up to pH 8. 
Nearly all manganese precipitation was achieved around pH 10 for both NaOH and 
KOH, which is consistent with previous study (Veleso et al., 2005). These results 
indicate that zinc and manganese can be selectively separated by adjusting solution of 
pH using NaOH or KOH (Zhang and Cheng, 2007). 
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Fig. 10. Precipitation of Mn and Zn in the presence of NaOH and KOH at different pH’s 
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The SEM-EDX images of the precipitated manganese hydroxide are 
given in Fig. 11. The manganese hydroxide particles precipitated by NaOH 
were heterogeneous in size and had a fractured structure. This may be resulted 
from hydrogen embrittlement. 

 

 
Fig. 11. SEM-EDX images of precipitated manganese hydroxide 

Table 3. EDX analysis 

Element Weight (%) Atomic (%) 
C 4.57 8.13 
N 7.53 11.49 
O 40.45 54.09 
Na 14.23 13.24 
S 0.40 0.27 

Mn 32.83 12.78 
Totals 100  

For the spot indicated as spectrum 1, EDX analysis was performed and the results 
are given in Table 3. It shows that manganese and oxygen contents were detected in 
that point, indicating the presence of large amount of manganese hydroxide. The EDX 
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analysis also indicated a small amount of sulfur in the sample. This may originate 
from the elemental sulfur, which starts to form and produce a layer around particles 
during the reductive acid leaching process. 

Leaching and precipitation conditions and proposed process flowsheet 
The optimum leaching and precipitation variables are given in Table 4. Figure 12 
shows the proposed flowsheet by referring our laboratory experimental tests. The 
results show that it was possible to dissolve 99.99% of zinc and 99.25% of manganese 
from the battery powder. In the precipitation stage, zinc and manganese sulfates were 
precipitated in as zinc and manganese hydroxides. It was possible to precipitate more 
than 95% of zinc at pH value of 8 and 96% of manganese at pH value of 10.  

 

Fig. 12. Hydrometallurgical flowsheet proposed for zinc and manganese recovery  
zinc-carbon and alkaline battery cells 
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Table 4. The optimum leaching and precipitation experimental laboratory conditions 

Precipitation stage pH pH Sulfuric acid 
concentration 

(M) 

Ascorbic acid 
dosage (g/dm3)

Temperature 
(°C) 

Time (hour)

NaOH or KOH 
concentration (M)

Zn Mn 

0.5 13 70 3 3 8 10 

Conclusions 

In this study, simultaneous zinc and manganese recoveries from zinc-carbon 
and alkaline battery powder were studied. A hydrometallurgical flowsheet was 
developed for recovery of zinc and manganese from spent AA and AAA sized zinc-
carbon and alkaline battery cells. The optimum reductive acid leaching conditions 
were determined as 3 hours of leaching time, 70 °C of leaching temperature, 0.5 M of 
sulfuric acid concentration, 13 g/dm3 of ascorbic acid dosage, 1/20 g/cm3 of 
solid/liquid ratio and 200 rpm of stirring speed. Under these conditions, the dissolution 
efficiencies were 99.99% for Zn and 99.25% for Mn. An activation energy of 7.04 
kJ/mol was determined for manganese dissolution, which indicates that this is a 
diffusion-controlled leaching process. Using 3 M NaOH as precipitating agent at room 
temperature, a 95.35% of Zn (pH 8) and 93.66% of Mn (pH 10) were precipitated 
from the leaching solution. Under the same conditions, using 3 M KOH, 
precipitations of Zn and Mn were 91.63% and 96.39%, respectively.  
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Abstract: Inhaled mineral nanoparticles which are deposited on the lung surface may influence the 
gas/liquid barrier and the pulmonary surfactant (PS) which constitutes the vital element of the respiratory 
system. This research is focused on the physicochemical effects caused by selected clay nanoparticles 
(bentonite, halloysite, montmorillonites) interacting with PS and changing its original surface activity. 
Using three measuring methods (pulsating bubble technique, Langmuir balance and drop shape analysis), 
we demonstrated the influence of different mineral nanoparticles on the dynamic surface tension of 
animal-derived PS material (Survanta®) and main surfactant phospholipid (DPPC). The results which are 
dependent on material properties and concentration allow to hypothesize possible pathways of health 
effects from inhalation of mineral nanoparticles. This may help to set the guidelines in defining 
occupational safety standards and methods of protection of the respiratory system against inhaled mineral 
dusts. 

Keywords: inhalation, nanoparticles, gas/liquid interface, dynamic surface tension  

Introduction 

Inhalation of dusts formed of mineral materials may contribute to respiratory 
symptoms and undesired health effects. Aerosol deposition in the respiratory system is 
a complex problem governed by airflow pattern and particle dynamics in a 
complicated geometrical structure of the upper airways and bronchial tree (Zhang et 
al., 2003; Rostami, 2009; Sosnowski, 2011; Longest and Holbrook, 2012). Depending 
on size and shape, inhaled particles can penetrate to deep lungs with different 
efficiency. It is recognized that compact (spherical-like) particles larger than 10 µm 
have a low chance to get to the bronchial tree as they are primarily deposited in the 
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mouth and throat (e.g. Sosnowski et al., 2006). On the other hand, elongated (needle-
like) particles, such as of asbestos, easily penetrate deeply into lungs even if their 
length exceeds 20 µm. It is due to reorientation of needles during flow via curved 
airways and narrowings, which allows to avoid the deposition in upper airways and 
bronchi (Zhang et al., 1996). Health effects from inhaled nano-sized or nano-
structured particles attract much attention nowadays (Oberdorster, 2001; Maynard and 
Kuempel, 2005; Marijnissen and Gradon, 2010; Bakand et al., 2012). Due to small 
size and low inertia nanoparticles can be effectively transported to the pulmonary 
(alveloar) region with inhaled air.  

Particles which are deposited in deep lungs come into contact with the pulmonary 
surfactant (PS) which constitutes an important component of the respiratory system 
(Zuo et al., 2008; Rugonyi et al, 2008). PS has the extraordinary dynamic surface 
activity which is expressed during variations of pulmonary gas-liquid surface area 
caused by breathing. PS is responsible for a significant reduction of the surface tension 
during surface contraction (related to air exhalation from the lungs), what reduces the 
effort of lung inflation. Surface tension hysteresis observed during periodic interfacial 
area variations is important for the stability of the alveolar network of the lungs. In 
addition, the local variations of the surface tension result in Marangoni effects and 
superficial flows - these phenomena are important for the mass transfer in the 
respiratory system (Gradoń and Podgorski, 1989; Sosnowski et al., 1998). All the 
mentioned facts indicate the necessity of maintaining the specific composition and 
surface activity of the pulmonary surfactant, and, accordingly, any notable 
disturbances of surfactant quality should be expected as harmful to the lungs 
(Sosnowski et al, 2000). 

Within this work we focus on mechanisms of direct physicochemical interactions 
between selected inhalable mineral nanoparticles and the pulmonary surfactant, which 
can be studied using selected in vitro experimental systems. 

Materials and Methods 

Nanoparticles 
Five types of mineral nanoparticles have been tested in this study. All selected 
nanopowders are commercially available aluminosillicates (Sigma Aldrich) being used 
as mineral nanofillers in polymer industry. They are of natural origin, however they 
are standardized regarding the purity, and some of them are chemically modified to 
produce surface hydrophobicity required in technological applications. The list of used 
nanomaterials is given in Table 1, together with the indications of nanoparticle 
morphology, characteristic size and the specific surface area, which were determined 
in the separate study (Kondej and Sosnowski, 2013). 
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Table 1. Mineral nanoparticles used in the study 

Particle  
designation 

Material name, morphology  
and characteristic particle size 

Specific surface 
area [m2/g] 

HN HALLOYSITE 
Morphology: needles (nanotubes ), 

diameter <100 nm, length - up to a few µm 

25.5 

PGV BENTONITE 
Morphology: nanoplates, thickness < 200 nm 

67.3 

I.28.E MONTMORILLONITE modified by trimethyl stearyl ammonium:
Morphology: flakes, thickness < 200 nm 

9.6 

I.30.E MONTMORILLONITE modified by octadecylamine 
Morphology: flakes, thickness < 200 nm 

14.0 

I.31.PS MONTMORILLONITE modified by octadecylamine  
and aminopropyltriethoxysilane 

Morphology: flakes, thickness < 200 nm 

13.5 

Pulmonary surfactants 
Two types of pulmonary surfactant models have been used: 

a) pure 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC – Sigma Aldrich) – 
the predominant natural phospholipid found in the natural PS. It is recognized as a key 
surface-active component of the pulmonary fluid. 

b) Survanta® (Abbott Laboratories, France) – an animal-derived standardized 
whole PS which is used to treat surfactant deficiencies in humans (surfactant 
replacement therapy – e.g. Lam et al., 2005; Engle et al., 2008). 

Measuring methods and procedures 
Experiments have been done using three independent techniques allowing to study 
different aspects of the influence of mineral nanoparticles on the interfacial activity of 
model pulmonary surfactants. A Langmuir-Wilhelmy film balance (model Mini – 
KSV, Finland) was used to study surface-tension effects induced by nanoparticles 
interacting with PS phodphilipid  at air-liquid interface. The measurements were done 
for gradually decreased interfacial area mimicking the behavior of the lung surface 
during air exhalation. The gas-liquid area was compressed by two barriers sliding in 
the predefined manner on the top of the saline (0.9%) covered by DPPC monolayer – 
a model of physiological lung fluid, Figure 1.  

 

BB
W

 
Fig. 1. The schematic of the Langmuir-Wilhelmy film balance. Two movable barriers (B)  

compress the interface while the surface pressure (eq. 2) is measured  
by Wilhelmy plate (W) connected to an electronic sensor 
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To study the effects of nanoparticles on the surfactant phospholipid, the liquid 
phase was prepared as a suspension of the known amounts of particles determined by 
calculations of lung deposition of dusts inhaled at occupational environments (Kondej 
and Sosnowski, 2013). Several nanoparticles concentrations (0.1-1 mg/cm3) in the 
saline were used in measurements conducted at physiological temperature (37 
± 0.5 °C).  

A more realistic representation of the pulmonary surfactant system is available in 
the oscillating bubble tensiometry (PBS device - Electronetics Corp., USA). These 
experiments rely on measuring a pressure difference ∆p during continuous pulsations 
of an air bubble (diameter 0.8–1.1 mm) submerged in Survanta® (concentration: 1.25 
mg/cm3; volume: 30 mm3). The pulsation were done at the frequency corresponding to 
the breathing rate (15 min–1). The instantaneous, dynamic surface tension at the 
interface of a bubble with radius r, is found from the Young-Laplace equation: 

 
2

r pσ ∆
=  (1) 

The experimental system and measuring procedure have been described in details 
recently (Kondej and Sosnowski, 2013). Nanoparticles concentrations used in this 
study were similar to the ones tested in the Langmuir-Wilhelmy balance experiments. 
The temperature of measurements was set to 37 ±0.5 °C.  

The third method used in this study to characterize the physicochemical 
interactions between nanoparticles and the pulmonary surfactant was the drop shape 
analysis (DSA – using the equipment made at the Faculty of Chemistry, Warsaw 
University of Technology). The dynamic surface tension of tested suspensions was 
determined in this case from the pending drop profile (Figure 2).  

 

Fig. 2. An example of a picture of pending drop 
 (volume of approximately 3 mm3) in DSA method 
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This type of measurements allows to monitor the long-time evolution (up to several 
hours) of the dynamic surface tension, so it helps to study slow adsorption of surface-
active material on a gas-liquid interface. It should be noted, however, that the system 
offers an incomplete analogy to the physiological system. Firstly, the experimental 
interface is stationary, secondly – the ratio of liquid volume to the interfacial area is 
much higher in the measuring system than in the real pulmonary fluid, and finally, the 
available observation times are much longer than a duration of a single breathing 
cycle. Therefore, these data can be used only as a supportive information during 
recognition of mechanisms by which nanoparticles interact with PS in the dynamic 
system. In DSA experiments we used the same concentrations of mineral 
nanomaterials as in the two other studies. However, due to technical limitations, the 
measurements were done only at room temperature (23 ± 0.5 °C) although the samples 
were pre-thermostated at 37 °C. 

Results and data analysis 

The methods of reduction of raw experimental data obtained with different techniques 
need additional explanation before results are presented and discussed. In all 
experimental systems the dynamic surface tension, σ (or surface pressure, π ), is found 
as a function of either time, τ, or the time-dependent interfacial area, A(τ). Let us note 
that the surface pressure is defined as: 

 π = σw – σ (2) 

where σw denotes the surface tension of water (70 mN/m at 37 °C).  
Univocal comparison of the dynamic surface tension evolution requires data 

reduction and defining some numerical indicators. For data obtained with the 
oscillating bubble method (an outline of a typical result is shown in Figure 3) it will be 
informative to find the minimum surface tension, σmin, during pulsations as a measure 
of the highest surface activity at the tested surface oscillations. It is obvious that σmin 
depends on the total surfactant concentration but also on its composition which 
governs the surface activity. For comparative purposes done in this study, when it is 
essential to assess the σmin deviation after surfactant contact with nanomaterials, it is 
convenient to indicate the percent change of σmin, defined as: 

 min
min % *

min

1 100%σσ
σ

⎛ ⎞
∆ = −⎜ ⎟

⎝ ⎠
 (3) 

where σmin
* denotes the minimum surface tension of the control surfactant sample (no 

particles). Positive values of ∆σmin% indicate the increased minimum surface tension 
when compared to the control case, i.e. a loss of surface activity, while negative values 
suggest a stronger lowering of the surface tension (increased interfacial activity). 
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Fig. 3. A sketch of a characteristic result from oscillating bubble experiments 

Another indicator of dynamic surface activity in this measurement is the size (area) 
of surface tension hysteresis, schematically drawn in Fig. 3. The hysteresis reflects 
dissipative processes during surface area cycling. It is recognized that the hysteresis 
for physiologically active pulmonary surfactant remains higher than in case of 
surfactant inactivation caused by lung diseases (Clements et al., 1961; Notter et al., 
1982). The mathematical formula to find the area confined size by the σ-hysteresis 
loop is given by: 

 max max

min minexpansion contraction

A A

A A
HA dA dAσ σ⎡ ⎤ ⎡ ⎤= −⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦∫ ∫  (4) 

HA should be normalized against the applied surface compression (e.g. Notter at al., 
1982), however for all oscillating bubble measurements in this study, the compression 
was always the same (Amin/Amax = 0.53), so the additional calculation is not needed.  

By analogy to eq. (3), the relative percent change of HA induced by nanoparticles 
added to PS can be expressed as: 

 % * 1 100%HAHA
HA

⎛ ⎞∆ = −⎜ ⎟
⎝ ⎠

 (5) 

where HA* denotes the hysteresis area in the control surfactant sample (no particles). 
Here, the decrease of dynamic surface activity will be indicated by negative values of  
∆HA%. 

Experimental results from the oscillating bubble studies were obtained for the 
complete pulmonary surfactant under physiological conditions (dynamic breathing-
like surface pulsations). These results are the most informative, but simultaneously the 
most difficult to interpret on the physicochemical basis. The values of two parameters 
defined by eqs. (3) and (5) at nanoparticles concentration of 0.5 mg/ml is presented in 
Fig. 4.  

AAmaxAmin

σ 

σmin 

hysteresis  
area 
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Fig. 4. Relative change of (a) – the minimum surface tension (∆σmin%) and (b) – the hysteresis area 
(∆HA%) for different mineral nanoparticles at concentration of 0.5 mg/cm3 

It is visible that the response of the system depends on type of nanoparticles. For 
three kinds of minerals (HN, PGV and 1.31 PS) there is an increase of the minimum 
surface tension and a decrease of the surface tension hysteresis, suggesting an evident 
decline of the original PS surface activity. For montmorillonites 1.28E and 1.30E there 
is a reduction of the minimum surface tension and a simultaneous increase of the 
hysteresis. In this case the surface activity of the PS is changed in the opposite way 
than for the other mineral particles. Similar responses of model PS system can be 
observed for lower (down to 0.1 mg/cm3) and higher (up to 1 mg/cm3) dust contents, 
and the extent of change of discussed parameters is well correlated with nanoparticles 
concentration.   

Studies done with the Langmuir–Wilhelmy balance support the results obtained 
with the oscillating bubble method. In these experiments, the compression isotherms 
for DPPC at 37 °C were obtained - an example in the presence of bentonite 

(a) 

(b) 
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nanoparticles (PGV) is presented in Figure 5. To facilitate the comparison of all data 
obtained for different mineral nanoparticles at variable concentrations, we propose to 
derive a single parameter as an indicator of the surface tension reduction effectiveness 
in each tested system. Here we define MA30 to denote the molecular surface area at 
which the initial surface tension in the system is reduced by 30 mN/m (i.e. the surface 
pressure is increased by the same value – Figure 5). Higher values of MA30 indicate 
that smaller surface compressions are required to obtain low surface tensions, that is 
the interface contains a more active surfactant. 
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Fig. 5. Compression isotherms (37°C) for DPPC in the presence of bentonite (PGV) nanoparticles. 
Dashed line illustrates the meaning of MA30 parameter 

From Fig. 5 it is visible that the compression isotherms are deformed due to 
surfactant interactions with the particles. It can be also seen that the phospholipid 
without particles exhibits the highest value of MA30 what means that low surface 
tension is attained already at a low degree of surface compression. The surface needs 
to be more compressed when PGV nanoparticles are added to the system.  

The comparative results of MA30 for all tested nanoparticles at different 
concentrations are shown in Fig. 6.  
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Fig. 6. The dependence of MA30 on particle type and concentration 

In case of HN or PGV particles added to the system, the molecular area parameter 
is equal or smaller than for the pure phospholipid monolayer, and it implies that a 
higher compression of the interfacial area is required to obtain the expected low 
surface tension value. This reveals an impairment of DPPC surface activity by these 
two types of nanoparticles. On the contrary, if I.28E, I.30E and I.31PS particles are 
present in the system, they promote an increase of MA30, suggesting an additional 
surface-active effect allowing to reduce surface tension at a lower interfacial 
compression. The mechanism of the observed effect remains unclear unless additional 
surface-visualization studies are done (e.g. Guzman et al. 2011). However, one can 
postulate that an improved surface activity observed for surface-modified 
montmorillonites results from an extra surface tension lowering properties of either 
these nanoparticles themselves or the compounds that are released (washed out) from 
the nanomaterials. Such conclusions correspond to the data from the oscillating bubble 
experiments, where also two different types of system response was found – a 
decrease of the surface activity by HN or PGV nanoparticles, and its moderate 
increment by modified montmorillonites: I.28E or I.30E. Moreover, such a correlation 
suggests that DPPC is indeed the most important compound in the regulating the 
dynamic surface tension of the whole PS. 

In the DSA method of testing PS surface activity in the presence of mineral 
nanoparticles, the parameter  ∆στ% is used by analogy to the parameter defined by eq. 
(3). It represents the temporary change of the dynamic surface tension in the given 
system, σ(τ), in respect to the temporary surface tension of the pure surfactant, σ*(τ):  
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 % *
( ) 1 100%
( )τ

σ τσ
σ τ

⎛ ⎞
∆ = −⎜ ⎟

⎝ ⎠
 (6) 

The interpretation of ∆στ% values is similar to that of ∆σmin% in the discussion 
presented earlier. Figure 7 shows the comparison of ∆στ% averaged in the first 10 
minutes of monitoring the dynamic surface tension of Survanta® containing different 
mineral nanoparticles (concentration 0.5 mg/cm3). 

 
Fig. 7. Comparison of ∆στ% value for PS with different mineral nanoparticles (0.5 mg/cm3). 

Interestingly, data obtained with DSA studies are also supportive for the findings from 
two other experimental approaches. Both HN and PGV nanoparticles decrease the 
activity of the surfactant while each of three modified montmorillonites (I.28E, I.30E 
and I.31.PS) acts in synergy with the surfactant in lowering the surface tension. The 
changes are different numerically than the ones found in the oscillating bubble studies, 
however it should be reminded that these two experimental systems differ in a few 
essential aspects, as discussed earlier. It is striking however, that the overall trend of 
changes of the surface activity in the PS-nanoparticles system remains similar to the 
obtained in two other sets of experimental data.  

Discussion 

Our results provide an apparent support that mineral nanoparticles influence the 
properties of the pulmonary surfactant due to physicochemical interactions related 
either to changes in adsorption dynamics at a gas-liquid interface or altering the 
surface tension lowering capabilities of the adsorbed compounds. However, at 
dynamic conditions which are indispensable associated with the breathing cycle, the 
mechanisms interfacial phenomena become more difficult to trace and identify. There 
is a vast number of published data recognizing that different micro- and nanoparticles, 
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as well as gaseous contaminants, influence surface processes in the model PS systems 
(e.g., Sosnowski et al., 2000; Podgórski et al., 2001; Wallace et al., 2007; Bakshi et al, 
2009; Kondej and Sosnowski, 2010; Harishchandra et al. 2010; Fan et al. 2011; 
Guzman et al. 2011). Some theoretical interpretations employ also mathematical 
modeling of mass transfer phenomena (e.g. Sosnowski, 2001) or molecular dynamics 
analysis (Choe et al., 2008; Sosnowski et al., 2012), still giving only partial 
explanation of the observed effects. Several studies confirm that ultrafine particles 
present in the PS system provide an additional interface for adsorption, so PS 
components can be collected on solids. In this way the concentration, and – 
consequently – the surface activity of PS at gas-liquid interface may be reduced. In our 
studies this mechanism can feasibly elucidate the influence of HN and PGV particles 
on the surfactant. Other types of particles produce the opposite effects and this may be 
explained rather by a synergy in dynamic surface activity between the PS and the 
particles or the compounds they transport into the system. 

The fundamental question which needs to be answered during discussion of the 
results is if the effects revealed in the specialized in vitro experimental systems are 
indeed taking place in the real physiological system. It is known that homeostatic 
biological environment of the lungs is equipped with specialized mechanisms which 
protect against the elevation of the concentration of deposited inhaled nanomaterials in 
the pulmonary fluids (e.g. mucociliary clearance, chemotactic activity of alveolar 
macrophages). This environment is also effectively buffered and continuously 
refreshed by surfactant production and turnover – such processes are absent in all 
laboratory settings. So, keeping in mind that tensiometric approaches tested within this 
work should be considered only as simplistic models of physiologically-related 
systems, they allow to speculate that accidental or repetitive overdosing of inhaled 
mineral nanoparticles (e.g. at the workplace) may cause a runaway of the 
physiological system from a natural dynamic equilibrium. In such a situation, the 
initiated biological response can lead to a pulmonary dysfunction or disease. 

Conclusions 

It was demonstrated that the evaluation of dynamic surface activity of a model 
pulmonary surfactant (PS) or its main phospholipid constituent (DPPC), obtained from 
three different tensiometric techniques, allow to investigate the plausible interactions 
of inhaled mineral nanoparticles in the liquids covering lung surface. It was shown 
that the response of the model system depends on particle type and concentration, and 
that different nanoparticles may decrease or increase the surface tension of the PS. The 
exact physiological implication of these findings cannot be straightforwardly 
interpreted, however it may be expected that alteration of the original surface activity 
of the surfactant in the lungs can initiate a biological response which will lead to 
undesired health effects. As the surfactant also regulates pulmonary defense 
mechanisms against inhaled aerosol deposits, the induced changes of PS properties 
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may result in an increased susceptibility to lung infections or allergies. This 
conclusions confirms that it is essential to minimize the breathing with air 
contaminated with mineral dusts. It can be achieved by using personal protection 
equipment (filtering facial masks or respirators) which must be properly designed 
to collect airborne nanoparticles. 
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Abstract: Post mining uranium wastes from Radoniów were analysed and chemical, mineralogical 
andpetrographic characteristics were performed. Additionally, the size parameters of dumps and direction 
of water runoff were estimated using LIDAR data. Bioaccumulation of uranium in different plants 
covering dump’s surface was shown.  

Keywords: uranium, post mining wastes, bioaccumulation, LIDAR 

Introduction 

The Radoniów deposit is located in the northern part of the Izera Metamorphic 
Complex (Poland). This unit is composed of granitic gneisses, quartz-biotiteschists, 
mylonites and breccias with trace amounts of sulphides. Primary and secondary 
uranium minerals have been found. The primary minerals are pitchblende, uraninite 
with blue fluorite, and hematite. Between secondary minerals, metatorbernite, 
metauranocircite, metaautunite and uranophane were recognized (Piestrzynski et al., 
2006). Uranium mining has started in 1954 and was continued until 1960.  

Post-mining wastes were deposited in the dump located near the mine. Originally 
the dump covered an area of about 25 000 m2 and γ-measurements made in 1971 
showed elevated radiation (about 500 µR/h (~5 µSv/h)), reaching a maximum dose 
rate of 2000 µR/h (about 20 µSv/h) (Piestrzynski et al., 1996). During the next twenty 
years the dump was reexploited for local purposes (mainly for construction of local 
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roads and sometimes for buildings). In 1994 the average noted dose rate was about 
80µR/h with maximum 105 µR/h (about 0.8–1.05 µSv/h).  

All data collected by Piestrzynski et al. (1996) show that the rocks deposited on the 
dump reveal a significant amount of uranium. The available data are not sufficient to 
present quantitative figures of uranium content in the dump and its dispersion around 
the dump. 

In presented research we try to quantify material collected in two dumps (actually, 
after reexploitation two dumps exist – one small and the second much larger) and 
describe mineral and chemical character of the deposited wastes. 

Materials and methods 

Sampling 
Wastes were collected from two dumps located in Radoniow (Large Dump –N 
51°00’13.39;E 15°29’00.16, Small Dump - N 51°00’15.55; E 15°28’53.68). Plants 
were collected from the surface of dumps.  

XRD Analyses 
A Philips X’Pert PW 3020 X-ray diffraction analyzer was utilized to characterize the 
mineral composition of wastes. Co radiation (K-Alpha1 [Å]-1.78901 K-Alpha2 [Å]-
1.79290 K-Beta [Å]-1.62083;K-A2 / K-A1 Ratio-0.50000) was used at 30 mA, and 40 
kV. 

Petrography 
Light petrographic microscopy of thin section of polished waste sample was used for 
petrographic characteristic. 

Chemical analysis 
Uranium in wastes was analyzed using the ICP-MS technique according to the 
procedure described by Chajduk et al. (2013). Extraction analysis with EDTA, 
phosphate buffer and 0.11 M acetic acid (pH 3.0) was done for determination of 
uranium bioavailability. Uranium and other metals in plants were analyzed in Polish 
Geological Institute-National Research Institute using the ICP-MS technique 
according to the certified procedure used in Central Chemical Laboratory (Polish 
Centre of Accreditation certificate No. AB 283). 

Electron Microscopy 
Scanning Electron Microscopy analysis was done in the Paleozoology Department of 
Museum and Institute of Zoology, Polish Academy of Sciences. HITACHI S-3400N 
Scanning Electron Microscope equipped with an EDS X-ray microanalyser, (Superdry 
II detector) was used for examination of polished section of wastes and crushed wastes 
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(fraction 250–500 µm). Acceleration voltage was 20.0 kV. Thin sections of polished 
waste sample were examined. 

Analysis of the dump size and direction of water runoff 
The pictures taken in 2011 in the LAS format and containing data from laser scanning 
ground – LIDAR with spatial resolution of 12 points per square meter were used for 
analysis. Basing on the point of altitude (altitude above sea level), triangulation model 
TIN (Triangulated Irregular Network) was created. It was then converted into a GRID 
model based on a grid. Resolution of this model was 0.5 m. Analysis was carried out 
in the Space Research Centre of Polish Academy of Sciences. 

Results and discussion 

Waste dumps in Radoniow are localized in the vicinity of Radoniow village and they are 
surrounded by agricultural lands (Fig. 1). The surface of dumps is is tightly folded 
(especially the surface of the large dump) and clear signs of erosion are visible (Fig. 2). 

Dumps 

Radoniów 
village

 

 

Fig. 1. Post mining waste in the dumps in Radoniow (www.geoportal.gov.pl) 

 A B 

 

Fig. 2. Shape of small dump (A) and large dump (B) 
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Geometrical parameters of dumps are presented in Table 1. Total surface occupied 
by dumps in 2011 (7368 m2) decreased significantly in comparison to 1971 when it 
was about 25 000 m2. The total volume of dumps in 1971 is unknown and now is 
44 803 m3. Uranium concentration in waste is still high. An average uranium 
concentration is about 153 mg/kg with minimum about 60 mg/kg and maximum 806  
mg/kg. The richer uranium wastes were found in the small dump. Total amount of 
uranium deposited in the dumps basing on our studies is about 17,97 Mg (volume × 
density (~2.65 kg/m3)). A large amount of aggregate showing uranium concentration 
between 358 mg/kg and about 2000 mg/kg (single stones) was observed around the 
dumps in 2012. The dose rate noted on the surface of the dump in 2012 was 0.86 – 
4.4 µSv/h. The minimum was similar to the radiation level noted by Piestrzynski et al. 
(1996) in 1994 but the maximum dose rate is only slightly lower than this one noted in 
1971. Single stones around the dumps show very high radiation with the dose rate 
reaching 20 µSv/h.  

Table 1. Dumps size parameter calculated using LIDAR data 

Model LAS 0.5 m Total Small dump Large dump 
surface projection [m2] 7368 1176 6192 

body surface [m2] 8621 1350 7271 
altitude minimum [m] 402.3 407.1 402.3 
altitude maximum [m] 414.6 414.6 414.1 
height difference [m] 12.3 7.5 11.8 

volume [m3] 44803 4573 40230 

 Dumps in Radoniów 
Runoff above 100 pixels 

flow of water
dump’s area 

Altitude 
Value 

 

Fig. 3. The intensity of surface water runoff calculated basing on LIDAR data 
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The main direction of water runoff in the large dump is West, except northern part 
of dump where outflow to the East and North is observed. In the small dump water 
runoff to the South prevails. Petrographic studies of the waste materials revealed 
gneiss with laminar and eye texture as the main building material. Gneiss contains 
following minerals: quartz, K-feldspar, plagioclase and mica (mainly muscovite). In 
some parts of material gneiss is transformed to mylonite with thin slots filled by 
fluorite and iron oxyhydroxides. Ore minerals are also present between which pyrite is 
most abundant (Fig. 3). Pyrite occurs in gneiss and in mylonite. Uranium mineral were 
not found in petrographic studies. 

 A B C

 

Fig. 4. Pyrite occurrence: single crystals and pyrite aggregates (A); in gneiss (B) and mylonite(C). 

 

Fig. 5.XRD analysis of waste material taken from the small dump 
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Fig. 6. Results of EDS-X ray analysis made in SEM 

In XRD analysis (Fig. 5) quartz, orthoclase, montmorillonite, kaolinite, illite and 
labradorite were found. XRD profiles of samples from the dumps were very similar 
and uranium minerals were not found. Uranium presence in material from the dumps 
has been only shown in scanning electron microscope with the use of EDS-X ray 
microanalyzer. Its occurrence is strongly correlated with potassium and aluminum and 
uranium minerals often surrounding pyrite aggregates (Fig. 6). 

Lack of detection of uranium in the XRD and petrographic analysis is a proof of its 
wide dispersion in waste material deposited in the Radoniow dumps. However, 
uranium concentration as well the level of radiation is relatively high, which brings 
serious environmental issues. The presence of pyrite and relatively low pH (below 6.0) 
facilitates leaching and bioleaching processes. We described earlier (Rewerski et al., 
2013) that indigenous microorganisms living in wastes are able to oxidize iron what 
can cause uranium leach up to 30% of its total content in nearly neutral pH and 90% 
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under acidic conditions. The extraction analysis shows that 21–25% of uranium is 
associated with the carbonate fraction, 5.8–10.6% occurs in soluble fraction 
(respectively in the large and small dump) and 0.1–2.7% is bioavailable (respectively 
in the small and large dump). 

Table 2. Uranium concentration found in plants covering the surface of dumps. 

Dump Plant 
mg U/kg  

dry weight 
(ppm) 

berd vetch (Vicia cracca)  stalk 0.57 
 leaves 0.73 
 root 9.96 
ribwort (Plantago lanceolata)  flower 2.69 
 stalk 2.76 
 leaves 14.64 
 root 56.40 
clover (Trifolium hybridum)  flower 0.80 
 stalk 2.24 
 leaves 2.83 
 root 71.54 
alfalfa (Medicago lupulina)  flower 4.10 
 stalk 2.25 
 leaves 5.37 
 root 0.55 
white sweet clover (Melilotus albus)  stalk 2.02 
 leaves 3.76 
 root 10.24 
orchard grass (Dactylis glomerata)  flower 3.65 
 stalk 0.25 
 leaves 3.22 

Radoniow 

 root 77.54 

Therefore we decided to check accumulation of uranium in plant tissue. Plant’s 
samples were collected in the runoff because only there was enough vegetation 
developed. Uranium is accumulated mainly in the roots reaching the maximum 
concentration at 77.54 mg/kg (dry weight) in the roots of orchard grass. Leaves 
accumulate much lower uranium amount and maximum of bioaccumulation was noted 
in ribwort’s leaves (14.6 mg/kg). Surprisingly a relatively high uranium level was 
noted in flowers of alfalfa and orchard grass. 

Distribution of uranium in the individual extraction fractions, its accumulation in 
plants and earlier information concerning its bioleaching by indigenous 
microorganisms (Rewerski et al. 2013) clearly show that uranium deposited in dumps 
may be disseminated in the environment causing contamination of soil, surface water 
and groundwater. 
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Conclusions 

Post mining wastes deposited in Radoniow contain a significant amount of uranium. 
The concentration of uranium and level of radiation in some parts of dumps is still 
hazardous for the environment and availability of dumps should be limited. The 
indigenous plants accumulating uranium in leaves, e.g. ribwort, may be useful for 
bioremediation. 
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Abstract: The effect of electron beam irradiation on magnetic property of iron bearing minerals was 
investigated by susceptibility measurements. The results show that the magnetic susceptibility of iron 
bearing sulfide minerals can be enhanced remarkably by strong beam current irradiation, while the 
magnetic susceptibility of oxidized iron minerals keeps unchanged and even is slightly reduced. The 
magnetic susceptibility of arsenopyrite can reach the ferromagnetic level. The particle size of irradiated 
minerals makes notable effects on magnetic susceptibility. The magnetic susceptibility of irradiated 
minerals is enhanced greatly with reduction of particle size, and the irradiation dose corresponding to the 
maximum magnetic susceptibility is decreased simultaneously. Exposure of pyrite to small beam current 
electron irradiation can only enhance its magnetic susceptibility from 4 to 5-fold. Enhancement of 
magnetic property by radiation induced defects and excitation in minerals is limited. Strong beam current 
electron irradiation provides a novel approach to enlarge the magnetic property differences between iron 
bearing minerals.  

Keywords: magnetic susceptibility, iron bearing mineral, sulfide, electron beam irradiation 

Introduction  

Exposure of solids to high-energy radiation is known to result in radiation-induced 
defects and leads to related process acceleration, such as diffusion controlled reaction 
in solid and solid phase synthesis (Gribkov et al.,1995; Auslender et al., 1997,1999). It 
also makes possible to create new conditions for changes in solid materials properties 
e.g. the mechanical strength, electric, magnetic and surface properties, floatability of 
minerals and others. The difference between minerals with close physical and 
physicochemical properties can be markedly enlarged (Florek, 1995; Bochkarev et al., 
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1997; Milkhilov et al., 1998; Kovalyov et al., 1999; Chanturiya et al., 1999; Wang et 
al., 2002a; Wang et al., 2002b; Wang et al., 2002c). The study of the effect of 
accelerated electron energy on magnetic separation of iron bearing ores showed that 
the preliminary treatment of raw ores by electron beam irradiation enables to increase 
the concentrate grade and decrease the loss of valuable constituents in tailing. This 
promising technique was successfully used to treat in laboratory scale iron, iron 
containing tin and chalcopyrite and others ores (Bochkarev et al., 1992, 1997; Florek 
et al., 1992; Ostopenko et al., 1992).  

The objective of this work is the study of the electron irradiation effect on magnetic 
property of iron bearing minerals such as pyrite, arsenopyrite, chalcopyrite, marmatite, 
hematite and siderite. The magnetic susceptibility change of weakly magnetic iron 
bearing minerals induced by electron beam irradiation is investigated and analyzed. 

Experimental 

Materials 
The iron-bearing minerals such as pyrite, arsenopyrite, chalcopyrite, marmatite 
hematite and siderite were picked from real ores and purified using suitable 
mechanical measures. The pure mineral samples were first ground in mortar and then 
classified into several size fractions. The minerals samples with size range of -180+75, 
-75+53 and -53 µm were subjected to electron irradiation treatment. 

Methods 
The samples were irradiated with an electron accelerator at a steady-state regime. The 
low irradiation dose experiments were conducted on the type BF-5 experimental 
accelerator installed at Beijing Normal University. The electron beam parameters were 
as follows: the incident electron energy 1.5 MeV, irradiation dose rate 100 Gy/s (Gray, 
Gy = m2/s2), current intensity were altered from 90 to 150 µA . The high irradiation 
dose experiments were conducted on the type GJ-15 industrial accelerator installed at 
Tianjin Institute of Technical Physics. The fixed electron beam parameters were as 
follows: electron energy 1.5 MeV, current intensity 6 mA. The irradiation dose was 
varied in accordance with the problems stated. The magnetic susceptibility was 
measured on a multi-purposes magnetism  analyzer model WCF2-65. The exciting 
current was set at 1.0 A for all tests. 

Results and discussions 

Small beam current irradiation 
Arsenopyrite and two types of pyrite (sample A from Hunan Leiyang mine, sample B 
from Zhejiang Longyou mine) were exposed to electron beam irradiation under low 
dose and small beam current. Under such irradiation conditions the thermal effect on 
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irradiated minerals is negligible. As shown in Table1, the magnetic susceptibility of 
arsenopyrite after irradiation increases. At beam current 115 µA and dose 23·103 m2/s2, 
the magnetic susceptibility of arsenopyrite increases 5 times than that prior to 
irradiation. The beam current and irradiation dose are the major parameters for 
changes in magnetic properties. 

Table 1. Effect of current density and irradiation dose on magnetic susceptibility of arsenopyrite.  
Magnetic susceptibility of arsenopyrite prior to irradiation is 5.39·10–6 cm3/g and particle size –180 µm 

Current density (µA) 115 
Irradiation dose  

(kGy = 103 m2/s2) 2.3 4.6 6.9 9.2 11.5 

Susceptibility 10–6 (cm3/g) 12.72 15.52 18.83 14.28 9.38 
Current density (µA) 115 

Irradiation dose  
(kGy = 103 m2/s2) 13.8 16.1 18.4 20.7 23.0 

Susceptibility 10–6 (cm3/g) 11.16 13.14 26.77 28.35 30.72 
Current density (µA) 90 

Irradiation dose  
(kGy = 103 m2/s2) 12 14 16 18 20 

Susceptibility 10–6 (cm3/g) 7.35 19.68 9.28 20.17 22.94 

The magnetic properties of irradiated pyrite A and B are given in Tables 2 and 3, 
respectively. The results show that the changes in magnetic susceptibility fluctuate. At 
electron current density 150 and 115 µA, the magnetic susceptibility even decreases 
under low irradiation dose. Under high irradiation dose (above 10·103 m2/s2 for 150 
µA, and above 20.7·103 m2/s2 for 115 µA) the magnetic susceptibility of pyrite A 
becomes higher than the initial value. Under current density 120 µA the result is 
 

Table 2. Effect of current density and irradiation dose on magnetic susceptibility of pyrite A.  
Magnetic susceptibility of pyrite A prior to irradiation is 7.89·10–6 cm3/g and particle size –180 µm 

Current density (µA) 150 
Irradiation dose  

(kGy = 103 m2/s2) 2 4 6 8 10 

Susceptibility 10–6 (cm3/g) 0.7 1.46 1.68 4.89 22.69 
Current density (µA) 120 

Irradiation dose 
(kGy = 103 m2/s2) 2 4 6 8 10 

Susceptibility 10–6 (cm3/g) 15.83 20.47 16.50 18.03 7.09 
Current density (µA) 115 

Irradiation dose 
(kGy = 103 m2/s2) 13.8 16.1 18.4 20.7 23.0 

Susceptibility 10–6 (cm3/g) 3.01 3.65 4.17 9.26 22.69 
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different as the magnetic susceptibility increases under the irradiation dose from 2·103 
m2/s2 to 8·103 m2/s2, and then decreases at higher irradiation dose 10·103 m2/s2. 
Generally, the magnetic susceptibility of irradiated pyrite B increases, however, a 
significant decrease can be observed for the current density 120 µA with irradiation 
dose 6·103 m2/s2, 115 µA with 16.1·103 m2/s2 and 90 µA with 14·103 m2/s2. The reason 
of such fluctuating changes for mineral pyrite A and B is still unclear. It may be 
related to the extent of crystalline perfection, specific defects and geologic 
environment of mineralization of pyrite. Further study is needed.  

Table 3.Effect of current density and irradiation dose on magnetic susceptibility  
of pyrite B. Magnetic susceptibility of pyrite B prior to irradiation  

is 7.89·10–6 cm3/g and particle size –180 µm 

Current density (µA) 150 
Irradiation dose 

(kGy = 103 m2/s2) 
2 4 6 8 10 

Susceptibility 10–6 (cm3/g) 12.17 15.14 16.26 20.17 16.05 
Current density(µA) 120 

Irradiation dose 
(kGy = 103 m2/s2) 

2 4 6 8 10 

Susceptibility 10–6 (cm3/g) 29.58 22.04 4.51 13.5 22.77 
Current density (µA) 115 

Irradiation dose  
(kGy = 103 m2/s2) 

13.8 16.1 18.4 20.7 23.0 

Susceptibility 10–6 (cm3/g) 12.59 6.4 11.85 19.95 12.37 
Current density (µA) 90 

Irradiation dose  
(kGy = 103 m2/s2) 

12 14 16 18 20 

Susceptibility 10–6 (cm3/g) 10.91 4.68 38.43 15.57 15.03 

Strong beam current irradiation 
The effect of strong beam current irradiation on magnetic susceptibility of 
arsenopyrite, pyrite, chalcopyrite and marmatite is given in Figs. 1a–d. From Fig. 1 it 
can be seen that magnetic susceptibility of irradiated minerals under strong beam 
current irradiation changes remarkably. However, the response of minerals to 
irradiation is different. With increase in irradiation dose the magnetic susceptibility of 
minerals increases sharply reaching its maximal value and then decreases. Hence, 
there is a critical irradiation dose for each mineral. Furthermore, the critical irradiation 
dose is dependent upon the particle size. The coarser particle size, the higher value of 
the critical irradiation dose. 
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Fig. 1. Magnetic susceptibility of arsenopyrite (a), pyrite (b),
hematite (e) and siderite (f) as a function of 
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obtained for particle size –53 µm and is equal to 2.4∙10–3 cm3/g (Fig. 1c). The 
magnetic susceptibility of marmatite remains almost unchanged, except for –53 µm 
fraction (Fig. 1d).  

The results show that the particle size has a notable effect on the magnetic 
susceptibility of the irradiated minerals. For arsenopyrite as an example, the 
corresponding irradiation dose is 2000·103 m2/s2 for –53 µm, 3600·103 m2/s2 for  
–75+53 µm and 5000·103 m2/s2 for –180+75 µm. Further increase in the irradiation 
dose causes sharply decreases in the magnetic susceptibility. It may be due to greater 
specific surface and reaction rate constant for finer particles. Exceeded irradiation may 
result in overoxidation of minerals and in decrease of magnetic susceptibility of 
irradiated minerals (Wang, 2002 d).  

The irradiation effect of the magnetic susceptibility of hematite and siderite in 
given in Figs. 1e–f. It can be seen that the magnetic susceptibility of hematite after 
irradiation remains almost unchanged and even slightly reduced. The magnetic 
susceptibility of siderite fine particles increases to a great extent under irradiation dose 
of 5000·103 m2/s2.  

Collision of incident electron with mineral crystal lattice causes temperature rising 
and leads to the thermolysis of mineral (Bochkarev et al., 1997; Milkhilov et al., 1998; 
Wang, 2002 d; Wang et al., 2004). Under certain conditions, the ferromagnetic phases 
are formed that enhances magnetic property of minerals.  

Decomposition of chalcopyrite in atmosphere occurs in the manner of oxidation 
and sulfation. The oxidation and sulfation processes may be markedly intensified at 
higher temperature. The partial and complete oxidations of chalcopyrite by 
conventional heating occur at temperature of 680 °C and 850 °C, respectively. The 
sulfation process of chalcopyrite at 600 °C can be expressed as follows: 

 ,3SOOFe2CuSOO
2

172CuFeS 2324
T

22 ++⎯→⎯+  

while complete oxidation occurs at temperature 850°C:  

 T
2 2 2 3 2

132CuFeS O 2CuO Fe O 4SO .
2

+ ⎯⎯→ + +  

Ferric oxide (Fe2O3) produced in both reactions enhances the magnetic properties 
of chalcopyrite. Furthermore, Fe3O4 phase may also form as a product of chalcopyrite 
thermolysis when the temperature exceeds 500 °C. The thermolysis products of 
chalcopyrite excited by radiation-thermal treatment using XRD spectrum were 
previously studied by Florek et al. (1992) and Wang et al. (2004). The results of XRD 
analysis (Fig. 2) indicate that other iron oxide phases such as γFe2O3 and Fe3O4 also 
appear. Therefore, the thermolysis process of chalcopyrite excited by radiation-
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thermal treatment is distinct from conventional thermolysis and might be expressed by 
the following reaction: 

 .10SOOFeOγFe5CuO16O5CuFeS 24332
Te,

22 +++⎯→⎯+  

In addition, the thermolysis process is largely excited by radiation-thermal 
treatment. The partial and complete thermolysis occurs at lower temperature at about 
400 °C and 600 °C, respectively. Consequently, temperature of thermolysis can be 
reduced about 280 °C and 250 °C, respectively. Intensification of thermolysis is 
probably due to that the defects resulted by electron beam irradiation may accelerate 
the diffusion and reaction process inside the solid phase. 

 

Fig. 2. XRD analysis of chalcopyrite after irradiation pretreatment 
 at maximum temperature 600 °C 

Conclusions 

Changes of magnetic properties of pyrite by electron beam irradiation under small 
beam current and low irradiation dose resulted from radiation induced defects and 
excitation in minerals. As a result, the magnetic susceptibility enhancement is limited.  

Strong beam current electron irradiation enhances the magnetic susceptibility 
remarkably. The magnetic susceptibility of iron bearing sulfide is easier to enhance by 
irradiation than that of oxidized iron minerals. 

The particle size of minerals has notable effect on the magnetic susceptibility. The 
magnetic susceptibility of irradiated minerals is enhanced greatly with finer particle 
size, the irradiation dose corresponding to maximal magnetic susceptibility can be 
decreased. 

Radiation defects diffusion and radiation enhanced diffusion process should be 
responsible for the difference between electron beam radiation induced phase 
conversion and conventional heat one. 
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EXTRACELLULAR ELEMENTS-MOBILIZING 
COMPOUNDS PRODUCED BY CONSORTIUM  

OF INDIGENOUS BACTERIA ISOLATED FROM 
KUPFERSCHIEFER BLACK SHALE – IMPLICATION  

FOR METALS BIORECOVERY FROM NEUTRAL  
AND ALKALINE POLYMETALLIC ORES 
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Laboratory of Environmental Pollution Analysis, Faculty of Biology, University of Warsaw, Miecznikowa 1, 
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Abstract: Extracellular compounds produced by a consortium of indigenous bacteria interact with the 
polymetallic Kupferschiefer black shale and implicate for elements mobilization and/or complexation. 
The extracellular compounds were identified by GC-MS as carboxylic acids, but also aromatic acids and 
alcohols. Due to their action in batch experiment 16 elements were mobilized from black shale. Among 
mobilized elements precious metals (Cu, Ni, Co, V) as well as toxic heavy metals (As) were determined. 
Extracellular metabolites produced by studied consortium may be utilized in non-contact biorecovery of 
precious metals from neutral or slightly alkaline ores, and in the bioremediation of heavy metal-
contaminated sites. 

Keywords: microbial consortium, extracellular compounds, black shale, metals mobilization 

Introduction 

Mineralytic effect of microorganisms based on the acidolysis and/or complexolysis is 
an integral process of rock bioweathering. Solubilization of mineral elements and the 
breakdown of minerals can be caused by a wide range of microbial extracellular 
metabolites. One group of such compounds responsible for bioweathering are by-
products of microbial metabolisms. During degradation of organic matter 
heterotrophic microorganisms produce variety of low molecular weight organic acids 
such as carbonic, aliphatic, phenolic and amino acids. Beside the dissolution of 
minerals and elements mobilization some of them have also ability to complex 
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elements. The chemistry and role of such compounds have been reviewed by Birch 
and Bachofen (1990). 

Besides the role of such extracellular metabolites in geochemical cycling of 
elements in natural environment they are also of potential use in biotechnologies of the 
recovery of metals from deposits and wastes. These phenomenon is of great 
importance especially in the case of neutral or slightly alkaline ores where acidic 
leaching is not applicable. Copper bearing alkaline ultrabasic and carbonatite deposits 
made up 4% of worldwide copper mining activity. This type of ore is located among 
other in the middle of Europe in a great area from Middle Germany (the eastern edge 
of the Harz Mountains and the Saale river) to Fore-Sudetic Monocline and North 
Sudetic Trough (SW Poland). These copper deposits called Kupferschiefer are ranked 
as one of the largest and the richest of Cu and Ag deposits in the world (Oszczepalski, 
1999). The concentrations of copper and silver in the black shale profile range from a 
few to up to 10 wt. % and up to 100 ppm, respectively. Beside these two main 
elements Kupferschiefer contains also considerable reserves of other basic and highly 
valuable and rare elements (cobalt, nickel, vanadium) as well as toxic elements 
(arsenic, lead). The major difficulties restrict the exploitation of such abundant 
resources is the low efficiency of the conventional technical methods for recovering 
valuable metals, from mining extraction to metallurgical processing. Metal bearing 
minerals are mostly merged with sandstone (24-85 %) and dolomite (11-62 %). In this 
situation all known methods of acid metals bioleaching widely used throughout the 
world are not useful. 

Bioshale project was one of first projects dedicated to development of 
biotechnology for safe, clean and viable beneficiation of black shale ores in Europe 
and to propose an innovative, environmentally and socially favourable model of 
mining activities and metals recovery (d’Hugues et al., 2008). In frame of Bioshale 
project the consortium of indigenous microorganisms was isolated from 
Kupferschiefer black shale (Matlakowska and Sklodowska, 2009). During our last 
studies we demonstrated that indigenous bacteria play a prominent role in the 
weathering of black shale and in the biogeochemical cycles of elements occurring in 
this rock (Matlakowska et al., 2010; Matlakowska et al., 2012). It was shown that 
bacteria directly interact with black shale organic matter and indirectly influence on 
ore minerals. As a result of bacterial activity the redistribution of P, Al, Si, Ca, Mg, K, 
S, Cu and Pb was confirmed. Continuing these studies we focused on the analysis of 
non-contact action of microbial extracellular products on the rock components and 
potential implication of these processes. The analysis of such phenomenon is 
important not only to understand the role of microorganisms in ancient black shale 
transformations but also to find the methods of precious elements biomining from 
neutral or slightly alkaline ores. In presented study we describe the impact of 
extracellular metabolites produced under laboratory conditions by a consortium of 
bacteria isolated from Kupferschiefer black shale on the biotransformation of elements 
present in this rock and we discuss the potential role of these processes in biomining. 
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Materials and methods 

Geological materials 
Material for the study representing highly mineralized Kupferschiefer black shale was 
sampled at the underground Lubin mine below 600 m (Fore-Sudetic Monocline, SW, 
Poland). The crushed black shales with diameter fall in range: 0.25–0.5 mm; 1–2 mm 
and 3–4 mm were used. The whole rock analyses of the Kupferschiefer shale used in 
this study were performed by ACME Analytical Laboratories Ltd. Vancouver, Canada 
(http://www.acmelab.com) and its chemical composition is presented in Table 1. 

Table 1. Chemical composition of Kupferschiefer black shale used in this study 

Element (wt. %) Element (mg kg-1) 
Na2O 0.16 Cu 34958 
K2O 4.23 Co 1287 
SiO2 34.50 Ni 336 

Al2O3 13.50 V 943 
MgO 6.80 Mo 169 
CaO 9.20 Mn 2224 

Fe2O3 3.50 Zn 26 
S 1.89 As 1598 

MnO 0.29 Fe 2450 

Microorganisms 
Bacterial strains were originally isolated from black shale (Lubin copper mine) and 
have been described previously (Matlakowska and Sklodowska, 2009). The mixed 
culture of microorganisms contained equal numbers of: Microbacterium sp. LM1 
(EU821337), Microbacterium sp. LM2 (EU821338), Acinetobacter sp. LM3 
(EU821339), Bacillus sp. LM4 (EU821340), Pseudomonas sp. LM5 (EU821341), 
Pseudomonas sp. LM6 (EU821342), Pseudomonas sp. LM7 (EU821343) and 
Pseudomonas sp. LM8 (EU821344). 

Growth media 
Luria-Bertani medium (LB) (Sambrook and Russell, 2001) was used for inoculum 
preparation. The mineral basal salts (MBS) medium containing glucose at 
concentration 20 mM (Hartmans et al., 1989) was used for production of extracellular 
metabolites. 

Microorganisms cultivation 
The mineral MBS medium was inoculated with an exponentially growing bacterial 
culture that had been cultivated in LB medium and then centrifuged (10 000 x g, at 4 
oC, 10 min). Cultures were carried out in 500 millilitre flasks containing 250 ml of 
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mineral medium and were maintained in aerobic conditions, on a rotary shaker (150 
rpm) at temperature 22 oC for 7 days. Sterile mineral medium with glucose was used 
as a control. Bacterial growth was monitored by plating diluted samples on solid LB 
medium to determine the number of CFU (colony forming units) and growth curves 
were plotted. The pH of bacterial culture and sterile control was measured at the end 
of experiment. 

Dissolved organic carbon (DOC) analysis 
The concentration of dissolved organic carbon (DOC) in the liquid phase of cultures 
was determined with Shimadzu TOC analyser TOC 5050A. A combustion/non-
dispersive infrared gas analysis method was employed.  

The analysis of extracellular compounds produces by bacterial consortium 
Bacterial culture and sterile control were centrifuged (10 000 x g, at 4 oC, 10 min). 25 
ml of samples of the cell-free supernatants was extracted with chloroform and then 
dried with anhydrous Na2SO4. Chloroform solutions were evaporated and then 
samples were prepared through the derivatization using BSFTA:TMCS 99:1 as 
silylating agent (Supelco, USA). GC-MS analyses were performed using an Agilent 
7890A gas chromatograph associated to an electron impact ionization source 5975 
series MSD (Agilent Technologies, USA). Identifications were carried out on a HP-
5MS column (30 m long, 0.25 mm I.D., 0.25 µm film thickness, Agilent 
Technologies, USA) using He as carrier gas at 1 ml/min and an injection volume of 
0.1 µl. The ion source was maintained at 230 °C; the GC oven was programmed with 
a temperature gradient starting at 100 °C for 3 min to 280 °C at 8 °C/min. MS analysis 
was carried out in the electron-impact mode at an ionizing potential of 70 eV. 
Compounds represented in the eluted peaks were identified by computer analysis 
using Wiley's mass spectra library (version 3.2, Copyright 1988–2000 by Palisade 
Corporation with The Wiley Registry of Mass Spectral Data, 8th Edition with 
Structures, Copyright 2000 by John Wiley and Sons, Inc.). 

Elements mobilization from black shale by extracellular metabolites 
10 g of crushed black shale was incubated with 100 ml of filter sterilized (pore size 
0.22 µm) cell-free supernatant of bacterial culture in aerobic conditions on a rotary 
shaker (150 rpm) at temperature 22 oC for 24 hours. Sterile mineral medium 
supplemented with black shale were control for this experiment. All experiments were 
performed in triplicate. For chemical analysis the samples were centrifuged (10000 x g 
at 20 oC, 10 min), the supernatant was filtrated (pore size 0.22 µm) and mineralized 
with 65% nitric acid. 

Elements concentration analysis 
The chemical composition of cell-free supernatants of bacterial culture after 
incubation with crushed shale was determined by inductively coupled plasma emission 
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spectrometry (ICP-ES) using an Optima 5300 DV spectrometer (Perkin-Elmer, USA). 
All analyses were performed in triplicate. 

Results and discussion 

One of the processes responsible for elements redistribution in environment is their 
mobilization and/or complexation by a variety of extracellular organic substances 
produced by microorganisms. Low molecular organic acids and alcohols are released 
as a by-product of microbial metabolism due to incomplete metabolic pathways (Birch 
and Bachofen, 1990). A majority of organic acids are generated by microorganisms as 
a byproduct of fermentation or aerobic respiration of glucose. 

In this study the growth of consortium of indigenous microorganisms on liquid 
mineral medium with glucose under aerobic condition and the concentration of total 
dissolved carbon was monitored for 7 days (Fig. 1). A typical growth curve was 
observed. During bacterial growth the carbon concentration decreased during first 4 
days and then it started to increased up to the end of experiment (Fig. 1).  
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Fig. 1. The growth (CFU) of consortium of indigenous microorganisms on liquid mineral medium  
with glucose and the concentration of dissolved organic carbon (DOC) 

The changes of the dissolved carbon concentration during bacterial growth suggest 
the utilization of glucose at the first days (decrease of the carbon concentration) and 
then the production of extracellular metabolites (increase of the carbon concentration). 
The pH of bacterial culture monitored during the bacterial growth decreased from 7.0 
to 4.2 while the pH of sterile mineral medium (control) was stable (7.0).  

The results of qualitative analysis of chemical compounds produced by consortium 
of indigenous microorganisms are presented in Table 2. Between compounds 
identified in culture sample 14 aliphatic (C7–C18) and 3 aromatic (C7–C8) carboxylic 
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acids were found (Table 2). In addition 5 alcohols were identified. All signals in the 
chromatogram of control sample (sterile mineral medium) originated from 
BSTFA:TMCS mixture. 

The microbial extracellular metabolites such as organic acids increase mineral 
dissolution and mobilize elements by displacement of metal ions from the ore matrix 
by hydrogen ions or by the formation of metal complexes and chelates. The impact of 
organic acids and other metabolites on bioextraction of metal sulphide ore have been 
known for a long time. Parés (1964 a, b, c) described the solubilization of copper and 
other metals associated with laterite and clays using extracellular ligands formed by 
Serratia marcescens, Bacillus subtilis, Bacillus sphaericus and Bacillus firmus. 

Table 2. The qualitative composition of extracellular compounds produced by mixture of microorganisms 

Aliphatic carboxylic acids 
heptanoic acid, octanoic acid, nonanoic acid, decanoic acid, undecanoic acid, 4-oxo-pentanoic acid, 5-
dodecenoic acid, dodecanoic acid, 3-hydroxycapric acid, phenylpuryvic acid, 1,2-hydroxylauric acid, 

hexadecanoic acid, octadecanoic acid, 2,3-bishydroxypropyl laurate, 3-hydroxypalmitic acid 
Aromatic carboxylic acids 

benzoic acid, benzeneacetic acid, methyl benzoic acid 
Alcohols 

benzyl alcohol, glycerol, dodecanol, hexadecanol, octadecanol 
Such species as Bacillus circulans and Bacillus mucilaginosus were described as 

able to leach manganese from ores using different organic compounds as reducing 
agents (Groudev, 1987). The most effective in metal solubilization are fungi: 
Aspergillus and Penicillum (Burgestaller and Schinner, 1993; Bosecker, 1997). 
Wenberg et al. (1971) reported the isolation of the fungus Penicillum sp. from a mine-
tailing pond which produced unidentified metabolites that could mobilize copper from 
sedimentary ores of the White Pine deposit (Michigan, USA). Anjum et al. (2010, 
2012) described the role of organic acids produced by A. niger in mobilization of 
copper, cobalt and zinc from black shale located in Pakistan. Also our studies of yeast 
Rhodotorula mucilaginosa sp. LM9 isolated from Kupferschiefer black shale showed 
that organic acids (malic and oxalic) produced by this strain can effectively mobilize 
copper from this sedimentary rock (Rajpert et al., 2013). 

Despite extensive information on this topic in the literature, up to our knowledge 
this paper for the first time presents the simultaneous mobilization of dozen of 
elements from multielements sedimentary rock by the action of compounds of 
bacterial origin. Figure 2 shows the concentrations of nine elements after 24 hours of 
black shale incubation with cell-free supernatant containing bacterial metabolites and 
sterile mineral medium (control) and Table 3 presents the efficiency of mobilization of 
all studied elements.  
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Fig. 2. Concentrations of elements mobilized from black shale by cell-free supernatant  
of bacterial cultures and sterile mineral medium (control) after 24 hours of incubation.  

Bars represent the standard deviation of measurements 

The role of bacterial extracellular metabolites in mobilization of Ca, Na, Mg, Si, 
Al, Cu, Co, As, V, Zn, Ni, Mo, Fe, and Mn was clearly evident. The concentrations of 
K and S were lower in studied sample than in control where only chemical weathering 
was observed. The mobilization of elements was depended on the diameter of crushed 
shale and it was the highest in the case of fine crushed shale (0.25–0.5 mm) that could 
be simply explained by the differences in active surface area of different fractions used 
in this study. 

The extracellular metabolites can be beneficial for microorganisms – they can be 
utilized as a means of sequestering of some metals from external environment to 
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supplement their nutritional needs. They can be also used as a way of detoxication 
against toxic elements. Black shale represents a type of extreme environment 
characterized by high concentrations of heavy metals and limited access to sources of 
carbon and energy. According to detailed petrographic and geochemical 
characterization of Kupferschiefer black shale performed by Speczik (1994) and 
Oszczepalski (1999) about 60 different major and trace elements in more than 100 
different minerals occur in this ore. Rock-forming minerals such clay minerals, 
feldspars, dolomites and calcites are potential sources of Na, K, Al, Si, Ca and Mg. 
Such elements as Cu, Zn, Fe, Mo, S are mobilized from ore minerals - Cu-S, Cu-Fe-S, 
Cu-As-Sb-S, Pb-S and Zn-S Cu-Mo-S Mo-S. A part of mobilized elements can 
originated from metalloorganic compounds and geoporhyrins. Among them is first of 
all vanadium, but also it can be nickel, cobalt and molybdenum (Matlakowska et al., 
2013). 

Table 3. The efficiency (%) of elements mobilization from black shale  
by a microbial extracellular compounds 

Fraction size 

0.25–0.5 mm 1–2 mm 3–4 mm Element 

Supernatant Control Supernatant Control Supernatant Control 

Na 3.56 0 2.94 0 2.61 0 

K 0.79 0.94 0.48 0.74 0.42 0.60 

Al 0.011 0.0023 0.0098 0.00054 0.0069 0.00068 

Si 0.035 0.025 0.025 0.022 0.023 0.021 

Mg 0.31 0.31 0.29 0.24 0.27 0.19 

Ca 1.3 0.76 0.83 0.52 0.73 0.38 

Fe 0.012 0.0058 0.010 0.0042 0.010 0.0056 

Mn 0.45 0.087 0.34 0.084 0.26 0.07 

S 3.54 5.32 2.17 3.49 2.17 3.33 

Cu 0.23 0.013 0.22 0.0092 0.21 0.012 

Co 4.69 0.85 3.59 0.79 3.52 0.94 

Ni 4.08 0.71 3.04 0.61 3.03 0.73 

V 0.08 0.0074 0.03 0 0.0085 0 

Mo 15.68 11.48 12.01 10.11 8.34 6.92 

Zn 2.3 0.62 1.92 0.65 2.92 0.88 

As 4.02 0.85 2.52 0.53 2.18 0.41 

 

The efficiency of elements mobilization was the highest for cobalt (4.69%), nickel 
(4.08%) and arsenic (4.02%). The distribution of arsenic in black shale is very similar 
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to that of cobalt and nickel. Biorecovery of nickel and cobalt by mean of extracellular 
metabolites is very promising solution but also the mobilization of toxic arsenic is of 
great importance. Arsenic is an element that is very often associated in copper 
minerals. Contamination of copper ore with this metalloid is troublesome for 
hydrometallurgical processes. During smelting processes the volatile arsenic 
compounds are released into the atmosphere, which due to the toxicity of these 
compounds is a significant environmental hazard. Besides volatile arsenic compounds, 
high concentrations of arsenic are found also in the dust from tailings ponds. For this 
reason, very important, both from an economic and environmental point of view, is to 
develop effective methods for controlled removal of arsenic from copper deposits. 

Conclusion 

Taken together, the results of present study increase our knowledge about black shale 
bioweathering and confirm that bacteria may indirectly influence on the simultaneous 
mobilization of elements from sedimentary rock. This phenomenon has the potential 
application in biorecovery of metals from neutral or alkaline ores and wastes 
containing such ores and it could be used as the non-contact and environmentally 
friendly method of metal recovery. 

The application of this biotechnology requires further research focused on finding a 
cheap source of extracellular compounds and process optimization. Another aspect 
requiring further analysis is the possibility of including these microbial metabolites 
into hydrometallurgical processes and recovering the mobilized metals as well as re-
using the solutions. 
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Abstract. The study presents suggestions of partial automation of the screening process with the use of 
the rolling-screw screen. The principles of screening using such a screen was also briefly described in the 
study.  

Keywords: screening, rolling-screw screens, automation 

Introduction 

Rolling screens (rolling-screw screens) are machines designed for the realization of 
granular materials sieve classification processes. It refers, first of all, to fine and very 
fine-grained granular mixtures, which due to their particle size, cannot be screened 
using other known sieves. These machines perform a complex, spatial, rotational 
movement, being so-called “drunken barrel” movement. The screening process of 
these machines is performed through putting the feed centrally onto the highest 
located (within sieving layer sets) sieve (of the biggest holes). The above-sieved 
products X1, X2… are collected through side gutters whilst the below-sieved products 
Y1, Y2… form the feed for further, lower located sieves (Fig. 1) (Pocwiardowski and 
Wodzinski 2011a, Pocwiardowski and Korpal 2010, Pocwiardowski 2012, Wodzinski 
1997).  

During the screening process we deal with a number of parameters, which need 
both monitoring and controlling. To fulfill these needs the elements of mechatronics 
registering and supervising these parameters could be introduced. 
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Fig. 1. The diagram of the screening process using a rolling-screw screen  

The aim an the scope of the study  

The aim of the study is to propose a solution to the screening of granular materials 
process automation using a rolling-screw screen.  

The guidelines on the screening process automation  
The project includes the place for screening granular materials of fine and very fine 
grain-size, which consists of the following:  
• gutter feeder (website of VIBRO-EKO-TECH) operating within the influx intensity 

q within the range from 5 to 50 kg/h. The influx intensity is adjusted by feeding 
voltage of the electromagnetic vibrator with the use of the inverter. Additionally, 
the feeder is equipped with an electronic sliding bolt in a place where a charging 
hopper is, 

• a rolling-screw screen consisting of seven sieving panels, which enables to achieve 
up to eight fractions within one passage (Fig. 2), 
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Fig. 2. A rolling-screw screen with a fraction receiver (Pocwiardowski and Wodzinski 2011b) 

• a sieving fraction receiver (Fig. 2) located on electronic industrial scales (website 
of RADWAG) enabling monitoring of mass increment of collected fractions, 

• an inverter, which is used for switching on and off the screen, as well as for 
changing the angular speed of motor-vibrators, and adjustment of granular 
materials influx (Catalog page of inverter MX2 OMRON), 

• Bruel&Kjaer SYSTEM PULSE used for the measurement of oscillation amplitude 
of the screen within three axis plane x,y,z, 

• computer PC, which controls the entire process and is connected to the monitoring 
sensors of the sceening process.  

The mechatronics system guidelines 

• the control of sieving fractions mass influx, which enables indirectly the 
monitoring whether the sieves have not been blocked by the materials being 
screened; 

• the measurement of oscillation amplitude within three axis plane x, y, z, 
• change of the angular speed of motor-vibrators (the phenomenon of the sieve 

blockage by the sieving material), 
• dosage of the granular materials. 
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The implementation of the mechatronics system 

• mass influx is monitored with the use of an industrial scale of RADWAG WPW 60 
H5/K with a maximum load 60kg and readout accuracy 20g, and output signal RS 
232/RS 485,  

• the oscillation amplitude within three axis plane x,y,z is measured with an 
Bruel&Kjaer Triaxial delta tron accelerometer type 4524-b-001. The signal form a 
sensor is converted in the Bruel&Kjaer SYSTEM PULSE measuring box 
connected to the PC via a cable, 

• the change of the angular speed of motor-vibrators is done with the use of OMRON 
inverter OMRON mx2, class 400v, with signal output RS485 ModBus RTU, 

• the dosage of the granular materials is done with the use of a gutter feeder 
connected to OMRON mx2 inverter and equipped with an electro -valve 
(numerically controlled (I/O) ) placed in the charge basket opening,  

• the connection to the computer via USB-COM-4S equipped with four ports RS 
485, the computer equipped with an USB input and a card system. 

Table 1. A sample solution to the implementation of the mechatronics system for a rolling-screw screen  

No. Given 
parameters Solution Apparatus 

1 Receivers mass influx An industrial scales of max. load 
60kg with readout accuracy 20g,  
and output signal RS 232/RS 485. 

e.g., RADWAG scales model 
WPW 60 H5/K 

2 oscillation amplitude 
within three axis plane 
x,y,z 

Accelerometer measuring oscillation 
amplitude within three axis plane 
x,y,z w within frequency 0.25–3000 
Hz 

e.g., Triaxial delta tron 
accelerometer model 4524-b-001 
operated by Bruel&Kjaer SYSTEM 
PULSE  

3 The adjustment of the 
angular speed of 
motor-vibrators 

Inverter class 400v, with signal 
capacityRS485 ModBus RTU  
with a possibility of connecting to 
PC 

e.g., Omron inverter mx2 

4 dosage of the granular 
materials 

Gutter feeder (dosing capacity up to 
50 kg/h) connected to an inverter 
and equipped with an electro -valve 
(numerically controlled (I/O) ) 
placed in the charge basket opening  

e.g., Gutter feeder – vibratory 
Omron inverter mx2 
an electro-valve (numerically 
controlled (I/O) )  

The description of the system operation – the stages of the process  
Initial research 
Before commencing the screening process with the use of a rolling-screw screen, the 
sieving analysis of the researched material should be performed (suggested shaker 
Fritsch) in order to determine the percentage composition of individual sieving 
fractions.  
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The dosage process  
The feed is put centrally onto the highest located sieve of the screen pillar (of the 
biggest sieving holes) with the use of a gutter feeder driven electromagnetically. The 
change in current frequency causes the change of engine rotation frequency thus the 
material dosage amount adjustment onto the screen. The feeder gutter is placed on a 
springy suspension. The gutter is activated by the engine therefore it performs 
reciprocating motion. The motion makes the granular material shift onto the screen. 
The charging hopper opening of the feeder is equipped with an electronically 
controlled electro -valve, which adjusts the dosage with influx intensity q [kg/h]. In 
case there is a screen running stoppage (messages: SIEVES BLOCKAGE, 
RECEIVERS CHANGE, SCREENING FINISHED) the computer sends a signal to 
the electro -valve in order to cut out the granular material influx onto the screen. 
The screening process 
The granular material dosed onto the rolling-screw screen is directed from sieving 
panels via side gutters onto the receivers. The receivers are placed on the electronic 
industrial scales, enabling the monitoring of mass increment of the particular fraction. 
When the receivers are filled (the mass of the received fraction exceeded the 
maximum mass of the receiver) a message RECEIVERS CHANGE is displayed, the 
screen is stopped by the inverter and the electro-valve is closed. After the receivers 
change the screen turns on again via the inverter controlled by a computer PC. In case 
there is too large amount of one of the sieving fractions (the receiver mass is too large 
due to the percentage contents of particular sieving fractions of the researched 
material) a message SIEVES BLOCKAGE is displayed. The system sends signal to 
the inverter in order to increase the motor-vibrators rotational speed until the sieve is 
unblocked (the completion of the process is indirectly noticeable via the particular 
fractions mass)  
The control of the SYSTEM PULSE 
The Bruel&Kjaer SYSTEM PULSE analyzer operated by PULSE LabShop program 
reads the signal from the sensor: Triaxial delta tron accelerometer type 4524-b-001 
(Bruel&Kjaer official website). With the use of this sensor the sieving oscillation 
amplitude within three axis plane x,y,z is recorded. In case of too low or too high 
amplitude value on particular axis, a message SERVICE is displayed. The deviating 
amplitude values on particular axis might mean:  
• wrong set-up angle of the side motor-vibrators, 
• wrongly screwed screen, 
• screen resonance occurs.  

In each of the above cases the system turns of the screen via the inverter and cuts 
out the influx of the granular material onto the screen.  

The sensor mounting diagram (Fig. 3) on the rolling screen as well as actual 
measurement of the sieving oscillation amplitude within three axis plane x,y,z (Fig. 4–
8) were presented below. 
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Fig. 3. The sensor (accelerometer) mounting diagram on a rolling scree 
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Fig. 4. Layer oscillation amplitude within X axis in the screen  
with various inclination angles of the motor-vibrators 
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Fig. 5. Layer oscillation amplitude within Y axis in the screen  

with various inclination angles of the motor-vibrators 
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Fig. 6. Layer oscillation amplitude within X axis in the screen  

with various inclination angles of the motor-vibrators 
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Fig. 7. Sieves oscillation amplitude within X, Y, Z axis  

with the motor-vibrators inclination angle of 20º  



 W. Pocwiardowski, P. Wodzinski, J. Kaniewska 104

0
5

10
15
20
25
30

1 2 3 4 5

Number of a sieve

A
m

pl
itu

de
 [m

m
x y z

 

Fig. 8. Sieves oscillation amplitude within X , Y , Z axis  
with the motor-vibrators inclination angle of 45º 

The mechatronics system diagram was presented below in Fig. 9.  

 
Fig. 9. The mechatronics system diagram 

1 – computer, 2 – inverter, 3 – SYSTEM PULSE box, 4 – gutter feeder – vibratory,  
5 – feeder engine, 6 – gutter feeder on a springy suspension, 7 – feeder electro-valve,  
8 – rolling-screw screen, 9 – side motor-vibrators, 10 – accelerometer, 11 – receiver,  

12 – industrial scales, 13 – screen base. 

Conclusions 

1. The mechatronics system allows controlling most of the screening processes via 
the computer panel.  



 The concept of the scientific standpoint of the rolling -screw screen... 105 

2. The application of this solution enables early reaction to the problems arousing 
during the process.  

3. The set of the sensors enables the visualization of particular parameters of the 
process.  

4. The screening process automation enables process run reports making.  
5. The above research standpoint is to be made in order to test its possibility.  
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Abstract: The presence of Fe-silicides, extremely rare mineral phases were documented in the Permian 
Cu-bearing ore formation in the Fore-Sudetic Monocline (Polkowice-Sieroszowice and Rudna mines, SW 
Poland). It is a first report of their occurrence within rocks of Late Palaeozoic age. The Fe-Si alloys forme 
spherules of various structure and chemical composition. The silicide spherules were found in the 
flotation concentrates prepared from the copper ore. Their composition varies from FeSi (fersilicite) to 
Fe2Si3 or Fe4Si9. A dominant constituent is Fe5Si3 (xifengite) with admixtures of P, Ti, Cr and Mn. Native 
Si and Ti were detected in the marginal part of spherules. The current knowledge do not permit to 
determine unequivocally whether the Fe-silicide spherules formed as a result of Permian cosmic dust or 
constitute terrestrial magmatic material of ultramafic character transported into a sedimentary basin from 
the adjacent terrain. 

Keywords: Permian, Fe-silicide spherules, cosmic dust, ore minerals, Fe-Si alloy 

Introduction 

During routine research of copper flotation concentrates from the Polkowice-
Sieroszowice Mine (SW-Poland, Fig. 1) the presence of very rare minerals, such as 
iron silicide was discovered (Muszer, 2007). On the basis of this analysis new research 
was designed to determine the location of their occurrence in the Permian rocks.  

Silicides still remain relatively poorly investigated and exotic mineralogical 
compounds. First report about naturally occurring Fe-Si compounds was published by 
Gevorky’en (1969). Recently a newly discovered Fe-Si phase was described from the 
Tibetan mines (Bai et al., 2007). On the other hand, from the chemical point of view, 
silicides has been known for over 100 years. Alloys of Si with another metallic 
element, e.g. TiSi2 and CoSi2, found industrial use as joints of various metals in 
semiconductors. Natural Fe-silicides were found in meteorites (Mason, 1962; Judin 
and Kolomenskij, 1987), sedimentary (Gevork'yen et al., 1969; Novosielova, 1975), 
metamorphic (Xiongjian, 1991) as well as mafic (Bai et al., 2007) and felsic igneous 
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rocks (Jakabska and Rozloznĭk, 1989). This mineral group comprise fersilicite FeSi, 
hapkeite Fe2Si, gupeiite Fe3Si, suessite Fe3Si, xifengite Fe5Si3, luobusaite Fe0,84Si2 and 
ferdisilicite (leboite) FeSi2. Fersilicite was recorded from the Poltava sandstones of the 
Donyeck area in Ukraine (Gevork'yen, 1969; Gevork'yen et al., 1969). Suessite was 
discovered in the North Haig ureilite meteorite (achondrite) from South Australia in 
1980 (Keil et al., 1982; Judin and Kolomenskij, 1987). According to Keil et al. (1982) 
it was formed during the fall as a result of silica reacting with carbonaceous matrix. 
Gupeiite and xifengite were detected in cosmic dust from Yanshan province (China) in 
the paragenesis with kamacite, taenite, magnetite, wüstite and maghemite (Zuxiang, 
1984). Similarly to fersilicite from Ukraine, they were found in heavy mineral 
concentrates obtained from alluvial deposits. 

 

Fig. 1. Location of sampling points in SW Poland  

Luobusaite Fe0,84Si2 was found at the Cr-Fe Luobusa mine in the Autonomic 
Xizang Region (Tibet) in 2007 (Bai et al., 2007). It occurs as irregular grains in 
Cretaceous ophiolitic rocks accompanied by numerous alloys of Fe-Si, Ni-Fe, Fe-Cr, 
Ir-Fe, W-Co, Cr-C, Ti-N, Si-Ca as well as abundant oxides, sulphides, arsenides and 
extremely rare Si spinels (Bai et al., 2007). 

Another IMA-approved natural Fe-Si species are hapkeite and ferdisilicite. 
Hapkeite Fe2Si was described from Lunar meteorite breccia Dh-280 found in the 
Dhofar Province, Oman (Anand et al., 2004). It occurs in weathered plagioclase 
together with fersilicite, Fe-Ni alloys and ferdisilicite FeSi2. According to Anand et al. 
(2004), hapkeite formed as a result of meteorite fall onto the Lunar regolith. 
Ferdisilicite (leboite) FeSi2 is known from the sedimentary Poltava sequence in the 
Donyeck area (Ukraine) and the concentrates of metamorphic rocks from Longquan, 
Zhejian Province, China (Xiongjian, 1991). In both occurrences it coexists with other 
Fe-Si compounds, i.e. Fe5Si2, xifengite (Fe5Si3) and a mixture of phases with varying 
Fe-Si proportions. Ferdisilicite was also found in the kimberlites of Sytykanskaya 
(Russia) where it is accompanied by native Si and other Fe-silicides (Pankov and 
Spetsius, 1989). Unnamed are such phases as Fe4Si9, Fe5Si3 and Fe2Si3. They occur as 
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intergrowths with moissanite (SiC) found in Lower Cambrian carbonaceous rocks of 
the Sayan Mts, Russia (Novosielova, 1975). According to Novosielova and 
Bagdasarova (1979) they are of meteoritic origin. 

Samples 

Three samples, about 10 kg each, were chosen to investigate the presence of Fe-
silicides in the Permian rocks of SW Poland (Fig. 1). The samples were: ore-bearing 
formation of the Polkowice-Sieroszowice copper mines (KGHM Polska Miedz S.A.), 
ore material processed in the Polkowice-Sieroszowice Ore Concentrator and a sample 
of tailing stored in the Zelazny Most tailings pond (Rudna Ore Concentrator). The first 
one consists of reddish-brown dolomitic shale and represents marine sediments of the 
Rotliegendes/Zechstein boundary (Werra cyclothem). It was obtained from the side-
wall of the gallery in the G-31 mining section of the Polkowice-Sieroszowice mine 
(Fig. 2). The laminated aleurite-pelitic rock contains carbonates (calcite, dolomite), 
clay minerals and detritic quartz with minor anatase and titanite. Opaque phases 
constitute from 0.1 to 1% of its volume. Dominating chalcopyrite is dispersed in the 
rock, while subordinate chalcocite, covellite, digenite, pyrite together with uncommon 
bornite, native Au and electrum (up to 35.5% Ag) form laminae. Chalcopyrite 
aggregates reach 200 µm in diameter. Pyrite forms subhedral grains up to 50 µm 
across. Other sulphides rarely exceed 30 µm. Native gold and electrum form 
intergrowths and clusters with digenite. Au-bearing ore minerals, dominated by native 
Au with small admixture of Ag < 2.45 wt %, are of various size: from several to 
several dozens µm. 

 

Fig. 2. Lithological profile of the side-wall of mine gallery  
in mining section G-31 (Polkowice-Sieroszowice mine) 
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The sample of material processed in the Polkowice-Sieroszowice Ore Concentrator 
consists of Cu-bearing, streaky dolomite and dolomite. The sample from the Rudna 
Ore Concentrator represents flotation tailings. 

Methods  

The Permian rocks were crushed in a Fritsch jaw crusher into <0.25 mm fraction 
and then enriched by flotation and magnetic separation (Nd-magnet, 6000 Gs and 
9000 Gs). A Joy-Denver flotation cell was used to concentrate minerals and spherules. 
Cu- and Fe-bearing concentrates together with spherules built of various minerals 
constituted 0.01 and 0.02% of the initial weight of the first and second sample, 
respectively. 

Magnetic and non-magnetic spherules were separated from other mineral phases 
present in the concentrates using an experimental ramp-like device developed by 
Muszer (2007). As a result, a satisfying number of objects was obtained to use 
statistical approach in describing structural and microtextural features of individual 
spherule types as well as to characterise their chemical composition. 

Polished sections were prepared following the standard procedure used for ore 
minerals and metallographic material (Samuels, 1982; Muszer, 2000). DP-Mol, DP-
Dur and DP-Nap Struers polishing cloths were used with precisely controlled 
granulation of diamond pastes. 

An optiphot 2-Pol Nikon microscope was used for observations in reflected light. 
Ore minerals were distinguished basing on their optical and physical properties 
(Uytenbogaardt and Burke, 1971; Ramdohr, 1973, 1975; Criddle and Stanley, 1993; 
Muszer, 2000; Bernhard, 2008). Planimetric analysis, coupled with the Lucia M 
software, was employed to establish the proportions between minerals, spherules and 
microporosity in the studied samples. The spherules were subdivided into several 
types basing on the concentration of a dominant mineral or alloy (i.e. into 
aluminosilicate, silicate and silicide types). 

Chemical point analyses of the spherules and accessory minerals were conveyed 
using SEM-515 (Philips) and JOEL JSM-55800LV electron microscopes. A 
MIKROSKAN MK-9 Cambridge electron microprobe was used in case of bigger 
mineral grains or homogeneous spherules. The analyses were carried out in the 
Institute of Low Temperature and Structure Research (Polish Academy of Sciences, 
Wroclaw), Institute of Materials Science and Applied Mechanics (Wroclaw University 
of Technology) and Department of Mineralogy and Petrology (Institute of Geological 
Sciences, University of Wroclaw). Pure (99.99%) metal of Fe, Ni, Co, Mn, Al, Cu and 
Zn as well as pure SiO2 and Al2O3 were used as standards. 
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Results 

In the analysed samples Fe-silicides occur within spherules, which are present in the 
red shale obtained at the Rotliegendes/Zechstein boundary in the Polkowice-
Sieroszowice mine as well as in the tailings from the Rudna Ore Concentrator. In the 
ore from the Polkowice-Sieroszowice mine only metallic sulphides together with 
magnetite, magnetite-hematite and Fe-spherules were detected (Muszer, 2007). 

The silicide spherules are present in parasteresis with Cu-, Zn- and Pb-sulphides as 
well as other minerals typical of the ore-bearing rock series of the Lubin-Glogow 
Mining Area: chalcocite, bornite, chalcopyrite, covellite and others. The chemical 
composition and microtexture of the Fe-spherules in both samples are alike. However 
they differ in the spherules size. In the red shale Fe-silicide spherules reach 50 µm and 
often exceed 150 µm in the tailings. 

Spherules from red-brown shale (Polkowice-Sieroszowice mine) 
Magnetite, hematite, Fe-silicides, arsenopyrite, pyrrhotite, bornite, covellite, pyrite and 
goethite were detected in a magnetic concentrate prepared from the red shale 
(Polkowice-Sieroszowice mine). Rock fragments incrustated by Fe-hydroxides, i.e. 
goethite and hydrogoethite constitute 60.45% of the sample volume. Only magnetite 
grains from several to 200 µm across were not intergrown with rock fragments and 
other minerals. Pyrrhotite spherical forms, with the diameter ranging from 2 to 25 µm, 
occur within rock fragments enriched in Fe-hydroxides. A 25 µm big pyrite framboids 
coexists with bornite. Covellite was also found in rock fragments (up to several dozens 
µm) impregnated with Fe-hydroxides (Fig. 3). 

 

Fig. 3. Forms of spherules in a magnetic concentrate from the red shale (Polkowice-Sieroszowice mine), 
reflected light, without analyser 
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The spherules from this concentrate are mainly built of Fe-silicides (Fe-spherules, 
Table 1, Fig. 3a–c), magnetite (Fig. 3d), silicates with goethite and recrystallized 
bornite framboids (Fig. 3e, Table 1). Most of the spherules (>95%) are massive (Table 
2). Porous microtexture was observed only in the magnetite spherules. In this sample 
spherical forms are dominated by the Fe-spherules with the composition of Fe5Si3 with 
minor amounts of P, Ti, Cr and Mn (Table 3). They are small, between several and 50 
µm, oval or slightly flattened, massive and relatively homogeneous as concerns their 
chemical composition (Table 3). 

Table 1. Distribution of spherule types from the red shale (Polkowice-Sieroszowice mine) 

Spherule Spherule type wt % 
Magnetite 5.41 Fe-oxide 
Silicate with goethite 8.11 

13.52 

Iron Iron (Fe-silicide) 86.36 83,36 
Sulphide Bornite 0.13 0,13 
Total 100.00 100.00 

Table 2. Distribution of microstructures in spherules from the red shale (Polkowice-Sieroszowice mine) 

microtexture, % 
Spherule type 

porous massive 
Total 

Magnetite 3.25 2.16 5.41 
Silicate with goethite – 8.11 8.11 
Iron (Fe-silicide) – 86.36 86.36 
Bornite – 0.13 0.13 
Total 3.25 96.80 100.00 

 
The silicide spherules are present in goethite aggregates or occur separately. Within 

the aggregates they occur together with magnetite, covellite and pyrite grains as well 
as silicate spherules (Fig. 4). The latter are very small and do not exceed 25 µm. The 
spherules built of bornite are of comparable size. Such forms are most probably an 
effect of recrystallization of framboids enclosed in the shale ore, which were originally 
composed of bornite. 

The magnetite spherules present in the concentrate are usually porous (Table 2). 
The core of the porous magnetite spherules is granular, while the massive spherules 
contain chromite cores (Fig. 3). 
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Fig. 4. Analyses of minerals in goethite aggregate from the red shale (Polkowice-Sieroszowice mine). 
Reflected light, without analyser. Spectra of typical X-ray radiation of  

a – magnetite grain, b – Fe-Si-spherule, c – silicate spherule, d – goethite, excitation voltage 20 kV 

Table 3. Contents of elements in Fe-silicide spherules from the red shale (Polkowice-Sieroszowice mine) 

wt % Element 
1 2 3 4 5 6 7 8 9 10 

P 3.96 2.17 2.05 1.10 0.56 3.92 0.24 2.10 0.76 0.37 
Ti 0.22 1.25 1.20 – – 0.2 0.65 1.13 – 0.63 
Cr 1.03 – – 0.99 0.55 1.05 0.65 – 1.19 0.91 
Mn 0.56 0.11 – 0.55 – 0.51 0.51 – 0.57 – 
Fe 72.49 74.12 74.65 74.64 76.27 72.53 75.13 74.66 74.86 75.27 
Si 21.74 22.35 22.10 22.72 22.62 21.79 22.82 22.11 22.62 22.82 

Spherules from Rudna tailing 
Mineralogical composition of the tailings sample from the Rudna Ore Concentrator 
differs significantly from those of the Polkowice-Sieroszowice ore. The following 
phases were recognised: (with decreasing amount) bornite, pyrite (+marcasite), 
covellite, chalcopyrite, rutile, chalcocite (+digenite), sphalerite and galenite. Minor 
amounts of rammelsbergite-safflorite, zircon and various types of spherules also 
occur. Bornite, pyrite and covellite form over 70% of ore minerals in the sample. 
Magnetite, magnetite-hematite, Fe-silicides and Fe-silicates spherules predominate 
(Table 4). Massive microtexture is far more common than porous (Table 5). 
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Table 4. Distribution of spherules in a concentrate from tailings of Rudna Ore Concentrator 

Spherule Spherule type wt % 
magnetite 81.81 Fe-oxides 
magnetite-hematite 9.09 

90.91 

Fe-silicides 4.75 Fe 
Fe-silicates 4.35 

9.10 

Total 100.00 100.00 

The size of the spherical forms (50–250 µm) is comparable to those from the 
Polkowice-Sieroszowice mine. Their surface is smooth with high metallic lustre. The 
magnetite spherules are granular and contain pores but lack discernible grain 
boundaries when their microtexture is massive (Fig. 5, Table 5). 

The amount of magnetite spherules with skeletal magnetite crystals is low and does 
not exceed 15,5 % of the total spherule number. Magnetite is often replaced by 
hematite. Martitization develops outwards if the spherule core is empty, but in the 
opposite direction if the spherule do not possess granular structure. Magnetite crystals 
display a minor admixture of Mn (<1.65 wt%). 

Table 5. Distribution of microstructures in spherules from tailings of Rudna Ore Concentrator 

Microstructure, % 
porous massive 

Total 
Spherule type 

40.91 59.09 100.00 
Magnetite 31.82 49.99 81.81 
Magnetite-hematite 9.09 – 9.09 
Fe-silicides – 4.75 4.75 
Fe-silicates – 4.35 4.35 

 

Fig. 5. Spherules in a concentrate from tailings of Rudna Ore Concentrator. Reflected light, without 
analyser: a – granular and porous magnetite spherule, b – magnetite spherules with invisible  

microtexture or of net-like texture, c – magnetite spherules with granular texture, martitization and 
silicates, d – magnetite spherules with skeletal texture, e – Fe-silicide spherule with inclusions  

of native silicon (grey) 
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Fig. 6. Analyses of mineral phases in an Fe-silicide spherule from Rudna Ore Concentrator.  
Reflected light, without analyser. Spectra of typical X-ray radiation of: a – Fe2Si3, b – FeSi,  

c – Ti crystal, d – Si crystal, excitation voltage 20 kV 

Magnetite-hematite spherules are rare in this concentrate. All of them are porous 
with highly developed net-like structure that results from martitization of magnetite. 
The spherules built mainly of native Fe or Fe with admixtures of Si show a different 
structure that is reflected by Fe-Si compounds. Their size varies from 100 to 150 µm 
and the chemical composition changes over several µm. Although the differences are 
not readily discernible in BSE images, they become pronounced in reflected light. The 
composition varies from FeSi to Fe2Si3 or from FeSi to Fe4Si9. The margins contain 
crystals of native Si or Ti (Fig. 6). Tabular-lenticular unmixing structures, present in 
central parts of the spherules, display an increase of Al and Ca (from 0 to 3.95 wt%). 
Ti concentration varies between 0 and 0.65 wt%. The spherules surface is rough 
comparing to the magnetite spherules. During polishing the silicide spherules crumble 
away along the margins. 

Discussion and conclusion 

A characteristic feature of Fe-silicides in described spherules is their occurence in 
paragenesis with native Si. The latter is an extremely rare mineral, reported from the 
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Neogene volcanic rocks found on the Mediterranean beaches, 150 km NW of Izmir, 
Turkey. It forms intergrowths with moissanite (Di Pierro et al., 2003; Robinson et al., 
2004). Native Si was also reported from volcanic rocks of Tolbachik in Kamchatka 
(Russia) and volcanic exhalations in the ophiolitic complex of Nuevo Potosí (Cuba). 
In the latter case it forms inclusions in native gold (Novgorodova et al., 1989). A 19-
80 µm big regular octahedrons of native Si are known from the Kola Peninsula and 
from the Jakutia kimberlites near Sytykanskaya, Russia (Pankov and Spetsius, 1989). 
The crystals from the Kola Peninsula occur in paragenesis with graphite, moissanite as 
well as native Fe, Au and Cu-bearing Zn (Novgorodova et al., 1989). Native Si was 
also observed as inclusions in natural SiC and native Fe (Bauer et al., 1963) as well as 
in Fe-silicides, e.g. ferdisilicide Fe3Si7 (Marshintsev, 1990).  

The samples of Permian rocks from Polkowice and Rudna belong to one ore-
bearing formation on the Fore-Sudetic Monocline. Ore minerals, mainly chalcocite, 
bornite, chalcopyrite, covellite, galenite, sphalerite, pyrite and uncommon Ni-Co 
arsenides belong to medium- and low-temperature phases. The accompanying 
spherulitic forms are characteristic for very high crystallization temperatures 
(magnetite, silicide and silicate spherules). Their shape implies surface tension 
operating during their formation and indicates liquid or gaseous conditions (Muszer, 
2007). The comparison of the textural and the elementary composition with other 
spherules described in the bibliography showed numerous analogies of the internal 
structure. Necessary high temperature may be achieved when meteoritic dust travels 
through upper parts of the troposphere. Alternatively, it may be related to magmatic 
(volcanic) terrestrial conditions. The described Fe-silicides and other magnetite and 
silicate spherules are exoclasts within the rocks sampled. 

The current research do not permit to determine unequivocally whether the Fe-
silicide spherules formed as a result of Permian cosmic dust or constitute terrestrial 
magmatic material of ultramafic provenance transported into a sedimentary basin from 
the adjacent terrain. Their co-occurrence with Fe-hydroxides resembles the position of 
suessite Fe3Si from the North Haig achondrite from South Australia (Keil et al., 1982; 
Judin and Kolomenskij, 1987). In both cases silicides are surrounded by goethite 
(originally probably native Fe) but they do not yield to oxidation themselves. The 
spherules from the Permian rocks, composed of Fe-silicides did not oxidize either 
although the process transformed the primary Fe-bearing minerals into goethite. 
Besides, crystals of native Si and Ti were detected in the silicide spherules from the 
concentrate obtained from tailings of the Rudna Ore Concentrator (Fig. 5). Such 
paragenesis in the spherules is similar to the one described from the Luobusa Cr-Fe 
ore, Autonomic Xizang Region, Tibet (Bai et al., 2007). 

The composition of silicide spherules varies from FeSi (fersilicite) to Fe2Si3 or 
from FeSi to Fe4Si9. The spherules composed of Fe5Si3 (xifengite) with admixture of 
P, Ti, Cr and Mn dominate. This composition does not allow determining their origin. 
It corresponds however to silicides reported from meteorites (Judin and Kolomenskij, 
1987; Novosielova and Bagdasarova, 1979) as well as the ones from sedimentary, 
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metamorphic and igneous rocks (Gevork'yen et al., 1969; Novosielova and 
Bagdasarova, 1979; Xiongjian, 1991; Bai et al., 2007). 
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Abstract: Physicochemical properties of different oxide systems depend mostly on the method of their 
preparation and classification, so the main aim of the study was to obtain the MgO·SiO2 hybrid in an 
aqueous solution and its calcination under assumed conditions. Research scope included evaluation of the 
effect of the basic parameters of the calcination process (time and temperature) on the structural 
properties of the final materials. Products obtained by the proposed method were thoroughly 
characterized. The chemical composition, crystalline structure, morphology and nature of the dispersion 
as well as parameters of the porous structure were established. The results of research in a decisive 
manner confirmed the possibility of designing the properties of inorganic oxide systems such as 
MgO·SiO2, which will definitively scheduled into potential directions for their use. 

Keywords: magnesium silicate, precipitation, calcination, WAXS, porous structure 

Introduction 

Naturally occurring oxide materials are the largest group of minerals that create the 
Earth's crust. They are among the most important mineral resources, both in terms of 
quantity and availability of their deposits. Such systems are becoming increasingly 
applied in terms of technological and economic development. Thanks to its unique 
physicochemical properties they are used in many industries. They have become the 
basic raw material for ceramics, paints, lacquers, plastics and bioceramics (Qiu, 2013; 
Johnson, 2004; Lu, 2012). 

Today's technology is gaining more and more interest in oxide materials obtained 
in the laboratory. Synthetic powders may have similar or quite different properties in 
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comparison to their natural substituents. The use of synthetic oxide materials is 
increasing and is a result of the ability to control and improvement of their 
physicochemical properties (Baldyga, 2012; Modrzejewska-Sikorska, 2012; 
Laurentowska, 2012; Yamagata, 2013). These properties depend mostly on the 
preparation process parameters, such as concentration of reagents, the direction and 
speed of dosing, temperature and pH. In addition, synthetic powders can be subjected 
to numerous chemical modifications, changing the spectrum of a wide range of 
application. The modification is carried out with the use of a large group of organic 
compounds which provide products with specific hydrophilic-hydrophobic properties 
and surface activity (Bhardwaj, 2012, Zhang, 2013). In addition to these processes, 
important is the final step of oxide materials classification, including thermal 
treatment (calcination). Selection of the calcination process parameters of these 
powders is important from the point of view of porous structure, hydrophilic-
hydrophobic nature, crystalline structure and dispersion characteristics (Ibrahim, 2012; 
Ren, 2013; Saruchi, 2013). 

The calcination process is generally carried out at a temperature lower than the 
melting point of the calcinated product. In various research papers the influence of 
calcination on the physicochemical properties of oxide materials was described so far. 
Choi et al. (2012) have shown that the structure of mesoporous (granular) systems of 
titanium dioxide and aluminum oxide (TiO2/Al2O3) can be easily controlled by 
calcination temperature and the ratio of reagents. The calcination was carried out at 
three different temperatures: 450, 600 and 750 °C. It was found that the higher the 
calcination temperature the pore size increases and the volume as well as the bending 
strength slightly decrease, which directly translates to surface area development. Other 
researchers (Yu, 2006) have proved that the calcination process affects morphology, 
surface area, structure and photocatalytic properties of titanium nanotubes. Titanium 
nanotubes calcinated in the temperature range 400–600 °C had a larger surface area 
and greater pore volume than the starting material. A further increase in calcination 
temperature (700–900 °C) caused a decrease in photocatalytic properties and pore 
volume, reduction of the surface area, as a result of the formation of the rutile 
structure. Mohammadi et al. (2003) conducted a study on the effect of calcination of 
kaolin used for zeolite membranes. It was found that an increase in the calcination 
temperature improves the strength properties of kaolin, which is caused by the 
formation of the two forms of the compound above 1000 °C – mullite and spinel and 
the increase in pore diameter. In other work (Guo, 2010), calcination process at four 
different temperatures (200–500 °C) and five different times (1–5 h) was realized for 
sodium silicate, in order to obtain a product characterized with the best properties for 
biodiesel production (sodium silicate acted as the solid catalyst of the transestrification 
process). The optimum calcination condition of Na2SiO3 for biodiesel production from 
soybean oil was at temperature of 400 °C and calcination duration – 2 h. In subsequent 
scientific reports Yan et al. (2010) studied the effect of temperature of calcination 
process in the production of calcium sorbents. Best results were obtained at 503 °C to 
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607 °C as a process temperature. Tangchupong and co-authors (2010) studied the 
effect of calcination temperature on the properties of sulfated zirconia – commercial 
and synthetic obtained via precipitation method. It has been shown that change in the 
calcination temperature from 450 °C to 750 °C significantly influences surface 
properties, and also the acid-base character of the surface of such systems. Using a 
commercial product in the conversion of carbon monoxide, it was found that the 
reaction rate decreases with increasing calcination temperature. For the product 
precipitated and calcinated in the temperature range of 450–600 °C, the conversion of 
CO increased, and after calcination at 750 °C it decreased. 

Calcination process is gaining importance in area of today's technology, giving 
the ability to control the physicochemical properties of calcinates (moisture content, 
sorption capacity, diameter and pore volume, surface activity, the hydrophilic-
hydrophobic character), resulting in subsequent directions of their use, despite various 
costly modifications with other compounds. 

Experimental 

Synthesis of MgO·SiO2 powder and its calcination 
The magnesium silicate powder was obtained in a process of precipitation from 
aqueous solutions of sodium silicate and magnesium sulfate, as described earlier 
(Ciesielczyk, 2011). Precipitation of MgO·SiO2 powder was realized in the QVF Mini 
Plant Pilot-Tec reactor having 10 dm3 capacity, equipped with a high speed stirrer 
(2000 rpm). Five dm3 of 5% magnesium sulfate solution was previously placed in the 
reactor. After that, the 5% solution of sodium silicate in appropriate amount was dosed 
to the reactor (1 dm3/h) using a peristaltic PP2B-15 pump. The product obtained – 
MgO·SiO2 in a form of white powder – was washed and filtrated, and then dried at 
105 °C for 24 h. The prepared powders were additionally calcinated, using a 
Controller P320 oven made by Nabertherm, at 300, 450, 600, 750, 900 and 1000 °C. 
For each of these temperatures of calcinations, the process lasted for 1 and 2 h, 
respectively. 

Physicochemical properties evaluation 
The dispersive characteristic of the MgO·SiO2 oxide material and its calcinates was 
determined using a Mastersizer 2000 apparatus made by Malvern Instruments Ltd., by 
using the laser diffraction method and measuring particles of sizes from 0.2 to 2000 
µm. The morphology and microstructure of the materials obtained were analyzed 
using a Zeiss EVO40 scanning electron microscope. The observations permitted 
evaluation of the dispersion degree, the structure of particles and their tendency 
towards aggregation or agglomeration. Moreover, the surface composition of 
calcinates (contents of Mg, Si and O) was analyzed by energy dispersive X-Ray 
spectroscopy (EDS) using a Princeton Gamma-Tech unit equipped with a prism digital 
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spectrometer. The calcinates of MgO·SiO2 were also subjected to crystalline structure 
determination using the WAXS method. The results were analyzed employing a 
XRAYAN software. The diffraction patterns were taken using a TUR-M62 horizontal 
diffractometer equipped with an HZG-3 type goniometer. The surface area ABET (BET 
method) was calculated based on data measured by low-temperature adsorption of 
nitrogen. The isotherms of nitrogen adsorption/desorption were measured at -196 ºC 
using an ASAP 2020 apparatus made by Micromeritics Instrument Co. With regard to 
the high accuracy of the instrument used (±0.0001 m2/g) the surface area values were 
rounded up to interger numbers, and the mean pore size (Sp) and total pore volume 
(Vp), calculated using the BJH algorithm, were rounded to one and two decimal places 
respectively. 

Results and discussion 

Dispersive and morphological characteristics of MgO·SiO2 calcinates 
In the first stage of study, the dispersion characteristics and morphology of the 
obtained MgO·SiO2 calcinates were established. Table 1 shows the dispersive 
parameters, and Figure 1 shows SEM images of the precipitated powder, additionally 
calcinated at different temperatures. The data indicate that the largest average particle 
diameter (25.9 µm) was in sample PB 0, that was not calcinated MgO·SiO2. The 
largest volume contribution (4.9%) in this sample is represented by the particles of 
39.8 µm in diameter. This sample contains 10% of the particles having a diameter less 
than 3.6 µm, 50% of the particles having a diameter less than 18.0 µm and 90% of 
particles smaller than 60.7 µm. The SEM image of this sample shows particles smaller 
than 10 µm, as well as the bigger ones, which directly confirms the obtained particle 
sizes (see Fig. 1a). Sample PB 7 calcinated at 750 °C, PB 3 calcinated at 450 °C and 
PB 1 calcinated at 300 °C show the most similar nature of dispersion as compared to 
the not calcinated sample, which is evidenced by the values of d(0.1) d(0.5) d(0.9) 
parameters, as well as by the average particle diameter in the range of 21.6–22.5 µm. 
The smallest particle sizes were obtained in sample PB 11 calcinated at 1000 °C. Its 
average particle diameter in hole volume of the sample is 14.8 µm. Other samples 
were characterized by similar values of individual parameters falling within the range 
of d(0.1) = 18.1–18.7 µm, d(0.5) = 12.4–13.0 µm and d(0.9) = 40.1–42.8 µm. 

Carrying out the process of calcination for 2 h, it was found that the largest average 
particle diameter in the entire volume of the sample has a powder calcinated at 1000 
°C (PB 12) – 24.6 µm. Samples characterized with the smallest particle sizes were 
those calcinated at 750 ºC (PB 8) – 12.1 µm and at 300 °C (PB 2) – 12.8 µm. Other 
samples were characterized by similar dispersion parameters (d (0.1) = 3.1–3.2 µm, 
d(0.5) = 11.3–13.7 µm and d(0.9) = 36.7–45.8 µm). The average particle diameter for 
samples PB 10, PB 6 and PB 4 are respectively 19.9, 18.8 and 16.5 µm. 

Analyzing the results concerning the characteristics of the dispersion and 
morphology it was proved that calcination process contributes to significant changes 
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in these properties. Change in the size of the particles (the nature of the dispersion)  
is determined by the temperature and time of calcination. The most significant changes 
were observed when comparing the MgO·SiO2 powder calcinated at 750 °C and 
300 °C, however, definitely the best dispersive-morphological parameters have 
calcinates obtained in a 2-hours calcination process. Experimental data are confirmed 
by Fig. 1. The scanning electron microscopy images of selected calcinates are 
analogous to the data presented in the literature concerning the thermal treatment of 
other precipitated powders (Kim, 2002). 

 

Fig. 1. SEM images of MgO·SiO2 powder (a) without calcination, (b) and (c) calcinated at 450 ºC  
and (d) and (e) calcinated at 1000 ºC for 1 or 2 h, respectively  
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Table 1. Dispersive parameters of MgO·SiO2 powder calcinated at different temperatures 

Diameter (µm) Sample 
symbol 

Calcination 
temperature 

(ºC) 

Calcination
time  
(h) D(4.3) d(0.1) d(0.5) d(0.9) 

PB 0 – – 25.9 3.6 18.0 60.7 
PB 1 300 22.2 3.4 14.8 51.8 
PB 3 450 22.5 3.4 15.0 52.9 
PB 5 600 18.7 3.1 12.4 42.8 
PB 7 750 21.6 3.2 15.2 49.6 
PB 9 900 18.1 3.1 13.0 40.1 
PB 11 1000 

1 

14.8 3.6 12.4 29.2 
PB 2 300 12.8 2.7 7.1 21.7 
PB 4 450 16.5 3.1 11.3 36.7 
PB 6 600 18.8 3.2 12.6 43.0 
PB 8 750 12.1 2.7 8.1 23.1 
PB 10 900 19.9 3.1 13.7 45.8 
PB 12 1000 

2 

24.6 5.6 20.1 50.5 

 Chemical composition of calcinates 
Table 2 shows the results of EDS analysis of the calcinates received after 1-hour 
calcination, which confirms the presence of characteristic elements present in the 
structure of MgO·SiO2 powder. The presented experimental data proved that together 
with an increase in the calcination temperature the mass contribution of magnesium 
and silicon, which are part of material structure, slightly increases.  

Table 2. Chemical composition of MgO·SiO2 powder calcinated at different temperatures for 1 h  

Mass contribution 
(%) Element 

PB 0 PB 1 PB 3 PB 5 PB 7 PB 9 PB 11 
Mg 8.02 8.12 8.08 8.27 8.32 8.45 8.56 
Si 35.59 34.55 34.72 36.88 36.87 36.99 37.99 
Na 1.29 0.89 1.05 1.10 0.98 1.11 0.97 
K 0.03 0.02 0.03 0.03 0.03 0.03 0.02 
Ca 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
O 55.06 56.99 54.88 54.32 53.86 53.08 52.34 

 
The presence in the structure of MgO·SiO2 such elements as sodium, potassium  

or calcium is a result of composition of raw materials, especially of sodium silicate 
solution, used in the synthesis process. However, the oxygen content is slightly 
reduced, which is directly associated with the constitutional water loss, released during 
calcination, especially at higher temperatures. Calcination of the powder, performed 
for 2 h, gave analogous results. 
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WAXS analysis 
In order to compare the crystalline structures of MgO·SiO2 powders calcinated at 
different temperatures for 1 and 2 h, Fig. 2 shows their XRD patterns. As a reference 
the sample of noncalcinated material was used. Analyzing collected data it was found 
that with increasing calcination temperature, regardless of time, the crystalline 
structure of the material is changing. The transition from amorphous to crystalline 
form occurs not earlier than at 750 °C. The well-defined crystalline structure was 
obtained in the case of the samples calcinated at high temperature – 1000 °C (samples 
PB 11 and PB 12), both for 1 h and 2 h. However, samples calcinated at 900 °C 
(samples PB 9 and PB 10) and 750 °C (sample PB 7 and PB 8) have not fully formed 
crystalline structure. In the case of the other samples, there was no characteristic 
diffraction peaks, indicating an amorphous structure of the tested powders. 
Identification of the diffraction patterns obtained using X-RAYAN software, 
demonstrated that the diffraction peaks for selected calcinates appear at values of 2θ 
ranging sequentially 22.06, 28.45, 31.26, 36.05 and 57.09, which clearly indicate the 
appearance of the synthetic cristobalite (SiO2) structure in obtained powders.  

 

Fig. 2. WAXS patterns of MgO·SiO2 calcinates obtained 
 for (a) 1 h and (b) 2 h calcination at different temperatures  

Analyzing the obtained results it was found that the calcination process plays  
a crucial role in changing of the crystalline structure, which is better formed at higher 
temperatures of the process. This is analogous to the calcination process of selected 
powders such as TiO2. In the case of such monoxide or its mixture (TiO2·SiO2), 
calcination temperature determines the variation of its crystalline structure. 
Calcination of these materials at temperature below 700 °C leads to anatase and the 
thermal treatment above this temperature results in forming of rutile (Lee, 2007; 
Siwińska-Stefańska, 2011). These aspects are also correlated with the properties of the 
obtained materials based on TiO2, which determines their potential directions of use. 
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Porous structure properties  
The next step was to determine the parameters of the porous structure of MgO·SiO2 
calcinates. Figure 3 shows the isotherms of nitrogen adsorption/desorption of the 
MgO·SiO2 powder calcinated at different temperatures for 1 h and 2 h. The isotherms 
indicate that the calcination process conditions have an important impact on the 
parameters of the porous structure. Significant changes were observed in the case of 
calcinates received at different temperatures of calcination process. However, no 
significant changes were noted comparing the samples prepared at the same 
temperatures but at a different time of calcination. The nature of the isotherms 
obtained indicates the mesoporous character of obtained powders. 

For not calcinated sample (PB 0) as well as for calcinates obtained at 300, 450 and 
600 °C it was observed that the amount of nitrogen adsorbed slowly increases up to 
a value of relative pressure equals 0.8. After that the amount of nitrogen adsorbed 
increases rapidly. For sample not calcinated amount of nitrogen adsorbed at p/p0 = 1 
reaches a value of 345 cm3/g. For samples calcinated at temperatures of 300, 450 and 
600 °C, this values does not differ in any significant way and are in the range of 305-
335 cm3/g (at p/p0 = 1). However, for the samples calcinated at higher temperatures, 
the difference in the amounts of adsorbed nitrogen is very large. The samples 
calcinated at 750 °C adsorbed almost half of the amount of nitrogen (210 cm3/g) than 
the not calcinated sample. The smallest amount of nitrogen adsorbed was observed in 
the case of the MgO·SiO2 samples calcinated at 900 and 1000 °C. These values were 
60, 40, 15 and 10 cm3/g, respectively. 

As in the case of amount of nitrogen adsorbed, the calcination temperature 
significantly affected the changes in the basic parameters of the porous structure, such 
as surface area and pore volume and diameter. It was noted that the surface area of 
obtained powders decreases with increasing temperature of the calcinations process. 
The largest surface area of 427 m2/g was reached for not calcinated material. 
However, the largest surface area from all of the analyzed calcinates was obtained for 
sample PB 11 – 399 m2/g. As the calcination temperature increases the surface area 
gradually decreases up to the lowest value for powders obtained after calcination of 
MgO·SiO2 at 1000 °C. The value of surface area (ABET) is 6 m2/g for the sample 
calcinated at this temperature for 1 h and 4 m2/g - calcinated for 2 h. Extension of 
calcination time resulted in a further, slight decrease in the individual parameters of 
the porous structure. Noteworthy is also the fact that the calcination temperature 
increase resulted in a decrease of the pore volume from 0.49 and 0.51 cm3/g, 
respectively, for samples PB 1 and PB 2 (calcinated at 300°C) to a value of 0.02 and 
0.01 cm3/g for samples PB 11 and PB 12 calcinated at 1000 °C respectively. 
Moreover, the pore diameter increases with increasing calcination temperature only up 
to 750 °C. Above this temperature the pore diameter changes are completely random. 

Once again, it was confirmed that the implementation of the calcination of 
MgO·SiO2 under certain conditions, led to significant changes in the physicochemical 
properties of obtained powders. As a confirmation, a number of scientific literature 
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reports can be used (Choi, 2012; Yu, 2006), which show that too high temperature of 
calcination reduces the activity of the prepared products and causes a significant 
reduction in the value of individual parameters of the porous structure. 

 

Fig. 3. Characteristics of the porous structure of MgO·SiO2 powder calcinated 
 for (a) 1 h and (b) 2 h at different temperatures 

Conclusions 

The study demonstrated that the process of heat treatment of the MgO·SiO2 powder, 
implemented via calcination, is a very effective method to change their 
physicochemical and structural properties. The dispersive characteristics of obtained 
calcinates depend mainly on the temperature and time of calcination. All powders 
were characterized with a smaller particle size as compared to not calcinated sample. 
Insignificant changes were observed while analyzing the chemical composition of the 
prepared products. The only dependency that was observed was the increase in the 
percentage contribution of magnesium and silicon in relation to oxygen in the 
structure of calcinates obtained at higher temperatures. 

Calcination of precipitated magnesium silicate at temperatures above 750 °C led to 
the formation of the crystalline structure corresponding to the structure of synthetic 
cristobalite. Formation of this structure was noted in the case of calcinates obtained 
during thermal treatment, implemented at 1000 °C, regardless of the time of 
calcination. Samples of MgO·SiO2 calcinated at temperatures below 750 °C were of 
typical amorphous form. 

A significant change in various parameters of the porous structure of obtained 
powders was also observed, depending on the calcination temperature. It was found 
that the surface area and pore volume decrease with increasing temperature of the 
process, while the pore diameter increased only for samples calcinated at temperatures 
up to 750 °C. Above this temperature changes of this parameter were completely 
random. The best parameters of the porous structure were exhibited by the system that 
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was not calcinated (ABET = 427 m2/g, Vp = 0.49 cm3/g, Sp = 4.5 nm), whereas the worst 
by MgO·SiO2 calcinated at 1000 °C (ABET = 4 m2/g, Vp = 0.01 cm3/g, Sp = 9.0 nm). 

Acknowledgements 
The study was financed within the Polish National Centre of Science funds according to decision no. 
DEC-2011/03/D/ST5/05802. 

References 
BALDYGA J., JASINSKA M., JODKO K., PETELSKI P., 2012, Precipitation of amorphous colloidal 

silica from aqueous solutions-aggregation problem, Chem. Eng. Sci., 77, 207–216. 
BHARDWAJ D., SHARMA M., SHARMA P., TOMAR R., 2012, Synthesis and surfactant modification 

of clinoptilolite and montmorillonite for the removal of nitrate and preparation of slow release 
nitrogen fertilizer, J. Hazard. Mater., 227–228, 292–300. 

CHOI J., KIM J., YOO K.S., LEE T.G., 2008, Synthesis of mesoporous TiO2/γ-Al2O3 composite granules 
with different sol composition and calcinations temperature, Powder Technol., 181, 83–88. 

CIESIELCZYK, F., NOWACKA, M., PRZYBYLSKA, A., JESIONOWSKI, T., 2011, Dispersive and 
electrokinetic evaluations of alkoxysilane-modified MgO-SiO2 oxide composite and pigment hybrids 
supported on it, Colloids Surf. A: Physicochem. Eng. Asp., 376, 21–30. 

GUO F., PENG Z.G., DAI J.Y., XIU Z.L., 2010, Calcinated sodium silicate as soil base catalyst for 
biodisel production, Fuel Process. Technol., 91, 322–328. 

IBRAHIM S.S., SELIM A.Q., 2012, Heat treatment of natural diatomite, Physicochem. Probl. Miner. 
Process., 48, 413–424. 

JOHNSON J.H., MCFARLANE A.J., BORMANN T., MORAES J., 2004, Nano-structured silica and 
silicates: new materials and their applications in paper, Cur. Appl. Phys., 4, 411–414. 

KIM D.J., HAHN S.H., OH S.H., KIM E.J., 2002, Influence of calcination temperature on structural and 
optical properties of TiO2 thin films prepared by sol–gel dip coating, Mat. Lett., 57, 355–360. 

LAURENTOWSKA A., JESIONOWSKI T., 2012, ZnO-SiO2 oxide composites synthesis during 
precipitation from emulsion system, Physicochem. Probl. Miner. Process., 48, 63–76. 

LEE C.-K., WANG C.-A., LYU M.-D., JUANG L.-C., LIU S.-S., HUNG S.-H., 2007, Effects of sodium 
content and calcination temperature on the morphology, structure and photocatalytic activity of 
nanotubular titanates, J. Colloid Interface Sci., 316, 562–569. 

LU B.-Q, ZHU Y.-J., AO H.-Y., QI C., CHEN F., 2012, Synthesis and characterization of magnetic iron 
oxide/calcium silicate mesoporous nanocomposites as a promising vehicle for drug delivery, Appl. 
Mater. Interfaces, 4, 6969–6974. 

MODRZEJEWSKA-SIKORSKA A., CIESIELCZYK F., JESIONOWSKI T., 2012, Synthesis and 
characterisation of precipitated CuO·SiO2 oxide composites, Pigm. Resin Technol., 41, 71–80. 

MOHAMMADI T., PAK A., 2003, Effect of calcinations temperature of kaolin as a support for zeolite 
membranes, Sep. Purif. Technol., 30, 241–249. 

QIU Z.-Y., NOH I.-S., ZHANG S.-M., 2013, Silicate-doped hydroxyapatite and its promotive effect on 
bone mineralization (review), Front. Mater. Sci., 7, 40–50. 

REN C., QIU W., CHEN Y., 2013, Physicochemical properties and photocatalytic activity of the 
TiO2/SiO2 prepared by precipitation method, Sep. Purif. Technol., 107, 264–272. 

SARUCHI, SURBHI, AGHAMKAR, P., KUMAR S., 2013, Neodymia-silica nanocomposites: synthesis 
and structural properties, Adv. Mater. Lett., 4, 78–81 



 Influence of calcination parameters on properties of co-precipitated magnesium silicate 129 

SIWINSKA-STEFANSKA K., PAUKSZTA D., JESIONOWSKI T., 2011, Physicochemical properties 
of TiO2/SiO2 oxide composites produced by nucleation of reaction system, Przem. Chem. 90, 1009–
1010. 

TANGCHUPONG N., KHAODEE W., JONGSOMJIT B., LAOSIRIPOJAN N., PRASERTHDAM P., 
ASSABUMRUNGRAT S., 2010, Effect of calcination temperature on characteristic of sulfated 
zirconia and it’s application as catalyst for isosynthesis, Fuel Process. Technol., 91, 121–126. 

YAMAGATA C., ELIAS D.R., PAIVA M.R.S., MISSO A.M., CASTANHO S.R.H.M., 2013, Facile 
preparation of apatite-type lanthanum silicate by a new water-based sol-gel process, Mater. Res. 
Bull., 48, 2227–2231. 

YAN CH.F., GRACE J.R., LIM C.J., 2010, Effects of rapid calcinations on properties of calcium based 
sorbents, Fuel Process. Technol., 91, 1678–1686 

YU J., YU H., CHENG B., TRAPALIS C., 2006, Effects of calcinations temperature on the micro-
structures and photocatalytic activity of titanate nanotubes, J. Mol. Catal., 249, 135–142. 

ZHANG J., GUO Z., ZHI X., TANG H., 2013, Surface modification of ultrafine precipitated silica with 
3-methacryloxypropyltrimethoxysilane in carbonization process, Colloids Surf. A: Physicochem. Eng. 
Asp., 418, 174–179. 



http://dx.doi.org/10.5277/ppmp140112 

Physicochem. Probl. Miner. Process. 50(1), 2014, 131−142 
Physicochemical Problems 
of Mineral Processing  

www.minproc.pwr.wroc.pl/journal/ ISSN 1643-1049 (print) 
ISSN 2084-4735 (online) 

 Received June 20, 2013; reviewed, accepted July 26, 2013 

THE USE OF 1-ALKYLIMIDZOLES FOR SELECTIVE 
SEPARATION OF ZINC IONS IN THE TRANSPORT 

PROCESS ACROSS A POLYMERIC INCLUSION 
MEMBRANE 

Elzbieta RADZYMINSKA-LENARCIK*, Malgorzata ULEWICZ** 

∗ Department of Inorganic Chemistry, University of Technology and Life Sciences, Seminaryjna 3, 85-326 
Bydgoszcz, e-mail: elaradz@utp.edu.pl  

** Czestochowa University of Technology, Dąbrowskiego 69, 42-201 Częstochowa, e-mail: ulewicz@onet.eu 

Abstract: The transport of Zn(II) ions from different aqueous nitrate(V) source feeding phases (cMe = 
0.001 mol/dm3, pH 6.0) across polymer inclusion membranes (PIMs) doped with 1-alkylimidazole as an 
ion carrier was reported. Alkyl substituents in position 1 of imidazole ring have an effect on hydrophobic 
properties of the carriers and the initial flux of the transported metal ions. The membranes were 
characterized by an atomic force microscopy (AFM). The results show that the Zn(II) ions could 
effectively be separated from other transition metal cations such as Co(II) and Ni(II) from different 
equimolar ion mixtures. Also, the thermal stability of PIM doped with 1-decylimidazole was studied in 
replicate experiments. The highest separation coefficients for the Zn(II)/Co(II) and Zn(II)/Ni(II) systems, 
equal to 9.4 and 11.9 were recorded for the equimolar Zn(II)-Co(II)-Ni(II) mixture for 1-hexylimidazole 
as a carrier, while using 1-decylimidazole resulted in the highest values of initial flux of the Zn(II) ions 
transport across the polymeric membrane.  

Keywords: polymer inclusion membrane (PIM), separation ions, cobalt(II), nickel(II), zinc(II), 
alkylimidazole 

Introduction 

Non-ferrous metals recovering from ores and metal-bearing wastes such as flue dusts, 
melting losses, slimes and spent technological liquors is based either on pyrogenic or 
hydrometallurgical (wet) technologies. Selection of an appropriate manufacturing 
process depends on a useful metal content. In a typical wet process, among the four 
basic technologies, i.e. leaching, phase separation, extraction of metal ions from 
aqueous solutions and deposition of the ions from the aqueous phase, of particular 
interest is separation of the ions in an aqueous solution, which has direct bearing on 
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the purity of a final product. In a modern wet process of non-ferrous metals recovery, 
separation of the ions is usually conducted by solvent extraction or ion-exchange 
(Habashi, 1999; Bartsch and Way, 1996). The separation of the non-ferrous metal ions 
in aqueous solutions or industrial waste waters in a laboratory scale is carried out 
using membrane-based techniques. A characteristic feature of liquid membranes is that 
both the extraction and re-extraction steps can be conducted simultaneously, which 
enabled the implementation of a continuous process eliminating the need of 
intermediate operations. The combined extraction-reextraction regime, also named a 
pertraction process, offers a considerable advantage, as compared to that of solvent 
extraction (Bond et al., 1999). The liquid membranes, as far as their constructional 
features are concerned, can be divided in four basic categories: thick-layer (BML), 
immobilised liquid (SCM), emulsion liquid (ELM) and polymeric inclusion (PIM) 
membranes. 

The efficiency of separation of metal ions using liquid membranes depends mainly 
on the type and concentration of the ion carriers. Commercial carriers used in 
laboratory experiments ensure the effective separation of the ions but their selectivity 
is rather poor. Therefore, new complexing reagents are sought enabling the effective 
separation of the ions from aqueous solutions. During the past few years, macrocyclic 
compounds, such as laryate ethers, calixarenes, calixcrowns and cyclodextrins were 
successfully used as the ion carriers (Ulewicz, 2001, 2008; Walkowiak and 
Kozlowski, 2009; Nghiem et al., 2006). Moreover, other organic compounds, e.g., 
imidazole and its derivatives were also used for the purpose. Imidazole (1,3-diazole) 
belongs to a class of five-member heterocyclic bases known as azoles. According to 
the Pearson’s classification, imidazole is a medium-class base with pKa of 7.14 
(Barszcz and Lenarcik, 1989). It forms stable complexes with soft Lewis acids 
(Schaekers and du Preez, 2004). The substitution of an alkyl to position 1 of the azole 
only slightly strengthens the basicity of the electron-donating nitrogen atom of 1-
alkylimidazoles (pKa = 0.0222 n + 7.165, where n is the number of the carbon atoms 
in the alkyl substituent) (Lenarcik and Ojczenasz, 2002). At the same time, the 
stability of their metal complexes is slightly enhanced. Water-insoluble 
alkylimidazoles were used for the solvent extraction of a number of metal ions, e.g., 
Co2+, Ni2+, Cu2+, Zn2+ and Cd2+ (Cuprey, 1974; Lenarcik and Barszcz, 1977, 1979; 
Lenarcik et al., 1977; Schaekers and du Preez, 2004; Lenarcik and Ojczenasz, 2004; 
Lenarcik and Kierzkowska, 2004; Lenarcik and Rauckyte, 2004; Radzyminska-
Lenarcik, 2007,2008). 1-Decylimidazole was used for extraction of Co2+, Ni2+ and 
Cu2+ from their chlorate(VII), chloride and thiocyanate solutions (du Preez et al., 
2001). Moreover, azocrown ethers and thiaazocrown ethers were also reported as the 
ion carriers of Pb2+, Zn2+, Cd2+, Ni2+ and Co2+ in the transport processes across the 
polymeric inclusion membranes (Ulewicz et al., 2007a,b, 2009), and 1-vinylimidazole 
was used for separation of the Cu2+ and Fe3+ ions (Ajji and Ali, 2010). Recently, the 
imidazole derivatives were used by Ulewicz and Radzyminska-Lenarcik (Ulewicz and 
Radzyminska-Lenarcik, 2011, 2012; Radzyminska-Lenarcik and Ulewicz, 2012a) for 
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separation of the Cu2+ ion from the equimolar mixtures in the Cu2+–Co2+–Zn2+–Ni2+ 
systems. 

A metallurgical waste is subjected to recovery processes, as far as these are 
technologically feasible and cost-effective. By the end of 2007 year, about 8.9 Tg of 
waste came from the copper metallurgy processes. The post-neutralization deposits of 
a waste-water treatment plant (80 Mg/24 hours) were found to contain 11.5% of zinc. 
Hence, our interest is zinc recovery. In the literature, there are many reports on the 
processes of zinc and other metals recovery (Beniot et al., 1996; Cuprey, 1974; 
Schaekers and du Preez, 2004). 

The present article deals with a competitive transport of the zinc(II) ions from the 
dilute aqueous solutions using PIM doped with 1-alkylimidazoles. The initial fluxes 
and selectivity coefficients of zinc(II), cobalt(II) and nickel(II) ions transport across 
PIM doped with 1-alkylimidazole from the aqueous source phase containing 
equimolar mixture of all metals are also investigated.  

Experimental 

Preparation of polymeric inclusion membranes 
The polymeric inclusion membranes (PIM) were synthesized using the following 
solutions: 1.25 g of cellulose triacetate (CTA) in 100 cm3 of dichloromethane, 10% 
plasticizer solution (o-nitrophenyl pentyl ether, o-NPPE; FLUKA) in dichloromethane 
and 0.10 mol/dm3 1-alkylimidazoles (ion carrier) (Fig.1) solution in dichloromethane. 
The carrier was synthesized using a literature procedure (Pernak et al. 1987). 

 
No      R–:  pKa 
 
1    –C6H13   7.30 
2    –C7H15   7.32 
3    –C8H17   7.34 
4    –C9H19  7.39 
5    –C10H21  7.43 
 

Fig. 1. Formulas of 1-alkylimidazoles  

To prepare a membrane, the CTA solution was mixed with the plasticizer solution 
and that of the carrier and the mixture was poured into a mould consisting of a glass 
ring (6 cm in diameter). The membrane was formed after solvent evaporation during 
12 hours at ambient temperature and subsequently it was conditioned in distilled water 
for further 12 hours. For preparation of the membrane, 2.67 cm3 of o-NPPE/1.0 g of 
CTA and 1.0 mole of 1-alkylimidazoles, based on the weight of the plasticizer, were 
used. A fresh membrane was prepared for each experiment. Highly magnified images 
of the polymeric membranes were recorded using an atomic force microscopy (AFM) 
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MultiMode instrument (Veeco) equipped with type E scanner with the maximum 
scanning area of 10 × 10 × 2.5 µm. The NanoScope IIIa and Quadrex control systems 
were employed. The equipment was operated as the atomic force microscope in the 
Tapping Mode. The HA_NC Etalon probes manufactured by NT-MDT were used and 
a resonance frequency was set at 110 KHz. In the separation process, distilled water 
(conductance of 5 µS/m) was the receiving phase. The thermal stability of the 
polymeric inclusion membranes was determined over the range of 20 – 700oC under 
nitrogen, in ceramic crucibles. An empty crucible served as a reference. The apparatus 
used was a SDT 2960 simultaneous DSC-TGA-TA instrument operated at a heating 
rate of 100C/min and a nitrogen flow rate of 100 cm3/min. The sample weight was 10 
mg throughout. 

Investigation of transport across polymeric inclusion membranes 
The following metal nitrate(V) solutions were used for preparation of the aqueous 
solutions: Zn(NO3)2, Co(NO3)2, Ni(NO3)2, and NaNO3 (all of analytical reagent grade, 
purchased from POCh, Gliwice, Poland). The transport of the metal ions across PIM 
was determined in equimolar solutions (0.001 mol/dm3  each), containing the 
following ion systems: Zn(II)–Ni(II), Zn(II)–Co(II), and Zn(II)–Co(II)–Ni(II) placed 
in a cell fitted with a membrane separating both aqueous phases (feeding and 
receiving), stirred at 600 rpm. The metal ion concentrations were determined by an 
atomic absorption spectrometry using a Solaar 939 (Unicam) spectrometer. 

The efficiency of the ionic transport was estimated using the following quantities.  
• Initial flux: 

 0 0
VJ  k c
A

= −  (1) 

where J0 is the flux at t = 0 (mol/m2s), A an effective surface area of the membrane 
(m2), V volume of the feeding phase (m3), and c0 is the initial concentration of the 
metal ion (mol/dm3). The rate constant, k (s-1) for the first-order kinetics was defined 
as: 

 
0

ln c kt
c

= − . (2) 

High correlation coefficients R2 falling in the range of 0.971–0.997 indicated a 
linear relationship of ln(c/c1) against time t. 
•  The separation factor of ions was defined as: 

 0, 1
1/ 2

0, 2

M
M M

M
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where J0, M1 and J0,M2 are initial fluxes of metal ions M1 and M2, respectively. 
• The percentage of the metal ions transport from the feeding to receiving phase, RF, 

was defined as: 

 100%i

i

c cRF
c
−

= ⋅  (4) 

where ci is the initial concentration of metal ion in the receiving phase and c is the 
concentration in that phase after time t. 

Results and discussion 

The selectivity of transport of metal ions across the liquid membranes depends both on 
physicochemical characteristics of solutions, such as the metal ion concentration in the 
feeding phase, its pH and the presence of extraneous ions, the characteristics of 
membrane and platicizer used and concentration of the carrier (Ulewicz et al., 
2007a,b; 2009; Ajji and Ali, 2010; Ulewicz and Radzyminska-Lenarcik, 2011, 2012). 
One of the crucial factors affecting the selectivity of membrane is the ion carrier  
 

Table 1. Initial fluxs, selectivity order and selectivity coefficients for competitive transport of Zn(II), 
Co(II), and Ni(II) ions across PIM doped with 1-alkylimidazole; membrane: 2.6 cm3 o-NPPE /1g CTA 

and 1.0 M carriers calculated on plasticizer; source phase: [Me(II)] = 0.001M each, receiving phase: 
deionized water. * data from Radzyminska-Lenarcik and Ulewicz (2012b) 

Carrier Metal ions J, µmol/m2⋅s SZn(II)/Me(II) 
Zn(II) 1.79 
Co(II) 0.19 1 

Ni(II) 0.15 

Zn(II) > Co(II) >  Ni(II) 
9.4        11.9 

Zn(II) 1.86 
Co(II) 0.25 2 

Ni(II) 0.20 

Zn(II) > Co(II) >  Ni(II) 
7.4        9.3 

Zn(II) 1.95 

Co(II) 0.28 3 

Ni(II) 0.24 

Zn(II) > Co(II) > Ni(II) 
6.9        8.1 

Zn(II) 2.29 

Co(II) 0.34 4 

Ni(II) 0.29 

Zn(II) > Co(II) > Ni(II) 
6.7       7.0 

Zn(II) 2.50 

Co(II) 0.39 5* 

Ni(II) 0.32 

Zn(II) > Co(II) > Ni(II)  
6.4     7.8  
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nature. Therefore, the kind of substituent at the imidazole molecule on the separation 
efficiency of the Zn(II), Co(II) and Ni(II) ions from their equimolar mixture was 
studied. The initial fluxes of ions Jo and their transportation selectivity rank orders 
depending on the carrier used are presented in Table 1. Table 1 shows that the Zn(II) 
ions are transported from the feeding to receiving phase faster than the Co(II) and 
Ni(II) ions. Irrespective of the substituent chain length, the selectivity of transport of 
the ions across polymeric membranes doped with 1-alkylimidazole declines in the 
order Zn(II) > Co(II) > Ni(II). 

This finding can be interpreted in terms of the kinetic factors involved in a complex 
formation of metal ions at the membrane/feeding phase interface. The stability 
constants of the Zn(II) complexes are higher than those of the Co(II) and Ni(II) (Table 
2). With increasing chain length from –C6H13 to –C10H21, associated with pKa increase 
of the carrier, the initial fluxes of metal ions increase, while the selectivity coefficients 
of Zn(II) against those of the remaining metals decrease. This decrease is due to faster 
increase in the transportation fluxes of remaining metals as compared with the 
increasing transportation fluxes of the Zn(II) ions. 

The differences in the transport efficiency of metal ions can be explained by 
structural features of their complexes with 1-decylimidazole. This compound forms 
Zn(II) complexes of distorted tetrahedral geometry just at the first complexation steps 
(n = 1, 2..) (Lenarcik and Kierzkowska, 2004) according to equation: 

 [Zn(H2O)6]2+ + nL  ↔ [Zn(H2O)4-nLn]2+ + (2 + n)H2O (5) 

where L denotes the 1-decylimidazole molecule. 
The tetrahedral Zn(II) complexes are more compact than the octahedral, thus there 

are more readily transported across the pores of membranes. The Co(II) ions form 
tetrahedral complexes in the 3rd and 4th complexation steps at high alkylimidazole 
concentrations (Lenarcik and Ojczenasz, 2004). Consequently, much more readily are 
formed more bulky complexes of those ions. Under these conditions, the Ni(II) ions 
form exclusively 6-coordinate species (Lenarcik and Rauckyte, 2004). 

Table 2. Comparison of stability constants βn of Co(II), Ni(II), and Zn(II) complexes  
with 1-alkylimidazoles. x denotes a number of carbon atoms in alkyl chain at position 1  

in the 1-alkylimidazoles. Data from: * Lenarcik and Ojczenasz (2004),  
** Lenarcik and Rauckyte (2004), *** Lenarcik and Kierzkowska (2004) 

log βn Co(II)* Ni(II)** Zn(II)*** 
log β1 y = 0,302x + 1,653 y = 0,161x + 2,631 y = 0,229x + 1,986 
log β2 y = 0,342x + 3,592 y = 0,164x + 5,290 y = 0,229x + 4,500 
log β3 y = 0,377x + 4,881 y = 0,164x + 7,233 y = 0,229x + 6,700 
log β4 y = 0,434x + 5,780 y = 0,166x + 8,653  
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Table 3. Kinetic parameters and selectivity factors for the transport of the metal ions across polymeric 
membranes doped  with 1-hexylimidazole (1) and 1-decylimidazole (5).  

* data from Radzyminska-Lenarcik and Ulewicz (2012b) 

Carrier Mixture Ions J, µmol/m2⋅s SZn(II)/Me(II) 
Zn(II) 1.98 

Zn(II)/Co(II) 
Co(II) 0.21 

Zn(II) > Co(II) 
9.4 

Zn(II) 2.04 
1 

Zn(II)/Ni(II) 
Ni(II) 0.19 

Zn(II) > Ni(II) 
10.7 

Zn(II) 2.65 
Zn(II)/Co(II) 

Co(II) 0.30 
Zn(II) > Co(II) 

8.8 

Zn(II) 2.67 
5* 

Zn(II)/Ni(II) 
Ni(II) 0.28 

Zn(II) > Ni(II) 
9.5 

 
The selectivity of separation of Zn(II) from binary solutions was studied during the 

transportation process across polymeric membranes doped with carriers 1 and 5, i.e. 
those exhibiting respectively the highest and lowest selectivity of separation of the 
Zn(II) ions from the equimolar ternary mixture, Zn(II) – Co(II) – Ni(II). The results 
are given in Table 3. The highest separation factor among the Zn(II)/Me(II) systems 
was 10.7 for the Zn(II) – Ni(II) pair using carrier 1 and 9.5 for carrier 5. From the 
Zn(II) – Co(II) – Ni(II) mixture, the separation efficiency for the Zn(II) ions was 
89.3% and from the binary ion mixtures it exceeded 90% (Fig. 2). By comparing data 
from Tables 1 and 3, it can be seen that the Zn(II) ions were transported most 
effectively from all the investigated mixtures. 
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Fig. 2. Transport of  metal ions from feeding phase after 24 hours, from different mixtures, during 
transport across the 1-hexylimidazole (a) and 1-decylimidazole (b) doped PIM 
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 (a) 

 
(b)

 
(c)

  

Fig. 3. 2D-view AFM images of the CTA – o-NPPE membrane (a),  
CTA – o-NPPE – carrier 1 (b), and CTA – o-NPPE – carrier 5 (c) 

 



 The use of 1-alkylimidzoles for selective separation of zinc ions in the transport process… 139 

Since, as demonstrated in many papers (Ulewicz, 2001; Nghiem et al., 2006; 
Ulewicz et al., 2007a, Arous et al., 2004a), the selectivity of transportation of metal 
ions is affected by the physicochemical characteristics of the membrane, also the 
porosity and roughness of membranes were determined. Figure 3 shows the AFM 
image of the polymeric inclusion membranes doped with 1-hexylimidazole 
(membrane b) and 1-decylimidazole (membrane c) and, for the sake of comparison, 
that of a membrane consisting of support (CTA) and plasticizer (o-NPPE) only 
(membrane a). 

The calculated mean roughness values, based on Ulewicz et al. (2009), for 
membranes 3a, 3b and 3c (surface area of 25 µm2) are respectively 6.8, 8.1 and 3.9 
nm. In Figures 3b and 3c the inclusions of organic phase are seen as large pores of 
39.9 and 35.5 nm. The degree of porosity of o-NPPE-CTA membranes doped with 
carriers 1 and 5 was 21.1 and 18.7%, respectively. 

Finally, thermal stability was examined for the membranes, which depends, among 
other things, on the polymer internal structure, its networking, presence of degradable 
aromatic and functional groups in the plasticizer and ion carrier. It was demonstrated 
(Gherrou et al. 2004, 2005; Arous et al., 2004b) that the degradation of CTA-made 
membrane occurs in two steps, the first over the range of 292–320 °C (main step) and 
the other over the range of 450–476 °C (charring of products). It was also shown that 
in thermal degradation of the CTA – o-NPOE – crown ether membranes, an additional  
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Fig. 4. TG-DTA curves for membranes: CTA-o-NPPE and CTA-o-NPPE + carrier 1,  
and CTA-o-NPPE + carrier 5 
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step emerges, which is assigned to degradation of the crown ether (ion carrier). For the 
series of crown ethers this step was recorded at 238.2 °C, 250.0 °C, 298.7 °C, and 
273.4 °C for DB18C6, HT18C6, DA18C6, and HA18C6, respectively. 

Figure 4 shows the thermograms of CTA-o-NPPE membranes with and without  
1-hexylimidazole and 1-decylimidazole. Degradation of the membranes without the 
carrier occurs in two steps. In the first one, at 203.1 oC, 73.5% loss in mass was 
recorded, and in the second, at 363.3 °C, the loss was 19.9%. For the 1-hexylimidazole 
doped membrane corresponding losses of 74.63% and 13.9% occurred at 211.3 °C and 
360.7 °C, respectively, while for the 1-decylimidazole doped membrane 
corresponding losses of 61.3% and 18.9% occurred at 227.7 °C and 358.6 °C, 
respectively. 

Conclusion 

The effective transport of the Zn(II) ions across 1-alkylimidazoles doped polymeric 
membranes was studied from both binary Zn(II) – Ni(II) and Zn(II) – Co(II) mixtures 
and ternary Zn(II) – Ni(II) – Co(II)  mixture. The selectivity of separation declined in 
the series Zn(II) > Co(II)  >  Ni(II). The initial flux of the zinc(II) transport across PIM 
increases slightly with increasing alkyl chain length of the alkyl substituent in a 
molecule of the carrier in the order:  1 < 2 < 3 < 4 < 5. The highest separation 
coefficient for the Zn(II)/Co(II) and Zn(II)/Ni(II) systems, equal 9.4 and 11.9, 
respectively,  were determined for the equimolar Zn(II) – Co(II) – Ni(II)  mixture using  
carrier 1. Application of this carrier enables also to obtain higher selectivity factors for 
the Zn(II) ions from equimolar binary systems Zn(II) – Co(II) and Zn(II) – Ni(II). 
PIMs doped 1-hexyl- and 1-decylimidazole are thermally stable up to 210oC and they 
enable separation of Zn2+ with efficiencies better than 72% and 90% respectively 
within 24 hours. 
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MONITORING OF CONTAMINATION OF COAL 
PROCESSING PLANTS AND ENVIRONMENTAL WATERS 

USING BUBBLE VELOCITY MEASUREMENTS – 
ADVANTAGES AND LIMITATIONS 
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Abstract: The paper presents fundamentals of a simple physicochemical method (SPMD) and analysis of 
results obtained when the method was applied for detection of organic contaminations (surface-active 
substances SAS) in samples of environmental and industrial waters. The method is based on 
measurements of variations of air bubble local velocities, which can be significantly changed in presence 
of surface-active contaminants. Lowering of the bubble velocity is a consequence of a motion induced 
dynamic adsorption layer (DAL) formed over surface of the rising bubble. The DAL formation retards the 
surface fluidity and the bubble rising velocity can be lowered by over 50% when the bubble surface is 
completely immobilized. We showed that the SPMD is a very sensitive tool (detection limit even below 1 
ppm) for detection of various kinds of surface-active substances (ionic, non-ionic) in water samples. On 
the basis of results obtained using precise laboratory set-up, an accuracy of the SPMD is discussed. 
Moreover, effect of inert electrolyte addition on the bubble velocity lowering and value of detection limit 
of the SPMD is discussed. Simple approach, enabling quantitative analysis of the surface-active 
contaminants in samples collected, based on “equivalent concentrations” determination, is proposed. 
Results obtained for industrial (Jankowice and Knurow coal processing plants, Jaslo Refinery channel) 
and environmental waters (Wisloka and Ropa river) are used for detailed analysis and critical discussion 
of advantages and limitations of the SPMD.  

Keywords: bubble velocity, water purity, surface-active contaminants, method of detection, adsorption 
layer 

Introduction  

Contaminations of environmental waters are caused by different areas of human 
activities, mainly industrial and domestic (households). Increasing applications of 
various detergents, washing/cleaning powders and liquids, cosmetics, pharmaceutical 
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products means also an increasing volume of municipal sewages containing various 
surface active substances. Agriculture with growing application of fertilizers, 
herbicides and pesticides, and various branches of industry, such as, for example 
petroleum, cosmetics, pulp and paper, pharmaceutical, mineral processing industries 
are also large sources of organic wastes contaminating environmental waters. 
Generally, organic substances (pollutants) show low affinity to the aqueous phase, and 
therefore adsorption at the liquid/gas interface formation of adsorption layer is a 
typical feature of all kind of surfactants and surface active substances. Certainly, the 
surface activity of various organic substances (pollutants) depends on their chemical 
structure and can differ by orders of magnitude. Nevertheless, their adsorption at the 
liquid/gas interface means that their presence in waters can be detected through 
measurements of velocity of the rising bubble, which is highly affected by formation 
of the adsorption layer over the bubble surface.  

The bubble velocity is very sensitive to presence of surface active substances 
(SAS) in water since the adsorption layer formed over surface of the rising bubble 
retards fluidity of the bubble surface (Levich, 1962). In clean water, devoid of any 
SAS, the bubble surface is fully mobile, and therefore its velocity is higher than that of 
a solid sphere of identical density and diameter, which surface is immobile (no-slip 
conditions). This is clearly seen comparing the predictions of the Hadamard–
Rybczynski theory (motion of bubbles and drops in pure liquids under creeping flow 
conditions) and Stokes law (motion of solid particles under creeping flow conditions). 
Under creeping flow conditions (Reynolds number, Re < 1) the bubble and drop 
velocity is 50% higher than velocity of a rigid sphere of the same diameter and density 
difference. At higher Reynolds number the bubble surface immobilization by the SAS 
adsorption caused similarly high lowering velocity of the rising bubble (Clift et al., 
1978; Sam et al., 1996; Bel Fdhila and Duineveld, 1996; Zhang and Finch, 1996; 
Ybert and di Meglio, 1998; Ybert and di Meglio, 2000; Liao and McLaughlin, 2000; 
Zhang et al., 2001, Krzan and Malysa, 2002ab; 2009; 2012; Krzan et al., 2004; 2007; 
Malysa et al., 2005; 2011).  

Degree of adsorption coverage of the bubble, formed in SAS solutions at a 
capillary orifice, is determined by the adsorption kinetics and velocity of the bubble 
surface growth. The equilibrium adsorption coverage over the bubble surface is 
attained only, when the adsorption kinetics is faster than the rate of bubble surface 
growth. Nevertheless, independently if there was or was not the attained equilibrium 
adsorption coverage, the adsorption coverage over surface of the detaching bubble is 
uniform. When the bubble starts to float then a non-uniform distribution of the 
adsorbed molecules, called dynamic adsorption layer (DAL), starts to be formed over 
surface of the rising bubble (Levich, 1996; Dukhin et al., 1995; Dukhin et al., 1998, 
Zholkovskij et al., 2000; Malysa et al., 2005 and 2011; Krzan et al., 2007) as a result 
of the viscous drag exerted by fluid on the moving bubble. Formation of this dynamic 
structure of the adsorption layer means that the adsorption coverage is much lower at 
the upstream pole of the moving bubble than at the rear pole. This difference in 
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adsorption coverage means induction of the surface tension gradients over the bubble 
surface, which - depending on degree of adsorption coverage (Dukhin et al. 1995; 
Levich, 1996; Dukhin et al., 1998: Zholkovskij et al., 2000; Krzan and Malysa, 
2002ab) cause either partial or a complete immobilization of the bubble surface. As 
showed elsewhere (Krzan and Malysa, 2002ab; 2009; 2012; Krzan et al., 2004; 2007; 
Malysa et al., 2005; 2011) the degree of adsorption coverage needed for complete 
immobilization of the bubble surface varies for different surface active substances, but 
generally is rather low, a few percent in the case of non-ionic surfactants and up to ca. 
30% for ionic SAS. On the other hand, the time of the DAL formation depends on 
concentration of SAS solutions. It needs to be underlined here that, as even traces of 
surfactant can lower the bubble velocity, monitoring the bubble motion in waters can 
be used as sensitive tool for detection of surface active contaminations. Loglio et al. 
(1989) were probably the first who applied measurements the time of bubbles rising at 
different heights of the column for detection surfactants presence in water. They 
pointed out that the velocity of the rising bubbles (2–3 mm diameter) decreased when 
an amount of surfactant increased. Recently, Zawala et al. (2007) carried out 
systematic studies on influence of various contaminants on the bubble rising velocity 
and proposed a simple physicochemical method (SPMD) for detection of organic 
contaminations in water. The details of the SPMD are described below.  

The paper analyses possibilities, advantages and limitations of application of the 
bubble velocity measurements in monitoring presence and concentration of organic 
contaminants in environmental and industrial waters. Influence of ionic and nonionic 
surface active substances on motion of the rising bubble and the experimental data 
obtained for samples collected in two polish rivers (Zychowska, 2012) and in water 
circulating system of the coal processing plants (Malysa et al., 2009) are presented and 
discussed.  

Experimental 

The bubble velocity measurements were carried out using the precise laboratory set-
up, called here Moticam-2000 and the SPMD set-up elaborated, described in details by 
Zawala et al. (2007). The Moticam 2000 set-up described in details by Krzan and 
Malysa (2002a) consists of the following main elements (Fig. 1, right): i) a square 
glass column of cross section 40x40 mm with the capillary of inner diameter 0.075 
mm, ii) syringe pump for gas supply with high precision control of the flow rate, iii) 
stroboscopic illumination system, and Moticam-2000 CCD camera coupled with PC 
computer for the images recording, and iv) image analysis software. The bubble local 
velocity was determined as 

 
2 2

2 1 2 1( ) ( )i i i ix x y y
U =

t
+ + + +− + −

∆
, (1) 
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where (xi+2, yi+2) and (xi+1, yi+1) are the coordinates of the subsequent positions of the 
bubble bottom pole and ∆t is the time interval between stroboscopic lamp flashes. In 
majority of the experiments ∆t is equal to 0.01 s. The bubble terminal velocity was 
calculated as an average for distances, where values of the bubble local velocity 
started to be constant. In distilled water, the bubble formed at the capillary used in the 
experiments had the radius of 0.74 mm.  

 
 

Fig. 1. Sketch of the Moticam 2000 and SPMD set-ups 

Simplicity of measurements and low cost of the experimental set-up were the main 
aims of elaboration of the simple physicochemical method for detection (SPMD) of 
organic contaminants in water (Zawala et al., 2007). The SPMD set-up (Fig. 1, left) 
consists of: i) a long (ca. 1600 mm) glass tube with the glass capillary sealed at the 
bottom, ii) a stop-watch, and iii) air supply system with a controlled flow rate. We 
used either a compressed air container with a precise valve or the syringe pump. 
Single bubbles were formed at the capillary orifice with time interval above 10 s 
between each subsequent bubble. The time of bubble passage of the distance 140 mm 
(ti) was measured manually using stop-watch. The choice of this measurement 
distance is a compromise between a convenience of the bubble observation and 
compactness of the set-up. When the time intervals are determined manually using the 
stop-watch, then we should have long distance of the bubble passage to measure the 
time values with a satisfactory accuracy and precision. To increase the precision of 
determination, the measurements were repeated at least 20 times (the passage time of 
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20 bubbles was measured and the average value was calculated for every sample). The 
time interval (ti) was started to be measured when the bubble was passing the point 
marked 60 mm above the capillary orifice, i.e. after acceleration period of the bubble 
motion (Krzan et al., 2007; Zawala et al., 2007) and the bubble velocity (Ui) was 
determined as: 

 140
i

i

U =
t

. (2) 

Results and discussion 

Sequences of images of the bubbles rising in 3·10–5, 1·10–4 and 3·10–3M sodium n-
dodecyl sulfate (SDDS) solutions are presented in Fig. 2. Figure 2 shows the bubbles 
motion immediately after detachment (acceleration stage of the rising bubble motion) 
and at the distance L=30 cm from the capillary. The experiments were carried out 
under identical frequency of stroboscopic illumination (100 Hz), therefore the photos 
clearly illustrate the following features of the bubble motion: i) the detached bubble 
increases rapidly its rising velocity, ii) at distance L = 30 cm the bubble velocity seems 
to be constant (does not change with distance), iii) with increasing the SDDS 
concentrations the bubble velocity decreases, iv) spherical bubbles formed at the 
capillary orifice started to be deformed immediately after their detachment, and v) 
degree of the bubble shape deformation was decreasing with the SDDS concentration.  

Figure 3 (left) presents quantitative data on influence of the SDDS concentration 
on the bubble local velocities. A similar data for Persil (a popular washing powder 
used in Polish households) as an comparison are given in Fig. 3 (right). It needs to be 
underlined, that the washing powder Persil is a commercial product and similarly as 
all commercial detergents it is not a well-defined surfactant but a “formulation”, that is 
a mixture of ionic and non-ionic surfactants containing many different additives. We 
carried out measurements to check if the bubble velocity is changing in similar way in 
Persil solutions as in solutions of well-defined ionic and non-ionic surfactants. The 
general features of the bubble local velocity profiles (Fig. 3) show that variations of 
the bubble local velocities with distance are similar for the SDDS and Persil solutions. 
Immediately after detachment, the bubbles velocity monotonically increases and far 
away from the capillary, a tendency to attain a constant value (terminal bubble 
velocity) can be noted for all concentrations of SDDS and Persil solutions. Moreover, 
at low concentrations of SDDS and Persil there are maxima on local velocity profiles. 
As it was already showed before (Krzan et al., 2004; Malysa et al., 2005 and 2011; 
Krzan et al., 2007), the occurrence of the maximum on the local velocity profile 
indicates that dynamic architecture of the adsorption layer (DAL), causing 
immobilization of the bubble interface as a result of the surface tension gradients 
inducement, was not established during the acceleration stage of the bubble motion. 
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Fig. 2. Sequences of photos (3 pairs) showing rising bubbles in SDDS solutions, immediately  
after detachment (left side sequences) and far away (30 cm) from the capillary.  

Time interval between the stroboscopic lamp flashes ∆t = 0.01 s 

 
Fig. 3. Bubble local velocities as a function of distance in SDDS (left)  
and Persil washing powder (right) solutions of different concentrations 

The influence of electrolyte concentration on the bubble velocity in solutions of 
ionic and nonionic surface active substances is compared in Figs. 4 and 5. Sequences 
of photos presented in Fig. 4 illustrate that addition of inert electrolyte (NaCl) had 
practically no influence on the bubble velocity (L = 30 cm) in 2·10–4 M n-hexanol 
solution (non-ionic surface active substance) and caused a significant lowering the 
bubble velocity in 3·10–5 M SDDS solution (anionic surfactant). It needs to be 
underlined that without ionic surfactant presence, the bubble velocity in 0.05 M NaCl 
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solution is identical as in distilled water (Krzan and Malysa, 2012). Thus, the 
electrolytes affect the bubble velocity in solutions of ionic surfactants through 
variation of their adsorption at the bubble surface and /or their surface activity and 
dissociation degree. 

 
 

Fig. 4. Sequences of photos (2 sets) showing the influence of electrolyte  
on bubble motion in 3·10-5 M SDDS and 2·10-4 M n-hexanol solutions far away (30 cm) 

 from the capillary. Time interval between the stroboscopic lamp flashes ∆t = 0.01 s 

 
 

Fig. 5. Influence of electrolyte on the bubble local velocity profiles 
 in 3·10–5 M SDDS and 2·10–4 M n-hexanol solutions 
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Figures 5 shows influence of NaCl concentration on profiles of the bubble local 
velocity in 3·10–5 M sodium dodecyl sulfate SDDS (left) and 2·10–4 M n-hexanol 
(right) solutions. It can be seen that the bubble local velocity profile in n-hexanol 
solution does not depend on concentration of the electrolyte added. The picture is 
completely different in the case of the 3·10–5 M SDDS solution. Addition of 0.05 M 
NaCl resulted in lowering of the bubble terminal velocity by ca. 50%, from 31.4±0.6 
(no electrolyte) to 14.6±0.5 cm/s (0.05 M NaCl). The bubble velocity profiles in 3·10–5 

M SDDS solution were significantly affected even in the presence of much smaller 
(0.01 and 0.001M) NaCl concentrations (Fig. 5 left). Influence of inert electrolyte and 
pH on parameters of the rising bubble motion in solutions of sodium n-alkylsulfates of 
different hydrocarbon chain length was studied earlier by Krzan and Malysa (2009, 
2012) and it was concluded that electrolyte affected the bubble motion through its 
influence on state of the dynamic adsorption layer formed over surface of the rising 
bubbles. It is rather well known and documented in the literature (Kalinin and Radke, 
1996; Warszynski et al., 1998, 2002; Adamczyk et al., 1999ab; Para et al., 2005; Jarek 
et al., 2010) that addition of electrolyte can increase adsorption of ionic surfactant. For 
example in the case of the SDDS solutions, the surface tension isotherm can be shifted 
towards lower concentrations by more than order of magnitude (Warszynski et al., 
1998). This effect is related to neutralization of the surface charge of adsorbed ionic 
surfactant molecules by counter ions adsorbed in the stern layer. In other words, the 
electrolyte presence caused that the SDDS adsorption coverage at the bubble surface 
was increased, and therefore fluidity of the bubble surface was retarded in a higher 
degree. It should be added here, that at more concentrated SDDS solutions the 
influence of electrolyte presence is much smaller and disappears, when the SDDS 
adsorption coverage is high enough for a complete retardation of the bubble surface 
mobility (Krzan and Malysa, 2009, 2012). We would like to underline here that data 
presented in Fig. 5 clearly show a possibility of checking and distinguishing if samples 
of the contaminated waters contained ionic, nonionic and/or mixtures of ionic and 
nonionic surfactants and/or formulations. For this purpose the appropriate experiments 
and analysis of influence of the electrolyte and/or pH on the bubble velocity would 
have to be carried out.  

Figure 6 presents the bubble velocities in samples of waters from rivers in Jaslo 
region and the Jaslo Refinery Channel (JRC). The bubble velocity in the Wisloka 
river, upstream of the Jaslo Refinery Channel (JRC) inlet was 32.5±0.5 cm/s, that is 
practically identical as in Krakow tap water. Waters in the Jaslo Refinery channel 
contained a lot surface active substances (organic contaminants) since the bubble 
average velocity was only 15.4±0.2 cm/s in these waters. Therefore, in the Wisloka 
waters sample collected below the JRC inlet, the bubble velocity decreased to 
31.3±0.5 cm/s. As the waters of the Ropa river were of similar quality so the bubble 
velocity in water samples from Wisloka below the Ropa inlet did not change.  
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Fig. 6. Bubble velocity in samples of waters 
 from Jaslo region – Wisloka and Ropa rivers, Jaslo Refinery Channel 

Figure 7 presents the bubble velocities in samples collected at different points of 
the water circulation systems in Knurow and Jankowice Coal Processing Plants 
(Malysa et al., 2009). The bubble terminal velocity in Krakow tap water as 
comparison is also given. The bubble velocities in all samples from Knurow and 
Jankowice Coal Processing Plants were significantly lower than in tap water. The 
bubble velocities in samples from the Jankowice Plant were systematically much  
 

 
Fig. 7. Bubble velocity in various points of water circuits 

 of the Jankowice and Knurow Processing Plant 
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lower than in the Knurow samples. It shows that waters of the Jankowice water 
circulating system contained more surface active substances (flotation reagents used in 
the plant). The water prior flotation sample (Fig. 7, W_p-flotation) was collected in 
the Jankowice Plant before the flotation reagents were added to the flotation feed, 
while in the case of the Knurow Plant after the reagents addition. This is immediately 
reflected in the bubble velocities measured. In the case of the Knurow samples the 
bubble velocity was the lowest in water prior flotation because of addition of the 
flotation reagents. These data clearly show that the bubble velocity measurements can 
be used as a simple method for monitoring presence and variations of the flotation 
reagents concentration in industrial water circulating systems. 

The bubble velocity is highly dependent on concentration of surface active 
substances, especially at their lowest concentrations. It is very advantageous since it 
makes possible detection of even traces of surface active substances in environmental 
and industrial waters. On the other side, however, there is no a unique dependence and 
for different the SAS the bubble velocity variations with solution concentration can be 
quite different (Malysa et al., 2005, 2011) and this is the main difficulty in converting 
the bubble velocity variations into contaminants concentration. Therefore, a reagent 
“X” or commercial products “Y”, “Z”, etc. needs to be chosen as a “model pollutant” 
and used for calibration. Then, the concentration of waters contaminants can be 
expressed as the “equivalent concentration of “X”, “Y” or “Z”. Zawala et al. (2007) 
proposed to use the commercial detergents “Ludwik” (washing liquid) and “Vizir” 
(washing powder), widely used in Polish household, as the “reference detergents” for 
environmental waters. Montanol and Flotanol, which are mixtures of higher alcohols 
and esters (Malysa et al., 2009) are the flotation reagents used in Polish coal 
processing plants therefore, they were chosen as the “reference reagents” for the 
Knurow and Jankowice water circulation systems.  

Figure 8 shows dependences of the bubble velocity on concentration of Ludwik, 
Vizir, Montanol and Flotanol solutions. From Fig. 8 it can be seen that the 
dependences of the bubble velocity on Montanol and Flotanol solution concentration 
are almost identical and quite different from that ones for Ludwik and Vizir. The 
highest surface activities were observed for Flotanol and Montanol, while the lowest 
for the Vizir washing powder. The relation between the average bubble velocity Uav, 
concentration of surface active reagent c was used to fit experimental data obtained for 
Ludwik, Vizir, Flotanol and Montanol solutions: 

 expav
QU = P

c+ R
⎛ ⎞
⎜ ⎟
⎝ ⎠

, (3) 

where P, Q and R are fitting parameters (Fig. 8). The values of fitting parameters 
obtained for these “reference reagents” are collected in Table 1. The values of these 
parameters are very similar for Montanol and Flotanol since these reagents lower the 
bubble velocity in a similar way and at similar concentrations.  
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Rearrangement of Eq. 3 gives relation:  

 (ln ln )
ln ln

av

av

Q R U Pc =
U P

− −
−

, (4) 

which can be used to express the degree of environmental and industrial waters 
contaminations in a concentration scale (as equivalent concentration of either Ludwik, 
or Vizir, or Montanol, or Flotanol). When the bubble velocity measured in industrial 
and/or environmental waters is 15–16 cm/s, the samples should be diluted in the 
controlled manner, because such low velocity value means that the bubble surface was 
completely immobilized, and therefore the bubble velocity stopped to be dependent on 
SAS (contaminants) concentration (Malysa et al., 2011). Thus, to determine real 
concentration of contaminants in such samples, the bubble velocity measurements 
should be carried out as a function of the sample dilution.  

 
 

Fig. 8. The bubble velocity as a function of Ludwik (▲),Vizir (∆), Montanol (◊) and Flotanol (♦) 
concentration. Lines are the exponential function (Eq. 3) fitted to Ludvik, Vizir and Montanol 

experimental data 

Table 1. Values of the parameters P, Q, R obtained from fitting Eq. 3 to experimental data 

Surfactant P [cm/s] Q [g/dm3] R [g/dm3] 
Montanol 15.4 1.97·10-4 2.6·10-4 
Flotanol 15.4 1.3·10-4 1.7·10-4 
Ludwik 15.6 6·10-4 7.4·10-4 

Vizir 14.2 1.8·10-3 2·10-3 
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Figure 9 shows dependences of the bubble velocity on dilution of the Jaslo 
Refinery Channel (JRC) and Jankowice waters after filtration. Table 2 presents 
contaminations degree of the environmental and industrial waters calculated using the 
fitting parameters collected in Table 1. The results clearly illustrate possibilities and 
some limitations of application of the bubble velocity for monitoring presence and 
concentration of surface active contaminants in environmental waters. The proposed 
method is very sensitive and enables detection even traces of organic contaminants in 
environmental and industrial waters.  

 
 

Fig. 9. The bubble velocity in diluted samples of JRC waters  
and Jankowice waters after filtration (lines added to guide the eye) 

Table 2. Concentration of contaminants in environmental and industrial waters expressed in units  
of equivalent concentrations of Ludwik, Vizir and, Flotanol and Montanol 

Sample Ludwik 
mg/dm3 

Vizir 
mg/dm3 

Flotanol 
mg/dm3 

Montanol 
mg/dm3 

Distilled water 0,00 0,00 0,00 0,00 
Tap water 0,07 0,16 0,00 0,00 
Wisloka r. before oil renifery 0,08 0,17 0,00 0,00 
Wisloka r. after oil renifery 0,12 0,28 0,01 0,02 
Ropa 0,11 0,26 0,01 0,02 
Knurow coal mine – water circulating 0,25 0,57 0,04 0,06 
Knurow coal mine – water prior flotation 0,46 1,03 0,08 0,12 
Knurow coal mine – water after filtration 0,20 0,46 0,03 0,04 
Jankowice coal mine – water circulating 4,75 6,86 0,89 1,35 
Jankowice coal mine – water prior flotation 3,81 5,97 0,73 1,10 
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In the case of nonionic surface active substances the detection limit can be even 
below 0.1 ppm (Table 2 for Flotanol and Montanol equivalent concentrations). When 
waters are contaminated by unknown mixtures of the ionic and non-ionic surface 
active substances, then the detection limit is shifted to higher concentrations, but this 
is still within the concentration range below 1 ppm, as can be observed in Table 2 
(equivalent concentrations of Ludwik and Vizir). Moreover, the method is reliable, 
quite simple and non-expensive. In the measurements there is no need to add or use 
any additional reagents, and this is a big advantage of the simple physicochemical 
method SPMD. The SPMD can be especially useful for quick and direct controlling of 
variations of reagents concentration in different points of the industrial water 
circulating systems. On the other side, one should remember that the method can 
express a contamination degree only by means of the units of equivalent 
concentrations of some reference detergent after careful calibration.  

Conclusions 

The measurements of velocity variations of the rising bubbles was successfully 
applied for detection of organic (surface active) contaminants presence in 
environmental and industrial waters. The simple physicochemical method (SPMD) 
elaborated is based on measurements of variations of rising bubble average velocity. It 
was shown how highly dependent is the bubble velocity on presence of surface active 
substances (SAS), especially at their lowest concentrations. The bubble velocity is a 
very sensitive tool for detection of even traces of organic contaminant, because its 
detection limit of the SAS presence is lower by over order of magnitude than in the 
case of the surface tension measurements. The SPMD set-up is simple and non-
expensive and easy to operate even under field conditions. It was shown that the 
SPMD method enables, when applied properly, to detect the SAS presence in 
concentrations, even below 1 ppm. The method can be especially useful for quick and 
direct controlling of variations of reagents concentration in different points of the 
industrial water circulating systems. Additionally, it was shown that by addition of 
inner electrolyte, the type of the surface active contaminant (ionic, non-ionic) can be 
distinguished.  

The bubble velocity is highly sensitive to presence of any surface active substance 
and this is simultaneously a big advantage of the SPMD and difficulty in converting 
the bubble velocity variations into a contaminant concentration. The method of 
converting the bubble velocity variations into contaminants concentration expressed in 
terms of “equivalent concentrations of a “model contaminant” is described and it 
advantages and limitations are evaluated.  
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ASSESSMENT OF COAL SLURRY DEPOSITS ENERGETIC 
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Abstract: Coal-slurries and post-flotation mud have the highest carbon content among other mine waste 
produced during coal mining and preparation. Therefore, coal slurries deposited in impoundments can be 
regarded as potential fuel. In the article methods of energetic potential assessments of raw and 
beneficiated coal slurry deposits were discussed. Results of such assessment for 21 impoundments were 
presented and the loss of energetic potential due to the imperfection of beneficiation method was 
discussed. The lowest losses were observed for beneficiation by froth flotation where the loss of energetic 
potential was on average 15%. The highest loss was observed for beneficiation in centrifugal separators 
where on average it was 68%. Possible paths of utilization of such slurries in Polish national fuel balance 
were studied using the SWOT analysis. The results of the SWOT analysis indicate that the internal 
factors, i.e. the ones related to the coal slurry processing technology have much lower impact on the 
possibility of using coal slurry deposits in the national fuel balance. Instead, according to the experts, 
external factors have much greater impact. 

Keywords: coal slurry, tailings, beneficiation, SWOT analysis, fuel 

Introduction 

Fine grained tailings such as coal-slurries and post-flotation mud have the highest 
carbon content among other mine wastes produced during coal mining and preparation 
(Niedoba 2013, Lutynski and Szpyrka 2011, Blaschke 2005). Therefore, it is crucial to 
find an effective method to utilize their energetic potential, which is contained in the 
coal slurry deposits. Usually, coal-slurry beneficiation or direct utilization by 
combustion in fluidized-bed boilers is considered. 

Current beneficiation methods allow obtaining fine-grained high quality coal 
products (Lutynski and Blaschke 2009, Lutynski 2009, Taoa 2002). Nevertheless, 
tailing still contains some carbonaceous matter, which is inevitable despite the 
application of modern beneficiation methods. We performed investigations focused on 
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the possibility of coal slurry beneficiation by several methods. The results were 
described elsewhere (Szpyrka and Lutynski 2012). The applied methods included: 
• centrifugal separation with the use of hydrocyclone classifier-separator and 

centrifugal separator, 
• wet gravity separation with the use of Reichert spiral separator LD4, 
• physicochemical method – flotation. 

Application of each method resulted in the increase of calorific value of the 
concentrate in comparison to the raw coal-slurry deposited in impoundment where it 
was sampled. However, every single method resulted in the loss of energetic potential 
due to the fact that the coal matter was not completely separated from the tailing. 

Determination of coal slurry deposits energetic potential  

The basic quality (Lutynski et al. 2013) and quantity (Witkowska-Kita et al. 2012) 
analysis of coal slurries were performed allowing initial assessment of energetic 
potential of these deposits. In order to determine the energetic potential of the coal 
slurries an assessment algorithm was developed. Two options of energetic potential 
assessment were proposed. The first one gives a rough estimate of energetic potential 
of coal slurry deposit (impoundment) and is calculated taking into account the 
following factors: 
• estimated mass of coal slurry in the impoundment, 
• average calorific value determined, based on the qualitative investigation of 

samples collected from the impoundment. 
These data serve as the approximate estimation of energetic potential which is 

commonly reported in qualitative studies. It is important information but for a more 
detailed knowledge regarding the coal slurry deposit it is necessary to give a range of 
energetic potential uncertainty. Therefore, in addition to the mean energetic potential, 
the upper and lower limits are given based on the standard deviations of calorific 
values in each test. It is known from the probability theory that 68% of the values (for 
normal distribution) are within the standard deviation from the mean, i.e. values of 
individual samples. The normal distribution pattern was observed for calorific values 
at individual impoundment. Therefore such an assumption was made (Grudzinski 
2005). Thus, average energetic potential of individual coal slurry deposit 
(impoundment) for as received or in analytical state can be calculated using the 
following formula: 

 Eavg = M Qa
avg ⋅ 10–3 (1) 

where Eavg denotes mean energetic potential of the coal slurry deposit (impoundment) 
in GJ, M estimated mass of coal slurry in the deposit in Mg, Qa

avg mean calorific value 
in the analytical state in kJ/kg determined by qualitative tests of individual samples 
collected from the impoundment. The Qa

avg value can be estimated using the formula:  
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Formulas for calculation of the maximum (Emax) and minimum (Emin) coal slurry 
deposit energetic potential, in GJ, are: 

 Emax = M (Qa
avg + SQ) ⋅ 10–3 (3) 

and 

 Emin = M (Qa
avg – SQ) ⋅10–3 (4) 

where SQ is a standard deviation of calorific value calculated using the following 
formula: 
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Results of calculations for the 21 impoundments are presented in Table 1. 

Table 1. Energetic potential of coal slurry deposits at analytical state  

Energetic potential at analytical state Estimated 
mass 

Average 
calorific 

value 

Calorific value 
standard deviation Average Maximum Minimum Impoundment 

Mg kJ/kg kJ/kg GJ GJ GJ 
K13 1 000 000 15 096 1509 15095667 16604265 13587068 
K14 300 000 15 646 830 4693800 4942657 4444943 
K12 1 000 000 14 813 581 14812667 15393327 14232006 

K18/1 100 000 9 325 2052 932547 1137768 727326 
K18/2 100 000 10 073 2747 1007325 1281976 732674 
K11/1 640 000 13297 2413 8509964 10054237 6965690 
K3/1 1 521 000 9265 3498 14092825 19413371 8772280 
K3/2 176 000 14877 5976 2618308 3670019 1566597 
K2 1 117 000 12304 2803 13743987 16874910 10613064 

K17 155 000 22807 1538 3535074 3773403 3296745 
K1 153 000 23293 1444 3563810 3784749 3342871 

K4/1 345 600 22941 590 7928525 8132297 7224753 
K4/2 163 000 15813 937 2577600 2730378 2424822 
K4/3 460 000 20829 2065 9581173 10530941 8631404 
K5/1 130 000 12051 1504 1566590 1762060 1371119 
K5/2 228 000 17802 5351 4058928 5279050 2838807 
K5/3 106 000 19402 646 2056612 2125131 1988132 
K5/4 102 000 20351 844 2075761 2161898 1989625 
K11/2 176 000 19672 767 3462345 3597362 3327329 

K6 236 000 18887 1834 4457435 4890353 4024518 
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The other option of coal slurry deposit energetic potential assessment is more 
detailed and requires data such as the type of coal slurry and method of its 
beneficiation. The energetic potential is calculated taking into account the following: 
• mass of coal slurry in the impoundment, 
• concentrate yield of beneficiation method, 
• average calorific value of concentrate from technological tests. 

In order to compare different beneficiation methods it was decided to estimate the 
energetic potential at analytical state. The average energetic potential of impoundment 
is calculated with the following formula: 

 310

a
avg

avg

Q
E MU=  (6) 

where Eavg is the mean energetic potential of the coal slurry deposit (impoundment) in 
GJ, M estimated mass of coal slurry in the impoundment in Mg, Qa

avg denotes average 
calorific value of concentrate at analytical state determined in qualitative tests for 
individual beneficiation method in kJ/kg, U concentrate yield at technological test of 
beneficiation. 

The energetic potential of coal slurries in deposits (impoundments) beneficiated 
with the use of four methods in comparison with the raw coal slurries energetic 
potential is presented in Table 2. Due to the fact that methods are not ideal, the loss of 
energetic potential (S) due to the beneficiation was calculated. 

Coal slurry utilization analysis 

Analysis of possible utilization paths of coal slurry deposits was performed with the 
use of the SWOT analysis. The SWOT analysis is a tool to evaluate planned process in 
order to optimize the strategy of reaching the objective. The main objective of analysis 
is to identify the current status of the process and its perspective which leads to the 
best possible strategy. The SWOT analysis takes its name from the abbreviations of 
the following:  
• strengths – characteristics of the project that give it an advantage over others, 
• weaknesses – are characteristics that place the project at a disadvantage relative to 

others, 
• opportunities – elements that the project could exploit to its advantage, 
• threats – elements that could cause trouble for the project. 

The analysis is based on the identification of four group of factors, description if 
their impact on the further development and management of operations in order to 
improve the strategy or introduce often radical changes. In the SWOT analysis it is not 
required to describe and distinguish the factors but to point out key elements on which 
the analysis is performed. In further stages, a fixed-point scale is established where 
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Table 2. Energetic potential of raw coal slurry at each deposit (impoundments)  
and after beneficiation using four methods. The loss of potential is denoted as S

 Hydrocyclone Centrifugal separator, 150 g/l Reichert spiral separator, 400g/l Flotation, flotation agent # 2 
Eavg U Qr

avg Eavg S U Qa
avg Eavg S U Qa

avg Eavg S U Qa
avg Eavg S 

Impoundment 

GJ – kJ/kg GJ % – kJ/kg GJ % – kJ/kg GJ % – kJ/kg GJ % 
K13 15095667 0,47 18121 8516870 44 0.23 18916 4350680 71 – – – % – – – – 
K14 4693800 0,56 20362 3420816 27 0.36 20654 2230632 52 0.29 18825 5459250 64 – – – – 
K12 14812667 0,50 17281 8640500 42 0.10 22042 2204200 85 0.41 20271 2493333 47 – – – – 

K18/1 932547 0,50 9295 464750 50 – – – – 0.18 21523 3874140 74 – – – – 
K18/2 1007325 0,60 8576 514560 49 – – – – 0.04 21042 92585 90 – – – – 
K11/1 8509964 0,51 15990 5219136 39 0.04 21043 538700 94 – –   – – – – 
K3/1 14092825 0,57 16277 12377730 12 0.14 25840 5502369 61 0.15 20760 1992960 77 – – – – 
K3/2 2618308 0,63 12027 1333553 49 – – – – 0.23 25843 9040657 36 0.45 24 687 1955210 25 
K2 13743987 0,58 14234 9221639 33 0.48 24104 11923600 13 0.06 24258 150564 94 0.41 20 670 9466240 31 

K17 3535074 0,44 13444 916880 74 0.03 18965 88187 97 0.50 24335 12602267 9 0.74 27 620 3168014 10 
K1 3563810 0,52 17972 1429852 60 0.08 25046 306000 91 0.09 19136 266947 92 0.80 27 120 3319488 7 

K4/1 7928525 0,51 24363 4294124 49 0.28 24095 2331625 71 0.14 24241 519000 85 0.81 26 880 7524680 5 
K4/2 2577600 0,59 24557 2073136 20 0.47 24164 1851204 28 0.30 24459 2535909 68 0.65 21 525 2280574 11 
K4/3 9581173 0,57 25501 6686362 30 0.52 24315 5816148 39 0.50 23763 1936684 25 0.41 24 520 4624472 51 
K5/1 1566590 0,46 21415 1180617 25 0.25 24430 793975 49 0.52 24333 5820454 39 – –   
K5/2 4058928 0,48 21085 2307542 43 0.22 24043 1205997 70 0.30 23352 910728 42 0.58 24 670 3262361 20 
K5/3 20566631 0,50 21161 1121533 45 0.26 23802 655983 68 0.27 23666 1456879 64 0.72 25 875 1974780 4 
K5/4 2075761 0,51 21844 1136324 45 0.22 24281 544865 74 0.30 24035 764313 63 0.71 25 810 1869160 10 

K11/2 3462345 0,44 12008 92999 97 0.02 18519 65187 98 0.27 24195 666330 68 0.70 25 845 3184104 8 
K6 4457435 0,47 18022 1999000 55 0.08 24124 455461 90 0.07 18756 231074 93 0.72 25 465 4327013 3 

average – 0,53 16950 – 44 0.22 22846 – 68 0.14 24256 801000 82 0.64 25057 – 15 
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each element has an attributed value. This method of impact assessment facilitates 
determination of priority elements in each group. The greatest difficulties are 
encountered in the assessment of intangible factors where classification is not 
straightforward. Obviously, the analysis is not free from the subjective assessment of 
areas which are difficult to group but this can be minimized by public group 
assessment i.e. external experts or consultants not connected to the project. 
Commonly, the SWOT analysis is presented in a graphic form (matrix) and as a table. 
The internal awareness of external strengths and weaknesses of the project is essential 
for the marketing strategy of the company or a product. 

The SWOT analysis regarding the use of coal slurry deposits in the Polish national 
fuel balance was conducted among ten experts i.e. employees of the Faculty of Mining 
and Geology of Silesian University of Technology from the Department of Mineral 
Processing and Waste Utilization and the Institute of Mining Engineering. The group 
of experts consisted of research assistants, PhD’s and professor whose research field 
and experience was related to waste management, mining engineering and mineral 
processing. Information and assumptions for the analysis were the same as formulated 
in the scenarios of innovative hard coal mining waste management technology 
development (Goralczyk and Lutynski 2012). Assumptions for the SWOT analysis 
were as follows: 
• strengths and weaknesses of coal slurry deposits use in the Polish national fuel 

balance were characterized by factors related to beneficiation technologies which 
convert them to a full value fuel, 

• opportunities of using these deposits in the Polish national fuel balance are 
characterized by the factors associated to external conditions, 

• threats related to the use of these deposits in the Polish national fuel balance are 
characterized by the factors associated to the external conditions being an obstacle. 
Brainstorming with the expert group allowed identification of factors considered to 

be important in each of the four groups. These factors are presented below. 
STRENGTH 
• good identification of coal slurry deposits properties, amount and location 
• relatively high calorific value of deposits 
• waste (coal slurry) management know-how 
• ease of coal slurry processing technology deployment 
• low cost of fuel processing 
• accessibility to coal slurry deposits 
• lack of interest from the coal mines regarding the possibility of coal slurry deposit 

utilization in the past 
• land can be used for other purposes when the processing of deposits 

(impoundments) is terminated. 
WEAKNESS 
• considerable variations of coal slurry properties between impoundments 
• some variations of coal slurry properties in one deposit 
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• significant cost of beneficiation plant construction 
• low beneficiation efficiency 
• high water consumption for the purpose of coal slurry beneficiation, 
• limited demand for the obtained fuel 
• requirement of land reclamation after depletion of impoundments 
OPPORTUNITY 
• creation of new work places 
• demand for conventional fuels 
• depletion of conventional fossil fuels 
• location of impoundments on the area where mining technologies are well known 
• trend related to waste recycling 
• stimulation of activities related to waste management 
• actions of local authorities focused on reclamation of post-mining areas 
• support by local authorities of actions focused on reclamation of post-mining areas 

by fiscal and legal policies. 
THREAT 
• insufficient funding for pro-ecological actions 
• limited interest in a beneficiated product 
• complex financial procedures of projects related to the use of coal slurry deposits 
• appearance of a lobby acting against actions related to the use of coal slurry 

deposits 
• legal restrictions regarding coal slurry deposits management and use of obtained 

fuel 
• strict CO2 emissions limits 
• reluctance of land owners where deposits are located in obtaining permissions for 

re-use of coal slurries. 
The next task was to prioritize identified factors in each group. The experts 

identified the impact of each factor on the possibility of using coal slurry deposits in 
the Polish national fuel balance. Three levels of assessment were assumed: 
• very high impact – 3 points 
• high impact – 2 points 
• low impact – 1 point. 

The above mentioned prioritization resulted in the weighted average of factor 
impact on the use of identified coal slurry deposits in the Polish national fuel balance. 

Results of SWOT analysis 

The results of the SWOT analysis are presented in Table 3. Columns labeled 3,2,1 
correspond to the impact rating and indicate the number of experts who chosen 
particular impact factor on the possibility of using identified coal slurry deposits in 
Polish national fuel balance. 
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Table 3. Results of factor prioritization analysis – possibility  
of using identified coal slurry deposits in Polish national fuel balance 

No STRENGTHS 3 2 1 Average 
1 good identification of coal slurry deposits properties, amount and location 4 4 2 2.2 
2 relatively high calorific value of deposits 5 4 1 2.4 
3 waste (coal slurry) management know-how 3 3 4 1.9 
4 ease of coal slurry processing technology deployment 3 4 3 2.0 
5 low cost of fuel processing 5 4 1 2.4 
6 accessibility to coal slurry deposits 4 4 2 2.2 
7 lack of interest from the coal mines regarding the possibility of coal slurry 

deposit utilization in the past 
2 3 5 1.9 

8 land can be used for other purposes when the processing of deposits 
(impoundments) is terminated 

4 2 4 2.0 

No WEAKNESSES 3 2 1 Average 
1 considerable variations of coal slurry properties between impoundments 1 4 5 1.9 
2 some variations of coal slurry properties in one deposit 3 4 3 1.7 
3 significant cost of beneficiation plant construction 6 4 0 2.6 
4 low beneficiation efficiency 5 3 2 2.5 
5 high water consumption for the purpose of coal slurry beneficiation 7 3 0 2.7 
6 limited demand for the obtained fuel 4 5 1 2.3 
7 requirement of land reclamation after depletion of impoundments 4 4 2 2.1 

No OPPORTUNITIES 3 2 1 Average 
1 creation of new work places 4 4 2 2.1 
2 demand for conventional fuels 6 3 1 2.7 
3 depletion of conventional fossil fuels 6 3 1 2.7 
4 location of impoundments on the area where mining technologies are well 

known, 
3 4 3 2.0 

5 trend related to waste recycling 4 3 3 2.1 
6 stimulation of activities related to waste management 5 5 0 2.5 
7 Actions of local authorities focused on reclamation of post-mining areas 3 6 1 2.2 
8 support by local authorities of actions focused on reclamation of post-

mining areas by fiscal and legal policies 
6 4 0 2.6 

No THREATS 3 2 1 Average 
1 insufficient funding for pro-ecological actions 7 3 0 2.7 
2 limited interest in beneficiated product 2 5 3 1.9 
3 complex financial procedures of projects related to the use of coal slurry 

deposits 
4 4 2 2.2 

4 appearance of a lobby acting against actions related to the use of coal slurry 
deposits 

5 4 1 2.4 

5 legal restrictions regarding coal slurry deposits management and use of 
obtained fuel 

7 3 0 2.7 

6 strict CO2 emissions limits 4 5 1 2.3 
7 reluctance of land owners where deposits are located in obtaining 

permissions for re-use of coal slurries 
6 3 1 2.5 
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Conclusions 

Presented beneficiation tests and study of energetic potential show that during the 
process of coal slurry beneficiation due to the passing of fine coal into the tailing a big 
share of energetic potential is lost. The most promising results of beneficiation of such 
coal slurries were obtained for flotation which seems to be evident due to the nature of 
this process. An average loss of energetic potential was 15% and varied between the 
impoundments from 3 to 31%. The calorific value on average was 25 057 kJ/kg and 
was the highest among all tested methods. Unfortunately, this method was ineffective 
for some of the coal slurries with flotation agents used. The highest loss of energetic 
potential was observed for beneficiation with centrifugal separator where on average it 
was 68% and depending on the impoundment varied between 13 to 98%. As it is seen, 
these are considerable variations which indicate imperfection of the method. The 
calorific value of the product was on average 22864 kJ/kg which is a good result. 
These results are similar to the ones obtained with Reichert spiral where the loss of 
energetic potential was 64% and the average calorific value was 22678 kJ/kg. The 
lowest calorific value was obtained in case of beneficiation with hydrocyclone 
classifier-separator. Despite large losses of energetic potential which accounted for 
53% the calorific value was on average 16950 kJ/kg and was not considerably larger 
than that of raw coal slurry i.e. 16427 kJ/kg. 

These tests showed that it is possible to beneficiate coal slurry deposits. However, 
large losses of energetic potential are observed. Moreover, each method requires large 
quantities of water which increases the cost of operation. 

The performed SWOT analysis on the use of identified coal slurry deposits in the 
national fuel balance revealed factors that may have the highest impact on the 
utilization of these coal slurries. Taking into account the average priority of the factor 
impact on the possible use of the identified coal slurries in the national fuel balance 
which was determined by experts it was assumed that the priority (i.e. above 2.0 
points in a three-point scale) have the following. 

STRENGTHS: relatively high calorific value of deposits (2.4) and low cost of fuel 
processing (2.4) 

WEAKNESSES: high water consumption for the purpose of coal slurry 
beneficiation (2.7), significant cost of beneficiation plant construction (2.6), low 
beneficiation efficiency (2.5), limited demand for the obtained fuel (2.3), requirement 
of land reclamation after depletion of impoundments (2.1). 

OPPORTUNITIES: demand for conventional fuels (2.7), depletion of conventional 
fossil fuels (2.7), support by local authorities of actions focused on reclamation of 
post-mining areas by fiscal and legal policies (2.6), stimulation of activities related to 
waste management (2.5), actions of local authorities focused on reclamation of post-
mining areas (2.2), creation of new work places (2.1), trend related to waste recycling 
(2.1),  
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THREATS: Insufficient funding for pro-ecological actions (2.7), legal restrictions 
regarding coal slurry deposits management and use of obtained fuel (2.7), reluctance 
of land owners where deposits are located in obtaining permissions for re-use of coal 
slurries (2.5), appearance of a lobby acting against actions related to the use of coal 
slurry deposits (2.4), strict CO2 emissions limits (2.3), complex financial procedures 
of projects related to the use of coal slurry deposits (2.2) 

The obtained results indicate that the internal factors i.e. the ones related to the coal 
slurry processing technology have much lower impact on the possibility of using coal 
slurry deposits in national fuel balance. Instead, according to the experts, external 
factors have much bigger impact and at the same time the number of these factors is 
larger. 
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Abstract: In this study, flocculation behaviors of natural stone powder suspensions were determined by 
applying classical jar tests. The flocculation tests were performed in the presence of different types of 
polymers at different polymer dosages and pHs. Then, the settling rates and residual turbidity values of 
suspensions were recorded. The flocculation performance of flocculants possessing unique molecular 
architecture (UMA) and conventional polyacrylamide based flocculants was investigated for the solid-
liquid separation of natural stone processing wastewater. The effects of flocculant type, dosage and pH 
were examined. The results obtained from this study indicated that in terms of the settling rate and 
turbidity, the medium anionic SPP 508 flocculant of 28% charge density showed a better flocculation 
performance compared to other conventional and UMA flocculants at natural pH. The SPP 508 flocculant 
gave the lowest turbidity value of 3 NTU (Nepheleometric turbidity Unit) at dosage of 0.3 mg/dm3, while 
the highest settling rate (870 mm/min) for the suspensions tested was achieved at 1 mg/ dm3 dosage for 
the same flocculant. However, the lowest settling rate was obtained by high cationic flocculant (Enfloc 
440 C). All flocculants showed a good flocculation performance for the settling rate and turbidity at pH 8 
and 10. 

Keywords: wastewater, flocculation, settling rate, turbidity 

Introduction 

Natural stones (marble, travertine, granite, basalt etc.) are widely used for different 
purposes in construction industry. Turkey has 3.8 billion m3 of exploitable marble, 2.7 
billion m3 of travertine and 995 million m3 of granite reserves. According to this data, 
approximately 40% of world’s natural stone reserves are in Turkey. The annual natural 
stone production capacity of Turkey is about 4 million m3 and the total slab production 
capacity of natural stone processing plants in Turkey is around 6.5 million m2 
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(www.enerji.gov.tr). Recently, there is a significant increase in production level for 
both domestic consumption and export markets in Turkey. However, marble factories 
use large amounts of water during the cutting, washing and polishing processes.Water 
is used as a cooler during cutting of marble blocks. The cutting of a block, for 
instance, produces approximately 25–40% of the weight of the block as fine particles 
(Onenc,2001). The particles in the wastewater are generally treated by simple solid–
liquid separation. The inefficiency of the employed techniques results in the presence 
of fine particles in recycled water, which cause polishing problems during processing. 
In addition, the suspended particles in recycled water may also result in pipe 
clogging(Acar, 2001; Celik and Sabah, 2008). 

The purpose of the flocculation process is to form aggregates or flocs from finely 
dispersed particles in the presence of natural or synthetic polymeric substances 
(flocculants). There are many types of polymeric flocculants used in various solid-
liquid separation processes. The polymers are characterized by their ionic nature: 
cationic, anionic and non-ionic. The ionic polymers usually can be called 
polyelectrolytes. The most important properties of polymeric flocculants are the 
molecular weight and charge density. The molecular weight values range from a few 
thousand up to tens of millions. The charge density can be expressed in terms of mole 
percent of charged groups. The polyelectrolyte charge density values are regarded as 
low, medium or high if the mol% of ionic groups are approximately:10%, 25-40%, 
and 50–100%, respectively (Gregory, 2005; Gregory and Barany, 2011). The cationic 
flocculants are usually of lower molecular weight and are only used in the solid-liquid 
separation, where the fast sedimentation rates associated with the use of high 
molecular weight products ensured their dominance. The anionic and nonionic 
flocculants are currently used in mineral and natural stone tailing systems (Ipekoglu, 
1997; Hendersan and Wheatley, 2007). 

The flocculants bring together coagulated particles into larger aggregates and settle 
them. The polymer bridging and charge neutralization are the commonly encountered 
mechanisms in flocculation. Bridging flocculation occurs as a result of adsorption of 
individual polymer chains onto several particles simultaneously, forming molecular 
bridges between the adjoining particles in a floc. The charge neutralization becomes a 
major mechanism for polyelectrolytes, where significant particle surface sites with 
charge opposite to that of the ionic polymer functional groups are present. The 
flocculants are known to adsorb on particle surface through hydrogen bonding, ion 
binding, electrostatic interactions, chemical bonding, hydrophobic interactions and van 
der Waals forces (Somasundaran and Das, 1998; Hogg, 2000; Mpofu et al., 2003; 
Bratby, 2006; Gregory and Barany, 2011). 

Flocculation of fine particle suspensions depends on a number of factors, which 
include type, molecular weight and charge density (ionization degree) of the 
flocculant, mineralogical composition and particle size of solid particles, pH and 
chemical composition of solutions (Ipekoglu, 1997; Somasundaran and Das, 1998; 
Hocking et al., 1999; Besra et al., 2000; Sworska, et al., 2000 a; Yarar, 2001; Sabah 
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and Cengiz, 2004; Ersoy, 2005; Gregory, 2005; Tripathy and Ranjan, 2006; Sabah and 
Erkan, 2006; Hendersan and Wheatley, 2007; Cengiz et al., 2009; Gregory and 
Barany, 2011; Tasdemir et al., 2011; Tasdemir and Kurama, 2012; Sabah and 
Aciksoz, 2012). The process also depends strongly on hydrodynamic conditions. The 
properties of floc aggregates are largely determined bymixing conditions (Gregory and 
Guibai, 1991; Rossini et al., 1999; Sworska, et al., 2000b; Tasdemir and Tasdemir, 
2012). To achieve efficient a solid-liquid separation, different types of flocculants are 
used according to waste material type, since the flocculation processes are very 
sensitive to properties such as the surface charge of particles, solid-liquid or solid-
polymer interaction, presence of different ion types in solution, structure of polymer 
and amount of adsorption of polymer on the particle surface. Each of them determines 
the flocculation rate and efficiency. Therefore, determination of the flocculation 
behavior of the suspensions is very important. 

The standard polymer molecules of high molecular weight are considered as linear 
structures with two dimensions. Present day developments for polyacrylamide-based 
flocculants are likely to be based on the “molecular architecture” concept. This will 
enable a flocculant technology to produce the performance required to meet increasing 
and changing demands for solid–liquid separation. In recent years, a new generation of 
flocculants namely the unique molecular architecture (UMA) was introduced in 
addition to conventional flocculants to enhance the flocculation process (Pearse et al., 
2001). It is claimed, that this technology covers highly branched and interactive 
polymer chains. They produce flocs of different characteristics than those formed by 
conventional flocculants. Denser and stronger flocs containing less water (Pearse, 
2003) are produced with the UMA floculants. 

In the literature, many studies were conducted to determine the flocculation 
behavior of natural stone suspensions(Bayraktar et al. 1996; Seyrankaya et al., 2000; 
Nishkov and Marinov, 2003; Arslan et al., 2005; Ersoy, 2005; Tasdemir and Kurama, 
2012; Sabah and Acıksoz,2012). However, from most of them only the marble 
effluents were used. These studies reported that high molecular weight of anionic 
polymers (e.g. polyacrylamides) were commonly used in dewatering of negatively 
charged natural stone effluent and gave the best results on the settling rate and water 
clarity. 

A number of studies with new unique molecular architecture type flocculants were 
reported in mineral processing for dewatering. These studies are related to comparison 
of the flocculation performances of the new generation UMA and conventional 
flocculants investigated in dewatering of tailings containing clay minerals (Pearse et 
al., 2001; Weir and Moody, 2003), coal preparation (Cengiz et al., 2004) and ceramic 
plant tailings (Cengiz et al., 2009). The UMA flocculants showed higher flocculation 
performance than the conventional flocculants in those studies.On the other hand, a 
limited number of researches were carried out for the flocculation performance of 
waste water containing natural stone fine powders by using the UMA types. Only 
Sabah and Aciksoz (2012) investigated the flocculation performance of a new 
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generation of flocculants (Magnafloc 5250 and 6260) and compared them with results 
with conventional (acrylamide SB 1836) for the solid-liquid separation of travertine 
processing wastewater. They reported that the anionic UMA flocculants showed better 
performance than conventional anionic flocculant (SB 1836)which is used in the 
travertine processing plant. 

In recent years, the export potential of the natural stone industry in Turkey 
developed rapidly in parallel with new investments. Increased water pollution during 
cutting and polishing of the stones forced material suppliers to invest in new 
modifications on existing techniques to improve the treatment process and high 
performance flocculants. For this reason in this study, the sedimentation behavior of 
natural stone powder suspensions containing a mixture of fines such as marble, granite 
and travertine was investigated by using a new UMA Magnafloc polymers and 
conventional flocculants based on polyacrylamide. The effects of the key parameters, 
involving suspension pH, flocculant type and dosage, and charge density were studied 
on residual turbidity and settling rate for suspensions. 

Materials and Method 

The natural stone powder used for the flocculation tests was obtained from a local 
natural stone processing plant in Eskisehir region (Turkey). The plant processes 
different types of marbles, granite and travertine etc. blocks, therefore, the cutting 
fines contain mixed powders with different minerals. The sample was taken in its 
original waste mud state from the plant waste area and then dried. Thus mud contained 
coarse and fine cutting waste powders. According to the initial sieve analysis of 
sample, the particles are almost below 300 micrometers and 74.2% was below 20 
micrometers. Since the settling rate of –20 µm powder is the most problematic and 
this size is considered as slime size, the dried particles were sieved by 20 µm sieve. 
Therefore, sieved -20 µm powders were used in the experiments to select the most 
suitable flocculant type for this mixed material. The flocculation tests were conducted 
with suspensions of natural stone powders. The natural stone powder suspensions used 
in the experiments were artificially prepared as 1% (wt./vol.) in 500 cm3 tap water. 

The chemical composition of the natural stone powder was analyzed by a X-ray 
fluorescence (XRF) using a Rigaku ZSX Primus device. A mineralogical analysis of 
particles was characterized by X-ray diffraction (XRD) using a Rigaku Rint-2000 
model diffractometer. The XRDand XRF results are given in Fig.1 and Table 1, 
respectively. According to the XRD data, the sample is predominately composed of 
calcite and quartz and also peaks of albite, muscovite and microcline occur. The XRF 
results showed that CaO and SiO2 contents of the sample were 42.32% and 16.81%, 
respectively. 
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Fig. 1. X-ray diffraction pattern of natural stone powders 

Table 1 Chemical analysis of the natural stone powders by XRF 

CaO% SiO2% Al2O3% K2O% Na2O% MgO% Fe2O3% TiO2% LOI% 

42.32 16.81 3.5 1.14 1.06 0.87 0.73 0.09 33.48 

 
The size distribution of the sample was determined using a Malvern Mastersizer 

Hydro 2000G Particle Size Analyzer and result is given in Fig. 2. It was measured that 
d90, d50and d10of the solid particles in the suspension by volume were 27.71, 6.84 and 
1.29 µm, respectively.  
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Fig. 2. Particle size distribution of sample used by laser diffraction 

The zeta potential measurements for the fine particles were made by a Malvern 
Nano-Z model zetameter device using laser Doppler velocimeter principle. The using 
double distilled water was used for preparation of solid suspension in 0.1 % solid 
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ratio. The zeta potential of natural stone powder versus pH of suspension is presented 
in Fig. 3.Figure 3 shows that there is no zero zeta potential value (zpc) indicating the 
isoelectric point (iep) at different pH values adjusted. The highest zeta potential (–36.6 
mV) was measured at pH 11. It indicates that the suspension was stable, whereas at 
natural pH of 8 the zeta potential of suspension was about –13.3 mV. 

 
Fig. 3. Variation of zeta potential of natural stone powders 

The pH, conductivity, temperature measurements ofnatural stone powder 
suspension were measured with Orion 5 star multimeter device. After settling time of 
15 minutes the turbidity of suspensions was measured using a HF Scientific 
Turbidimeter, which gives the turbidity result as nepheleometric turbidity unit (NTU). 
The hardness of water was determined by a volumetric method. Properties of tap and 
distilled waters and natural stone powder suspension used in experiments aregiven 
Table 2. The pH and specific conductivity of the distilled water used for the 
preparation of stock solutions of the flocculant were 6.1 and 34 µS/cm, respectively. 
The properties of the tap water used in the sedimentation tests were pH 7.8, specific 
conductivity 709 µS/cm, turbidity 0.38 NTU. The natural pH value and conductivity 
of suspension were about 8 and 580 µS/cm respectively. The initial turbidity of natural 
stone powder suspension was measured as 12000 NTU and residual turbidity as 295 
NTU after sedimentation time15 min. The solutions of polymer (0.01%) were 
prepared using distilled water. A 1 M HCl and NaOH (analytical grade) solutions were 
used to adjust the suspension pH. 

Table 2. Properties of tap and distilled waters and natural stone powder suspension used in experiments  

 Distilled water Tap water Natural stone powder suspension 
pH 
Turbidity (NTU) 
Conductivity (µS/cm)  
Temperature (oC) 
French hardness of water (oF) 

6.1 
0.14 
34 

18.4 
– 

7.8 
0.38 
709 
17.9 
30 

7.96 
12000 
580 
17.9 
35.6 
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The flocculation experiments of the natural stone suspensions were carried out with 
a new UMA Magnafloc type flocculants and some conventional flocculants, which 
consist of different types of high molecular weight polyacrylamide based polymers. 
The polymers used for the tests are collected in Table 3. The magnafloc flocculants 
were provided by BASF Specialty Chemical., SPP by the Superkim and Enfloc by 
ECS Chemistry. 

Table 3. Polymers with high molecular weight used in the experiments  

Commercial name Type Charge  
Density (%) Supplier 

SPP 508 anionic 28 (medium) Superkim 
Enfloc 320A anionic 20 (low) ECS Chem. 

Magnofloc 5250 (UMA) anionic 30 (medium) Basf 
Magnofloc 4240 (UMA) anionic 40 (medium) Basf 

Enfloc 440C cationic 55 (high) ECS Chem. 
Enfloc 420C cationic 15 (low) ECS Chem. 
SPP N 134 nonionic – Superkim 

 

The flocculation experiments were carried out using a conventional jar test 
apparatus (Velp Scientifica FC6S) with a speed control. The desired amount of 
flocculant was added to the suspensionand the beakers were agitated at fixed mixing 
time (2 min) at 200 rpm of speed. After agitation, the flocculated suspension was 
poured into 500 cm3 graduated cylinder and was allowed to settle. The height of the 
slurry and water interface was measured as a function of time and then the settling 
rates were calculated from the slope of the straight line portion of the plot of pulp level 
versus settling time. After 15 minutes of settling time, the residual turbidity values of 
the supernatant solutions were measured by using a Turbidimeter apparatus. The 
principal purpose of the flocculation experiments was to establish the optimal 
conditions for floc formation.  

Results and discussion 

Effect of flocculant type and dosage  
The flocculation tests were performed in the presence of different types of polymers 
using the new UMA Magnafloc polymers and conventional flocculants based on 
polyacrylamide at different polymer dosages, which varied from 0.1 to 5mg/dm3 at 
natural pH of 8. Figure 4shows the residual turbidity values as a function of polymer 
dosage for each type of polymer with different charge densities. The residual turbidity 
of the suspension decreases with an increase of polymer dosage to a certain dosage, 
and further increases with increasing dosages for all flocculants. It was suggested that 
optimum flocculation occurs, when half surface of particle is covered with 
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polyelectrolytes as described in many studies (Pefferkorn, 1999; Sworska et al., 2000 
a; Hogg, 2000; Besra et al., 2004; Ersoy, 2005; Tripaty and Ranjan de, 2006; Boltoa 
and Gregory, 2007). It can be explained by the excess adsorption of polymer 
molecules with each other or a complete coverage of the particle surface by polymer 
molecules at higher dosages and steric repulsion of the adsorbed layers. Hence, the 
polymer to particle surface bridging mechanism is prevented (Gregory, 2005; Bratby, 
2006; Gregory and Barany, 2011). 

According to Fig. 4, in the flocculation process performed at natural pH, the 
medium anionic flocculant SPP 508 among polymers showed the lowest turbidity 
value of 3 NTU at the lowest dosage of 0.3 mg/dm3, whereas other flocculants showed 
the lowest turbidity values at higher dosage (1 mg/dm3) (Kilic, 2012). 

 

Fig. 4. Effect of flocculant type and dosage on residual turbidity (pH 8)  

The settling rate curves for natural stone suspension as a function of flocculant 
dosage at natural pH of 8 for each flocculant type are given in Figure 5. The results of 
settling tests indicate that type of flocculant, charge density and dosage of the 
flocculant has an important effect on settling rates. From Fig. 5, it can be seen that the 
settling rate of particles increases rapidly with an increase in flocculant dosage for all 
flocculants up to a 1 mg/dm3 dosage. After this dosage, the increase in the settling rate 
decreases. The settling rate increased with increasing flocculant dosage for all 
flocculants except the anionic SPP 508 and cationic Enfloc440 C. The settling rate for 
SPP 508 and 440 C reached the maximum at 1 and 3 mg/dm3 flocculant dosage, 
respectively, and then further increase in the dosage leads to decrease in the settling 
rate. The best settling performance (870 mm/min) for the suspensions tested was 
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achieved at 1 mg/dm3 dosage by the medium anionic SPP 508 flocculant. However, 
the lowest settling rates were obtained by the high cationic flocculant (Enfloc 440 C). 
Since the flocs formed by Enfloc 440 C polymer were fairly small, they had a slow-
settling rate. At low polymer dosages, the settling rates were low due to insufficient 
polymer available for bridging particles together and the flocs were not large enough 
to provide adequate settling rates. As the polymer concentration increased, more 
particles were bridged and bigger flocs were obtained, hence a significant increase in 
the settling rates resulted. It was found that settling rates or hence floc sizes obtained 
at the same polymer dosage for each flocculant type were importantly different. It is 
supposed that these differences result from different mechanisms of polymer 
adsorption on particle surface and conformation of polymer chain in suspension (Yu 
and Somasundaran, 1996; Somasundaran and Krishnakumar, 1997; Hogg, 1999; 
Rattanakawin and Hogg, 2001; Taylor et al., 2002; Mpofu et al., 2003; Besra et al., 
2004). 

 

Fig.5. Effects of flocculant type and dosage on settling rate (pH 8) 

The polymer bridging and charge neutralization are the commonly encountered 
mechanisms in flocculation (Gregory, 2005; Gregory and Barany, 2011). Bridging 
flocculation occurs as a result of adsorption of individual anionic polymer chains onto 
several particles. The most important property of the polymer bridging mechanism is 
to produce large sized flocs and high settling rates (Hogg, 1999; Biggs et al., 2000; 
Rattanakawin and Hogg, 2001).There are many possible mechanisms (hydrogen 
bonding, cation bridging, van der Waals forces etc.) for anionic polymers adsorption 
on the particle surface. Flocculation by the anionic flocculants occurs even though the 
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flocculant and natural stone particles have the same charge. In the flocculation tests 
carried out by using the anionic flocculants, it is assumed that adsorption of anionic 
polymers on particles is the most often attributed to cation bridging. This phenomenon 
was stated by several authors (Sworska, et al., 2000a; Yarar, 2001; Bentli, 2010; 
Sabah and Aciksoz, 2012). The divalent cations act as bridges between the anionic 
carboxyl groups (-COO–) of polymer and the negative particlesurfaces. Sabah and 
Aciksoz (2012) reported that when French hardness of water is less than 9 ºF, 
interaction between polymer molecules and particles weakens. The hardness of the 
natural stone suspensions tested was measured as 35.6 ºF due to its high ion (Ca+2 and 
Mg+2) concentrations (Table 2). This value is above the proposed limit value of 9 oF 
(Sabah and Erkan, 2006; Sabah and Aciksoz, 2012). Therefore, the present of divalent 
cations in the suspension contributes to better flocculation performance obtained with 
the medium anionic flocculant. The cationic flocculants adsorb on the surfaces of 
negatively charged particles through the charge neutralization mechanism because of 
electrostatic attraction between oppositely charged ionic groups. In many studies, the 
charge neutralization mechanism is reported to produce relatively small flocs and slow 
settling rates (Gregory, 2005; Tripaty and Ranjan DE, 2006; Sabah and Erkan, 2006; 
Bolto and Gregory, 2007; Gregory and Barany, 2011). In the case of nonionic 
polymers, the most likely mechanism of adsorption is through hydrogen bonding 
between the oxygen atoms associated with hydrated metal ions at the particle surface 
and amide groups (-CONH2) on the polymer (Sabah and Cengiz, 2004; Bolto and 
Gregory, 2007). 

The effectiveness of polymers as the bridging flocculants depends greatly on their 
properties. The most important characteristics of polymeric flocculants are molecular 
weight and charge density (ionization degree). The molecular weight directly 
influences the effective size of molecules in solution and in the adsorbed state. 
Polymers with higher molecular weight are found to be more effective flocculants. For 
a similar reason, it is generally found that linear polymers are more effective than 
branched or cross-linked structures for a given molecular weight (Gregory, 2005; 
Gregory and Barany, 2011). Therefore, it can explain that high molecular weight and 
linear anionic flocculants(SPP 508) are more effective than highly branched anionic 
UMA flocculants consisting of the same charge density. Sabah and Acksoz (2012) 
tried to flocculate travertine fines by using three types of anionic flocculants. They 
concluded that high charge density of the UMA type flocculant (Magnafloc 6260) 
gave the best results in terms of turbidity and settling rate while medium anionic UMA 
(Magnofloc 5250), which is the same flocculant used in this study and conventional 
medium anionic flocculants (SB 1836) showed poor performance. Many studies 
reported that high molecular weight polymers form large size but less compact flocs, 
whereas low molecular weight polymers form small and more compact flocs 
(Rattanakawin and Hogg, 2001; Taylor et al., 2002; Sabah and Erkan, 2006; Gregory 
and Barany, 2011).  
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The charge density can also have a large influence on the bridging effectiveness. If 
the charge density is high, there would be difficulty in adsorbing onto particles of the 
same sign of charge (as in the case of anionic polymer and negative particles). Also, 
the adsorbed polymer configuration may not favour bridging, when the charge density 
is high. However, some degree of charge is beneficial since the repulsion between 
charged segments gives expansion of the chain, as explained earlier, and this should 
enhance the bridging effect. For these reasons, there is often an optimum charge 
density for bridging flocculation (Ersoy, 2005; Sabah and Erkan, 2006; Bolto and 
Gregory, 2007; Gregory and Barany, 2011). In this study, the best flocculation 
performance is obtained with polymer of 28% charge density (medium anionic SPP 
508) for flocculation of natural stone suspension. Similar result was found by Ersoy 
(2005) where 28% and 34% anionic polymers were found suitable in terms of the 
settling rate and turbidity for travertine and marble suspension, respectively. 

Effect of pH  
pH of suspension will not only affect the surface charge and stabilization of particles, 
but also affect the conformation of flocculants and adsorption of them onto particles in 
the suspension. Thus pH may directly affect the flocculating power of polymer. Figure 
6 indicates the influence of suspension pH on the residual turbidity of natural stone 
suspension at constant flocculant dosage of 0.3 mg/dm3 for all flocculants. It is clearly 
seen that natural pH 8 and 10 give good flocculation performance for all flocculants, 
whereas at both low (6) and high (12) pH values higher supernatant turbidity values 
are obtained (Kılıç, 2012). 

It was found that the residual turbidity of the supernatant solution decreased to the 
target level 20 NTU’s (generally accepted turbidity level for recycled water in natural 
stone processing) at all pH values except 12. In the flocculation process, the potential 
of particle surface profoundly affects the stabilization or destabilization of the 
suspended particles, and therefore the efficiency of the flocculation process. In 
general., the stability of the particles is determined by analyzing the typical zeta 
potential versus pH plot. When the magnitude of zeta potential is high, the 
electrostatic repulsion between particles causes the particles to disperse readily and 
form stable suspensions. For lower magnitude of zeta potential., the repulsive force 
between the particles is reduced so that the particles come closer and form 
agglomerates resulting in faster settling characteristics. If zeta potential values of the 
particles are higher than the range of ±30 mV, they are assumed to fall in a stable 
region (Yarar, 2001). The plot of zeta potential versus pH given in Fig. 3 shows that 
the zeta potential values of the natural stone particles varied between -10.5 mV and -
9.36 mV at pH between 6 and 10.The particles in the suspension are assumed to fall in 
the unstable region due to insufficient negative surface potentials and adsorption of H+ 
ions onto negative charge centers of particles lead to the enhances flocculation of 
particles. It explains a good response of natural stone particles to the flocculation 
process given in Fig. 6. 
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For pH above 10, the zeta potential of particles increases to -36.6 mV. It indicates 
that the suspension is stable (Fig. 3). It is know that high molecular weight polymers 
are not effective in destabilizing such dispersed particles (Hogg, 1999). According to 
Hogg (1999), the addition of high molecular weight polymers to stable dispersions 
leads to the development of bimodal floc size distributions consisting of dispersed 
particles. 

 

Fig. 6. Effects of polymer type and suspension pH on residual turbidity (polymer dosage 0.3 mg/dm3)  

 

Fig. 7. Effects of polymer type and suspension pH on the settling rate (polymer dosage 0.3 mg/dm3)  
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Figure 7 depicts the effect of pH on settling rates of natural stone suspensions at a 
constant flocculant dosage of 0.3 mg/dm3. It can be seen that the settling rate of 
natural stone fine particles decreased at high and low pH values, while the settling rate 
significantly increased at pH 8 and 10 for all flocculants. The highest settling rates of 
455, 392 and 445 mm/min were obtained with anionic SPP 508, Magnafloc 5250 and 
nonionic SPP N 134 flocculants respectively at pH 10 compared to other flocculants. 
The settling rates for other flocculants reached maximum at natural pH 8 of 
suspension.  

Figures 6 and 7 demonstrate that both settling rate and residual turbidity of 
suspension are strongly dependent upon pH. This dependence arises from several 
factors. First, the high suspension pH increases the electrical double layer (EDL) 
repulsive forces between natural stone particles and anionic or nonionic polymers due 
to increase in the zeta potential of particles. Therefore, an attachment of polymer chain 
to surface can become difficult and this may adversely affect flocculation. Secondly, 
the conformation of the adsorbed polymer on natural stone particle surfaces, whether 
stretched or coiled, has a marked influence on flocculation and the polymer 
conformations can be changed by adjusting pH. Many studies reported that the activity 
of polymers is related to uncoiling or extension of the polymers (Yu and 
Somasundaran, 1996; Somasundaran and Krishnakumar, 1997; Sworska et al., 2000a; 
Taylor et al., 2002; Besra et al., 2004; Sabah and Erkan, 2006; Boltoang Gregory, 
2007). At low pH values, the anionic polymers coil up and they do not adsorb on the 
particles or cause high polymer consumption. Increasing pH causes elongation of 
macromolecules through solution due to the electrostatic repulsion among negatively 
charged carboxyl groups and they have stretch conformation at high pH (Besra et al., 
2004). That stretched conformation is very important since bridging mechanism is 
fully activated and flocculation performance increases due to available active polymer 
segments. This in turn will contribute to the enlargement and strength of the flocs. 

Conclusion 

Flocculation tests were carried out in the presence of different types of polymers at 
different polymer dosages and pHs. Flocculation and clarification behavior of natural 
stone suspensions were studied by determining the residual turbidity values and the 
settling rates of suspensions. The condition for the maximum settling rate and the 
minimum turbidity after settling was observed at optimum flocculant dosage for each 
flocculant. The critical amount of flocculant under these conditions was dependent on 
the type, molecular weight and charge density of flocculant and the solution pH. It was 
found that type and dosage of the flocculant has an important effect on the settling rate 
and turbidity. All flocculants used in the flocculation tests, substantially reduced the 
turbidity of natural stone suspensions and the settling rate of the particles increased 
with an increase in flocculant dosage. However, it was determined that in terms of the 
settling rate and turbidity, the medium anionic SPP 508 flocculant of 28% charge 
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density showed a better flocculation performance compared to the other conventional 
and UMA flocculants at natural pH of natural stone suspension SPP 508 showed the 
lowest turbidity value of 3 NTU at the lowest dosage of 0.3 mg/dm3. Considering only 
the settling rate, the large size flocs and the maximum settling rate of 870 mm/min for 
the suspensions tested was achieved at 1 mg/dm3 dosage by medium anionic SPP 508 
flocculant. However, relatively small flocs and the lowest settling rate was obtained by 
the high cationic flocculant Enfloc 440 C.  

The flocculation test results showed that the conformation and the charge density 
of polymerat high and low pH regimes played a crucial role in flocculation of the 
natural stone particles. All flocculants showed the good flocculation performance for 
the settling rate and turbidity at pH 8 and 10. 
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Abstract: Coal is a material which has many features deciding about its quality. Among them, the 
decisive ones are mainly ash contents, sulfur contents and combustion heat. The paper presents the 
investigation of coal characteristics of three selected coal types in the context of their energetic value. For 
this purpose samples were collected from three different Polish mines: coal types 31, 34.2 and 35 (Polish 
classification of coals). Each of these materials was separated into particle size fractions (9 fractions) and 
then into 8 density fractions by separation in heavy liquids. For each size-density fractions obtained in 
this way, chemical analyses were performed which allowed for determination of such features as 
combustion heat, sulfur contents, ash contents, volatile parts contents and analytical moisture. Altogether, 
seven dimensions of grained material characteristics were obtained. The data prepared in this way was 
subsequently analyzed for correlation with the purpose of determining significant relations between 
investigated features. It was stated that the most correlated coal features are density, combustion heat, ash 
contents and volatile parts contents. 

For multidimensional analysis and identification of coal type, the modern image visualization 
technique, the Observational Tunnels Method, was applied. After performing seven-dimensional analysis 
aimed at the proper recognition of coal type, it was decided to determine the minimum amount of random 
variables, which describe a particular material in order to identify its type. It was stated that the crucial 
coal identification parameter is “analytical moisture”. Due to existing correlation between individual 
features, three of them were selected for testing: analytical moisture, sulfur contents and volatile parts 
contents. On the basis of the obtained images, it was stated that it was possible to obtain a view with the 
data concerning each type of coal being located in other part of the space. Subsequently, it was checked if 
a similar result is possible when the parameter “volatile parts contents” is replaced with highly correlated 
parameters “combustion heat” and “ash contents”. In both cases the exchange of these variables did not 
produce good enough results. This can be explained by a different scale of empirical data making it 
impossible to obtain a clear multidimensional image for which all three types of coal would be located in 
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other parts of space. However, it was proved that the modern graphical and computer methods can be 
successfully applied to identify the types of particulate materials.  

Keywords: multidimensional statistical analysis, observational tunnels method, coal, image visualization, 
energetic materials  

Introduction 

Coal as energetic material is characterized by multiple parameters determining its 
quality. Depending on the studied type of coal (energetic, coking or semi-coking), 
these parameters differ significantly and allow for identifying the type of coal on the 
basis of its characteristics. In the paper a wide analysis of coals from three selected 
mines located in the Upper Silesia is carried out. They included coals types 31, 34.2 
and 35 (according to Polish classification of coals). To evaluate their quality correctly, 
it is necessary to conduct the multidimensional statistical analysis. There are many 
techniques of such analysis, including:  
 multidimensional distribution functions of random vector X (Lyman, 1993; 

Niedoba, 2009; 2011; Olejnik et al., 2010; Niedoba and Surowiak, 2012), where X 
is the vector describing coal properties, 

 multidimensional regressive equations with the analysis of matrix coefficients of 
linear correlation and partial correlation between individual coal features (Niedoba, 
2013; Tumidajski and Saramak, 2009), 

 factor analysis (Stanisz, 2007; Tumidajski and Saramak, 2009), 
 other methods including visualization by observational tunnels method (Jamroz, 

2001), parallel coordinates and visualization of relations between multidimensional 
blocks (Jamroz, 2009). 
The multidimensional distributions of vector X treated as random vector and their 

practical applications are widely described in the literature and will not be the subject 
of this paper. The other methods listed above are connected to some extent with the 
contents of this paper. 

To carry out analyses for more than 3 dimensions, it is suitable to apply modern 
visualization methods which allow simultaneous analysis of many features of grained 
materials. One of such methods is observational tunnels method which was applied in 
the paper. These methods are becoming more and more useful in modern applications, 
which is reflected in many papers (Aldrich, 1998; Assa et al., 1997; 1999; Chatterjee 
et al., 1993; Chou et al., 1999; Cook et al., 1995; Heike, 2000; Hurley and Buja, 1990; 
Kim et al., 2000; Kraaijveld et al., 1995; Li et al., 2000). The observational tunnels 
method is connected with existing relations between individual coordinates of vector 
X (where X represents individual coal features). However, while the classical analysis 
of correlation is based on calculating the individual partial correlation coefficients 
without considering other features, the observational tunnels method considers 
projections of all coordinates taken together, giving a graphical image as a result. The 
competent change of the viewpoint gives the possibility of obtaining a view based on 
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which it is possible to identify the type of coal and information concerning differences 
between investigated materials. It also allows to select features which decide about the 
type of coal the investigated material is to be qualified for.  

The matrices of linear coefficients and partial correlations are usually connected 
with existing linear models of relations between researched random variables of vector 
X. The coefficients of linear correlation are determined for pairs of random variables 
totally irrespective of other variables. The partial correlation coefficients are 
determined on the basis of the matrix of coefficients of linear correlation taking the 
role of other variables in certain equation of linear regression into consideration. In the 
case of analysis of three random variables from which one is treated as a dependent 
variable and two others as independent ones, it leads to determination of correlation 
coefficients for projections of points parallel to regressive plane. It allows to determine 
the hierarchy (power of influence) of relations between variables in researched system. 
On the basis of matrix of linear coefficients of correlation the factor analysis can be 
performed which allows for grouping the existing variables into the so-called factors 
representing joint influences of variables according to the results of investigated 
processes. Consequently, some sort of classification must be provided. 

This paper also presents the methods of visualization of multidimensional data 
which make it possible to draw comparisons between the investigated data sets and 
suggest possibilities of their classification. They are a sort of continuation and 
development of the methods discussed above.  

Observational tunnels method 

The theoretical underpinnings of the Observational Tunnels Method were described in 
a paper by Jamroz (2001). Intuitively, it may be said that the method of observational 
tunnels makes use of a parallel projection with a local orthogonal projection of an 
extent limited by the maximal radius of the tunnel. This solution makes it possible to 
observe selected parts of space containing important information, which is not 
possible in the case of orthogonal projection. The method of projection used in this 
paper is roughly presented in Fig. 1. The observational plane P will be used as a 
screen through which any object placed in space X will be viewed. This observational 
plane PX is defined as: P=(w,{p1,p2}), where: 

  1 2 1 2 1 1 2 2,{ , } { : , , such that }
def

w p p x X F x w p p           ,  (1) 

X is any n -dimensional (n ≥ 3) vector space, over an F field of real numbers, with a 
scalar product. 

Vector w will indicate the position of the screen midpoint, whereas p1,p2 will 
indicate its coordinates. Let us assume for the moment that the space X is 
3-dimensional (an example assuming a space with more dimensions would be more 
difficult to conceive) and that observational plane P is 1-dimensional (i.e. it is possible 
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to observe the pertinent reality not through a segment of 2-dimensional plane but 
through a segment of a line). Additionally, let us take vector r, being the proper 
direction of projection onto the observational plane P (The proper direction of 
projection r onto the observational plane P=(w,{p1,p2}) is defined as any vector rX 
if vectors {p1, p2, r} are an orthogonal system). Let’s determine ka,r (i.e. a line parallel 
to r and passing through a) for observed point a. As shown in Fig. 1, the line ka,r need 
not have common points with P. However, ka,r always has one common point with 
hypersurface S containing P and being orthogonal to r. (the hypersurface S(s,d), 
anchored in sX and directed towards dX is defined as:  

  ( , ) : ( , ) 0
def

s dS x X x s d    ).   (2) 

  

Fig. 1. Presentation of the rules of projection on plane P in the observational tunnels method 
A line parallel to r and passing through a does not have to have common points with P. However, it 

always has exactly one common point with hypersurface S containing P and being orthogonal to r. In the 
above mentioned case only point a2 will be visible using observational plane P. 

In practice, some points could be viewed only at some orientations of observational 
plane P . This implies that in the majority of cases, when viewing a set of points using 
observational plane P, nothing will be seen. In order to avoid such situation, let us 
assume that the points visible on observational plane P do not only include points 
situated on lines parallel to r and passing through P, but also the points which are 
situated on lines parallel to r and passing through S (i.e. the hypersurface containing P 
and orthogonal to r) within a smaller distance from observational plane P than a 
certain fixed value. This distance for observed point a will be represented by vector ba 
called the tunnel radius:  

 ba = r + a – w – 1p1 – 2p2,  (3) 
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where: 

 
( , )

( , )

w a r

r r
 
 , 1

1
1 1

( , )

( , )

r a w p

p p

  
 , 2

2
2 2

( , )

( , )

r a w p

p p

  
 .   (4) 

In Eq. 4 r  X denotes a proper direction of projection onto observational 
plane P. 

In the case presented in Fig. 2, at the point e of observational plane P, all 
points situated in the tunnel whose intersection is a segment of and which is 
spreading along r will be visible. However, generally, at the point e on the 
observational plane P, all points situated in the tunnel whose intersection is n-3 
dimensional sphere and spreading along the direction of projection r will be 
visible.  

 

Fig. 2. Way of choosing observational tunnel T 
Tunnel T for point e is shown. (The area hatched with horizontal lines). All points that  

belong to tunnel T will be visible at point e of observational plane P 

The algorithm below should be followed in order to draw the projection of 
observed point a consistently with the direction of projection r onto observational 
plane P = (w,{p1,p2}): 
1. the distance of projection of observed point a is to be calculated using the formula:  

  = (w - a,r)/(r, r)   (5) 

2. the position of the projection (i.e. the pair 1, 2  F) of observed point a is to be 
calculated using the formula:  

 1=(r + a – w,p1)/(p1, p1), 2=(r + a - w,p2)/(p2, p2)   (6) 

3. the tunnel radius ba of point a is to be calculated using the definition (3)  
4. at this point it should be verified whether the scalar product (ba,ba) is lower than 

the maximum tunnel radius determined at a given time and whether the distance of 
the projection of observed point a is shorter than the maximum range of view 
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determined at a given time. If this is the case, then one should draw a point on 
observational plane P=(w,{p1,p2}) in the position of coordinates (1,2), otherwise 
the point should not be drawn.  
The scalar product is to be calculated using the formula:  

  (x, y) =
1

n

i i
i

x y

 ,   (7) 

where: x = (x1, x2,…, xn), y = (y1,, y2,…yn), n - number of dimensions, n  3.  

Experimental 

Three types of coal, types 31 (energetic coal), 34.2 (semi-coking coal) and 35 (coking 
coal) in the Polish classification were used in the investigation. They originated from 
three various Polish coal mines and all of them were initially screened on a set of 
sieves of the following sizes: –1.00, –3.15, –6.30, –8.00, –10.00, –12,50, –14.00,  
–16.00 and –20.00 mm. Then, the size fractions were additionally separated into 
density fractions by separation in dense media using zinc chloride aqueous solution of 
various densities (1.3, 1.4, 1.5, 1.6, 1.7, 1.8 and 1.9 g/cm3). The fractions were used as 
a basis for further consideration and additional coal features were determined by 
means of chemical analysis. For each density-size fraction such parameters as 
combustion heat, ash contents, sulfur contents, volatile parts contents and analytical 
moisture were determined, making up, together with mass of these fractions, seven 
various features for each coal. The examples of such data were presented in tables 1–3 
showing the data for size fractions 1.00–3.15 mm for each type of coal.  

Table 1. Data for size fraction 1.00–3.15 mm – coal, type 31 

Density 
[Mg/m3] 

Mass 
[g] 

Combustion 
heat [cal] 

Ash contents 
[%] 

Sulfur contents 
[%] 

Volatile parts 
contents 

Va 

Analytical 
moisture Wa 

<1.3 4187.8 7367 1.25 0.63 36.02 4.15 

1.3–1.4 2864.0 7021 3.35 0.66 32.14 4.33 

1.4–1.5 310.0 5939 18.78 1.33 27.54 2.55 

1.5–1.6 102.3 5547 23.83 1.66 26.87 2.80 

1.6–1.7 111.9 4911 30.54 1.91 25.98 2.65 

1.7–1.8 91.3 4177 39.94 1.93 25.17 2.35 

1.8–1.9 80.9 3462 47.43 1.74 24.00 2.29 

>1.9 1051.8 762 82.20 1.72 13.05 1.14 
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Table 2. Data for size fraction 1.00–3.15 mm – coal, type 34.2 

Density 
[Mg/m3] 

Mass 
[g] 

Combustion heat 
[cal] 

Ash contents 
[%] 

Sulfur 
contents [%]

Volatile parts 
contents 

Va 

Analytical 
moisture  

Wa 

<1.3 1803.0 8345 1.10 0.31 31.87 0.85 

1.3–1.4 794.0 8032 3.70 0.38 26.52 0.88 

1.4–1.5 83.3 6972 14.70 0.60 25.66 0.64 

1.5–1.6 40.6 5971 24.20 0.84 24.30 0.80 

1.6–1.7 25.0 5093 31.60 0.42 25.48 0.42 

1.7–1.8 20.8 4571 37.00 0.86 22.08 0.56 

1.8–1.9 6.7 4228 40.20 0.96 24.77 0.63 

>1.9 213.7 887 79.30 0.89 13.75 0.55 

Table 3. Data for size fraction 1.00–3.15 mm – coal, type 35 

Density 
[Mg/m3] 

Mass 
[g] 

Combustion heat 
[cal] 

Ash contents 
[%] 

Sulfur 
contents [%]

Volatile parts 
contents 

Va 

Analytical 
moisture  

Wa 

<1.3 3476.2 8297 2.22 0.38 21.94 1.07 

1.3–1.4 791.1 7781 7.84 0.46 19.56 0.85 

1.4–1.5 264.7 6836 17.61 0.51 18.65 0.97 

1.5–1.6 119.2 5830 27.70 0.62 18.22 0.93 

1.6–1.7 117.0 5029 35.57 0.66 17.40 1.05 

1.7–1.8 92.1 4222 43.45 0.76 16.99 1.08 

1.8–1.9 72.9 3516 50.64 0.74 16.12 1.16 

>1.9 1422.2 630 81.31 0.35 11.53 1.05 

Searching for significant coal features  

With a view to checking the relations between individual coal features, the partial 
correlation matrix was calculated for each type of coal. For each matrix the data 
concerning each particle density-size fraction (9 size fractions  8 density fractions = 
72 data), for coal type 34.2 several measurements were performed, which resulted in 
the number of the data = 61 in this case) for each type of investigated coals. The 
correlation matrices were presented in Tables 4–6.  
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Table 4. Correlation matrix for coal type 31 

 

Density  
[Mg/m3] 

Mass 
[g] 

Combustion 
heat  
[cal] 

Ash 
contents 

[%] 

Sulfur 
contents 

[%] 

Volatile parts 
contents 

Va 

Analytical  
moisture Wa 

Particle 
size 

d 

Density 
 [Mg/m3] 

1.00 –0.22 –0.92 0.92 0.53 –0.81 –0.86 –0.08 

Mass 
[g] 

–0.22 1.00 0.21 –0.19 –0.29 0.21 0.21 –0.29 

Combustion 
heat [cal] 

–0.92 0.21 1.00 –0.97 –0.36 0.89 0.89 –0.08 

Ash contents 
[%] 

0.92 –0.19 –0.97 1.00 0.36 –0.93 –0.92 0.06 

Sulfur contents 
[%] 

0.53 –0.29 –0.36 0.36 1.00 –0.24 –0.37 –0.31 

Volatile parts 
contents 

Va 
–0.81 0.21 0.89 –0.93 –0.24 1.00 0.86 –0.03 

Analytical 
moisture Wa 

–0.86 0.21 0.89 –0.92 –0.37 0.86 1.00 –0.10 

Particle size d –0.08 –0.29 –0.08 0.06 –0.31 –0.03 –0.10 1.00 

Table 5. Correlation matrix for coal type 34.2 

 

Density  
[Mg/m3] 

Mass 
[g] 

Combustion 
heat [cal] 

Ash  
contents 

[%] 

Sulfur 
contents 

[%] 

Volatile parts
contents 

Va 

Analytical 
moisture  

Wa 

Particle 
size 

d 

Density  
[Mg/m3] 

1.00 –0.47 –0.96 0.93 0.20 –0.70 –0.44 –0.08 

Mass 
[g] 

–0.47 1.00 0.37 –0.35 –0.30 0.29 0.06 –0.18 

Combustion  
heat [cal] 

–0.96 0.37 1.00 –0.99 –0.12 0.82 0.42 0.01 

Ash contents  
[%] 

0.93 –0.35 –0.99 1.00 0.12 –0.85 –0.41 –0.02 

Sulfur contents [%] 0.20 –0.30 –0.12 0.12 1.00 –0.05 –0.12 –0.29 

Volatile parts  
contents 

Va 
–0.70 0.29 0.82 –0.85 –0.05 1.00 0.29 –0.07 

Analytical  
moisture Wa 

–0.44 0.06 0.42 –0.41 –0.12 0.29 1.00 0.44 

Particle size d –0.08 –0.18 0.01 –0.02 –0.29 –0.07 0.44 1.00 
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Table 6. Correlation matrix for coal type 35 

 

Density  
[Mg/m3] 

Mass 
[g] 

Combustion
 heat 
 [cal] 

Ash  
contents

 [%] 

Sulfur 
contents

 [%] 

Volatile parts 
contents 

Va 

Analytical 
moisture  

Wa 

Particle 
size 

d 

Density 
[Mg/m3] 

1.00 –0.14 –0.98 0.97 0.30 –0.88 0.32 –0.08 

Mass 
[g] 

–0.14 1.00 0.05 –0.04 –0.40 0.02 –0.18 –0.28 

Combustion  
heat [cal] 

–0.98 0.05 1.00 –1.00 –0.15 0.93 –0.29 0.04 

Ash  
contents [%] 

0.97 –0.04 –1.00 1.00 0.13 –0.94 0.28 –0.04 

Sulfur  
contents [%] 

0.30 –0.40 –0.15 0.13 1.00 0.01 0.18 –0.10 

Volatile parts 
contents 

Va 
–0.88 0.02 0.93 –0.94 0.01 1.00 –0.21 0.05 

Analytical  
moisture Wa 

0.32 –0.18 –0.29 0.28 0.18 –0.21 1.00 0.55 

Particle size d –0.08 –0.28 0.04 –0.04 –0.10 0.05 0.55 1.00 

It is worth looking at statistical description of the considered random variables. 
Their characteristics were presented in Tables 7–9.  

Table 7. Statistical description for coal 31 

Parameter 
Mass 
[g] 

Combustion 
heat 
 [cal] 

Ash  
contents 

 [%] 

Sulfur  
contents 

 [%] 

Volatile parts 
contents 

Va 

Analytical 
moisture Wa 

mean value 502.84 4827.68 30.59 1.14 26.13 2.88 

standard 
deviation 

859.77 1928.20 22.80 0.49 6.58 0.94 

skewness 2.71 –0.71 0.97 0.54 –1.03 –0.21 

curtosis 7.47 –0.14 0.48 –0.77 0.72 0.02 

max 4187.80 7518.00 86.59 2.28 37.04 5.41 

min 7.10 433.00 1.25 0.39 9.30 0.91 

interval 4180.70 7085.00 85.34 1.89 27.74 4.50 
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Table 8. Statistical description for coal 34.2 

Parameter 
Mass 
[g] 

Combustion 
heat 
 [cal] 

Ash  
contents  

[%] 

Sulfur  
contents 

 [%] 

Volatile parts 
contents 

Va 

Analytical 
moisture  

Wa 

mean value 170.46 5515.98 27.86 0.57 24.66 0.94 

standard 
deviation 

345.01 2390.50 23.89 0.35 5.66 0.28 

skewness 3.60 –0.75 1.03 1.29 –1.48 0.35 

curtosis 14.49 –0.22 0.35 2.27 1.58 0.75 

max 1817.90 8367.00 81.97 1.81 31.87 1.87 

min 2.20 591.00 0.79 0.05 9.77 0.37 

interval 1815.70 7776.00 81.18 1.76 22.10 1.5 

Table 9. Statistical description for coal 35 

Parameter 
Mass 
[g] 

Combustion 
heat 
 [cal] 

Ash  
contents  

[%] 

Sulfur  
contents 

 [%] 

Volatile parts 
contents 

Va 

Analytical 
moisture  

Wa 

mean value 367.64 5418.26 31.60 0.56 17.65 1.27 

standard 
deviation 

631.53 2286.93 23.40 0.247 2.82 0.18 

skewness 3.14 –0.67 0.73 1.09 –1.19 –0.005 

curtosis 10.91 –0.27 –0.19 1.06 1.004 –0.58 

max 3476.20 8383.00 82.02 1.26 22.18 1.65 

min 21.00 600.00 1.84 0.18 10.60 0.85 

interval 3455.20 7783.00 80.18 1.08 11.58 0.80 

From the correlation analysis results it is clearly visible that the most correlated 
coal features are density, combustion heat, ash contents and volatile parts contents. It 
is presumed then that for coal type identification it is not necessary to choose all of 
these features, but only one of them. To perform the multidimensional analysis of the 
data presented above, which describes coal parameters, the observational tunnels 
method was applied. Each of seven dimensions was treated as one. At the beginning, it 
was examined whether the information contained in all parameters is sufficient to the 
correct identification of coal type (Niedoba and Jamroz, 2013). As a result, the 7-
dimensional space was created. It turned out that the accepted parameters were 
sufficient for proper identification if a given sample originated from coal type 31, 34.2 
or 35. Figure 3 shows an example of experiment result considering data from all types 
of coal: 34.2 (61 samples), 35 (72 samples) and 31 (72 samples). From this it occurs 
that the data representing coal of type 35 is located in other part of the space than data 
representing coal of type 34.2. However, it is impossible to conclude about possibility 
of separation of coal of type 31. Furthermore, it was impossible to achieve one view 
from which the conclusion about proper identification of each of three analyzed types 
of coal was possible. Only joined conclusions occurring from several views allowed to 
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state this (Niedoba and Jamroz, 2013). It proves that the nature of analyzed data is 
complicated.  

 

Fig. 3. Obtained view which shows that 7-dimensional data for coal 35 (“circles”)  
gather in other part of the space than coal 34.2 (“pluses”). From this view it is not possible  

to conclude about possible separation of coal of type 31 (×) 

Next, the last parameter, ”analytical moisture”, was deleted from the set of data. 
Consequently, the six-dimensional space was created. The Figs 4–5 show the 
experimental results for 6-dimensional data created in this way. From the view 
obtained in Fig. 4 it can be seen that the data concerning coal type 31 is located in 
other part of the space than coal type 35. On this basis it can be stated that the 
accepted parameters are sufficient to identify properly if certain sample origins from 
coal type 31 or 35. On the basis of this figure it is impossible to conclude about 
possible separation of the coal of type 34.2. In Fig. 5 the obtained view made it 
possible to state that the data concerning coal type 35 is located in other part of the 
space than coal type 34.2. It is possible then to state that the accepted parameters are 
sufficient for the proper identification whether certain sample origins from coal type 
35 or 34.2. However, it was impossible to get the view from which the conclusion 
could be made that data concerning coal type 31 is located in other part of the space 
than coal of type 34.2. So, it is impossible to accept that these parameters are 
sufficient to the proper identification of coal type.  

As it was noticed before, the seven-dimensional data created from the seven coal 
features described above is sufficient to the proper identification of coal type, but the 
same data is not sufficient for this purpose after removal of the parameter “analytical 
moisture”. The conclusion is that the parameter “analytical moisture” is essential to 
the proper identification of coal type. It was the reason for constructing the next set of 
data on the basis of this parameter.  
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Fig. 4. View of 6-dimensional set of data created after removal of parameter „analytical moisture”. 
 It is visible that the data representing coal of type 35 (“circles”) is located in other part  

of the space than data representing coal type 31 (“crosses”). From this view it is not possible 
 to conclude about possible separation of coal of type 34.2 (+) 

 

Fig. 5. View of 6-dimensional data created after the removal of parameter „analytical moisture”.  
It is visible that the data representing coal type 35 (“circles”) is located in other part of the space  

than data representing coal type 34.2 (“pluses”). From this view it is not possible to conclude about 
possible separation of coal of type 31 (×) 

Based on correlation matrix results, 4 coal features were removed from the seven-
dimensional set of data presented above and only 3 parameters left: analytical 
moisture, sulfur contents and volatile parts contents. Each of these parameters was 
treated as one dimension. Therefore, the three-dimensional space was created. Figures 
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6–7 present the results of these experiments. From the view obtained in Fig. 6 it can be 
seen that data concerning coal type 31 is located in other part of the space than coal 
type 35. On this basis it can be stated that the accepted parameters are sufficient for 
the proper identification if certain sample origins from coal type 31 or 35. On the basis 
of this figure it is impossible to conclude about possible separation of coal of type 
34.2. Based on the view obtained in Fig. 7 it can be stated that data concerning coal 
type 34.2 is located in other part of the space than coal type 35 and simultaneously in 
other part of the space than coal type 31. From these two views, it can be concluded 
that the accepted parameters are sufficient to identify properly if certain sample 
origins from coal type 31, 34.2 or 35. At the same time it was impossible to get one 
view from which such conclusion could be made. It can be the proof that the structure 
of analyzed data is complicated.  

 

Fig. 6. View of 3-dimensional data: analytical moisture, sulfur contents and volatile parts contents.  
It is visible that the data representing coal type 35 (“circles”) is located in other part of the space than  

data representing coal type 31 (“crosses”). From this view it is not possible to conclude 
 about possible separation of coal of type 34.2 (+) 

Next, it was decided to examine the influence of potential replacement of one of 
the coal features with another one highly correlated with it. The correlation index of 
“volatile parts contents” parameter was equal to 0.93 with parameter “combustion 
heat” for coal type 31, 0.82 for coal type 34.2 and 0.89 for coal type 35 (see: Tables 4–
6). They are parameters highly related to each other. That is why in a set of three coal 
features (analytical moisture, sulfur contents and volatile parts contents), which are 
sufficient for the correct identification of coal type as shown above, the parameter 
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Fig. 7. View of 3-dimensional data created from features: analytical moisture, sulfur contents and volatile 
parts contents. It is visible that the data representing coal type 34.2 (”pluses”) is located in other part of 

the space than data representing coal type 31 (“crosses”) as well data representing coal type 34.2 
(“pluses”) is located in other part of the space than data representing coal type 35 (“circles”) 

“volatile parts contents” was replaced with parameter “combustion heat”. Figures 8-9 
present the obtained results. The view obtained in Figure 8 allows to state that data 
concerning coal type 31 is located in other part of the space than coal type 34.2, and at 
the same time it is located in other part of the space than coal type 35. On this basis it 
can be said that the accepted parameters are sufficient to the proper identification if a 
particular sample originates from coal type 31 or not. All the same, it was impossible 
to find a view stating that the data concerning coal type 34.2 is located in other part of 
the space than coal type 35. The best obtained view concerning the possibility of 
separating the data into coals types 34.2 and 35 was shown in Figure 9. I occurs from 
it that the accepted parameters are sufficient to proper identification if the sample 
origins from coal of type 31 or 34.2. It cannot be said then that these three accepted 
parameters are sufficient to the proper identification of the type of coal. It proved that 
as a result of replacement of parameter “volatile parts contents” with “combustion 
heat”, the information allowing for the proper identification of coal type was lost. It 
occurred despite the high value of correlation index between these two coal features.  
Similarly, the parameter „volatile parts contents” was replaced with parameter “ash 
contents”. The correlation index between these two features was high and was equal to 
–0.94 for coal type 31, –0.85 for coal type 34.2 and –0.93 for coal type 35 (see: Tables 
4–6). Consequently, the set of three parameters was created: analytical moisture, 
sulfur contents and ash contents. The view presented in Figure 10 allows to state that 
data concerning the coal type 31 is located in other part of the space than data 
concerning coal type 34.2 and at the same is located in other part of the space than 
 



Application of the Observational Tunnels Method 199 

 

Fig. 8. View of 3-dimensional data created from features: analytical moisture, sulfur contents  
and combustion heat. It is visible that data representing type coal 31 (“crosses”) is located  
in other part of the space than data representing coal type 34.2 (“pluses”) and other part  

of the space than data representing coal type 35 (“circles”) 

 

Fig. 9. View of 3-dimensional data created from features: analytical moisture, sulfur contents  
and combustion heat. The best view does not allow to state if the data representing type coal 34.2 

(“pluses”) can be separated from the data representing type coal 35 (“circles”) – sets of points 
representing these two types overlap. It can be stated that the accepted parameters are sufficient to proper 

identification if certain sample origins from coal of type 31 (“crosses”) or 34.2 (“pluses”)  

data concerning coal type 35. On this basis, similarly to the previous case, it can be 
stated that the accepted set of parameters is sufficient for the correct identification if 
certain sample originates from coal type 31 or not. All the same, it was impossible to 
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find a view allowing to state that the data concerning coal type 34.2 is located in other 
part of space than the data concerning coal type 35. The accepted parameters are then 
not sufficient for the proper identification of the type of coal. This proved that the 
replacement of the parameter “volatile parts contents” with parameter “ash contents” 
also resulted in a loss of information allowing for the proper identification of all three 
coal types despite the high value of correlation index between replaced coal features.  

 

Fig. 10. View of 3-dimensional data created from features: analytical moisture, sulfur contents  
and ash contents. It is visible that data representing coal type 31 (“crosses”) is located in other  

part of the space than data concerning coal type 34.2 (“pluses”) and other part of the space  
than data representing coal type 35 (“circles”) 

Conclusions  

The visualizations of multidimensional data made it possible to arrive at the following 
conclusions: 
 6-dimensional data created as a result of removal of the parameter “analytical 

moisture” is not sufficient for the proper identification of coal type. They only 
allow to recognize coal types 35 and 31 as well 35 and 34.2 in pairs  

 the parameter “analytical moisture” is crucial to the proper identification of coal 
type. Without this parameter, it would have been impossible to recognize the type 
of coal successfully  

 three-dimensional data created from parameters: analytical moisture, sulfur 
contents and volatile parts contents are sufficient for the proper identification of 
coal type 

 replacement of one of the parameters in coal features set with other highly 
correlated parameter does not guarantee to save the information necessary for the 
identification of coal type 
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 the system features, including analytical moisture, sulfur contents and combustion 
heat as well analytical moisture, sulfur contents and ash contents are not sufficient 
for the proper identification of coal type.  
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Abstract: Amenability of mafic ores to pre-concentration was investigated with respect to ore mineraliza-

tion characteristics. For the pre-concentration tests seven ores from various nickel-copper operations at 

Sudbury, Ontario were subjected to dense medium separation. Size assays of metal values, i.e. distribu-

tion of nickel and copper with respect to size fractions, were also determined. The ores were assessed in 

three categories of valuable mineralization as massive pure sulphides, coarse massive sulphide grains and 

disseminated sulphides. For ores with massive pure sulphides and coarse massive sulphide grains even a 

size classification based pre-concentration route could be sought since a clear trend of metal enrichment 

was identified towards finer fractions. Orebodies of similar mineralogy had similar responses to pre-

concentration tests. The best results were for those ore bodies with a distinct differentiation between 

mineralization and gangue, i.e. the ores with massive pure sulphides, where nickel recoveries of 97% and 

mass rejections of 38-53% were achieved. Similar results were obtained for ores with coarse massive 

sulphides. For disseminated sulphide mineralogy relatively lower mass rejection was attained with ac-

ceptable recoveries of metals. Rejection of magnesium bearing gangue, such as talc, was identified as 

another benefit of pre-concentration. The extent of magnesium rejection occurred as a function of ore 

mineralogy. Clear distinction between valuable mineralization and gangue provided preferential magnesi-

um rejection at high levels with no or minor metal losses.  

Keywords: mafic ores, pre-concentration, dense media separation, metallic sulphides, ore mineralogy 

Introduction 

Pre-concentration is a beneficiation concept with the primary goal of early waste re-

jection, i.e. discarding barren rock from run-off-mine ore at coarse sizes prior to 

downstream processes. It is not a new concept and has been in practice since early 

1900’s. Depending on the characteristics of the ore and scale of the process, pre-

concentration can be accomplished using several methodologies ranging from simple 

techniques such as hand sorting and screening to conventional mineral separation 

http://www.minproc.pwr.wroc.pl/journal/
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techniques such as dense medium separation (DMS) or highly advanced sorting tech-

nologies. As mentioned, it is a proven concept with practices for a wide range of ores 

and several large scale applications. Some of the successful applications include, pre-

concentration of a Zn-sulphide ore at American Zinc Company (TN, USA), a native-

Cu ore (Houghton, MI, USA), Pb-Zn sulphide ore at Mt.Isa (Australia), a Cu-sulphide 

ore at Copper Creek (AZ, USA), a Pb-Zn sulphide ore at Sullivan Mine (BC, Canada), 

a Ni-sulphide ore at Whistle Mine (Sudbury, ON, Canada). The South African Cham-

ber of Mines also conducted and extensive researh programme for more than a decade 

(1978-1989) to identify the potential of underground pre-concentration for several 

deep gold mines (Miller, 1978; Lloyd, 1979; Munro, 1982; Fiedler et al., 1984; Lloyd 

et al., 1986; Vatcha et al., 2000). All these applications and previous research showed 

that application of pre-concentration, either at the surface or  underground, would 

potentially lead to numerous benefits by realizing early waste rejection in the mining 

sequence. The most significant outcomes include (Schena et al, 1990; Salter and Wy-

att, 1991; Feasby and Tremblay, 1995; Peters et al., 1999; Scoble et al., 2000; Klein et 

al., 2002; Klein et al., 2003; Bamber et al., 2006): 

 savings in material handling and transportation costs by early rejection of waste  

 savings in grinding and processing costs by removing siliceous and/or Mg bearing 

gangue. 

 increased efficiency in downstream processes due to improved feed metallurgy 

 extended mine-life due to lowered cut-off grade  

 possibility to use bulk-mining methods due to higher toleration of dilution in the 

ROM ore 

 higher mining rate without installing higher capacity processing facilities 

 decrease in the amount of fine wastes and slime production after concentration 

processes 

 possibility to use rejected waste as backfill material in U/G operations. 

Effective pre-concentration therefore would improve the economics, efficiency and 

contribute to the environmental viability of the operation. In addition, pre-

concentration has been reported to be particularly in favour of operations at extreme 

depths and/or on low grade ores (Hinde et al., 1986). In this respect it is envisioned to 

contribute to the sustainability of a vast number of metal mines in the globe con-

strained by increasing ore depth, decreasing ore grade, and environmental measures. 

This paper presents results from an extensive test programme aimed at identifying the 

amenability of ores from some of the major nickel-copper operations at Sudbury, On-

tario, Canada. These operations commonly suffer from technical restrictions such as 

increasing ore depth, decreasing ore grade and increasing mining costs as well as envi-

ronmental pressures. The impact of ore mineralogy on the liability of the ores to pre-

concentration was assessed by interpreting the results in relation to the occurrence 

modes of nickel and copper bearing portions, using dense medium separation. 
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Materials and Methods 

Seven different ores from the Craig, Fraser and Thayer Lindsley mines were 

grouped with respect to the distinctive mineralogical characteristics of metallic sul-

phides in the ores. The specific names and characteristics of these ores are presented in 

Table 1. In all the ores, the nickel and copper values exist in the form of metallic sul-

phides. It is also possible to classify the ores as contact and footwall with sub-groups 

based on their specific mineralogical characteristics (Bamber et al., 2006): 

 Contact ores with coarse grained metallic sulphides; Craig LGBX, TL Zone 2, 

 Contact ores with disseminated sulphides within the host rock; Craig 8112, Fraser 

Ni, TL Zone 1, 

 Footwall ores of narrow-vein high grade stringers containing high copper grades 

mostly in the form of massive pure sulphides: Fraser Cu, TL Footwall. 

Table 1. Summary of the ore characteristics 

Ore 
Head Grades Grain Size    

(mm) 
Description 

Ni (%) Cu (%) 

Fraser Copper 0.61 10.94 
No discrete 

grains 

Mineralization: Massive pure sulphides 

Gangue: Very minimal visual fine grained sulphides 

Thayer Lindsley 

Footwall 
1.24 8.14 

No discrete 

grains 

Mineralization: Massive pure sulphides 

Gangue: No visible sulphides 

Craig LGBX 2.28 0.33 > 1 
Mineralization: Coarse grained massive sulphides 

Gangue: No visible sulphide 

Thayer Lindsley 

Zone 2 
1.35 0.75 < 1 

Mineralization: Coarse grained massive sulphides 

Gangue: No visible sulphide 

Craig 8112 1.11 0.48 < 0.5 
Mineralization: Coarse disseminated sulphides 

Gangue: No visible sulphide 

Fraser Nickel 0.74 0.38 <0.1 
Mineralization: Coarse disseminated sulphides 

Gangue: Minimal visual fine grained sulphides 

Thayer Lindsley 

Zone 1 
0.69 0.41 < 1 

Mineralization: Coarse disseminated sulphides 

Gangue: Minimal visual fine grained sulphides 

 

Each sample was screened into size fractions based on a √2 series. The size frac-

tions started from a top size of 254 mm. Dense medium separation tests were conduct-

ed using a laboratory type closed-circuit vessel setup. Due to the limitations of the 

laboratory type DMS vessel, each ore was crushed so as to have a top particle size of 

75 mm. DMS tests were conducted using a laboratory type dense media vessel. Ferro-

silicon was used to adjust the separation density and was circulated through the vessel 

in closed circuit. The separation density in the vessel was controlled using a Marcy 

scale. The concentrate and waste products were weighed and assayed for nickel, cop-

per and magnesium.  
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Results and discussion 

Size assays 

The size-assay of the crushed ore allows to identify the metal distribution and lib-

eration data with respect to particle size fractions. This also reveals the size classes 

potentially available for direct rejection and the optimum cut-size for discrimination 

between waste material and metal enriched fractions. The observation of specific size 

fractions with apparently high metal grades would even allow implementation of sim-

ple screening as a possible pre-concentration tool.  

 

 

Fig. 1. Ni and Cu grade and size distribution for ores with massive pure sulphides 

For the Fraser Copper and Thayer Lindsley Footwall ores, constituted of massive 

pure sulphide grains, nickel and copper enrichment towards finer fractions were seen. 

Higher grades at finer fractions were particularly clear for Fraser Cu (Fig. 1). The Ni 

grade in –53.9 mm fractions were higher than coarser sizes in Fraser Cu. Also for cop-
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per, significant enrichment was identified for –76.2 mm fractions and Cu grades ex-

ceeding 20% were recorded. For TL Footwall, +127 mm fraction had a low Cu grade. 

In view of the size-assay values for both metals and considering the mass distribu-

tions, fractions coarser than 76.2 mm could be directly discarded for Fraser Cu ore. 

This corresponds to a mass rejection of more than 50% prior to the downstream pro-

cesses. Also, +127 mm fraction is practically barren rock for TL Footwall ore and 

could be scalped of as waste. With a Cu grade of higher than 30%, direct addition of –

26.5 mm fractions of Fraser Cu to the final flotation concentrate could be suggested. 

 

 

Fig. 2. Ni and Cu grade and size distribution for ores with massive coarse sulphides 

For the LGBX and TL Zone 2 ores, characterized with massive coarse sulphide 

grains, Cu enrichment was seen for fractions finer than 37.5 mm. The Cu grades of the 

–37.5 mm fractions were particularly higher for TL Zone 2 ore (Fig. 2). For the same 

ore, there is a distinct increase in Ni grade in –53.9 mm fractions. Nickel assay in 

LGBX ore was more equally distributed across all size ranges except –6.6 mm fraction 



 N.E. Altun, T. Weatherwax, B. Klein 208 

(Fig. 2). Therefore a potential exists for rejection of coarser fractions of TL Zone 2 ore 

as waste, considering the delicate balance to recover both Ni and Cu values. Possible 

screening off +53.9 mm fractions corresponds to a huge mass rejection of around 85% 

where significant benefits would be expected. 

 

 

Fig. 3. Ni and Cu grade and size distribution for ores with disseminated sulphides 

The ores with disseminated sulphides show relatively slight trend towards enriched 

fines (Fig. 3). Except -6.6 mm fraction, setting a distinct cut size is not likely particu-

larly for Craig 8112 and Fraser Nickel ores. Only for TL Zone 1 ore, separation of 

+76.2 mm fractions would be sought, corresponding around 45% mass rejection with 

tolerable loss of metal values (Fig. 3).  

The results illustrated that the ores with distinct metal sulphide mineralization pro-

vide a relatively higher trend towards enriched fines. Fraser Copper, a footwall ore 

with massive pure sulphides and TL Zone 2, a contact ore with massive coarse sul-

phide grains yielded the most promising results for size-based pre-concentration. With 
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these ores great extent of mass rejection was revealed with minor metal losses. All 

other ores with massive pure or coarse massive sulphides also showed significant po-

tential for size-based early waste rejection. The results for ores with dissemination of 

metal sulphides showed relatively limited possibility for a size-based pre-

concentration.  

It should also be noted that regardless of ore type and mineralogy, metal enrich-

ment in the finest fractions (-9.3+6.6 mm and -6.6 mm ) were common almost for all 

ores. This is normally associated with the liberation of softer sulphides being readily 

susceptible to breakage and attrition from the host rock. Therefore, for all ores, screen-

ing of these finest fractions for by-passing into the flotation concentrates would be 

suggested. 

DMS tests 

Tables 2-4 present the results of the DMS tests with respect to ore mineralization clas-

ses. For each ore the change in the separation performances as a function of specific 

gravity of separation are also shown. Considering the primary objectives of pre-

concentration as maximum rejection of gangue mineralization with minimum loss of 

metal values, i.e. with the highest possible metal recoveries, the importance of com-

paring different levels of separation specific gravities could be clearly understood. The 

results of DMS study were apparently favorable for Fraser Cu and TL Footwall ores 

(Table 2). For Fraser Cu, separation at both 2.9 and 3.1 yielded significant rejection of 

barren rock with Ni and Cu recoveries over 95 % in the concentrate.  

Table 2. DMS results for ores with massive pure sulphides 

Ore 
Feed Grade (%) 

Sep. SG 
Conc. Mass 

(%) 

Mass  

Rejection 

(%) 

Concentrate Grade 

(%) 

Recovery 

(%) 

Ni Cu Ni Cu Ni Cu 

Fraser Cu 0.41 10.48 

2.7 91 9 0.48 11.47 99.67 99.47 

2.9 47 53 0.84 22.01 96.01 97.95 

3.1 44 56 0.95 23.39 95.14 97.61 

TL  

Footwall 
1.19 6.99 

2.7 88 12 1.35 7.92 99.93 99.85 

2.9 63 37 1.83 10.79 97.67 97.89 

3.1 59 41 1.98 11.68 96.76 96.90 

3.35 45 55 2.10 11.92 80.01 77.15 

Waste rejection was slightly higher at 3.1 with similar metal recoveries in the con-

centrate. For TL Footwall ore, starting from 2.9 acceptable results were achieved with 

improved separation and waste rejection towards higher separation densities. Separa-

tion at 3.1 provided the most effective pre-concentration with 41% waste rejection and 

Ni and Cu recoveries around 97%. Further increase of the separation density to 3.35 

caused reductions in nickel and copper recoveries (Table 2). 
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For ores with coarse massive sulphide grains, DMS results were also promising. At 

2.95, more than 30% of the feed could be discarded as waste with a concentrate of 

more than 97% Ni and 81% Cu recoveries. Mass rejection was further increased to 

around 50% by shifting the separation density to 3.1. At this level Ni recovery re-

mained almost similar, but Cu recovery decreased by around 10%. For TL Zone 2, Ni 

and Cu recoveries exceeding 95% were achieved at 2.9, but only one quarter of the 

feed could be discarded. Increasing the separation density to 3.1 significantly en-

hanced waste rejection up to 43% with a high Ni (≈93%) and an acceptable Cu (≈ 

88%) recovery in concentrate (Table 3).  

Table 3. DMS results for coarse massive sulphides 

Ore 
Feed Grade (%) 

Sep. SG 
Conc. Mass    

(%) 

Mass  

Rejection 

(%) 

Concentrate Grade 

(%) 
Recovery (%) 

Ni Cu Ni Cu Ni Cu 

LGBX 2.46 0.31 

2.8 84 16 2.90 0.34 98.84 92.55 

2.95 68 32 3.52 0.38 97.18 81.55 

3.1 51 49 4.65 0.44 95.65 71.14 

TL  Zone 2 1.29 0.86 

2.7 97 3 1.33 0.88 99.90 99.75 

2.9 74 26 1.70 1.11 97.73 95.65 

3.1 57 43 2.11 1.33 92.78 87.78 

Table 4. DMS results for disseminated sulphides 

Ore 
Feed Grade (%) 

Sep. SG 
Conc. Mass 

(%) 

Mass Rejec-

tion (%) 

Concentrate Grade 

(%) 
Recovery  (%) 

Ni Cu Ni Cu Ni Cu 

8112 1.12 0.51 

2.8 94 6 1.17 0.54 98.88 98.79 

2.95 86 14 1.27 0.57 97.63 96.68 

3.1 47 53 2.12 0.93 89.39 85.41 

Fraser Ni 0.68 0.41 

2.7 99 1 0.68 0.40 99.87 99.87 

2.9 52 48 1.08 0.64 82.80 83.24 

3.1 21 79 1.49 0.87 45.43 45.62 

TL   Zone 1 0.69 0.39 

2.7 99 1 0.69 0.39 99.98 99.90 

2.9 80 20 0.82 0.45 95.40 92.67 

3.1 46 54 1.23 0.63 81.21 73.77 

Although the separation results for the ores with disseminated sulphides can not be 

noted as unsatisfactory, the success of the process was relatively limited for these ores 

from the pre-concentration perspective. For 8112 and TL Zone 1, the nickel and cop-

per recoveries exceeded 90% in the concentrate product when the separation was con-

ducted at 2.95 and 2.9, respectively. However, at these separation densities mass rejec-

tion remained fairly low for both ores (Table 4). For 8112, pre-concentration could be 

justified at 3.1 with more than 50% mass rejection and Ni recovery close to 90% and 
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Cu recovery more than 85% in the concentrate. For TL Zone 1, separation at 3.1 could 

also yield significant mass rejection at 54%, but with lower Ni and Cu recoveries as 

81.21 % and 73.77 %, respectively. At a separation density of 2.9, Fraser Ni provided 

similar results to TL Zone 1 in terms of mass rejection and metal recoveries. Further 

increase of separation density to 3.1 dramatically decreased Ni and Cu recoveries to 

45% for Fraser Ni (Table 4). 

Another benefit of DMS was recognized as reduced Mg in the concentrate prod-

ucts. The adverse effect of Mg bearing minerals and particularly talc is obvious in the 

flotation based beneficiation of metallic sulphides. Potential rejection of these miner-

als, therefore, corresponds to increased metallurgical performance in the downstream 

processes. The change of Mg and metal recoveries as a function of separation density 

was assessed and the results are presented in Figs 4–6.  

 

 

 

 

Fig. 4. Mg and metal recoveries for massive pure sulphide mineralogy  

For the ores characterized with a massive pure sulphide mineralogy, a significant 

fraction of Mg was rejected at the optimum densities of separation, i.e. a concentrate 

product with high metal recoveries and low Mg content could be achieved at accepta-

ble levels of waste rejection. For Fraser Cu, the concentrate product of 2.9 included 

only 17.49% of Mg from the feed while the Ni and Cu recoveries were over 96 %. Mg 

in the concentrate of 3.1 was as low as 11.54% and the metal recoveries were still high 

(Fig. 4). For Thayer Lindsley Footwall ore separation at 2.9 provided rejection of 

Fraser Cu 

Sep SG 

Mass 

Reject 
 (%) 

Mg Grade (%) 
Mg Rec. 

(%) Feed Conc. 

2.7 9 

1.83 

1.85 92.15 

2.9 53 0.69 17.49 

3.1 56 0.48 11.54 

TL Footwall 

Sep SG 
Mass 

Reject (%) 

Mg Grade (%) Mg Rec. 

(%) Feed Conc. 

2.7 12 

1.49 

1.62 95.94 

2.9 37 1.03 43.68 

3.1 41 0.69 26.87 

3.35 55 0.51 15.42 
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more than half of the Mg with the waste. The shift of separation density to 3.1 yielded 

even better results. The Mg recovery in the concentrate decreased to around 27% with 

almost no metal loss and increased extent of waste rejection (Fig. 4). Separation at 

3.35 provided further reduction of Mg in the concentrate, but at the expense of de-

creases in Ni and Cu recoveries. 

DMS also favored Mg rejection for Craig LGBX and Thayer Lindsley Zone 2 ores 

which were specified by coarse grained massive sulphides. With a separation at 2.95, 

around 68% of Mg could be discarded with the waste (Fig. 6). Mg rejection at 3.1 was 

twice as high (% 34.19) at an improved mass rejection of 49%. At both separation 

densities, nickel recoveries remained quite significant. For TL Zone 2, Mg rejection at 

2.9 and 3.1 were relatively lower than LGBX (Fig. 5). However, separation at 3.1 

provided optimum results in terms of all criterions considered for possible implemen-

tation of pre-concentration. At this separation density, the concentrate included 48% 

Mg with significant Ni and Cu recoveries and 43% of feed could be discarded (Fig. 5).  

  

 

 

Fig. 5. Mg and metal recoveries for ores with coarse sulphide grains  

For the ores categorized with disseminated sulphide inclusions, the results were ra-

ther fluctuating. Overall, separation at the highest specific gravity (3.1) provided the 

highest Mg rejection for all three ores. It should also be noted that a shift of separation 

density from the mid-level to 3.1 dramatically increased the amount of waste discard-

ed (Fig. 6). However, it is not likely that separation at 3.1 would be justified with re-

spect to only Mg rejection as the metal recoveries remained fairly low at this specific 

gravity particularly for Fraser Nickel ore. With respect to all parameters considered for 

LGBX 

Sep SG 
Mass 

Reject (%) 

Mg Grade (%) Mg Rec. 
(%) Feed Conc. 

2.8 16 

2.37 

2.61 92.50 

2.95 32 2.37 67.83 

3.1 49 1.60 34.19 

TL Zone 2 

Sep SG 
Mass 

Reject (%) 

Mg Grade (%) Mg Rec. 
(%) Feed Conc. 

2.7 3 

3.74 

3.81 99.26 

2.9 26 3.58 71.14 

3.1 43 3.16 48.18 
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pre-concentration, Craig 8112 provided the most promising results with significant 

rejection of Mg and waste associated with acceptable levels of metal distributions in 

the concentrate at a separation specific gravity of 3.1 (Fig. 6).  

 

 
 

 
 

 

Fig. 6. Mg and metal recoveries for ores with disseminated sulphides  

An overall evaluation yielded that rejection of Mg bearing entities with the waste 

product was closely related with the mineralogy of the ores tested. In the ores with 

massive pure metallic sulphides, pre-concentration by DMS resulted in a distinct sepa-

ration between high-density metal-rich entities and lower density Mg-including barren 

part. Enhanced Mg rejection, with a higher mass rejection as the specific gravity of 

separation was increased, confirms this observation. Further, slight changes in the 

metal distributions in the concentrates as a function of the specific gravity of separa-

tion reveals that a favorable liberation could be achieved in this type of mineralogy, 

8112 

Sep SG 
Mass 

Reject (%) 

Mg Grade (%) Mg Rec. 
(%) Feed Conc. 

2.8 6 

5.66 

5.73 95.29 

2.95 14 5.71 86.89 

3.1 53 4.11 33.94 

Fraser Ni 

Sep SG 
Mass 

Reject (%) 

Mg Grade (%) Mg Rec. 

(%) Feed Conc. 

2.7 1 

3.97 

4.26 99.42 

2.9 48 3.50 42.71 

3.1 79 2.72 13.24 

TL Zone 1 

Sep SG 
Mass 

Reject(%) 

Mg Grade (%) Mg Rec. 

(%) Feed Conc. 

2.7 1 

6.22 

6.22 99.94 

2.9 20 6.20 80.21 

3.1 54 5.34 39.28 
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i.e. metallic sulphides occurring as free entities with no or little association of Mg 

bearing minerals and gangue. This is an important indication directly pointing to the 

amenability of the ore to pre-concentration and potential for waste rejection prior to 

downstream processes. The same conclusions could be derived for the ores character-

ized with coarse massive sulphide grains, despite lower extent of Mg rejection with 

the waste. Significant liberation between the nickel and copper bearing sulphide grains 

and gangue would be possible. This provides a concentrate with favorable metal re-

covery, reduced Mg content at a justifiable level of mass rejection from the pre-

concentration perspective. For the ores with the disseminated sulphides, a potential for 

early rejection of waste and specifically Mg bearing entities could still be sought, as 

revealed for the Craig 8112 ore. However, the amenability for pre-concentration for 

disseminated metallic sulphides mineralogy is relatively lower as the separation was 

not as distinct. An attempt to enhance mass rejection by increasing the specific gravity 

of separation could further increase rejection of gangue and Mg bearing entities, but 

resulted in subsequent loss of nickel and copper in the concentrate. This observation 

and lower effectiveness of pre-concentration was attributed to the disseminated form 

of metallic sulphides, obstructing a favorable liberation between the mineralized por-

tions and gangue. Disseminated form of metallic sulphides would be anticipated to 

correspond to a higher degree of gangue associations with nickel and copper bearing 

sulphides.   

Conclusions 

All the ores tested in this study showed amenability to pre-concentration at varying 

levels. The effectiveness of pre-concentration, either size-based or by DMS, was 

linked to the occurrence modes of metallic and gangue portions. It was seen that ore 

mineralogy should be in favour of pre-concentration. Ores with massive pure sul-

phides and coarse sulphide grains, i.e. with clear differentiation between valuable 

mineralization and gangue, yielded an effective liberation of nickel and copper bearing 

entities and successful separation through DMS subsequently. Ores with disseminated 

form of metallic values provided relatively lower mass rejection and metal recoveries 

and being more sensitive to the specific gravity of separation. A potential for discard-

ing Mg bearing minerals with early waste rejection was also identified. The signifi-

cance of Mg-rejection was also related with ore mineralogy. Almost for all ores, Mg 

showed an apparently different separation curve from nickel and copper. Ores with 

distinctive metallic sulphides provided high levels of separation and a clear differen-

tiation between valuable mineralization and gangue with Ni and/or Cu rich concen-

trates and Mg rich waste products. Overall, despite the variation of the performance of 

the ores tested, high metal recoveries with significant mass rejection could be realized 

through further refinement of the process.  
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APPLICATION OF MODIFIED CALCIUM SORBENTS  
IN CARBONATE LOOPING 

Michalina KOTYCZKA-MORANSKA, Grzegorz TOMASZEWICZ 

Institute for Chemical Processing of Coal, Zamkowa 1, 41-801 Zabrze, Poland, mmoranska@ichpw.zabrze.pl 

Abstract: Reduction of CO2 emission is essential. In this paper, a study of the behaviour of modified 
Polish CaO-based sorbents during calcium looping cycles has been discussed. All the related tests were 
conducted using the Netzsch STA 409PG Luxx thermogravimetric analyser. Samples with a weight of 
ms=10.0±0.1 mg were placed in an Al2O3 crucible. The calcium looping processes were performed at the 
carbonation temperature of 650°C and the calcination temperature of 900°C. Additionally, calcination-
carbonation cycles with different gas flows were examined. The authors investigated the influence of CO2 
concentration and total gas flow on the carbonation conversion. Sorbents were studied by TG and 
porosimetry analysis. 

Keywords: calcium looping, CO2 capture, CaO-based sorbents 

Introduction 

It is commonly known that the rising emission of greenhouse gases causes 
deterioration of the global environment. In order to maintain a balanced living 
surrounding, mankind must control the emission of CO2, being the main component of 
greenhouse gases, into the atmosphere (Wang and Lee, 2009). Using chemically and 
physically modified CaO samples in the Calcium Looping Process can be a good 
opportunity to enhance the CO2 capture. Intensive research has been carried out to 
improve the performance of CaO-based sorbents by enhancing the CaO conversion 
and reducing the performance decay. It is expected that the use of modified sorbents 
will facilitate increasing the effectiveness of the CO2 capture and improve sorbents 
parameters. Application of different methods aimed at increasing porosity and surface 
area of sorbents to enhance the conversion is a very interesting option. A carbonation 
process takes place in micropores, on mesopores and on grain boundaries (Bouquet et 
al., 2009; Manovic and Anthony, 2008). Carbonation in micropores proceeds up to 
pore filling. The CO2 capture efficiency depends on many parameters, e.g. diffusion 
resistance, which depends on the size of the sorbent particles, volume and the pore 
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structure as well as the surface size and reaction kinetics (Hughes et al., 2004). Under 
numerous studies, the CaCO3 layer diffusion rates as a function of CO2 pressure, 
temperature and CaCO3 porosity were examined (Mess et al., 1999). Also Oakkeson 
and Culter (1979) studied nonporous sorbents, and their results confirmed a parabolic 
particle size. They formulated a law independent of the reaction rate. The particle size 
of pore and surface area changed in every run of the process. They also found that the 
CO2 pressure has a major effect on the process rate (Oakeson et al., 1979). Bhatia and 
Perlmutter (1983) modelled limestone using a random pore model and found that the 
diffusion controlled stage was independent of the CO2 pressure. They assumed that the 
carbonate product layer formed concentric shells parallel to the initial gas. 

Sun et al. (2007) describe a mechanism of the limestone reactivity loss during 
consecutive cycles related to the changes in its porosity. They distinguish between two 
types of pores: the smaller ones (<200 nm) as type 1 and the larger ones (> 200 nm) as 
type 2. The authors claim that some of pores of the second type have also contributed 
to the formation of pores of the second one by sintering together. This way, the 
volume of pores associated with the surface of the type 1 pore is decreasing and the 
surface associated with the second type of pores is increasing. Having seen that the 
reactivity of the sample carbonation shows good correlation with the porosity of the 
first type, a model has been developed to predict the sorbent reactivity after a few 
cycles. This model, however, does not include the sample’s residual activity, and in a 
later publication (Sun et al., 2008), the authors claim that some of the pores of the 
second type have also contributed to the reactivity of the sorbent. Unfortunately, this 
mechanism is difficult to apply in sintering of sorbents, characterised by monomodal 
pore distribution at the boundary between pores of the first and the second type, while 
during subsequent cycles, a bimodal pore size distribution is observed with the first 
type of pores, approaching the size of 85 nm, whereas the type 2 pore diameter is 
slowly increasing. 

One of the solutions applied to modify sorbents is thermal pre-treatment. In their 
paper, Kotyczka-Moranska et al. (2011) provided a review of the known studies on the 
sorbent sintering. Another method of the Ca-based sorbent modification was presented 
in a paper by Yin et al. (2012). The authors examined reactivation of calcium based 
sorbents by means of ultrasounds. Application of ultrasounds during chemical 
reactions is referred to as sonochemistry. During the propagation of ultrasounds in a 
solution, microscopic bubbles filled with water vapour or gas are forming. In the next 
phase of the process, the bubbles implode, and this process is known as cavitation. 
During cavitation, “hot-spot" microareas, as they are referred to, may be formed, and 
the pressure inside them rises up to 500 bar and the temperature is up to 5,200 K. 
Ultrasounds within the frequency range of 100 kHz–1 MHz cause that average 
cavitation bubbles take part in sonochemical reactions. The greatest advantage of the 
ultrasound application is that the process can be conducted at room temperature in the 
presence of ultrasounds, even though the reaction normally takes place at high 
temperatures. Another method used in the aforementioned study for the sake of the 
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sorbent modification involved application of hydrochloric acid whose function was to 
increase the sorption capacity (expressed by an increase in the degree of carbonation). 
By binding calcium and magnesium in salts, the hydrochloric acid catalysed the cyclic 
reactions of carbonation and calcination.  

The aim of this research was to modify natural calcium sorbents by different 
methods known from the literature, to determine their sorption parameters during the 
CO2 capture process and to compare the methods analysed. 

Preparation of samples and experimental systems 

The authors of this paper investigated natural Polish mineral sorbents and modified 
mineral sorbents: raw limestone from Czatkowice, heat-treated limestone from 
Czatkowice, chlorine-modified limestone from Czatkowice, limestone modified with 
ultrasounds and HCl from Czatkowice and dolomites from Siewierz.  

Application of ultrasounds in a commercial technology generally requires that an 
additional ultrasonic reactor should be used and the reactivated sorbent should be 
cooled. The Siewierz dolomites studied were modified in two ways: by rinsing in 
hydrochloric acid and by using both rinsing and ultrasounds in order to increase the 
reaction velocity and efficiency. Two hydrochloric acid concentrations were applied: 
0.1 and 0.2 mol/dm3. The sorbents were immersed in hydrochloric acid and a half of 
them was modified with ultrasounds for 1 minute. The Czatkowice limestone was 
modified with ultrasounds in a water bath for 1 minute. After the modification, 
sorbents were dried for 48 hours at the temperature of 40° C. All tests were conducted 
using the STA 409PG Luxx thermogravimetric analyser (by Netzsch). Samples with a 
mass of ms = 10.0±0.1 mg were placed in an Al2O3 crucible. The measurements were 
conducted at 650° C (carbonation temperature) and 900° C (calcination temperature), 
with gas flow rates of 50 cm3/min and at the CO2 concentration of 50%. SEM figures 
were obtained using the Nova NANOSEM 200 scanning electron microscope (by FEJ 
EUROPE). The mercury porosimetry was investigated by means of Autopore IV 
9500. The sample was degassed in a vacuum bellow of 100 µm for 5 minutes.  

Results and discussion 

Physicochemical modification of sorbents 
Results of our experiments have been presented in Fig. 1 and 2. Figure 1 shows 
a comparison of results of consecutive carbonation and calcination cycles for raw 
limestone from Czatkowice, modified by means of ultrasounds and chlorine. As shown, 
the sorbent modified with chlorine significantly contributes to the deterioration of its 
performance in successive cycles, and the sorbent reactivation with ultrasounds 
enhances its activity, but the ratio between the amount of CO2 absorbed in the dynamic 
and the static part of the carbonation process is inferior compared to the raw material. 
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Fig. 1. Comparison of mass changes following the carbonation and calcination cycles for raw limestone 
from Czatkowice (red), ultrasound-modified limestone from Czatkowice (purple) and chlorine-modified 

limestone from Czatkowice (green) 

Figure 2 illustrates a comparison of results of the consecutive carbonation and 
calcination cycles for the Siewierz dolomite modified with HCl in the presence of 
ultrasounds and that treated with HCl only. Both experiment configurations were 
conducted for two hydrochloric acid concentrations of 0.1 and 0.2 mol/dm3.  

 
Fig. 2. Comparison of carbonation conversion degrees in consecutive carbonation and calcination cycles 
for dolomite from Siewierz modified with HCl and with HCl in the presence of ultrasounds (HCl_US). 

Series 1 and 2 were obtained for the hydrochloric acid concentration of 0.2 mol/dm3  
and series 3 and 4 for the concentration of  0.1 mol/dm3 
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The only result of applying the concentration of 0.2 mol/dm3 is a lower degree of 
carbonation in the first cycles. The approximate degree of carbonation of modified 
sorbents in three cycles is comparable. The application of ultrasounds did not 
significantly impact the ability to bind CO2 in the dolomite. No significant effect of 
the ultrasound application is probably due to the fact that the reaction between HCl 
and the sorbent is characterised by a very high velocity, thus the application of 
ultrasounds could not affect the increase in the acid penetration of  the pores. 
However, the experimental results show no increase in the sorption capacity of the 
dolomite in subsequent cycles of the study. 

Thermal modification of sorbents 
According to the recent knowledge, thermal heating of sorbents is yet another method 
of their modification. In our previous experiments, pre-sintering of natural sorbents at 
1000° C resulted in a significant conversion drop in the first CO2-capture reaction 
followed by enhancement throughout ~10 cycles. As already discussed in the authors’ 
previously published paper (Kotyczka-Moranska et al., 2011), the decrease in the 
carbonation conversion is probably associated with sintering of the sorbent’s active 
surface. In this paper, the authors have presented results of the structure examinations 
for thermally pre-treated sorbents. Figs 4 and 5 illustrate the morphology of raw (A) 
and thermally modified sorbents (B). 

 

Fig. 3. SEM photo of raw (a) and thermally pre-treated (b) limestone 

Manovic and Anthony (2008) have claimed that, after heating the sorbent, the 
surface is composed of large grains and pores of the order of 1µm. They have similar 
dimensions and smooth surfaces which mean that small pores have been eliminated by 
heating and consequently the number of large pores has increased. It is consistent with 
the SEM photos provided in Figs 3 and 4 as well as results of the mercury porosimetry 
(Fig. 5). 
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Fig. 4. SEM photos of raw (a) and thermally pre-treated (b) dolomite 

 

Fig. 5. Approximate pore diameter of the sorbents examined 

Table 1 contains results of the mercury porosimetry testing of raw and sintered 
sorbents. One may clearly notice that, in both cases, the total pore area increases and 
the bulk density is reduced after the thermal pre-treatment for the Czatkowice 
limestone and the Siewierz dolomite examined. The median pore diameter clearly 
increases slightly for the Czatkowice limestone and the Siewierz dolomite as well.  
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Table 1. Results of porosimetry testing of raw and sintered sorbents 

Sorbent tested 
Parameter Unit 

Czatkowice Czatkowice therm. Siewierz Siewierz therm. 

Total Intrusion Volume  cm3/g 0.2889 0.9239 0.3173 0.6376 
Total Pore Area m2/g 0.476 7.917 1.042 1.724 
Median Pore Diameter 
(Volume) µm 24.73 30.13 4.15 5.86 

Bulk Density at 0.43 psia  g/cm3 1.50 0.73 1.41 1.01 
Apparent (skeletal) Density g/cm3 2.66 2.24 2.57 2.83 
Porosity % 43.48 67.47 44.93 64.36 

 
Unfortunately, based on results provided, it is difficult to state what the exact 

amount of type 1 pores is. Because of that, one can only infer conclusions about the 
changes to the pore structure of the sorbents tested from the fluctuations in the number 
of pores of the second type. As for the raw limestone sorbent from Czatkowice, the 
number of pores of less than 1 µm in size was smaller than in preheated sorbent. In the 
case of preheated limestone, there was a significant increase in the number of pores in 
the category of less than 1 µm, which may suggest an inclination towards monomodal 
distribution of pores at the boundary between pores of the first and the second type. 
This conclusion is supported by a drastic decrease in the activeness of the preheated 
sorbent (Kotyczka-Moranska et al., 2011).  

Conclusions 

The purpose of the authors’ study was to determine the best way to modify mineral 
CO2 sorbents for calcium looping processes. Taking the results presented into 
consideration, one may claim that the most interesting modification method is the 
application of ultrasounds. All attempts to modify the sorption parameter of sorbents 
by applying chlorine have failed. A thorough analysis has led the authors to a 
conclusion that chlorine salts do not perform the function of a framework in modified 
sorbents. This phenomenon occurred in both the sorbents studied, i.e. limestone and 
dolomite. The next step in the research will be testing of the influence ultrasounds 
exert on parameters of sorbents. This paper also provides a discussion on the effects of 
preheating on the morphology of sorbents. One may notice that the results provided 
reflect the phenomenon known from the literature, i.e. sintering of pores on the surface 
of sorbents. 
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Abstract: Hydroxyapatite was synthesized by precipitation method using an anionic surfactant (SDS) 
template, at ambient temperature and normal pressure. Phosphoric acid and disodium phosphate were 
used as a precursor of phosphorous, whereas calcium hydroxide and chloride were used as a precursor of 
calcium. The obtained hydroxyapatite was subjected to a wide range of physicochemical analysis using 
various measurement techniques. In order to get information about the properties of the obtained 
products, the following analysis of characteristics was performed: dispersion (NIBS), morphological 
(SEM), adsorptive (BET) and structural (XRD). Energy-dispersive X-ray spectroscopy and elemental 
analysis were also applied. 

Keywords: hydroxyapatite, precipitation, anionic surfactant 

Introduction 

Biomaterials belong to a unique materials group. They are distinguishable by their 
specific composition, structure, and properties. The feature determining their specific 
character is that they are accepted by the human organism (Cheng, 2010).  
Hydroxyapatite (HA) is an interesting example of biomaterials that belong to the 
apatite group. HA occurs in mineralogical, biological, and synthetic forms (Joschek, 
2000; Ferraz, 2004; LeGeros, 2008). Hydroxyapatite is biocompatible, 
osteoconductive and can easily be processed to matrices with interconnecting pores to 
allow for no ingrowths (Nunes, 1997). Although it has been reported that HA is almost 
water insoluble, it is nevertheless biodegradable, though at a very slow rate (Joschek, 
2000). In nature, it can be found mainly as a component of metamorphic and 
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sedimentary rocks, especially in rocks of volcanic origin. Biological hydroxyapatite 
contains a small amount of fluorine, magnesium and sodium, as well as carbonate and 
citrate ions (Shi, 2010). Synthetic HA, with the chemical formula of Ca10(PO4)6(OH)2, 
includes hydroxyl groups. The Ca/P ratio in the feed decides whether pure 
hydroxyapatite and CaO, biphasic calcium phosphate (BCP, HA + β-TCP) or β-
tricalcium phosphate (Ca3(PO4)2, β-TCP) is formed. The critical Ca/P ratio for which 
pure hydroxyapatite is obtained is 1.67 (Afshar, 2003; Salma, 2010; Cho, 2011).  

The presence of surfactants in a precipitation process influences the dispersion 
and morphology of obtained products. Numerous reports in the literature have shown 
that the most widely used surfactants are cationic surfactants (CTAB) (Wang, 2006; 
Salarian, 2009; Shanti, 2009; Coelho, 2010) or a mixture of cationic/anionic 
surfactants (CTAB/SDS) (Yan, 2001; Ma, 2011). Therefore, in this study an anionic 
surfactant (SDS) was used. Sodium dodecyl sulfate (SDS), as one of the 
macromolecules, is used to control the morphology of HA in aqueous synthetic 
methods (Tari, 2011). Sodium dodecyl sulfate is an organic compound with the 
formula CH3(CH2)11OSO3Na. It is an anionic surfactant used in many cleaning and 
hygiene products. The salt is an organosulfate consisting of a 12-carbon tail attached 
to a sulfate group, giving the material the amphiphilic properties required of a 
detergent. 

The main aim of this work was the synthesis of hydroxyapatite by precipitation 
method using sodium dodecyl sulfate, SDS. The obtained hydroxyapatite was 
characterized by dispersive and morphological analysis, BET surface area analysis, 
and structural, elemental and energy dispersive analysis. 

Experimental 

Synthesis of hydroxyapatite (HA) 
The hydroxyapatite (HA) was obtained in a precipitation process. The process was 
performed in a reactor of 0.5 dm3 capacity, equipped with a fast-rotating stirrer 
(Eurostar digital IKA–Werke GmbH, 1200 obr/min). In the first stage, a reactor was 
charged with a solution containing PO4

3- ions (H3PO4 or Na2HPO4 from Sigma-
Aldrich) and anionic surfactant (SDS from Sigma-Aldrich). The mixture was 
intensively stirred for about 15 min. The pH was adjusted to 12 with 1N NaOH. In the 
second stage, the solution containing Ca2+ ions (Ca(OH)2 or CaCl2 from Sigma-
Aldrich) was dosed using an Ismatec ISM833A type peristaltic pump at the rate of 2 
cm3/min, into a reactor. A white milky solution was obtained. After 24 h of aging, the 
solution was filtered along with repeated washing to remove residues of the surfactant. 
Then the filtrate cake was dried out.  
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Table 1. Experimental conditions of the precipitation process 

Sample 
symbols 

Source of Ca2+ 
ions 

Concentration of 
Ca2+ ions [M] 

Source of PO4
3-

ions 
Concentration of 
PO4

3- ions [M] 
Concentration of 

SDS [g] 
HA0 H3PO4 

 HA0’ 
CaCl2 

Na2HPO4 
– 

HA1 Ca(OH)2 
HA2 CaCl2 

H3PO4 

HA3 Ca(OH)2 
HA4 CaCl2 

1 

Na2HPO4 

0.6 
0.8 

 
Four samples, labelled as HA1, HA2, HA3 and HA4 were obtained. Table 1 

presents the conditions of precipitation and main data of the samples, while Figure 1 
shows the schema for obtaining hydroxyapatite from the precipitation method. 

 

Fig. 1. Preparation of hydroxyapatite – a schematic presentation 

Physicochemical evaluation 
The dispersive characteristics of obtained hydroxyapatite samples were determined by 
using an a Zetasizer Nano ZS and Mastersizer 2000, both made by Malvern 
Instruments Ltd., operating on the non-invasive back-scattering method and laser 
diffraction method measuring particles of sizes ranging from 0.6 to 6000 nm and from 
0.2 to 2000 µm, respectively. Measurements of particle size were repeated at least ten 
times for each sample. At the next stage, the morphology and microstructure of 
hydroxyapatite were investigated using a Zeiss EVO40 Scanning Electron 
Microscope. In order to characterise the adsorption properties, nitrogen 
adsorption/desorption isotherms at 77 K and parameters such as surface area (ABET), 
total volume (Vp) and mean size (Sp) of pores were determined using an ASAP 2020 
instrument (Micromeritics Instrument Co.). All samples were degassed at 120 °C for 
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4 h prior to measurement. The surface area was determined by the multipoint BET 
(Brunauer-Emmett-Teller) method using the adsorption data as a function of relative 
pressure (p/p0). The BJH (Barrett-Joyner-Halenda) algorithm was applied to determine 
the total pore volume and the average pore size. The crystalline structure of individual 
samples was resolved using the X-ray diffraction method. The diffractograms were 
recorded using a TUR-M-62 horizontal diffractometer, equipped with HZG-3 type 
goniometer. To obtain the radiation intensity distribution curve I = f(θ), a counting rate 
gauge interoperated with the counter and electronically coupled to a graphic recorder 
was used. Moreover, the surface composition of hydroxyapatite (contents of Ca and P) 
was analyzed by energy dispersive X-ray spectroscopy (EDS) using a Princeton 
Gamma-Tech unit equipped with a prism digital spectrometer. EDS technique is based 
on an analysis of X-ray energy values using a semiconductor. Before the analysis, the 
sample was placed on the ground with a carbon paste or tape. The presence of carbon 
materials is needed to create a conductive layer, which ensures the delivery of electric 
charge from the sample. Representative parts (500 µm2) were analyzed for proper 
surface composition evaluation.  

Results and discussion 

Dispersive and morphological characteristic 
Figure 2 presents particle size distributions of obtained hydroxyapatite without and in 
the presence of SDS, using different initial substrates. Analyzing the presented 
distribution curves, it was found that hydroxyapatite precipitated without SDS 
characterized by higher particles in relation to the HA samples precipitated in presence 
of SDS. In this case, the obtained samples were characterized by particles above 1000 
nm. The maximum diameter (close to 20% for sample HA0 and 10% for HA0’) came 
from particles of 4600 nm (HA0) and 2300 nm (HA0’). Hydroxyapatite samples 
precipitated from calcium hydroxide characterized by significantly smaller particles in 
relation to the HA samples precipitated from calcium chloride. The smallest particles 
were obtained for HA3 samples (hydroxyapatite precipitated from Ca(OH)2 and 
Na2HPO4). In this case, the obtained particles have a diameter in the range of 78–164 
nm, where the maximum diameter (close to 34%) came from particles of 106 nm 
diameter. Results of the analysis, obtained from Mastersizer 2000, revealed that in 
sample HA3 10% of particles [d(0.1)] have diameter not greater than 3.29 µm, 50% of 
particles [d(0.5)] have diameter not greater than 18.53 µm, and 90% [d(0.9)] have 
diameters not greater than 52.69 µm. The mean diameter of particles in this sample 
[D[4.3]] equals to 23.90 µm. The hydroxyapatite precipitated as the HA1 sample 
(obtained from Ca(OH)2 and H3PO4) contains minimal greater size of particles (106–
220 nm). In this sample, the maximum volume contribution of about 36.6% came 
from particles of 142 nm diameter. According to the micrometric particles size (Table 
2), the sample contains 90% of particles of diameters smaller than 46.49 µm, 50% of 
particles have diameter of 22.23 µm, and 10% of particles of diameters not greater 
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than 6.88 µm. The mean diameter of particles in this sample [D[4.3]] equals to 
24.85 µm. However when CaCl2 (Figs 2b, d, Table 2) is used as a source of calcium 
ionic, we obtain particles in the significantly larger size, and an agglomerate occurs 
above 1000 nm. The hydroxyapatite precipitated as a HA2 had diameters in the range 
1280–2300 nm, and the maximum volume contribution of about 34% came from 
particles of 1720 nm diameter. In addition, the micromeritic particles (for HA2 and 
HA4 samples) have the higher sizes. The SEM images of the particles morphology of 
HA1 (obtained from CaCl2 and H3PO4) and HA3 (obtained from CaCl3 and Na2HPO4) 
samples show that they are characterized by a greater homogeneity, compared to the 
samples precipitated as a HA2 and HA4 (Fig. 2). In interpreting the SEM images of 
HA1 and HA3 samples, we can also see that this hydroxyapatite sample demonstrates 
(displays) a tendency to create agglomerates. 

Comparing our results with the literature data, we can say that using a different 
surfactant, particles of HA of various structure and size can be obtained. Liu et al. 
(2004) synthesized HA nanorods of 50–80 nm in diameter and 0.5–1.2 µm in length 
using surfactants of CTAB and PEG 400. Shanti et al. (2009) obtained hydroxyapatite 
rods with diameter 20 nm and length in the range of 100–120 µm using only cationic 
surfactant (CTAB). Yan et al. (2001) used an anionic surfactant (SDS) as regulator of 
the nucleation and crystal growth in the synthetic method of preparing HA. The 
obtained hydroxyapatite had particles of nanorods structure (150 nm/10 nm).  

Table 2. Dispersive characteristics of obtained hydroxapatite  

Zetasizer Nano ZS Mastersizer 2000 
Particle diameter (µm) Sample 

number Particle 
diameter (nm)

Polidyspersity 
index (PdI) d(0.1) d(0.5) d(0.9) D[4.3] 

HA0 
68–122 

3090–6440 
0.734 5.88 37.44 80.91 41.12 

 HA0’ 1110–3580 0.395 5.02 40.75 92.38 45.40 
HA1 106–220 0.393 6.88 22.23 46.49 24.85 
HA2 1280–2300 0.491 4.41 38.92 89.88 33.37 
HA3 98–164 0.436 3.29 18.53 52.69 23.90 
HA4 396–1110 0.232 3.94 33.18 85.06 39.36 

X-Ray diffraction 
The XRD pattern of the synthesized sample in the presence of SDS is shown in Fig. 3. 
From the XRD pattern, we can say that in all cases there is only HA. Four intensive 
peaks are located in 2θ = 25.9° (002), 2θ = 31.5 (211), 2θ = 32.2 (112) and 2θ = 32.7 
(300), which indicate the high crystallinity of HA particles. Phase identification of the 
synthesized powders was accomplished by comparing the experimental XRD patterns 
with the database compiled by the Joint Committee on Powder Diffraction Standards 
(JCPDS), namely the following card number: 9-432 for Ca10(PO4)6(OH)2 (Salarian, 
2009). Our observations are in agreement with previous research (Tari, 2011; Yan, 
2001; Yu, 2011).  
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Fig. 2. Particle size distribution (Zetasizer Nano ZS) and SEM microphotographs of hydroxyapatite 
obtained from different compounds: (a) HA0 – CaCl2, H3PO4 without SDS; (b) HA0’ – CaCl2, Na2HPO4 

without SDS; (c) HA1 – Ca(OH)2, H3PO4; (d) HA2 – CaCl2, H3PO4; (e) HA3 – Ca(OH)2, Na2HPO4;  
(f) HA4 – CaCl2, Na2HPO4 
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Fig. 3. XRD diffraction patterns of hydroxyapatite structures 

 

(a) 
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(d) 

Fig. 4. Energy dispersive spectroscopy (EDS) analysis of hydroxyapatite samples:  
(a) HA1, (b) HA2, (c) HA3 and d) HA4 

Energy dispersive characterization 
The Ca/P ratio in the obtained HA was calculated based on the content of Ca and P. 
Energy dispersive spectroscopy (EDS) analysis of the products (Fig. 4) shows that the 
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Ca/P ratio is 1.59–1.84:1. The Ca/P ratio in the HA2 and HA4 samples is in the range 
1.5–1.67 and is most similar to the stoichiometric hydroxyapatite (1.67). Whereas, the 
HA1 and HA3 samples are characterized by the Ca/P ratio 1.74–1.84, which indicates 
the presence of hydroxyapatite with an excess of calcium. Josheck et al. (2000) and 
Ooi et al (2007) observed analogous results. 

Elemental analysis 
In order to determine the degree elute of the surfactant from the obtained 
hydroxyapatite samples, an elemental analysis was performed. This analysis enables 
one to determine the carbon, hydrogen and sulfur amount. Analyzing the data 
presented in Table 3, a small amount of sulfur (< 0.05%) was determined, which may 
indicate a sufficient washing of the samples. 

Table 3. Elemental content of the hydroxyapatite samples obtained in presence of SDS 

C  H  S Sample  
number (%) 

HA1 0.64 0.69 0.04 
HA2 0.26 0.82 0.05 
HA3 1.23 0.57 0.04 
HA4 0.27 0.54 0.04 

Characteristics of porous structure of obtained hydroxyapatite 
Nitrogen adsorption/desorption isotherms and pore size distributions of the obtained 
hydroxyapatite samples (HA1 and HA3) are shown in Figure 5. The isotherms were 
classified as type IV and the hysteresis loops as type H3, which points to the 
mesoporous structure of the HA samples. A type IV isotherm is related to capillary 
condensation taking place in mesopores. As can be seen in Table 4, the HA samples 
obtained in the presence of SDS has the largest specific surface areas in comparison 
with samples obtained without SDS, the largest (115.1 m2/g) being recorded for 
sample HA3. The pore volume and mean pore diameter in this sample were 0.502 
cm3/g and 17.4 nm respectively. The smallest specific surface area (30.9 m2/g) was 
determined for sample HA2 (Table 4), and the pore volume and mean pore diameter in 
this sample were 0. 021 cm3/g and 2.8 nm. The specific surface areas of sample HA1 
and sample HA4 (Table 2) were 84.0 and 83.5 m2/g, while their pore volumes were 
0.270 and 0.057 cm3/g and the mean pore diameters 12.9 and 2.7 nm, respectively. 
From analysis of the parameters of the HA precipitation process, it can be concluded 
that with an increase in the size of particles diameter there is a decrease in the specific 
surface area of the resulting samples. 
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Table 4. Characteristics of porous structure of obtained hydroxyapatite 

Sample number Specific surface area (m2/g) Pore volume (cm3/g) Pore diameter  
(nm) 

HA0 20.4 0,015 2.8 
 HA0’ 17.7 0.012 2.8 
HA1 84.0 0.270 12.9 
HA2 30.9 0.021 2.8 
HA3 115.1 0.502 17.4 
HA4 83.5 0.057 2.7 
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Fig. 5. Nitrogen adsorption/desorption isotherms and pore size distributions  
of hydroxyapatite samples a) HA1 and b) HA3 

Figure 6 presents a probable mechanism for the formation of hydroxyapatite 
particles in the compositions containing the anionic surfactant. Earlier studies show 
that the sulfate groups are able to interact with calcium ions present in an aqueous 
solution. Surfactant molecules in micelles or as emulsion droplets interact with C2+ 
ions to form zwitterions (Zhao, 2009). These numerous calcium-rich domains lead to 
the rapid formation of HA particles on contact with phosphate in the aqueous phase. In 
addition, the positional stabilization of Ca2+ ions within each zwitterions structure as a 
result of the electrostatic interaction effect by SDS molecules favours the formation of 
ordered HA crystals (Tari, 2011). 



 A. Kolodziejczak-Radzimska, M. Samuel, D. Paukszta, A. Piasecki, T. Jesionowski 234

 

Fig. 6. A schematic drawing showing the interaction 
 between the surfactant anion and calcium cation (Tari, 2011) 

Conclusions 

Crystalline hydroxyapatite was successfully prepared by adding anionic surfactant at 
ambient temperature and normal pressure. The XRD studies confirm the pure 
crystalline structure of HA. The investigated dispersive-morphological research shows 
that hydroxyapatite obtained from hydroxide calcium and disodium phosphate (sample 
HA3) is characterized by the smallest particles. Their diameters varied in the range 
from 78-164 nm and have regular structure. Additionally, the largest specific surface 
area was observed (115.1 m2/g) for this sample. The greatest size particles were 
obtained in sample HA2; their diameters varied in a range from 1280-2300 nm. This 
sample is also characterized by the smallest specific surface area (30.9 m2/g). The 
maximum volume contribution (close to 34%) came from particles of 1720 nm 
diameter. Energy dispersive analysis showed that the obtained hydroxyapatite samples 
are characterized by Ca/P ratio in the range of 1.59-1.84. This range indicates that 
some of the HA samples contain excess calcium. The small amount of the sulfur 
(�0.05%) in the obtained HA samples points to sufficient washing of the surfactants 
residue. 
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Abstract: The competitive transport of equimolar mixtures of Ag(I) and Cu(II) ions from aqueous source 
phase (cMe = 0.001 mol/dm3) across polymer inclusion membranes PIMs with N-(diethylthiophosphoryl)-
aza[18]crown-6 as ion carriers, was studied. The influence of pH of source phase and metal concentration 
on an efficiency of silver(I) transport through polymer inclusion membranes containing cellulose 
triacetate as the support and o-nitrophenyl pentyl ether as the plasticizer was studied. The transport 
selectivity order for the PIM with N-(diethylthiophosphoryl)-aza[18]crown-6 was: Ag(I) >> Cu(II). The 
metal cations transport rate can be explained by size and nature of substituent in lariat ether molecule, 
which prefer formation of Ag(I) complex in the membrane phase. 

Keywords: plasticizer membranes, lariat ether, separation, silver(I), copper(II) 

Introduction  

Transport of metal ions across liquid membranes (LMs) is a powerful tool, which 
combines extraction and stripping into one step process. LMs play important role in 
science and technology, and many efforts were made for development of these kind of 
membranes (Kislik, 2010). Liquid membrane systems include bulk liquid (BLMs), 
emulsion liquid (ELMs) and supported liquid membranes (SLMs) (de Gyves and de 
Miguel, 1999). Polymer inclusion membranes (PIMs) were developed as an alternative 
of SLMs. This kind of liquid membranes was reviewed recently by Nghiem et al. 
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(2006). PIMs are formed by casting cellulose triacetate (CTA) or polyvinyl chloride 
(PCV) from an organic solvent solution to form a thin stable film. The organic 
solution also contains an ion carrier and a plasticizer (usually o-nitrophenyl alkyl 
ethers). The prepared membrane is used to separate source and receiving aqueous 
phases, but it does not contain an organic solvent to allow the transport of ions or 
molecules through PIMs. 

The most common group of macrocyclic compounds constitute crown ethers, 
which contain oxygen, sulfur and nitrogen atoms as donor sites. The first crown ether 
was synthesized by Pedersen (1967). He obtained dibenzo-18-crown-6, which gained 
attention for its ability to form stable complexes with metal ions within its central 
cavity. The stability of the crown ether-metal ion complex is dependent on the number 
of ethers donor atoms. Of particular importance is the size and shape of the cavity 
relative to the cation size. Due to differences in polarizability, the nitrogen- containing 
crown ethers (azacrowns) and sulfur-containing crown ethers (thiacrowns) display 
different ionic selectivities than oxygen-containing crown ethers.  

The introduction of one or more side arms into monocyclic crown ethers gives the 
lariat ethers and may enhance the metal ion binding strength and selectivity over 
monocyclic crown ethers by providing donor sites in addition to those found in the 
macro ring. The modified crown ethers, i.e. lariat ethers, have acceptable 
complexation-decomplexation dynamics connected with the possibility of three-
dimensional cation encapsulation by the crown ether unit and the side arm. In order to 
achieve effective transfer of the metal ion in a separation process, the system must 
have a counter anion that is soluble in both aqueous and organic phases. However, the 
distribution coefficients of complexes formed with common anions, such as chlorides, 
sulfates or nitrates, between an aqueous phase and an organic phase are too low to be 
useful. The attachment of a proton-ionizable sidearm to the crown ether ring can 
eliminate the need to transfer aqueous phase anions into the organic phase. Another 
advantage of proton-ionizable lariat ethers as ion carriers in the liquid membranes 
transport processes is coupling of metal ions transport from the aqueous source phase 
into the aqueous receiving phase with back-transport of a proton. Thus, pH gradient 
provides the potential for metal ions transport. A variety of proton ionizable lariat 
ethers were synthesized and investigated by Bartsch and his coworkers (1992). 

The transport of Pb(II) was studied by Aguilar et al. (2001). They synthesized 
a series of diazadibenzocrown ethers and found that two of them possessed a high 
selectivity for lead(II) over cadmium(II) and zinc(II), when using the polymer 
inclusion membrane (PIM). Hydrophilic diazadibenzocrown ethers were reported to 
have higher selectivity for Pb(II) over Zn(II) and Cd(II) than the more hydrophobic 
derivatives. Moreover, the high selectivity transport of silver ions over other metals 
was maintained when the above tribenzylated ligand (O2N3-ring) was incorporated as 
the ionophore in the polymer inclusion membrane system (Kim et al., 2001).  

Cho et al. (1996) proved that transport of Cu2+ from 0.4 mol/dm3 SCN− aqueous 
solution across the emulsion liquid membranes doped with tetrathia-18-crown-6 
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reaches 73.0%; increase to 89.1% was found by applying analogous hexathia-18-
crown-6 (HT18C6). They also noticed that dithia-18-crown-6 much more effectively 
transported Cu(II) ions (68.2%) compared to Pb(II) (57.7%), Cd(II) (15.2%), and 
Zn(II) (13.3%). Shamsipur et al. (2002) showed that transport of mercury(II) ions into 
0.05 M ethylenediaminetetraacetic acid (EDTA) receiving phase at pH 6.0 through a 
chloroform-tetrathia-12-crown-4 bulk liquid membrane runs with efficiency equal to 
98%. They also revealed that among a wide variety of tested cations, only Ag(I) ions 
affect a little the transport of Hg(II) ions from mixture of Hg(II), Cd(II), and Ag(I) 
ions. In recent years, the transport across plasticized cellulose triacetate membranes 
doped with dibenzo-18-crown-6, hexathia-18-crown-6, diaza-18-crown-6 and 
hexaaza-18-crown-6 were investigated by Gherrou et al. (2002). They showed that 
dibenzo-18-crown-6 carrier was the most selective for silver(I), copper(II) and 
gold(III). 

The competitive transport of zinc(II), cadmium(II), and lead(II) ions from dilute 
aqueous solutions across PIMs containing imidazole azacrown ether derivative and 
ionizable crown ether was studied by Ulewicz et al. (2007a, b). The kind of carriers 
had an influence on the rate of constant transport of Pb(II), as well as Zn(II) and 
Cd(II). The selectivity order of metal ion fluxes for azacrown ether and ionizable lariat 
ether was: Pb(II) > Cd(II) > Zn(II). Also, using azacrown ethers in the presence of 
other metal ions. The highest initial fluxes were obtained for Pb(II) ions. Moreover, 
the acidity and HCl concentration in the source phase had the influence on the 
selectivity coefficient value. A relationship was found to exist also between the initial 
fluxes of transported ions and the hydrophile-lipophile balance of crown ethers used. 
The initial fluxes of Zn(II), Cd(II), and Pb(II) ions decrease with the increase in 
azacrown ethers hydrophile-lipophile balance. Pyrrole azacrown ethers in ordinary 
bulk membrane system were also found to preferentially transport lead(II) from 
equimolar mixture of Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Ag+ and Pb2+ ions (Luboch et al., 
2006).  

A considerable number of studies on PIMs to date used polyethers. The sizes of the 
polyether cavities and of the inserted ions are fundamental parameters that make 
polyethers effective in the selective transport of metal ions across the liquid 
membrane. A series of polyesters were examined for the transport abilities toward the 
mixture of Pb(II), Cu(II), Cd(II), Zn(II), and Ni(II) ions by Hayashi et al. (2003). They 
used ionizable polyethers with different alkyl chain lengths (from -C7H15 to -C16H33) 
and found that one of them had a high selectivity for Pb(II). The metal ions were 
transported across PIMs in the following sequence: Pb2+ > Cu2+ > Cd2+ > Zn2+ > Ni2+. 
On the other hand, Lee et al. (2000), using lipophilic acyclic polyether dicarboxylic 
acid, studied the transport of Pb(II), Cu(II), Co(II), Zn(II), and Ni(II) ions across 
PIMs. This PIM system exhibited a selective transport of Pb2+ over other transition 
metal ions. Kim et al. (2001) also found a highly selective transport of Ag(I) in the 
presence of Cd(II), Pb(II), Zn(II), Co(II), and Ni(II). 
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In this work, the competitive transport of equimolar mixtures of Ag(I) and Cu(II) 
ions from aqueous source phase across PIM containing aza[18]crown-6 or N-
(diethylthiophosphoryl)-aza[18]crown-6 as an ion carrier was studied. The influence 
of carrier concentration on the selectivity and efficiency was investigated. 

Experimental part 

Reagents 
The inorganic chemicals, i.e. silver(II) and copper(II) nitrates were of analytical grade 
and were purchased from POCh (Gliwice, Poland). The organic reagents, i.e. cellulose 
triacetate (CTA, Mn = 72,000–74,000), o-nitrophenyloctyl ether (o-NPOE) and 
dichloromethane were also of analytical grade and were purchased from Fluka and 
used without further purification.  

The general procedure to phosphorylation of the aza[18]crown-6 according to 
(Maeda et al., 1983) leading to N-(diethylthiophosphoryl)-aza[18]crown-6 is as 
follows: the starting aza[18]crown-6 1 (0.01 mol/dm3) was dissolved in absolute 
chloroform (25 dm3), and dry triethylamine (0.05 mol/dm3) was added (Fig 1). This 
mixture was cooled in the ice bath and the solution of the appropriate diethyl 
chlorothiophosphate (0.01 mol/dm3) in the dry chloroform (10 dm3) was added 
dropwise in 30 minutes. The reaction mixture was stirred for 1 hour in the ice bath for 
overnight at room temperature. The precipitate was filtered off and washed with dry 
chloroform. Then, the filtrate was evaporated and dried in high vacuum for 8 h at 40 
°С. The obtained N-(diethylthiophosphoryl)-aza[18]crown-6 was a colorless viscous 
liquid. 

 

Fig. 1. The diagram of phosphorylation of the aza[18]crown-6. 1H NMR of N-(diethylthiophosphoryl)-
aza[18]crown-6: (ppm; CDCl3): 1.32 (t, 6 H, CH3), 3.4 (m, 4 H, NCH2), 3.65 (m, 20 H, CH2CH2O),  

3.96 (m, 4 H, CH3CH2). 31P (ppm; CDCl3): 10.49. Yield 82 %. 

Polymer membrane preparation and characterization 
The polymer membranes were prepared according to the procedure reported in the 
previous paper (Kozlowski, 2007). The organic solutions of support (CTA), the ion 
carrier (lariat ether), and the plasticizer (o-nitrophenyl octyl ether) in dichloromethane 
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were prepared. A portion of this solution was poured into a membrane mold 
comprised of a 6.0 cm glass ring attached to a glass plate with CTA - dichloromethane 
glue. The organic solvent was allowed to evaporate overnight and the resulting 
membrane was separated from the glass plate by immersion in cold water.  

The thickness of the PIM samples was measured using a digital micrometer 
(Mitutoy) with an accuracy of 0.0001 mm. The thickness of membrane was measured 
10 times for each case and shown as average value of these measurements with the 
standard deviation below 1%. The thickness of membrane before and after the 
transport was the same. The prepared membranes had thickness equal to 27 µm. 

The each experiential point was repeated 4 times, i.e. formed membrane by 
immobilization, thickness measured and transport parameters calculated. Experimental 
reproducibility was high with standard deviation below 1% measured values. 

Transport studies 
Transport experiments were carried out in a permeation module cell described in our 
previous paper (Ulewicz et al., 2007b). The membrane film (at surface area of 
4.9 cm3) was tightly clamped between two cell compartments. Both, i.e. the source 
and receiving aqueous phases (45 cm3 each) were mechanically stirred at 600 rpm. As 
the receiving phase the deionized water was used. The transport experiments were 
carried out at temperature of 20 ± 0.2 °C. Metal concentration was determined by 
withdrawing small samples (0.1 cm3 each) of the aqueous receiving phase at different 
time intervals and analyzing by an atomic absorption spectroscopy method (AAS 
Spectrometer, Solaar 939, Unicam). The source phase pH was kept constant (pH = 
5.0) and controlled by a pH meter (pH meter, CX-731 Elmetron, with combine pH 
electrode, ERH-126, Hydromet, Poland). The permeability coefficient (P, m/s) of 
metal ions across membranes was described by the following equation (Danesi, 1984): 

 ln
i

c A Pt
c V

⎛ ⎞
= −⎜ ⎟

⎝ ⎠
 (1) 

where c is the metal ions concentration (mol/dm3) in the source aqueous phase at some 
given time, ci initial metal ions concentration in the source phase, t time of transport 
(s), V volume of the aqueous source phase (m3), and A is an effective area of 
membrane (m2).  

A linear dependence of ln(c/ci) in the source phase versus time was obtained and 
the permeability coefficient was calculated from the slope of the straight line that fits 
the experimental data. The initial flux (Ji) was determined as equal to: 

 ii cPJ ⋅= .  (2) 

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



 M. Kolodziejska, C. Kozlowski, J. Kozlowska, M. Ulewicz 242

 
, 1

, 2

i M

i m

J
S

J
=  (3) 

The reported values correspond to the average values of three replicates, with the 
standard deviation within 5%. 

Results and discussion 

Permeation of Ag(I) influenced by N-(diethylthiophosphoryl)-aza[18]crown-6  
in the CTA-based polymer inclusion membrane system 
The flux (J) of ions transported in the liquid membrane systems is defined as follows 

 ( )tA
Vc

J receiving
M ⋅

⋅
= )(   (5) 

where A and V stand for the effective surface area of the membrane and volume of the 
source phase, respectively. dc/dt denotes a derivative of the concentration (c) of ions 
in the source phase versus time (t). The derivatives of the concentration (c) of ions in 
the source phase versus time (t) d(lnc)/dt for Ag(I) transported in the considered 
membrane system depended upon the initial total concentration of silver(I) in the 
source phase ranging from 0.0002 to 0.010 mol/dm3, but in every case constant values 
were found irrespective of the elapsed time. The results of Ag(I) transport experiments 
were interpreted in terms of changes of the initial flux. According to (Danesi, 1984) 
the permeation coefficient (P) was computed from the changes of the total silver 
concentration in the source phase at time 0 and elapsed time t, respectively. The effect 
of pH values in the source phase, ranging from 1 to 7, was studied for 0.25 mol/dm3 
N-(diethylthiophosphoryl)-aza[18]crown-6 in the membrane phase based on the 
plasticizer. The initial concentration of Ag(I) in the source phase was 0.001 mol/dm3. 
The initial flux reaches maximum at pH 2.8 and then decreases with further increase 
of nitric acid concentration in the source phase (Fig. 2). It is obvious that this effect is 
parallel to that observed for metal ion extraction with lariat ethers and can be 
discussed from a similar point of view, namely, taking into account the effective 
concentration of protonated ion carrier in the membrane phase, and the influence of 
strong hydrolysis form of metal species.  

At constant pH 3.0 in the source phase, the linear dependence log Ji versus log of 
the initial concentration of Ag(I) was found (Fig. 3). The initial Ag(I) concentrations 
(0.002–0.01 mol/dm3) in the source phase were small in comparison to the 
concentration (0.25 mol/dm3) of N-(diethylthiophosphoryl)-aza[18]crown-6 in the 
membrane phase. Therefore, the linear dependence of slope 1 indicates that metal-
extracted complexes in the membrane phase at stechiometry 1:1 was formation 
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resulting from the better fitting of silver(I) diameter (0.22 nm) to the diameter of the 
crow cavity (0.24 nm). 
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Fig. 2. Dependence of initial flux on pH values in source phase at constant concentration (2.0 mmol/dm3) 
of Ag(I). Concentration of N-(diethylthiophosphoryl)-aza[18]crown-6 in the CTA-membrane phase,  

0.25 mol/dm3 (based on the plasticiser); the receiving phase: 0.10 mol/dm3 Na2S2O3 
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Fig. 3. The log–log plot of initial flux vs. the initial concentration of Ag(I) at 3.0 pH value in source 

phase; 0.25 mol/dm3 (based on plasticizer) and 0.10 mol/dm3 Na2S2O3 in the receiving phase 

Competitive separation of Ag(I) and Cu(II) using lariat ether 
In the study of Ag(I), and Cu(II) ions transport across PIMs containing 
N-(diethylthiophosphoryl)-aza[18]crown-6 lariat ether as the ion carrier were 
conducted. The kinetic parameters of this process were determined in the aspect of its 
effectiveness and selectivity. The extraction ability of ion carrier is not reflected as 
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expected by the pKa values. Phosphate lariat ethers have two different donor sites, 
which provide weak complementarily and a rugged coordination site. Furthermore, 
since the P=S group in N-(diethylthiophosphoryl)-aza[18]crown-6 is located at the 
side arm, if a metal ion complex is formed with the phosphorylated aza[18]crown-6, 
its complexation is apparently preferred due to the presence of the oxygen atoms.  

The membranes containing 0.25 mol/dm3 solution of N-(diethylthiophosphoryl)-
aza[18]crown-6 lariat ether in the plasticizer, i.e. in ONPPE were used for 
investigations. The aqueous solutions containing equimolar mixture of metal ions of 
1.0·10-4 mol/dm3 concentration served as a source aqueous phases and 0.10 mol/dm3 
Na2S2O3 were received as the aqueous phase. Table 1 shows the selectivity order and 
selectivity coefficients of the above metal ions removed by the transport across PIMs. 
The transport of Ag(I) is faster due to its larger ionic radius. In the case of Cu(II) 
much lower transport rate is probably determined by the formation of “sandwich” 
complexes for lariat ethers (Shampsipur et al., 2003). The selectivity of the metal ion 
transport for N-(diethylthiophosphoryl)-aza[18]crown-6 lariat decreases in the order: 
Ag(I) >> Cu(II), with the Ag(I)/Cu(II) selectivity coefficient equal to 180 for 
membrane containing 0.3 mol/dm3 of ion carrier. The large separation factors among 
divalent heavy metal cations rival those reported by Hayashi et al. (2003) for 
separation of lead from copper in a PIM transport system with proton-ionizable 
polyether as a carrier, as well as those reported by Sgarlata et al. (2008). Although 
these papers deal with the separation of some transition metal ions, only Ulewicz et al. 
(Ulewicz et al., 2007a, b) report on the selective separation of Zn(II), Cd(II) and Pb(II) 
from mixtures using macrocylic carriers. However these results show lower selectivity 
and efficiency. To our knowledge, this is the first report of successful separation with 
a PIM system of Ag(I) from the source phase solutions containing Cu(II) ions. 

Table 1. Results of measurements of Ag(I), and Cu(II) transport across PIMs containing 0.30 mol/dm3  
of N-(diethylthiophosphoryl)-aza[18]crown-6 lariat ether. Source phase: 1.0·10-3 mol/dm3 metal ions 

(pH=3.0). Receiving phase: 0.10 mol/dm3 Na2S2O3. PIM: 0.30 mol/dm3 lariat ether and o-NPPE  
(4.0 cm3 o-NPOE per 1.0 g CTA) 

Concentration of lariat 
ether, mol/dm3 Metal ion Flux, 

µmole/m2⋅s Selectivity order and coefficient 

Ag(I) 4.0 0.2 
Cu(II) 0.07 

Ag(I) >> Cu(II) 
60 

Ag(I) 2.4 0.1 
Cu(II) 0.06 

Ag(I) >> Cu(II) 
40 

Ag(I) 6.8 0.3 
Cu(II) 0.04 

Ag(I) >>Cu(II) 
180 

Ag(I) 5.0 0.5 
Cu(II) 0.07 

Ag(I) >>Cu(II) 
70 
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Conclusions 

In this paper it was demonstrated that N-(diethylthiophosphoryl)-aza[18]crown-6 
could be regarded as an effective agent used for separation of Ag(I) from aqueous 
solutions of nitric acid. The crown ether, i.e. N-(diethylthiophosphoryl)-aza[18]crown-
6 used as an ion carrier for competitive transport of Ag(I), and Cu(II) give preferential 
selectivity order: Ag(II) >> Cu(II). The N-(diethylthiophosphoryl)-aza[18]crown-6 
applied as ionic extractant gives very high removal for silver cations with good 
selectivity and the entire amount of Ag(I) can be removed from source aqueous phase 
under pH 3.0.  
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Abstract: The paper deals with Statistical Process Control (SPC) applied to three original and three 
generated variables of copper ore upgrading by flotation. The six variables were evaluated by the SPC 
charts based on industrial upgrading of copper ore data gathered during one month of operation in the 
form of copper content in feed, concentrate and tailing. The remaining three upgrading variables were 
concentrate yield, copper recovery in concentrate and non-copper components recovery in tailing. 
Although, all variables obeyed normal distribution, considerable autocorrelation was detected between 
observations for all variables.  For this reason, the traditional Shewhart control charts, that assume the 
process data generated are normally and independently distributed, resulted in many of out-of-control 
points which may lead to wrong decisions regarding the control of process variables. The most suitable 
ARIMA time series models were determined for all variables to remove autocorrelations. The 
ARIMA(0,1,1) model was found the best for copper content in feed, copper content in concentrate, 
concentrate yield and non-copper components recovery in tailing, while the AR(1) model was suitable for 
copper content in tailing and copper recovery in concentrate.  

keywords: copper, upgrading, statistical process control, ARIMA model, Shewhart’s chart, 
autocorrelation 

Introduction 

Each separation process provides a set of results, which can be used for evaluation, 
analysis and optimization of the process. The obtained data from industrial processing 
of raw materials are always scattered. It is due to fluctuation of operational variables 
and variation of feed composition (Mukherjee and Chandra, 2002; Drzymala et al., 
2010). Moreover, most separation processes are specific and typical statistical 
methods applied for analysis and evaluation of separation results are very often not 
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applicable (Drzymala and Kowalczuk, 2010). It causes a need for appropriate 
processing of separation results data. 

The processing of an ore in beneficiation plants is mainly controlled by the grade 
of feed, concentrate and tailing. These data, and some new parameters of the ore 
upgrading such as recovery and yield can be calculated and used for evaluation of the 
overall plant performance (Wills and Napier-Munn, 2006; Drzymala, 2007). 
Therefore, the process data must be gathered and analysed to determine control limits 
of variables and to monitor them. During industrial processing two types of variability 
occur. The first one is the common cause variability that occurs with the nature of any 
process and cannot be avoided. The second one is a special cause variability, which is 
not a part of process characteristics and exists almost in all processes. The special 
cause variability can be identified and eliminated by the Statistical Process Control 
(SPC) charts. The SPC chart is a guide during decision making on the process and 
taking the corrective actions. If there is no special cause in the process, the SPC 
methods are also used to check its working conditions at a predetermined level (Smeti 
et al., 2006; Psarakis and Papaleonida, 2007).   

The control charts represent a very important tool in statistical quality control used 
to monitor a process and detect shifts in values of its variables. Traditional control 
charts are based on the assumption that process outputs obtained at each time period 
are normally distributed and independent (Alwan and Roberts, 1988; Zhang, 1997; 
Castagliola and Tsung, 2005). Many research studies showed that violation of these 
assumptions resulted in many false alarms which caused wrong decisions about the 
process (Alwan and Roberts, 1988; Stoumbos and Reynolds, 2000; Bisgard and 
Kulahci, 2005). Therefore, both normality and independence assumptions should be 
satisfied since most industrial data are usually non-normal and auto-correlated. 

The dynamics of any process induces correlated variables, which are closely 
spaced in time. Therefore, in the process outputs some correlations, called 
autocorrelation, can occur. The autocorrelation may have serious effects on the 
properties of standard control charts developed under independence assumption (Singh 
and Prajapati, 2011). Hence, the process mean is not constant if there is 
autocorrelation between variables (Thaga, 2008).  

It is well known that the autocorrelation may significantly degrade the in-control 
performance of the control charts due to frequent false alarms (Testik, 2005). The 
effect of autocorrelation on the performance of the Statistical Process Control (SPC) 
charts were reported by many authors (Alwan and Roberts, 1988; Montgomery and 
Mastrangelo, 1991; Reynolds and Lu, 1997; Zhang, 1997; Lu and Reynolds, 1999; 
2001; Bisgaard and Kulahci, 2005; Testik, 2005; Singh and Prajapati, 2011). 
However, the data generated are assumed independent (not autocorrelated), and 
normally distributed in many SPC applications of mineral and/or mining industry and 
assumptions for the monitoring and process control aims. On the other hand, 
satisfaction of normality and dependence assumptions of the SPC is necessary to avoid 
wrong decisions due to false alarms on the charts (Bhattacherjee and Samanta, 2002). 
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A significant effect of autocorrelation on the SPC charts was considered in mineral 
and mining applications by a limited number of studies (Samanta and Bhattacherjee, 
2001; Bhattacherjee and Samanta, 2002; Samanta, 2002; Elevli et al., 2009; Tasdemir, 
2012a; 2013).  

In the case of autocorrelation, it is necessary to make some modifications for 
traditional control charts. Fitting a time series model to the traditional control charts, 
which display the original observations was suggested by Alwan and Roberts (1988), 
Reynolds and Lu (1997), Lu and Reynolds (1999, 2001). A suitable time series model 
for the investigated quality parameter of the process is required to apply this method 
(Apley and Lee, 2003). The individual control chart applied to the residuals is called 
the Special Control Chart (SCC), which is also known as the X residual or the 
Shewhart chart. The first residual control chart was developed by Alwan and Roberts 
(1988). In residual charts, an appropriate time series model is fitted to autocorrelated 
observations and residuals are plotted on the SCC (Demirkol, 2008). More detailed 
information can be found in Psarakis and Papaleonida (2007) and the references 
therein. 

As in the many industrial plants, large amounts of data are obtained over time at 
mineral processing plants. The analyses of these resulting data by a suitable method 
are very important steps to understand the plant performance (Ketata and Rockwell, 
2008). Application of times series to many data sets from mineral processing plants 
was shown to be a suitable method (Napier-Munn and Meyer, 1999; Meyer and 
Napier-Munn, 1999; Ganguli and Tingling, 2001) since the data structure is identical 
to the time series form. Many ore quality characteristic values in mineral processing 
are good examples of the time series that is correlated in time domain (Ganguli and 
Tingling, 2001; Elevli et al., 2009; Tasdemir, 2012a, b, 2013). Therefore, usage of the 
ARIMA time series for removing the autocorrelation to detect correct ore quality 
limits by the SPC is advantageous, since we can also use this time series model for 
near future estimation of ore quality characteristics. Two examples were reported for 
the short-term prediction of recovery and ore quality variables at a chromite 
preparation plant by using the AR(1) time series model (Tasdemir, 2012b, 2013). 

In this work we investigate the individual control charts based on the original 
observations of residuals obtained by the time series of ARIMA models to monitor 
three original and three generated upgrading variables of the Fore-Sudetic Monocline 
copper ores by a flotation process, that are copper content in the feed, concentrate and 
tailing, and three generated upgrading parameters, that are concentrate yield, Cu 
recovery in concentrate and non-Cu components recovery in tailing. The ARIMA 
models were developed for the copper ore parameters to characterize the 
autocorrelation between observations. Finally, we compare the performance of the 
standard Shewhart chart, which ignores subgroup correlations with the X- individual 
control charts of ARIMA residuals.  
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Methods 

The data sets were obtained from the Fore-Sudetic Monocline copper ore flotation 
process gathered during one-month production (Drzymala and Kowalczuk, 2010) in 
the form of copper content in feed α, concentrate β and tailing ϑ, and three generated 

upgrading parameters, namely concentrate yield 100%α ϑγ
β ϑ

⎛ ⎞−
= ⋅⎜ ⎟−⎝ ⎠

, copper recovery 

in the concentrate ( )
( )

100%
β α ϑ

ε
α β ϑ

−
= ⋅

−
, and non-copper components recovery in 

tailing ( )( )
( )( )o

100
100%

100
β α ϑ

ε
β ϑ α
− −

= ⋅
− −

 (Drzymala, 2007), to monitor the changes in the 

industrial processing plant. The plant works three shifts in a day, therefore 93 records 
were used to investigate the effect of autocorrelation on the performance of the 
Shewhart individual control charts based on the original observations or the residual 
charts from the ARIMA models. 

The SPC chart is used to present sample quality for one parameter measured in 
control samples. If the data occur outside the limits, the process is out-of-control and 
has to be stopped and inspected of causes, when the out-of-control points are detected. 
More detailed information on this topic can be found in Montgomery and Runger 
(2011) and Tasdemir (2012a,b).  

The parameters of time series models were estimated from the ARIMA models 
using Minitab 16 and Statgraphics Centrion XVI softwares. The softwares were also 
used for constructing and evaluation the SPC charts and for statistical analysis of 
residuals from the ARIMA models. More details on the ARIMA estimation 
methodology and model selection can be found in the work of Montgomery et al. 
(2008) and two examples for coal washing data were applied by Tasdemir (2012a). In 
this study, the Akaike Information Criterion (AIC) was considered during the selection 
of a suitable ARIMA model for the Cu upgrading variables. Finally, the Shewhart 
charts of individual observations were compared with the Shewhart charts of residuals 
to investigate the autocorrelation effect on the performance of the SPC charts.  

Results and discussion 

Normality and autocorrelation of upgrading parameters 
The process control charts can be applied, when the normality assumption is satisfied. 
Without a normal distribution, correct limits of control charts may fail. Montgomery 
and Runger (2011) studied behaviour of the Shewhart control chart for non-normal 
process data. According to Montgomery and Runger (2011), even if the process shows 
evidence of moderate departure from normality, the given control limits may be 
entirely inappropriate. In situations involving a large number of measurements, it may 
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be possible to subgroup the data and construct the mean chart ( )X  instead of the X 
individual chart. However, the measurements should not be subgrouped arbitrarily for 
this purpose (Srinivasan, 2011). If subgrouping is not possible, two alternatives of the 
normality of data occur. One approach attempts to transform data. A number of 
mathematical transformations were developed over the years. The data transformation 
means performing the same mathematical operation on each piece of original data, 
preferably with a transformation method like the Box-Cox or the Johnson (Chou et al., 
1998). Another approach is to modify the usual limits based on a suitable model for 
the data distribution (Castagliola and Tsung, 2005). Identifying a mathematical 
distribution can help to develop alternate control limits. Thus, it can be identified if the 
data belong to a particular class of distribution.  

The normal probability graphs of six copper upgrading variables are plotted with 
95% confidence interval (Fig. 1). The p values, which test normal distribution, for all 
variables were higher than 0.05. It means that all the considered process data have 
normal distribution. It indicates that normality, the first assumption needed for 
applying the traditional Shewhart control charts, was satisfied.  
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Fig. 1. Normal probability plots of considered copper upgrading variables 
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The statistical process control (SPC) can only be applied for a process, when the 
independence of data is also satisfied. If any correlation of data is detected, it has to be 
eliminated before use for the standard control charts. Data are autocorrelated when 
each value is correlated to the previous one. The autocorrelation (or time dependency) 
builds up automatically and occurs between observed data. It can be checked by 
scatter diagrams of each value (lag plot) against the previous one (Stapenhurst, 2005; 
Drzymala and Kowalczuk, 2010; NIST/SEMATECH, 2010). Figure 2 shows the 
scatter diagrams of six copper upgrading variables, where considerable positive 
correlations between two consecutive data values of all variables are observed. It 
means that there is no non-random pattern in the data. Since each individual 
observation is dependent upon the previous one, the degree of autocorrelation should 
be determined and removed before constructing the SPC charts. It can be done by 
using the ARIMA time series models. 
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Fig. 2. The lag plots of copper upgrading variables 
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Fig. 3. Time series, ACF and PACF plots of copper upgrading variables 
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The assumptions of independence and stationary were also checked for six 
upgrading variables using the autocorrelation (ACF) and partial autocorrelation 
(PACF) functions. Figure 3 shows the time series plots of six data sets together with 
their ACF and PACF plots. The ACF plots show the correlation between Xt and Xt-k, 
where Xt is the response variable at time t, and k lag between two measurements. The 
PACF plots show the partial autocorrelation function for a given lag k, where the 
partial autocorrelation at lag k is the autocorrelation between Xt and Xt–k , that is not 
accounted for lags 1 through k – 1 (NIST/SEMATECH, 2010). These plots are 
generated for 25 lags. The ACF and PACF plots (Fig. 3) clearly confirm the existence 
of autocorrelation between values of all upgrading variables. It can be seen that the 
data are highly autocorrelated with the lag one autocorrelation of 0.472 for Cu content 
in tailing (ϑ) and 0.462 for Cu recovery in concentrate (ε). According to the 
autocorrelation plots of these variables, the ACF of the time series values cuts off 
quickly after few lags, then they can be considered stationary. The autoregressive 
models are indicated by exponential decay to zero of the ACF plot and order of the 
autoregressive model is determined by the initial peaks in the PACF plots. The ACF 
and PACF plots for ϑ  and ε indicate the autoregressive model with lag 1, since they 
have one important spike at first lag in their PACF plots. For these reasons, the AR(1) 
model was suitable for fitting the data of copper content in tailing ϑ and copper 
recovery in concentrate ε.  

The autocorrelation of copper content in feed α and concentrate β, concentrate 
yield γ and non-copper components recovery in tailing εo can be also described by the 
ARIMA time series model. The autocorrelation values at first lag were determined as 
0.361, 0.279, 0.402 and 0.399 for the copper content in feed (α), concentrate grade (β), 
yield of product (γ) and non-copper components content in tailing (εo), respectively 
(Fig. 3). The slow decay of autocorrelation coefficients for these variables in the ACF 
plots implies that they are not stationary. The stationary characters were achieved by 
applying first order differencing. After that, all upgrading variables showed one 
significant spike at the first lag of the ACF plots suggesting the first order of the 
moving average model MA(1). Finally, the ARIMA (0,1,1) model was found to be the 
most suitable for these variables. In the ARIMA (0,1,1) model the autogresessive 
parameter is zero, number of differencing passes is one and moving average parameter 
is one. 

ARIMA models and residual analysis 
The ARIMA time series models were used to remove autocorrelations. The models 
were fitted by using the Statgraphics software, which optimizes the model parameters 
according to the selection criteria of the model. The models with the lowest values of 
the Akaike Information Criterion (AIC) were selected as the best describing model of 
the variables. More detailed information about the AIC can be found in Tasdemir 
(2012a).  
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It was mentioned before that among different ARIMA models, the ARIMA(0,1,1) 
was found the best one for α, β, γ and εo, while the first order autoregressive time 
series model AR(1) was the most suitable for ϑ and ε. The AR(1) model was used by 
many authors for daily metal recovery or concentrate grade at a zinc flotation plant, 
daily gold feed grade and gold recovery data (Napier-Munn and Meyer, 1999; Meyer 
and Napier-Munn, 1999), B2O3% contents in two colemanite concentrator plants 
(Elevli et al., 2009), Al2O3% and SiO2% constituents of a bauxite ore (Bhattacherjee 
and Samanta, 2002), forecasting chromite feed grade and product quality parameters 
(Tasdemir, 2013), and prediction of Cr2O3 recovery in a chromite preparation plant 
(Tasdemir, 2012b). Except the AR(1), other time series models were reported for 
mineral processing data such as the ARMA models for flotation (Trybalski and 
Cieply, 2000), SO2 emissions (Gleit, 1985) and coal preparation (Tasdemir, 2012a). 

Validation of the models obtained for the Cu upgrading variables was checked for 
the adequacy. The model is adequate if residuals are uncorrelated and normally 
distributed. The evaluation results of the ARIMA models as the so-called 4-plot of 
data and residual ACF plots for β as an example are presented in Fig. 4. It clearly 
indicates that the residuals are uncorrelated within (or very close to) 95% confidence 
limits and distributed randomly. The residuals of other parameters are also found 
uncorrelated and normally distributed. Therefore, they can be considered as a white 
noise allowing to work on the traditional SPC charts.  
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Fig. 4. Residual plots from ARIMA model and ACF chart for Cu content in concentrate β 

The calculated parameters of the AR(1) and ARIMA(0,1,1) models for Cu 
upgrading variables are given in Tables 1 and 2, respectively. It can be seen that the p-
values of all model parameters are less than 0.05, so they are significantly different 
from zero at the 95.0% confidence level. We obtained the following AR(1) models for 
copper content in tailing ϑ and copper recovery in concentrate ε: 

 Xt = 0.472 Xt–1 + 0.117    with the AIC of –7.278 (for ϑ), 

 Xt = 0.462 Xt–1 + 47.308    with the AIC of 0.894 (for ε). 
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and ARIMA(0,1,1) models (Eq. 8) for copper content in feed α and concentrate β, 
concentrate yield γ and non-copper compounds recovery in tailing εo: 

 Xt = Xt-1 + 0.759 a t–1    with the AIC of –4.977 (for α), 

 Xt = Xt-1 + 0.846 a t–1    with the AIC of –0.4804 (for β), 

 Xt = Xt-1 + 0.751 a t–1    with the AIC of –1.7362 (for γ), 

 Xt = Xt-1 + 0.754 a t–1    with the AIC of –2.0624 (for εo), 

where at is the independent error term (random shock term) at time t, which reflects 
the amount of variation in data. 

Table 1. Summary of AR(1) model parameters for copper content in tailing ϑ and Cu recovery  
in concentrate ε. WNV means white noise variance of random shock term (at) in the model 

Model descriptors and statistics 
Upgrading variable 

Parameter Estimate Standard error t-value p-value 
Cu content in tailing, ϑ , % AR(1) 0.471505 0.0908267 5.19126 0.000001 
 Mean 0.222053 0.0048676 45.6189 0.000000 
 WNV 0.000666    
Cu recovery in concentrate, ε, % AR(1) 0.461607 0.0911491 5.0643 0.000002 
 Mean 87.8695 0.287521 305.611 0.000000 
 WNV 2.36768    

Table 2. Summary of ARIMA(0,1,1) model parametersfor Cu content in feed α and concentrate β, 
concentrate yield γ, and non-copper components recovery in tailing εo. WNV means  

white noise variance of random shock term (at) in the model  

Model descriptors and statistics 
Upgrading variable 

Parameter Estimate Standard error t-value p-value 
Cu content in feed, α, % MA(1) 

WNV 
0.75944 
0.00682 

0.068817 11.0356 0.00000 
 

Cu content in concentrate, β, % MA(1) 
WNV 

0.84585 
0.62394 

0.061638 13.7229 0.00000 
 

Concentrate yield, γ, % MA(1) 
WNV 

0.75112 
0.17818 

0.067773 11.0828 0.00000 
 

Non-Cu recovery in tailing, ε0, % MA(1) 
WNV 

0.75425 
0.12881 

0.067943 11.1013 0.00000 
 

Individual control charts and ARIMA residuals  
The original and ARIMA residual values of the control chart parameters used for 
constructing the statistical process control chart (SPC) are given in Tables 3 and 4, 
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respectively. In Tables 3 and 4, X is the mean of individual values and σ is standard 
deviation which is calculated from /1.128MR  formula, where MR  is the average 
moving range value of individual observations. The SPC charts are designed to allow 
determining whether the data come from a process which is in a state of statistical 
control. The individual Shewhart charts of six upgrading copper variables based on the 
original data and residuals obtained from the ARIMA models are presented in Fig. 5. 
Figure 5 compares the individual charts of the Shewhart (left hand side plots), and 
ARIMA residuals (special cause charts, right hand side plots) with additional Western 
Electric rules, which are applied to improve the efficiency of control charts for small 
shifts. The number of the Western Electric rules applied was four. The same run rules 
were used in our previous study (Tasdemir, 2012a). More details regarding the method 
can be found in Montgomery and Runger (2011). A common calculation is to plot the 
SPC with z-score when comparing multiple control charts. Therefore, the numerical 
values of the original and ARIMA residual data set in Fig. 5 were presented as z-score 
values. The z-scores standardize ±3σ values. The calibrated z-values of control charts 

presented in Fig. 5 were calculated from formula XUCL X
σ
−  for the upper control 

limit and XLCL X
σ
−  for the lower control limit.  

Table 3. Individual Shewhart’s chart parameters of Cu upgrading variables 

Chart parameters α β ϑ γ ε εo 
Upper control limit, UCLX ( 3 )X σ+  1.942 26.81 0.284 7.199 91.676 96.219 

Mean of individual values ( )X  1.726 24.85 0.222 6.117 87.903 95.319 

Lower control limit, LCLX ( 3 )X σ−  1.508 22.89 0.159 5.035 84.129 94.419 

Average of moving average ( )MR  0.082 0.736 0.024 0.407 1.419 0.338 

( )128.1/MRσ  0.072 0.652 0.021 0.361 1.258 0.300 
2σ  0.144 1.305 0.042 0.722 2.516 0.600 
3σ  0.216 1.956 0.063 1.083 3.774 0.900 

Table 4. ARIMA residual chart parameters of Cu upgrading variables 

Chart parameters α β ϑ γ ε εo 
Upper control limit, UCLX ( 3 )X σ+  0.244 2.063 0.077 1.205 4.694 0.975 

Mean of individual values ( )X  0.002 –0.019 –0.0003 0.016 0.025 –0.013 

Lower control limit, LCLX ( 3 )X σ−  –0.239 –2.1 –0.077 –1.173 –4.644 –1.001 

Average of moving average ( )MR  0.091 0.783 0.029 0.447 1.755 0.371 

( )128.1/MRσ  0.081 0.694 0.026 0.396 1.556 0.329 
2σ  0.161 1.388 0.052 0.793 3.112 0.659 
3σ  0.242 2.081 0.077 1.189 4.669 0.988 
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Fig. 5. Comparison of Shewhart’s chart of original data (left) and ARIMA residuals (right)  

with unusual points determined by run rules 
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From Fig. 5, it can be seen that the number of out-of-control points on the original 
and residual SPC charts are different. Higher number of out-of-control points are 
given on the SPC charts (Fig. 5, left), which only assume the independence of data and 
use original data values. From 93 individual observations unusual points were 
determined as 18 for α, 19 for β, 16 forϑ, 25 for γ, 14 for ε and 28 for εo by applying 
the run rules. On the other hand, the residual charts (Fig. 5, right), which consider the 
autocorrelation give less uncontrolled data points: 2 for α, 4 for β, 4 for ϑ, 1 for γ, 7 
for ε and 3 for εo. This clearly indicates that wrong decisions can be made about 
uncontrolled number of process variables, when the data used are autocorrelated. 
Therefore, if there is any autocorrelation between the consecutive observations it 
should be taken into account during the process control of the Cu beneficiation 
variables. The autocorrelation effect on the SPC charts was already shown as the 
important factor in some mineral processing and mining applications (Samanta and 
Bhattacherjee, 2001; Bhattacherjee and Samanta, 2002; Samanta, 2002; Elevli et al., 
2009; Tasdemir, 2012a; 2013). Also, the performance of the Shewhart individual chart 
was shown to be better for weak positive and negative autocorrelation, and it is 
advisable only for small values of autocorrelation (Karaoglan and Bayhan, 2011; 
Tasdemir, 2013). 

Conclusions 

The methodology for monitoring a plant scale copper flotation process was proposed. 
The technique was based on the statistical quality control charts used to monitor the 
process and detect shifts in values of its variables. As in the many modern applications 
of statistical process control charts, the autocorrelation has an important effect on 
mining and mineral industry data and it should be considered. When the data are 
autocorrelated the wrong decisions can be made about uncontrolled number of process 
variables. If there is any autocorrelation between the consecutive observations, it 
should be taken into account during the process control of the Cu beneficiation 
parameters. 

The data showed that copper upgrading variables obtained during the beneficiation 
of the copper ore from the Fore-Sudetic Monocline (SW Poland) were autocorrelated 
over time. It was shown that the typical Shewhart charts are inappropriate for 
controlling the upgrading variables of the copper ore due to the existence of 
autocorrelation. The autocorrelation can be described by the suitable ARIMA time 
series models. It was found that the upgrading variables of copper content in feed, 
concentrate, product yield and non-copper components recovery in concentrate can be 
modelled by the ARIMA(0,1,1), while copper content in tailing and copper recovery 
in concentrate were described by the AR(1).  

It was determined that the standard control charts are not capable of detecting right 
unusual points of the copper ore upgrading variables, when the data are autocorrelated 
from one time period to the next one. Usage of the residual charts is more suitable to 



 A. Tasdemir, P.B. Kowalczuk 262

monitor or control the Cu ore upgrading variables, since the residuals resulted from 
the ARIMA models consider the dynamics of the process. Since the time series are 
often used for near future estimation aims, the ARIMA models developed in this 
research to remove autocorrelation of the Cu upgrading variables can be considered as 
a useful tool for the short-term process control functions.  
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Abstract: The paper details with of the preparation and physicochemical characterisation of nano- and 
microstructured TiO2 doped with Fe and Co produced by the sol-gel method using titanium alkoxide as 
the precursor of titania as well as iron or cobalt nitrates as dopant sources. Fe and Co doped TiO2 
materials were successfully prepared with two different methods. The effect of the dopant type on the 
synthesis of TiO2 powders was investigated. The physicochemical properties of the studied samples were 
determined. The characterisation included determination of the dispersion and morphology of the systems 
(particle size distribution, SEM images), characteristics of porous structure (BET isotherms), crystalline 
structure (XRD), surface composition (EDS), as well as thermal stability (TG/DTA).  

Keywords: titanium dioxide, sol-gel method, doping, TiO2 surface modification, Fe and Co dopant  

Introduction 

Titanium dioxide (TiO2) has emerged as one of the most fascinating materials in the 
modern era. It has captured the attention of physical chemists, physicists, material 
scientists, and engineers exploring distinctive semiconducting and photocatalytic 
properties (Wu, 2007; Huang, 2009; Wang, 2009; Xu, 2011; He, 2012). Inertness to 
the chemical environment and long-term photostability has made TiO2 an important 
component in many practical applications and in commercial products. From drugs to 
doughnuts, cosmetics to catalysts, pigments to pharmaceuticals, and sunscreens to 
solar cells, TiO2 is used as a desiccant, brightener, or reactive mediator.  
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Titanium dioxide represents an effective photocatalyst for water and air 
purification and for self-cleaning surfaces. Additionally, it can be used as an 
antibacterial agent because of strong oxidation activity and superhydrophilicity 
(Fujishima, 2006). TiO2 shows relatively high reactivity and chemical stability under 
ultraviolet light (λ < 387 nm), whose energy exceeds the band gap of 3.3 eV in the 
anatase crystalline phase. The development of photocatalysts exhibiting high reactivity 
under visible light (λ > 400 nm) should allow the main part of the solar spectrum to be 
used, even under poor illumination of interior lighting. Several approaches to 
modifying TiO2 have been proposed: metal-ion implanted TiO2 (using transition 
metals: Cu, Co, Ni, Cr, Mn, Mo, Nb, V, Fe, Ru, Au, Ag, Pt) (Anpo, 2000; Fuerte, 
2001; Yamashita, 2001), reduced TiOx photocatalysts (Takeuchi, 2000; Ihara, 2001), 
non-metal doped-TiO2 (N, S, C, B, P, I, F) (Ohno, 2003; Yu, 2003; Liu, 2005), 
composites of TiO2 with semiconductor having lower band gap energy (e.g., Cd-S 
particles (Hirai, 2001), sensitizing of TiO2 with dyes (e.g., thionine) (Chatterjee, 2001) 
and TiO2 doped with upconversion luminescence agent (Zhou, 2006; Wang, 2007). 

The aim of the study was verification of preparation methods of TiO2 doped with 
metallic species, including two types of dopants and doping methods. The effect of the 
doping process on the fundamental physicochemical properties for all obtained 
samples was evaluated. 

Experimental 

Materials 
The pure and doped TiO2 powders were synthesized employing the sol-gel method, in 
which titanium tetraisopropoxide (Ti(OC3H7)4, 97%) was used as the precursor of 
titania, ammonia (NH4OH, 25%) as catalyst, 2-propanol (C3H7OH, 99.5%) as solvent, 
iron(III) nitrate (Fe(NO3)3

.9H2O, 98%) and cobalt(II) nitrate (Co(NO3)2
.6H2O, 98%) as 

dopant sources.  

Synthesis of TiO2 via sol-gel method 
TiO2 powder was prepared by a sol-gel process, in which sol was prepared by mixing 
titanium tetraisopropoxide (TTIP), 2-propanol, and ammonia at room temperature. 15 
cm3 (0.049 mole) of TTIP as the starting material was dissolved in 100 cm3 (1.304 
mole) of 2-propanol. Upon stirring the catalyst, ammonia was introduced at a constant 
rate of 1 cm3/min. The titanium alkoxide solution was hydrolysed by adding 15 cm3 
(0.033 mole) of ammonia. The initially clear solution turned into a white emulsion. 
This solution was vigorously stirred for 1 h. The entire system was transferred to a 
round-bottomed flask and placed in a vacuum rotary evaporator, in order to remove 
the solvent (water bath temperature 60 °C, pressure 136 mbar). The subsequent stage 
involved filtration of the mixture under reduced pressure. The sample obtained in this 
way was washed with distilled water. At the terminal stage, the sample was dried by 
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convection at 105 °C for 18 h. The sample was then calcined at 600 °C for 2 h. The 
proposed method for preparing TiO2 is presented schematically in Fig. 1a. 

Synthesis of doped-TiO2 
The doped-TiO2 materials were prepared following two different methods. 
The first method: solution A was prepared by adding 15 cm3 (0.049 mole) of titanium 
tetraisopropoxide to 100 cm3 (1.304 mole) of 2-propanol. A certain amount of 
Fe(NO3)3 or Co(NO3)2 was dissolved in 100 cm3 (0.782 mole) of 2-propanol (solution 
B). Subsequently, solution B and ammonia (catalyst – solution C) were introduced to 
solution A, at a constant rate of 5 and 1 cm3/min, respectively. The resulting solution 
was vigorously stirred. When dosing of solutions B and C was terminated, the 
emulsion obtained was mixed for 30 min. The second method: solution A was 
prepared by adding 15 cm3 (0.049 mole) of titanium tetraisopropoxide to 50 cm3 
(0.670 mole) of 2-propanol. At first, a certain amount of Fe(NO3)3 or Co(NO3)2 was 
dissolved in 100 cm3 (0.782 mole) of 2-propanol and then the solution obtained 
(solution B) was dosed to solution A at a constant rate of 5 cm3/min. The obtained 
solution was vigorously stirred. Next, 15 cm3 (0.033 mole) of ammonia was dissolved 
in 50 cm3 (0.670 mole) of 2-propanol (solution C) and then the resulting mixture was 
introduced to a mixture of solution A and B, at a constant rate of 1 cm3/min. When 
dosing of solution C was terminated, the obtained emulsion was mixed for 30 min. 
The concentrations of Fe and Co calculated for mass of the dry sample of titania were 
0.10; 0.25; 0.57; 0.75; 1.00; 1.70 and 2.80% mass, respectively. Classification of the 
obtained products was realised in analogous way as in the case of preparation titanium 
dioxide. The final products of Fe- and Co-doped titania have a yellow/orange and 
green colour, respectively. Fig. 1 b and c presents two doping methods of titania. 

 

Fig. 1. Preparation of (a) TiO2 and doped-TiO2 by (b) first method, (c) second method via sol-gel method 
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Determination of physicochemical properties 
The doped-TiO2 samples were subjected to comprehensive characterisation using the 
most advanced analytical methods and techniques. The dispersive properties of 
TiO2/Fe and TiO2/Co samples were evaluated based on the particle size distributions 
and polydispersity index (PdI) determined using a Zetasizer Nano ZS made by 
Malvern Instruments Ltd. operating based on non-invasive back scatter technique. The 
samples of doped-TiO2 were also subjected to morphological and microstructural 
analysis using a scanning electron microscope – Zeiss EVO40. In order to characterise 
their porous structure, nitrogen adsorption/desorption isotherms at 77 K and 
parameters such as surface area (ABET), pore volume (Vp) and average pore size (Sp) 
were determined using an ASAP 2020 instrument (Micromeritics Instrument Co.). All 
samples were degassed at 120 °C for 4 h prior to measurement. The surface area was 
determined by the multipoint BET (Brunauer–Emmett–Teller) method using the 
adsorption data in the relative pressure (p/p0). The BJH (Barrett–Joyner–Halenda) 
method was applied to determine the pore volume and the average pore size. The 
doped-TiO2 samples were also subjected to crystalline structure determination using 
the WAXS method (wide-angle X-ray scattering). X-ray diffraction measurements 
were performed using Cu Kα (λ=1.54056 Å) radiation. The accelerating voltage and 
the applied current were 30 kV and 15 mA respectively. The samples were scanned at 
a rate of 0.04° over an angular range of 5–60°. Moreover, the surface composition of 
the obtained materials was analysed using an EDS technique (energy dispersive X-ray 
spectroscopy) using a Princeton Gamma-Tech unit equipped with a prism digital 
spectrometer. Thermogravimetric analysis was performed using a Jupiter STA 449 F3 
(Netzsch GmbH). Samples weighing approximately 10.0 mg were placed in an Al2O3 
crucible, and heated at a rate of 10 °C/min from 30 to 1000 °C in a nitrogen 
atmosphere. 

Results and discussion 

The aim of the first stage of the study was to characterise the dispersive properties and 
morphology of the pure TiO2 obtained via the sol-gel method. The titanium dioxide is 
characterised by a monomodal particle size distribution with a relatively wide band 
covering the diameter range of 955-2670 nm. The maximum volume contribution of 
28.4% corresponds to agglomerates of 1720 nm in diameter (Fig. 2a). The 
polydispersity index of TiO2 is 0.153, which means that this sample is rather 
homogeneous. The SEM microphotograph of the titanium dioxide studied presented in 
Fig. 2b confirms the presence of particles of micro-sized diameter (corresponding to 
those indicated in the particle size distribution), their almost spherical shape and high 
homogeneity. 

The structure of obtained sample was studied using the WAXS method. The 
crystalline structure of sample determines their suitability for particular applications 
(catalysis, paints, lacquers, and polymer fillers). Titania of well-defined crystalline 
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structure shows diffraction maxima at certain specific 2-theta values. Figure 2c shows 
the WAXS pattern of prepared TiO2 sample of the anatase structure, characterised by 
the presence of maxima at 2Θ values of 25, 38, 48, 54 and 55, which is a confirmation 
of the effective preparation process (JCPDS, Card 21-1272.).  

Characterisation of the porous structure of pure TiO2 included determination 
of the nitrogen adsorption/desorption isotherms and calculation of the surface area, 
size and volume of pores. Synthetic TiO2, obtained via the sol-gel method, has defined 
surface activity, which is indicated by its specific surface area of 17.4 m2/g. It can be 
classified as mesoporous adsorbent as its pore volume is Vp = 0.013 cm3/g and pore 
diameter is Sp = 2.9 nm. 

 
Fig. 2. Particle size distribution (a), SEM microphotograph (b) and WAXS pattern (c) 

 of TiO2 obtained via sol-gel method 

At the next stage, the titanium dioxide preparation process was supplemented with 
doping using selected metals (Fe and Co). The main aim of the study was to evaluate 
the efficiency of the doping process of synthetic titanium dioxide and to determine its 
influence on the fundamental physicochemical properties of the obtained systems. 
Samples of TiO2 doped with Fe and Co were subjected to dispersive and 
morphological characterisation. Table 1 presents the dispersive characteristics of 
doped-TiO2 samples. The results prove that the doping process caused significant 
changes in the dispersive character of the obtained systems. 
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Table 1. Dispersive properties of doped-TiO2 obtained via sol-gel method 

Amount of metal 
dopant (% mass) 

Particle size distributions by volume (nm) and 
maximum volume contribution (%) Polydispersity index 

TiO2/Fe (first method) 
0.10 295–1110 (531 nm – 24.9) 0.329 
0.57 255–825 (459 nm – 25.5) 0.191 
1.00 220–615 (396 nm – 27.3) 0.298 

2.80 190–825 (396 nm – 8.7) 
3090–6440 (5560 nm – 25.7) 0.424 

TiO2/Fe (second method) 
0.10 342–955 (615 nm – 29.2) 0.079 
0.57 342–1280 (712 nm – 23.4) 0.342 
1.00 531–1990 (1280 nm – 20.2) 0.099 
2.80 396–1480 (712 nm – 23.7) 0.264 

TiO2/Co (first method) 
0.10 531–1480 (955 nm – 26.3) 0.098 
0.57 615–1720 (1110 nm – 25.3) 0.247 
1.00 255–615 (459 nm – 28.6) 0.417 
2.80 295–825 (531 nm – 27.7) 0.205 

TiO2/Co (second method) 
0.10 531–2300 (1280 nm – 19.7) 0.267 
0.57 459–1720 (955 nm – 23.4) 0.305 
1.00 531–1990 (1110 nm – 22.4) 0.195 
2.80 342–1280 (615 nm – 22.8) 0.260 

The substantial differences in the mean diameters of TiO2 particles doped with two 
different metals in different amounts, imply that the dopant type have a great effect on 
the dispersive parameters of the final products. The dispersive characteristics show 
that noticeable changes in the particle size of all doped TiO2 appear independently of 
the type and quantity of the dopant as well as the doping method. According to the 
results, by far the best dispersive properties are shown by materials doped with iron. 
All samples of the doped materials have particles of smaller diameter than those 
determined in the sample of pure titanium dioxide. In most samples, the doping of 
pure TiO2 with selected dopant (in relation to the amount of dopant used) contributed 
to a decrease in the sample’s homogeneity (higher polydispersity index) – see Table 1 
– compared to that of pure titania.  

The SEM microphotographs of the samples studied presented in Fig. 3 confirm the 
presence of particles of microsized diameter (corresponding to those indicated in 
particle size distributions), high homogeneity, almost spherical shape and showing a 
small tendency to form agglomerate structures. 
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Fig. 3. SEM microphotographs of TiO2 doped with 1.0% mass of Fe (first method – a),  
1.0% mass of Fe (second method – b), 1.0% mass of Co (first method – c) 

and 1.0% mass of Co (second method – d) 

The XRD patterns of different TiO2 samples (pure, Fe and Co doped) are shown in 
Fig. 4. The XRD pattern of pure TiO2 shows five primary peaks at 25, 38, 48, 54 and 
55, which can be attributed to different diffraction planes of anatase. The XRD 
patterns of doped samples show different peaks at 28, 36, 39, 41, 44, 54 and 57, which 
resulted from different diffraction planes of the rutile form of TiO2. Results show that 
the addition of iron or cobalt to the titania preparation process has a significant effect 
on crystalline structure formation. The XRD patterns of Fe and Co doped TiO2 
samples almost coincide with that of pure TiO2, showing no diffraction peaks related 
 

 

Fig. 4. WAXS patterns of TiO2 doped with Fe (a) and Co (b) 
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with iron and cobalt. Our observations are in agreement with previous research 
(Amadelli, 2008; Ambrus, 2008; Hamadanian, 2010). It can be concluded that selected 
dopants are not incorporated directly onto titania structure, but are placed onto the 
TiO2 surface. Fe3+ and Co2+ ions influence the crystalline structure formation of TiO2 
and cause the transformation of the anatase phase to rutile. 

At the next stage of the study, the adsorption abilities of the doped titanium dioxide 
samples were characterised. The fundamental parameters determining the surface 
activity of the doped samples, the surface area (BET) and pore size distribution, are 
given in Table 2.  

Table 2. Porous structure parameters of native and doped-TiO2 

ABET (m2/g) Vp 
(cm3/g)

Sp 
(nm) 

ABET 
(m2/g) Vp (cm3/g) Sp 

(nm) 
Amount 
of metal 
dopant 

(% mass) 
TiO2/Fe 

(first method) 
TiO2/Co 

(first method) 
0.10 10.2 0.009 3.1 9.9 0.008 3.0 
0.57 8.7 0.006 2.9 8.4 0.006 2.6 
1.00 6.7 0.005 2.8 6.9 0.004 2.5 
2.80 4.5 0.003 2.8 4.3 0.004 2.5 

 TiO2/Fe 
(second method) 

TiO2/Co 
(second method) 

0.10 12.8 0.012 3.2 14.5 0.013 3.3 
0.57 6.2 0.004 2.8 13.6 0.009 2.7 
1.00 5.8 0.004 2.8 9.8 0.008 2.6 
2.80 4.7 0.003 2.8 7.3 0.007 2.6 

A considerable decrease in the surface area relative to that of the pure sample was 
observed for all doped samples. Addition of any of dopants also resulted in a decrease 
in the pore diameters relative to those of native TiO2, irrespective of the quantity of 
dopant. The BET surface areas decrease was observed together with increasing Fe and 
Co amount in the sample structure. The TiO2 doped with Co obtained via first method 
has the lowest BET surface area as compared to Co doped TiO2 obtained according to 
second method.  

The surface composition of the obtained samples was studied by the EDS 
technique. EDS results are given in Table 3. From the elemental mapping mode, 
highly and uniformly dispersed Fe and Co on the TiO2 support were observed. This 
implies good interaction between dopant and support in the preparation process using 
the sol-gel method. The EDS technique was used to detect the amount of Fe and Co in 
the titania structure. Doped titania samples contain ca. 0.12 and ca. 0.56% mass of Fe 
were produced via first method using 0.10 and 0.57% mass of Fe as a dopant. It can be 
seen that Fe amount is very close to the initial values. Wen et al. (2012) have observed 
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the analogous results. The EDS analysis of Fe and Co doped TiO2 confirmed the 
presence of Fe and Co ions in the powder structure, as the opposite of XRD patterns. 
The XRD patterns do not show any peaks related to Fe and Co, presence in TiO2 
structure.  

Table 3. Surface composition of doped-TiO2 

Compound content (%) 
Ti O Fe Ti O Co 

Amount 
of metal 
dopant  

(% mass) 
TiO2/Fe 

(first method) 
TiO2/Co 

(first method) 
0.10 54.92 44.95 0.12 52.10 47.85 0.05 
0.57 51.08 48.36 0.56 55.44 44.13 0.43 
1.00 50.06 49.12 0.82 51.63 47.74 0.63 
2.80 54.13 43.82 2.05 55.86 42.18 1.96 

 TiO2/Fe 
(second method) 

TiO2/Co 
(second method) 

0.10 50.61 49.19 0.20 50.11 49.83 0.06 
0.57 48.77 50.62 0.61 50.80 48.78 0.42 
1.00 52.32 46.79 0.89 52.01 47.41 0.58 
2.80 51.07 46.83 2.10 51.13 47.08 1.79 

Investigation of the effectiveness of the doped process has been broadened by 
thermal analysis TG/DTA (Fig. 5) of the pure TiO2, and selected doped materials. The 
results of TG/DTA analysis allowed for an estimate of the temperature range that 
corresponds to important chemical and structural transitions of the obtained systems. 

Figure 5a shows TGA thermograms of pure titanium dioxide and systems obtained 
by doping titania with 2.8% mass of Fe. Analysis of the obtained systems was 
performed in order to determine thermal stability. In case of pure titania, first mass 
loss is observable in a temperature range of 30 to 300 °C, and most likely corresponds 
to loss of physically and chemically bound water. At this point mass loss is slightly 
above 0.4%. Total mass loss of pure TiO2 is equal to ~0.9%. The TGA thermograms of 
doped-TiO2 with iron show similar changes in thermal stability in comparison to pure 
titania. Total mass loss of doped samples via first and second method is equal to ~0.7 
and ~1.2%, respectively. A similar change of thermal stability was observed of Co-
doped TiO2 (Fig. 5b). Total mass loss of Co-doped samples via the first and second 
method is equal to ~0.75 and ~0.8%, respectively. 
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Fig. 5. Thermograms of doped TiO2 with Fe (a) and Co (b) obtained by sol-gel method 

Conclusions 

According to the results presented above, the systems obtained after doping of selected 
dopants (Fe and Co) on titania were characterised by particles of smaller diameter and 
lower homogeneity compare to pure TiO2.  

The XRD patterns show that the addition of iron or cobalt to the titania preparation 
process has a significant effect on crystalline structure formation. The XRD patterns of 
Fe and Co doped TiO2 samples almost coincide with that of pure TiO2, showing no 
diffraction peaks related with iron and cobalt. 

The type of dopant and doping method has a significant influence on the surface 
activity of the systems obtained by sol-gel method. The porous structure of the doped 
titania decreased proportionally with increasing concentration of the dopant. Surface 
area measurements were carried out on TiO2 samples doped with Fe and Co, 
indicating that the adopted doping procedure brought some surface area change with 
respect to the pristine oxide.  

Iron and cobalt were found to be effectively doped on the surface of synthetic the 
TiO2 sample. EDS analysis of Fe and Co doped TiO2 confirmed the presence of Fe and 
Co ions in the powder structure, 

The Fe and Co doped titania acquired via doping of selected dopants are 
characterised by a small shift in thermal stability. However, a small change in the 
mass loss of doped samples, in comparison to pure titania, was observed. 
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Abstract: The effect of Ag, Ni and Cu cyanides on gold adsorption on activated coconut carbon in 
cyanide leach solutions was investigated by synthetic cyanide leach solutions containing gold and other 
metal cyanides. According to the adsorption tests Ag remarkably reduces the gold adsorption on activated 
carbon by competing with gold to adsorption sites. When the Ag concentration in solution increases up to 
200 ppm the carbon adsorption method for gold recovery becomes inapplicable.  Ni has an effect on gold 
adsorption on activated carbon, however even at as high concentrations of Ni as 250 ppm residual Au in 
solution is still below 1 ppm. Cu addition up to 300 ppm does not affect the gold loading significantly. 
According to the adsorption test studies, it is concluded that the metal-cyanides diminish the gold 
adsorption on activated carbon by adsorbing themselves and competing with gold. When the metals are 
present in the leach solution all together with gold, they also prevent adsorption of themselves as well as 
gold. Thus, when Au, Ag, Ni and Cu are present in solution simultaneously, the adsorption of all these 
metals decreases. The adsorption results were modeled by Fleming k,n adsorption kinetic model. 

Keywords: gold, silver, nickel, copper, cyanide leaching, activated carbon adsorption 

Introduction 

Gold is recovered from its ores hydrometallurgically by the cyanide leach process. The 
gold reacts with cyanide according to reaction (Davidson and Sole, 2007): 

 Au0 +2CN– + ½ H2O + ¼ O2 → Au(CN)2
– + OH– (1) 

The gold ore after grinding to 80% –5 micrometers, is fed to leaching tanks in the 
form of slurry including 45% solid. Gold is dissolved from its ore by cyanide, 
according to reaction 1 in leaching tanks and then the slurry passes through adsorption 
tanks containing activated granular coconut carbon dispersed in the slurry. The system 
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where gold is recovered from the leach solution by activated carbon is named the CIP 
(carbon in pulp) process. In the adsorption unit cyanide leach slurry first goes through 
the last adsorption tank and the carbon from the last tank through the first adsorption 
tank due to counter current flow. The dissolved gold-cyanide complex (Au(CN)2

–) is 
adsorbed on the activated carbon (Ibrado and Fuerstenau, 1995; Rees and Van 
Deventer, 2001). The barren slurry leaves the process from the last tank and gold 
loaded carbon is driven from the first adsorption tank. Gold loaded carbon is taken to 
the elution column in which gold is stripped from carbon and directed to the 
electrolysis process. 

Many other metals, such as Ag, Ni, Cu, Fe, Zn etc., are dissolved with gold from 
ores as cyanide species. Thus, after cyanide leaching of ores, there are many other 
metal impurities in the leach solution, competing with gold to be adsorb on activated 
carbon.  

According to the previous studies present in the literature, in cyanide leaching Ag 
dissolves as Ag(CN)2

– complex and adsorbs on carbon better than the cyanides of Ni 
and Cu. When the concentration ratio of [Ag]/[Au] reaches 2:1, Ag starts to inhibit the 
Au adsorption on activated carbon (Vegter and Sandebergh, 1997; Adams, 1992).  

Ni dissolves as a Ni(CN)4
2– complex, adsorbs on activated carbon and at high 

concentrations deceases the Au adsorption (Xie, 2010). Besides, if the gold ore has 
significant content of Ni that dissolves and adsorbs on activated carbon, Ni comes 
with gold up to smelting stage and increases the smelting temperature of the metal 
mixture, because of the high melting point of Ni at 1455 oC comparing with Au 
melting point of 1063 oC.  

Among these metals, Cu has a special place. Cu forms complexes with cyanide as 
Cu(CN)2

–, Cu(CN)3
2– and Cu(CN)4

3–. The Cu(CN)2
– complex adsorbs on carbon much 

stronger than the gold complex, that it stripes the previously adsorbed gold from 
activated carbon placing on carbon itself. However, adsorption of Cu(CN)3

2– and 
Cu(CN)4

3– complexes is so much lower that these species exert approximately no 
effect on gold adsorption (Dai and Breuer, 2009). The Cu-cyanide complexes change 
accordingly to the free cyanide concentration and the pH of the solution. When pH 
decreases the formation of Cu(CN)2

– complex occurs according to reactions: 

 Cu(CN)4
3– + 2H+ → Cu(CN)2

– + 2HCN (2) 

 Cu(CN)3
2– +   H+ → Cu(CN)2

– +   HCN. (3) 

Thus, because pH of the cyanide leach solutions is as high as 10.5 and the leach 
solution contains as much free cyanide as 200 ppm NaCN, it might be expected that  
Cu(CN)3

2– and Cu(CN)4
3– forms are obtained and they have no significant effect on 

the gold adsorption (Xie, 2010). This phenomenon is confirmed by adsorption tests 
with synthetic Cu-cyanide presented in this paper. 

Iron dissolves from its sulfide minerals as a Fe(CN)6
4– strong complex. However 

this complex does not  either adsorb on the carbon or prevent the adsorption of gold 
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even at as high concentrations as 1000 ppm (Romero and Sampaio, 1993; Sheya and 
Palmer, 1989). 

Besides, Zn-cyanide has no significant effect on adsorption of gold between pH of 
6 and 12 according to the previous studies (Romero and Sampaio, 1993; Sheya and 
Palmer, 1989). 

Also, the SCN– complex formed by dissolution of sulfide minerals by cyanide at as 
high concentrations of cyanide as 1000-2000 ppm decreases gold adsorption to some 
degree but not as much as Ag (Romero and Sampaio, 1993). 

Thus, many metal-cyanide species occur in cyanide leaching process, but many of 
them adsorb weakly on carbon without affecting the gold adsorption. Among these 
metals, Ag and Ni exert negative effect on gold adsorption and in the case of Cu this 
effect depends on pH and free cyanide concentrations (Poinern et al., 2011; Fleming et 
al., 2011; Yin et al., 2011; Petersen et al., 1993). Therefore, in this paper, the effect of 
Ag, Ni and Cu on the Au adsorption on activated carbon was investigated with 
synthetic cyanide solutions one by one and all together.  

The adsorption of metal-cyanides on activated carbon is selective and the strongest 
adsorbed complex is Au(CN)2

–. The Ag(CN)2
– complex adsorbs strongly but not as 

strong as Au(CN)2
–. The Cu(CN)2

– and Cu(CN)3
2– complexes shows different 

adsorption features; Cu(CN)2
– complex adsorbed strongly while the adsorption of 

Cu(CN)3
2– complex is insignificant. The Ni(CN)4

2– complex adsorbs weaker than 
Au(CN)2

–, Ag(CN)2
–, Cu(CN)2

– complexes but stronger than Cu(CN)3
2–, and 

Ni(CN)4
2– can reduce Au(CN)2

– adsorption significantly when there is as much as 250 
ppm in leach solution. Fe(CN)6

4– and Zn(CN)4
2– adsorption and effects on gold 

adsorption are insignificant.  
The adsorption of metal-cyanide species on activated carbon occurs selectively. 

First, it was thought that it is because of the difference between ionic diameters of the 
metal-cyanide complexes. However, although strongest adsorption on activated carbon 
occurs for the Au(CN)2

– complex, the ionic diameter is higher than many other 
cyanide species. Thus, according to the recent studies, the reason for the selective 
adsorption of metal-cyanide species would be the differences in the levels of hydration 
of the metal-cyanide molecule. Due to the hydration of the metal-cyanide complex in 
solution, a water shell occurs around the molecule increasing their diameter at 
different degrees. The hydration of the molecule relates to the cyanide molecules 
binding to the metal ion. Thus, increased quantity of CN– of a metal-cyanide complex 
will lead to increased hydration level and thus, increased diameter of metal-cyanide 
molecule. So metal-cyanide could not enter through the micropores of the activated 
carbon and adsorption of the metal cyanide species will decrease.  

On the other hand hydrophobicity increases by decreasing hydration level. 
Hydrophobic metal-cyanide species tends to form clusters by binding together. 
Forming clusters is another mechanism of adsorption of the metal-cyanides that they 
settle down to the activated carbon to increase the adsorption of these metal-cyanide 
species. Confirming these results of the studies, for example Fe(CN)6

4– and Zn(CN)4
2– 
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complexes are found to adsorb more weakly on activated carbon that these species 
contain 6 and 4 CN– molecules, and thus, have increased hydration level and 
decreased hydrophobicity. As a result they are well dispersed in the solution without 
forming clusters. The Ni(CN)4

2– complex can serve as a similar example but it has not 
been studied in the literature as to the hydration levels. Also, Cu(CN)3

2– complex is 
well dispersed in water and its hydration level is relatively high. Three cyanide 
bearing complexes, Au(CN)2, Ag(CN)2

– and Cu(CN)2
–, have the lowest hydration state 

and form clusters adsorbed on activated carbon. They can be classified from the 
strongest adsorbed to the least strong:  Au>Ag>Cu (Yin et al., 2011). 

In this paper, the effect of Ag, Ni and Cu on Au adsorption on activated carbon was 
investigated, one by one at 10 ppm Au and all together at 10 ppm Au. Because the 
effect of Ni-cyanide on Au adsorption was less investigated in the literature, detailed 
investigation of Ni effect would be a beneficial study in concept of this paper.  

Materials and methods 

Adsorption kinetic tests were performed by bottle rolling using 0.5 dm3 synthetic 
solution and 0.6 g/dm3 granulated activated coconut carbon of 2.36-1.7 mm size range.  
The bottles were rolled at 30 rpm at 20 oC for 48 hours. 15 cm3 solution samples were 
taken after 1, 3, 5, 7, 22 and 30 hours. The sample solutions were analyzed for Au, Ag, 
Ni and Cu. 

The synthetic solutions were prepared according to the AARL (Anglo American 
Research Laboratories) procedure. That solution contained: 3.1 g/dm3 H3BO3, 3.2 
g/dm3 CaCl2·2H2O and 200 ppm NaCN in pure water. pH was maintained at 10.7–11 
by NaOH. It is shown that high ionic strength of the solution increases the gold 
adsorption on activated carbon. As the ionic strength of the process waters of cyanide 
leaching plants is rather high, the AARL procedure applies a high ionic strength of the 
test solutions simulating plant process solutions. Au(CN)2

– in solution was supplied by 
a 1000 ppm standard AuCl3 solution. NaCN was used as analytical quality reagent. 
For Ag(CN)2

–, analytical grade AgNO3, for Cu(CN)3
2– analytical grade CuCl2·2H2O, 

for Ni(CN)4
2– analytical grade NiCl2.6H2O reagents were used. The adsorption tests 

conditions are shown in Table1. 

Table 1. Composition of experimental adsorption solutions 

Metal content of adsorption solutions, ppm 
Au ppm 5 15 10 10 10 10 10 10 10 10 10 10 10 10 10 
Ag ppm 0 0 0 20 50 100 200 0 0 0 0 0 0 0 200 
Ni  ppm 0 0 0 0 0 0 0 40 80 160 250 0 0 0 200 
Cu ppm 0 0 0 0 0 0 0 0 0 0 0 90 180 300 300 
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To model the adsorption results the Fleming k,n method was used. The k,n model 
is defined as 

 ∆Auc = k · Aus · tn . (4) 

In this equation k and n are model parameters: k is a kinetic constant (1/hours), and 
n is a model parameter, t is adsorption time (hours), Aus is gold in solution at time t, 
ppm, and ∆Auc is defined as the gold adsorbed on carbon from t=0 up to a certain time 
t (ppm). The equation can be linearized: 

 ln ln lnAuc k n t
Aus
∆⎛ ⎞ = +⎜ ⎟

⎝ ⎠
. (5) 

Results and discussion 

Gold adsorption 
Adsorption tests for aqueous solutions containing Au at the concentrations of 5, 10 
and 15 ppm and 200 ppm NaCN at pH 10.7–11.0 were performed at 20 °C during 48 
hours. Granulated activated carbon (0.6 g/dm3) was used.  The adsorption recovery of 
Au is presented in Fig. 1.  
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Fig. 1. Adsorption recoveries vs. time at 5, 10 and 15 ppm Au solution concentrations 

According to Fig. 1 the adsorption of gold from solution on activated carbon is 
very fast up to 7 hours and slows down after 7 to 22 hours finally reaching equilibrium 
between 30 and 48 hours.  
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Silver effect on gold adsorption 
Au adsorption tests at 10 ppm of Au and Ag concentrations of 20, 50, 100 and 200 
ppm were performed. The results are presented in Fig.2. 

 

Fig. 2. Gold adsorption recovery at different Ag concentrations 

As presented in Fig. 2, the Au adsorption recoveries decrease according to 
increasing silver concentration starting with as low as 20 ppm Ag up to 200 ppm. At 
200 ppm Ag concentration gold adsorption efficiency decreased by as much as 20% 
(Fleming and Nicol, 1984; Romero and Sampaio, 1993; Vegter and Sanderbergh, 
1997; Yin et al., 2011). Also silver loading to carbon is shown in Table 2. 

Table 2. Adsorption of Ag with Au on activated carbon 

  Ag: 20 ppm Ag: 50 ppm Ag: 100ppm Ag: 200ppm 

Ag on carbon after 48 h.  5915 ppm 10261 ppm 11216 ppm 24986 ppm 
Ag adsorption rec. after 48 h. 46.90% 31.69% 17.33% 18.83% 

Nickel effect on gold adsorption  
Au adsorption tests at the Ni concentrations of 40, 80, 160 and 250 ppm and 10 ppm 
Au were performed. The results are presented in Table 3 and Fig. 3. As represented in 
Fig. 3 the inhibition of the Au adsorption is lower than in the case of Ag. Ni(CN)4

2– 
complex has 4 CN– ions compared to 2 CN– in Ag(CN)2

– which results in higher 
hydration. Thus, it is better dispersed in the solution without forming clusters which 
enables the adsorption on activated carbon (Yin et al., 2011). 
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Fig. 3. Gold adsorption recovery at different Ni concentrations 

Table 3. Adsorption of Au with Ni on activated carbon 

  Ni: 40 ppm Ni: 80 ppm Ni: 160 ppm Ni: 250 ppm 
Ni on carbon in 48 h  2034 ppm 2356 ppm 5561 ppm 4706 ppm 
Ni adsorption rec. in 48 h 8.38% 4.77% 5.46% 3.08% 

 
Table 3 confirms that the Ni adsorption is lower than that of Ag and this 

phenomenon indicates higher hydration of Ni(CN)4
2–. 

Copper effect on gold adsorption  
Cu concentrations of 90, 180 and 300 ppm with 10 ppm Au were used for adsorption 
tests. The results are presented in Table 5 and Fig. 4. 

According to Fig. 4 and Table 4, copper concentration at 90 ppm has no effect on 
Au adsorption and with 180 ppm Cu the Au adsorption starts decreasing slightly up to 
300 ppm Cu. However, Cu effect on Au adsorption is very limited. With 300 ppm Cu 
in solution the decrease of gold adsorption recovery was as low as 3%. This 
phenomenon indicates that the Cu-cyanide species are in the forms of  Cu(CN)3

2– and 
Cu(CN)4

3– of which hydration levels are higher than Cu(CN)2
– which adsorbs strongly 

on activated carbon preventing Au adsorption. Besides, the conditions of solution of 
adsorption tests (pH 10,7–11 with 200 ppm NaCN) represent a typical process 
solution of Au cyanide leaching at plants where Cu(CN)3

2– and Cu(CN)4
3– species are 

formed rather than Cu(CN)2
–. 

As presented on Table 4, Cu adsorptions on activated carbon are lower than that of 
Ag and Ni indicating that Cu shows lower effect on gold adsorption on activated 
carbon. 
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Fig. 4. Gold adsorption recovery at different Cu concentrations 

Table 4. Adsorbed Cu with Au on activated carbon 

  Cu: 90 ppm Cu: 180 ppm Cu: 300 ppm 
Cu on carbon in 48 h  3038 ppm 2889 ppm 4135 ppm 
Cu adsorption rec. in 48 h 5.40 % 2.59 % 2.26 % 

Simultaneous effect of Ag, Ni and Cu on gold adsorption  
Ag, Ni and Cu cyanide complexes were added together to the adsorption solution to 
have 200 ppm of Ag and Ni, and 300 ppm Cu at 10 ppm of Au. The test parameters 
were: solution temperature, 20 °C, 200 ppm NaCN, pH 10.7–11. Results are shown in 
Fig. 5. 

 

Fig. 5. Comparative results of Ag, Ni: 200 ppm and Cu:300 ppm with metals one by one 
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As shown in Fig. 5, 200 ppm Ag has more decreasing effect than  250 ppm Ni on 
Au adsorption while Ag, Ni 200 ppm and Cu:300 ppm has the most significant effect. 
Besides, when Ag, Ni and Cu placed all together in the same solution with 10 ppm 
Au, they prevent adsorption of each other. The comparative results are presented in 
Table 5. 

Table 5. Comparative results of adsorption of metals together and separately 

Adsorption of Ag, Ni and Cu 
Solution metal contents 

Ag Ni Cu 
Ag,Ni: 200 ppm; Cu:300 ppm together 11.69% 4.43% 0.66% 
Ag:200 ppm separately 18.83%   
Ni: 160 ppm separately  5.46%  
Cu:300 ppm separately   2.26% 

 
As shown in Table 5 the test: Ag, Ni: 200 ppm and Cu, 300 ppm together with 10 

ppm Au, presents the results that Ag, Ni and Cu adsorption on activated carbon 
decreased to a lower level than that of the separate tests with Ag 200 ppm; Ni 160 
ppm and Cu 300 ppm. Ni at 160 ppm test shows more Ni adsorption recovery than 
that of the test with Ni at 200 ppm with Ag and Cu together. These results indicate the 
metals prevent adsorption of each other when present in the solution together. 

Modeling of the Au adsorption data adsorption by the Fleming k,n model 
The Fleming k,n modeling is applied to 48 hour adsorption data as shown in Fig. 6 
(Fleming and Nicol, 1984).  

 

Fig. 6. The Fleming k,n model application graphs for 48 hours gold adsorption data. 

As shown in Fig. 6, the Fleming k,n model fits well to the adsorption data giving 
R2 values that are very close to 1. Model parameters k and n were found by an non-
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linear regression analysis. According to Fig. 6, increased n values indicate rapid 
adsorption of Au on activated carbon. Thus, with decreasing concentration of the Au 
solution the slope of the model graphs increases indicating increased n values. 
Parameter n is presented as adsorption strength and k is a parameter representing Au 
adsorption capacity of carbon.  

Conclusions 

Adsorption tests regarding Au concentrations of 5, 10 and 15 ppm were performed. 
For 48 hours adsorption tests the Au adsorption recoveries were 99.04%, 98.13% and 
97.16% for 5, 10 and 15 ppm Au in solution, respectively. 

The test with 200 ppm Ag showed the strongest decreasing effect on Au adsorption 
recovery decreasing it from 98.13% to 83.77%. 250 ppm Ni decreased the Au 
adsorption recovery to 90.65% and 300 ppm Cu decreased it to 94.59%.  

When metals are added together to the same solution (Ag, Ni 200 ppm and Cu 300 
ppm) Au adsorption recovery decreased to 74.92%. When the metals are added 
together, the adsorption recovery of Au decreased more than that of the metals used 
separately. Also metals prevent adsorption of themselves as well as that of gold, when 
they are present in the solution together. 

The data of Au adsorption recoveries for 48 hours adsorption time modelled by the 
Fleming k, n adsorption kinetic, where k and n are the model parameters which could 
be used to design and optimize an adsorption unit of a gold cyanide leach plant. 
Knowing k and n values such variables as adsorption tank quantities and volumes, 
carbon concentrations (g carbon/dm3slurry) for each tank and weekly carbon stripping 
quantities can be determined. 
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Abstract: The main problems in the case of the undergorund coal gasificiation process is the possible 
pollution of surrounding aquifers. The underground gasification cavity is a source of both gaseous and 
liquid pollutants and these are mainly aromatic hydrocarbons, phenols, heavy metals and others. In order 
to prevent underground water from pollution a permeable reactive barrier was proposed. The filling was 
granulated activated carbon and SPILL-SORB (peat) – two commonly available sorbents adequate for 
hydrocarbons removal. The wastewater (synthetic solution which simulated groundwater contaminated 
with the UCG products) was prepared by mixing distilled water with desired amounts of substances such 
as phenols, benzene, toluene, xylene, naphthalene etc. Batch tests were performed in order to measure 
sorption of phenols and benzene from the post-UCG water on the mentioned sorbents. Experimental 
results were fitted with linear and non-linear Freundlich and Langmuir isotherm models. The obtained 
data showed that removal of phenols and benzene in case of GAC was much more efficient. However, 
sorption was lower than in the case of literature data and can be explained by complex composition of the 
solution and pre-treatment of the samples. The Langmuir model gave a better fit in the case of GAC, 
whereas Freundlich isotherm model was matching the data better in case of SPILL-SORB. 

Keywords: underground coal gasification, permeable reactive barrier, Langmuir adsorption isotherm 

Introduction 

Underground coal gasification (UCG), the technology which dates back to the 
beginning of the XX century is an alternative technology of energy extraction from 
coal. Despite the fact that various field and laboratory tests were performed, it has 
never been implemented on a full technical scale. The main drawback of UCG is the 
environmental risk associated with water pollution in surrounding aquifers. The 
underground gasification cavity is a source of both gaseous and liquid pollutants 
which may get into contact with water and in future cause threat to water aquifers. The 
substances leached from the gasification zone are mainly mono- and polycyclic 
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aromatic hydrocarbons, phenols, heavy metals, cyanides, ammonium, chloride, 
sulphate (Humenick et al. 1980; Stuerner et al. 1982; Humenick 1984; Liu et al. 2006; 
Kapusta et al. 2010; Kapusta and Stanczyk 2011). Among many water treatment 
technologies the PRB (Permeable Reactive Barrier) is one of the considered method of 
UCG water treatment. It is a passive technology where contaminants are removed 
from an aquifer by flowing through a “reactive material” (Puls et al. 1998; Gavaskar et 
al. 2000; Gavaskar et al. 2003; ITRC 2005; Suponik 2011). 

As the contaminated groundwater moves through the reactive barrier, the 
contaminants are removed by physicochemical, chemical and/or biological processes 
(Puls et al. 1998; Meggyes et al. 1998; Gavaskar et al. 2000; Meggyes et al. 2000; 
Suponik and Lutynski 2009, Suponik 2013). The mechanism involved in contaminant 
removal are listed below (Roehl et al. 2005; ITRC 2005; Suponik 2011).  
 Biochemical reactions which lead to:  

 biodegradation of organic compound  
 precipitation of heavy metals by sulphate-reducing bacteria. 

 Redox reactions which lead to: 
 chemical detoxification 
 precipitation of heavy metals. 

 pH control (precipitation). 
 Adsorption. 

The type of mechanism which removes contaminants depends on the material used 
for filling and on the contaminant to be removed. In case of this study it was assumed 
that for removing aromatic hydrocarbons the filling for PRB would be granulated 
activated carbon or peat. These materials were selected based on literature review 
(U.S. DOE 1998, Gavaskar et al. 2003). In both cases the leading reaction which 
retains contaminants is adsorption. The uptake of adsorbate by the adsorbent can be 
described by various models where the most commonly applied are Freundlich and 
Langmuir isotherm models. 

In this study results of batch tests of benzene and phenols removal from synthetic 
solution of post-UCG water by granulated activated carbon and peat are presented. 
Experimental results are fitted with linear and non-linear forms of Freundlich and 
Langmuir models. 

Materials and methods 

Two reactive materials were selected for the study, i.e. granulated activated carbon 
(GAC) and peat in form of the commercial adsorbent SPILL-SORB. The granular 
activated carbon was WACC 8X30 made from coconut shells by steam gas-method. 
SPILL-SORB (peat) is a fully organic industrial adsorbent of high moisture 
adsorbancy. Properties of GAC and peat are presented in Table 1. Methodology of the 
tests was typical for experiments of sorption from aqueous solution (Gulgonul 2012). 
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Table 1. Properties of sorbents used in the study  
(SPILL-SORB MSDS 2012, ELBAR Katowice MSDS 2013) 

 GAC SPILL-SORB 

Property, unit  Value  Value 

Particle size distribution, mm 0.6–2.4 – 

Specific surface, m2/g min. 1000 200 

Iodine number, mg/g min. 1000 – 

Moisture, % max. 5 10% 

Ash, % max. 12 6 

pH ca. 8 4–6 

Hardness, % min. 98 – 

Bulk density, g/dm3 480±30 150±2 

The wastewater (synthetic solution which simulated groundwater contaminated 
with UCG products) was prepared by mixing distilled water with desired amounts of 
the following pure substance: phenols, benzene, toluene, xylene, naphthalene, 
fluorene, phenanthrene, pyrene, anthracene, CuSO45H2O, NiSO47H2O, ZnSO47H2O, 
NaCl, K2CrO4, (NH4)2S2O8, KCN. The concentrations of contaminants in the solution 
were similar to the values reported in the literature (Liu et al. 2006; Kapusta and 
Stanczyk 2011). Chemical composition of solution is presented in Table 2. The initial 
conductivity and pH of the solution was 22 mS/cm and 7.9 respectively. Since pH 
after adding the substances was 5.5, it was adjusted to the intentional value by slow 
titration with ultra-pure sodium hydroxide. 

Table 2. Initial chemical composition of synthetic UCG wastewater used for the test 

Parameter/ 
chemical compound 

Value Unit 

pH 7.9 – 

Conductivity 22 mS/cm 

TOC 4.48 mg/dm3 

Phenols 15.4 mg/dm3 

NH4
+ 3280 mg/dm3 

CN- 1.84 mg/dm3 

Benzene 0.540 mg/dm3 

Toluene 0.141 mg/dm3 

Xylene (sum) 0.121 mg/dm3 

Cr6+ 0.091 mg/dm3 

Cu 0.55 mg/dm3 

Ni 1.24 mg/dm3 

Zn 0.16 mg/dm3 

SO4
- 550 mg/dm3 

Cl 784.1 mg/dm3 
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The concentration of contaminants in wastewater during the tests was measured 
with the use of: 
1. UV-Vis Spectrophotometer DR5000 HachLange – diazotised 4-nitroaniline 

method, wavelength 550 nm (phenols) 
2. HPLC – UVD 340u Gynkotek, column RP-18 Hypersil Gold, flow 1 cm3/min in 

gradient analysis Me/H2O (benzene). 
The installation in which batch tests were carried out was a programmable rotator 

equipped with 50 cm3 plastic tubes. In the rotator, the 2 minutes reciprocal rotation 
was used for every sample (with turning angle 90° and speed range 50 rpm) after 
which a short pause (15 second) followed. The solutions were poured into plastic 
tubes (50 cm3 to every sample) and then a specified mass of reactive material was 
added to every sample. Later, the tubes were closed with corks. After shaking the 
samples for 2 hours, the solutions were flowed through thick filters and the 
concentrations of particular chemicals were measured. The temperature in laboratory 
air and in tested water was about 19 °C. 

The amount of solute adsorbed per unit weight of material (mg/g) was calculated 
with the use of the following formula: 

 0( )e
e

V C C
q

W


   (1) 

where C0 and Ce are the initial and equilibrium adsorbate concentrations (mg/dm3), 
respectively, V is the volume of solution (dm3) and W is the weight of the adsorbent 
(g). 

Results and discussion 

Sorption of benzene on GAC and SPILL-SORB is shown in Fig. 1, whereas sorption 
of phenols on GAC and SPILL-SORB is shown in Fig. 2. The mechanism of adsorbate 
removal in both cases is the hydrophobic adsorption to GAC and peat. Therefore, it 
was decided to fit Freundlich and Langmuir models in order to explain interactions 
between the adsorbate and adsorbent and to compare the constants with literature data.  

The isotherms were fitted with linear and non-linear forms of Freundlich and 
Langmuir isotherm models. These two models are the most common and fairly 
accurate ones that describe sorption of substances from aqueous solutions (McKay et 
al. 1985; Kumar 2006). The intention was to assess if the non-linear forms give 
a better fit than commonly applied linear forms. In case of linear forms, the sum of 
square residuals is not minimized as it is in formulas presented below for the 
Freundlich and Langmuir model respectively: 

 2( )n
ei F e

i

q K C  (2) 
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Fig. 1. Adsorption isotherms of benzene from UCG wastewater solution 
 on GAC and SPILL-SORB at 19 °C 

 
Fig. 2 Adsorption isotherm of phenols from UCG wastewater solution  

on GAC and SPILL-SORB at 19 °C from wastewater 

 
2

1
L e

ei
L ei

QK C
q

K C

 
  

 . (3) 

Langmuir model has four linear forms and all of them were assessed in terms of 
best model fit to the experimental results. The linear and non-linear forms of equations 
assessed in the study are presented in Table 3. 
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Table 3. Linear and non-linear forms of Freundlich and Langmuir models 

Isotherm 
model 

General equation 
(non-linear form) 

Linear form 

Freundlich n
e F eq K C  log log loge F eq K n C   

Langmuir-1 
1 1e

e
e L

C
C

q Q K Q
   

Langmuir-2 
1 1 1 1

e L eq K Q C Q
   

Langmuir-3 
1 e

e
L e

q
q Q

K C

 
   

 
 

Langmuir-4 

1
L e

e
L e

QK C
q

K C



 

e
L L e

e

C
K Q K q

q
   

 
Experimental data were plotted in linear forms and fitted with regression lines. 

Constants for each model i.e. KF and n for Freundlich and KL and Q for Langmuir 
were calculated based on the general form of the linear equation of regression line. 
Coefficients for the non-linear forms of the models were calculated by minimizing 
residual sum of squares to the experimental values. The coefficient of determination 
was calculated for each form of the models and summarized for GAC and SPILL-
SORB in Table 4 and 5 respectively. Table 3 and 4 present Freundlich and Langmuir 
constants calculated by using linear and non-linear forms of the equations for benzene 
and phenols adsorption on GAC and SPILL-SORB at 19 °C. 

Table 4. Freundlich and Langmuir constants calculated using linear and non-linear forms  
of the equations for benzene and phenols adsorption on GAC at 19 °C 

Isotherm Benzene Phenols 

 KF 
dm3/mg 

n R2 KF 
dm3/mg 

n R2 

Freundlich (linear) 0.0172 0.3343 0.9667 0.5668 0.4234 0.8421 

Freundlich (non-linear) 0.0175 0.3443 0.9639 0.4510 0.6558 0.9604 

 KL, dm3/mg Q, mg/g R2 KL, dm3/mg Q, mg/g R2 

Langmuir-1 17.7436 0.0144 0.9667 0.1765 3.3333 0.6422 

Langmuir-2 75.5384 0.0102 0.8647 31.6666 5.2632 0.5327 

Langmuir-3 56.4972 0.0116 0.6476 12.3609 1.0619 0.1851 

Langmuir-4 36.6690 0.0129 0.6476 2.2869 1.6796 0.1851 

Langmuir (non-linear) 17.7260 0.0142 0.9810 0.1005 4.07291 0.9753 
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Table 5. Freundlich and Langmuir constants calculated using linear and non-linear forms  
of the equations for benzene and phenols adsorption on SPILL-SORB at 19 °C 

Isotherm Benzene Phenols 

 KF 
dm3/mg 

n R2 KF 
dm3/mg 

n R2 

Freundlich (linear) 0.00604 0.2865 0.9717 0.3462 0.3843 0.7792 

Freundlich (non-linear) 0.00585 0.2702 0.9604 0.2836 0.6806 0.9650 

 KL 
dm3/mg 

Q 
mg/g 

R2 KL 
dm3/mg 

Q 
mg/g 

R2 

Langmuir-1 33.8750 0.0046 0.9914 0.0967 3.3333 0.6728 

Langmuir-2 56.3111 0.0039 0.8671 4700 0.2128 0.3306 

Langmuir-3 46.7289 0.0042 0.8054 113.6363 0.6009 0.0643 

Langmuir-4 37.664 0.0044 0.8054 7.2998 1.2313 0.0643 

Langmuir (non-linear) 31.8979 0.0046 0.9547 0.0945 2.8633 0.9895 

 
Comparison of correlation coefficients for both linear and non-linear models shows 

that GAC adsorption equilibrium data follow predominantly the Langmuir non-linear 
model for benzene and phenols. In the case of SPILL-SORB the sorption data for 
benzene are described more accurately by Langmuir-1, whereas phenols follow the 
Langmuir non-linear model. In both materials the Freundlich model gives a slightly 
less accurate fit. In case of GAC some of the Langmuir non-linear models have 
unacceptable fitting and therefore should be rejected for further assessment. 
Experimental data with best-fit models are presented in Figs 3 and 4. 

 

Fig. 3. Freundlich and Langmuir best model fitting for sorption of benzene  
on GAC and SPILL-SORB at 19 °C from wastewater 
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Fig. 4. Freundlich and Langmuir best model fitting for sorption of phenols  
on GAC and SPILL-SORB at 19 °C from wastewater 

The isotherm data clearly show that removal of phenols and benzene in case of 
GAC is much more efficient. It can be explained by much larger specific surface of 
GAC and its pH which is more favorable for organic compounds sorption (Villacanas 
et al. 2006). Nevertheless, the Langmuir and Freundlich constants are significantly 
lower than those reported in literature (Maarof et al. 2004; Villacanas et al. 2006; 
Vijana and Neagu 2012). There might be several reasons of this phenomenon. The 
first one is the method of sample preparation. In our study the GAC and SPILL-SORB 
were not pre-treated neither by thermal nor chemical treatment (eg. with nitric acid). 
Those procedures could not be followed in case of PRB, therefore were rejected. 
Another explanation could be the fact that the experiments were not conducted under 
vacuum and in the access of oxygen. The tendency of carbon to chemisorb oxygen is 
greater than the tendency to adsorb any other species. Oxygen chemisorbs on the 
surface of GAC to form carbon–oxygen functional groups that may be acidic, neutral, 
or basic. These phenomena has been observed in other studies (Tessmer et al. 1997; 
Dabrowski et al. 2005).We can assume that this effect is not valid for peat. Low 
adsorption of these two measured compounds could be explained by the number of 
other chemical compounds in the solution which most probably occupy sorption sites 
of adsorbents. Therefore, the obtained values were lower than those reported in the 
literature for less complex solutions. 

Conclusions 

Granulated activated carbon and peat were tested as possible filling for PRB installed 
around UCG site. The reason for choosing these materials was their accessibility and 
relatively high sorption properties of organic compounds. Sorption of phenols and 
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benzene was much higher on GAC than on peat (SPILL-SORB). In the case of GAC 
the model which describes more accurately sorption equilibrium is the Langmuir non-
linear model whereas in case of SPILL-SORB a slightly better fit was obtained with 
Langmuir-1 linear isotherm model for benzene and as Langmuir non-linear for 
phenols. Calculated constants for the models were lower than usually reported in the 
literature which can be explained by the fact that the material were not pre-treated and 
the experiments were conducted in the access of oxygen. Another factor could be the 
complex composition of the synthetic solution used for the tests where other 
compounds were most probably adsorbed. 
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Abstract: Stirred pulp-mixing is performed before coal flotation. In this study, a two-stage stirred pulp-
mixing tank was designed based on the single-stirred process to intensify the mixing effect of pulp and 
flotation reagents. A tank has a pitched-impeller opening-type turbine. Stirred pulp-mixing and flotation 
experiments were conducted on a sample of anthracite fine coal (-0.5mm) from the Xuehu Coal 
Preparation Plant in Henan Province, China. The results of the two-stage stirred pulp-mixing were 
compared with those of a single-stage stirred pulp-mixing in terms of flotation performance. Compared 
with the single-stage stirred pulp-mixing, two mixing areas and double-layer impeller were able to 
strengthen the energy input to the stirred system, thereby improving the mixing efficiency of flotation 
reagents and coal particles in the pulp. The two-stage stirred pulp-mixing significantly increased the 
flotation feed rate of the cyclone-static micro-bubble flotation column and concentrate yield, enhanced 
the combustible matter recovery effect of coarse particles at a suitable flotation feed rate, and ensured the 
recovery effect of fine particles at high flotation feed rate.  

Keywords: mixing, stirred, two stage, fine coal, flotation 

Introduction 

Stirred pulp-mixing is the first process in fine particle separation. With “poor, 
miscellaneous, and difficult” mineral characteristics,  suitable conditions for 
mineralization are prerequisites for efficient recovery of fine and micro-fine mineral 
particles (Akdemir and Sonmez, 2003; Sun et al., 2006; Negri et al., 2007). The 
conventional mechanical cell, flotation column and Jameson cell are the main devices 
used in fine particle flotation. Mechanical flotation machines typically work as a 
mixing device. A high stirring intensity in flotation cell may lead to a low recovery of 
particles because of high detachment probability of mineral particles from bubbles 
(Cheng et al., 1998; Rubinstein, 2004). However, a highly turbulent environment is 
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required for the sufficient mixing of particles and flotation reagents. These two distinct 
fluid environments cannot be provided simultaneously by the stirring mechanism of a 
flotation cell (Dobby and Finch, 1986). The flotation column has no stirring device, 
and thus, the mixing effect of pulp and reagents is particularly important for the 
subsequent separation process (Clayton et al., 1991; Harbort et al., 1994; Liu et al., 
2000).  

Stirred pulp-mixing is related to the dispersion of pulp and reagents, contact of 
mineral particles with reagents, and mineral surface modification. The adequacy of 
stirred pulp-mixing is directly related to the flotation effects. A lot of works were done 
and meaningful conclusions were obtained about mixing before mineral flotation. 
Strong pulp-mixing pretreatment significantly improves flotation performance, 
including the improvements in the selectivity and recovery of valuable metals (Engel 
et al., 1997). High-shearing pulp-mixing improves the flotation effect through the 
surface cleaning and shear flocculation of mineral particles (Chen et al., 1999). A 
shearing force is a key factor for separation efficiency (Valderrama and Rubio, 1998). 
Coal oxidation also has a significant effect on floatability. Feng et al. (2005) found 
that the hydrophilic oxide layer of a mineral particle surface can be removed 
effectively by high-shearing pulp-mixing. The oxidized coal is also difficult to float 
with the common collectors (Xia et al., 2012a, b, 2013). In fine coal flotation, higher 
combustible matter recovery can be obtained by enhancing the impeller speed of 
mixing operation prior to flotation. However, concentrate ash content also increases by 
different degrees (Li et al., 2009; Liu et al., 2009; Liang et al., 2011).  

Considerable research and development were conducted on fine coal stirring 
equipment, particularly on pulp pre-processor (Yu, 2005), emulsifiers (Jiang et al., 
2006), surface-modified separators (Wang, 2003), static mixers (Zhang et al,. 2006), 
and a variety of stirring tanks(Wang, 2004). These studies significantly improved pulp 
efficiency circulation and shearing and reduced the dosage of flotation reagents. 
Studies on stirred pulp-mixing focused mainly on the cycle efficiency, which 
significantly influences the macro-mixing of mineral particles and improves 
homogenization in a stirring tank. With the improvement in the proportion of 
mechanical coal-mining and the rapid development of heavy-medium coal 
preparation, the fine coal of China is characterized gradually by size reduction, ash 
increase, and higher intergrowth content (Xu et al., 2003). The fine coal separation 
problem became prominent (Li et al., 2013; Ding et al., 2006). A high fine coal 
particle content in stirred pulp-mixing can agglomerate the mixing system, pollute the 
micro-fine heterogeneous mud in clean coal flocs, and significantly affect the flotation 
reagents and coal particle surface. A short circuit in the stirred pulp-mixing process 
affects the recovery of flotation devices because parts of the flotation reagents and 
pulp would be overflowed by the surface material flow given a horizontal circulation 
of single-stage mixing (Gui et al., 2013). To solve this problem, the current study 
proposes a two-stage stirred pulp-mixing process. The effect of two-stage stirred pulp-
mixing is compared with that of single-stage stirred pulp-mixing by analyzing their 
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mixed characteristics. The results of this study can serve as references for new, 
efficient mixing mechanisms.  

Experimental 

Method 
The experimental samples were fine anthracite coal from the Xuehu Preparation Plant 
in Henan Province, China. The feed slurry was a mixture of fine coal particles, water, 
and flotation reagents. The feed had solid concentration of 100 g/dm3 to 120 g/dm3 
and pulp density of 1,035 kg/m3 to 1,050 kg/m3. The optimum flotation conditions 
were obtained in the experiment. Collector dosage was 320 g/Mg, frother dosage was 
110 g/Mg, and feed concentration was 90 g/dm3. Figure 1 shows the equipment 
flowchart. 

With valves 1 and 3 opened and valves 2 and 4 closed, coal slime and 
flotation reagents were fed into a two-stage stirring tank with diameter of 2.5 
m. With valves 1 and 3 closed and valves 2 and 4 opened, coal slime and 
flotation reagents were fed into a single-stage tank with diameter of 2.5 m. 
Impeller speed was changed by adjusting drive motor speed through the inverter. 
The strength of the flow field in the stirring tank was adjusted by replacing the stirring 
impeller with one of a different diameter. The coal slurry was fed into a FCSMC 
3000×6000 cyclone-static micro-bubble flotation column after stirred pulp-mixing. 
The cyclonic-static micro-bubble flotation column (FCSMC) was researched by the 
China University of Mining and Technology widely used in coal preparation, 
polymetal sulfide flotation and magnetite/hematite reverse flotation, where higher 
separation efficiency, especially of fine and micro fine particles, was demonstrated. 
FCSMC is composed of the separation zone, cyclonic separation zone, bubble 
producer and pipe flow mineralized zone. The separation zone is on the top of the 
column. FCSMC is a combination of column flotation and cyclonic separation and is a 
multi-separation structure, combining column-separation, cyclonic-separation and pipe 
flow mineralization. It can maintain the selective superiority of flotation column 
separation and at the same time further improve the recovery and separation 
efficiency, which can make this kind of equipment highly efficient in fine and micro-
fine particle separation. In this study, FCSMC 3000×6000 was used as a flotation 
equipment, which width and length are 3000 and 6000 millimeters, respectively 
(Cao et al., 2011; Zhang et al., 2013). The effect of two-stage stirred pulp-
mixing on the flotation device was compared with that of single-stirred pulp-
mixing by changing feed rate.  
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Fig.1. Equipment flow chart 

Stirred mixing tank 
The two-stage stirring tank consists of two mixing areas, tank, shaft, two impellers, 
baffles, and ring plate. Upper and lower impellers and ring plate are removable, 
allowing the switch from the two-stage stirring tank to the single one. In the 
preliminary tests, the impeller forms were fixed as pitched-impeller opening-type 
turbines, and the impeller number was 4 with alternating diameters (600, 650, and 700 
mm). The motor and stirring shaft speeds were adjusted using the inverter. Table 1 
shows the size of the stirring barrel and accessories. 

 

Fig. 2. Schematic diagram of two-stage compulsory-stirred tank. 1 – Feed inlet;  
2 – Lower impeller; 3 – Mixing tank; 4 – Baffle; 5 – Upper impeller;  

6 – Upper ring-plate; 7 – Stirring shaft; 8 – Discharge port; 9 – Low ring-plate 
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The coal slurry was mixed in different axial positions through stirred pulp-mixing 
by two impellers in two different positions in two sections of the tank area. Figure 2 
shows the structure diagram of the two-stage stirring tank. The coal slurry was fed into 
the first stirring section through feed inlet 1. The coal slurry then entered the second 
stirring section after the stirring action of lower impeller 2. Then, the second mixing 
process was completed by the action of upper impeller 5. The material was forced-
modified by the mechanical fluid force. The modified pulp was discharged from 
discharge port 8. When the upper impeller 5 and lower ring plate were removed and a 
loop sleeve was added, the two-stage stirred pulp-mixing was changed to single 
mixing, allowing for comparative tests on the two stirring forms. Figure 3 shows the 
schematic diagram of the single-stage stirring tank 

 
Fig. 3. Schematic of single-stage stirred tank. Feed inlet; 2 – Impeller; 3 – Mixing tank; 

 4 – Baffle; 5 – Circulation sleeve; 6 – Stirring shaft; 7 – Discharge port 

Table 1. Structure size of two- and single-stage stirring tanks. Symbols: D – Tank diameter; H – Tank 
height; Wb – Distance between baffle and tank; W – Width of baffle; C – Distance between lower impeller 

and bottom of the tank; L, d – Impeller diameter; Dd – Cycle sleeve diameter; b – Impeller height;  
R – Inner circle radius of the ring plate; H1 – Distance between lower ring plate and bottom of the tank; 

H2 – Distance between the two ring plates; θ – Blade angle 

Dimension 
(mm) D H Wb W C L d Dd b R H1 H2 θ, ° 

Two-stage 2500 2500 125 250 500 1000 600/650/700 / 100 600 1000 1000 45 

Single-
stage 2500 2500 125 250 500 / 600/650/700 324 100 / / / 45 
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Results and discussion 

Effect of stage stirring on coal flotation index 
Figure 4 shows a relationship between flotation index and stirring speed. Test 
conditions were characterized by a dry fine coal with 30 Mg/h and pulp feed rate of 
380 m3/h. Concentrate yield and ash content increased with increasing shaft speed, 
although the increasing trend slowed down. The previous studies showed that coal 
floatability decreases in the flotation cell and that the flotation rate constant is reduced 
gradually with the flotation process (Li et al., 2013). In other words, many materials of 
low ash content float during early flotation, and only a few materials of high ash 
content and poor floatability float during late flotation. Thus, the increase in the shaft 
speed is equivalent to increase in energy input in the stirring system. The excess 
energy is reflected mainly in the recovery of coal particles that are difficult to float. 
Impellers with large diameters can obtain higher concentrate yield at the same coal ash 
content or obtain lower ash content at the same concentrate yield. The concentrate 
yield can be increased and high-quality clean coal can be obtained by increasing 
energy input in the stirred system.  

 

 

Fig. 4. Relationship between flotation index and stirring speed 

Figure 5 shows the relationship between the power consumption of the unit volume 
and the flotation index. The power consumption of the unit volume in a stirred tank 
( VP ) can be expressed as: 

 V
PP
V

=  (1) 
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where VP  is the input power of fluid in the tank (W) and V is the effective volume of 
the tank (m3). Figure 5 shows that the power consumption of unit volume reached the 
maximum value of 2877, 3415, and 4140 W/m3 with the maximum speed of 370 rpm 
at the corresponding impeller diameter of 600, 650, and 700 mm, respectively. The 
flotation concentrate yield and ash content increased with increasing power input per 
unit volume, but the rate of increase gradually slowed. The power input per unit 
volume with the same speed increased and the concentrate yield increased with larger 
impeller diameter. However, with the same power input per unit volume, the smaller 
impeller diameter generated higher concentrate yield and lower ash content. These 
results indicate that more energy is required in the late stage of the flotation process of 
hard-to-float particles. In actual production, flotation index requirements and the 
power consumption of unit volume are considered comprehensively to determine 
impeller diameter and speed in the two-stage stirring tank. 

 
Fig. 5. Relationship between concentrate ash content, yield, and power consumption  

of unit volume in a stirred tank PV  

Mixing characteristics were evaluated comprehensively by investigating the flow 
and power dimensionless numbers, shearing and cycle characteristics, and mixing 
efficiency of the two-stage compulsory-stirred system. Efficient mixing means that the 
same mixing level was achieved at the lowest energy consumption. Thus, mixing 
efficiency of different stirring mechanisms is combined with the mixing time and 
energy consumption. The mixing time per unit of energy consumption is characterized 
by K (dimensionless). Smaller K indicates shorter mixing time with the same energy 
consumption and higher mixing efficiency. K can be expressed as follows (Wang and 
Yu, 2003; Zhang et al., 2003; Li, 2010): 
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where N is the stirring speed (rpm), ρ pulp density (kg/m3), d impeller diameter, NP 
power dimensionless number, P input power in the tank (W), HL liquid height in the 
tank, D tank diameter and C is the distance between impeller and bottom of the tank . 

 

Fig. 6. Relationship between concentrate ash, yield, and mixing time  
per unit of energy consumption K 

Figure 6 shows a relationship between the mixing efficiency and flotation index. 
The yield and ash content of flotation concentrate decreases with increasing mixing 
time per unit of energy consumption K. Higher K is detrimental to concentrate 
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flotation, while smaller K is more conducive to concentrate flotation. Based on the 
relationships between blade diameter, rotational speed, and K, the mixing time per unit 
of energy consumption is small when blade diameter is large. With the same K, larger 
blade diameter could obtain lower ash content of concentrate as well as concentrate 
yield.  

Effect of stirred form on the feed rate of the flotation column 
Stirred pulp-mixing and flotation experiments were conducted in the single- and two-
stage stirring tanks at different feed rates to investigate the effect of stirred form on the 
feed rate of flotation column. The flotation concentrate ash content was controlled as 
qualified ash with intervals of 8.5% to 10% through forth overflow operation. The ash 
content of the flotation tailings of the two-stage stirred pulp-mixing was compared to 
that of the single-stage stirred pulp-mixing at different feed rates. The results of the 
prediction tests show that shaft speed was fixed at 333 rotation per min (rpm) (Fig. 7). 
The ash of the flotation tailings significantly decreased with the increasing feed rate of 
the cyclone-static micro-bubble flotation column. At a low feed rate, the ash content of 
the flotation tailings of two-stage stirred pulp-mixing did not exhibit obvious 
advantages over the single-stage stirred pulp-mixing. 

 

Fig. 7. Effect of different stirred mechanisms on flotation feed rate 

For more in-depth analysis of superiority of the two-stage stirred mixing to the 
single-stage stirred mixing, the particle sizes of flotation tailings of the two stirring 
modes were analyzed at different flotation feed rates and at an impeller diameter of 
700 mm. Figure 8 shows the ash distribution of the flotation tailings in different size 
fractions. In each grain size and feed rate, the ash content of tailings in the two-stage 
stirred pulp-mixing was higher than that of single-stage stirred pulp-mixing. In the 
two-stage stirred mode, fine particles (-0.074 mm) exhibited a good recovery effect 
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with low flotation feed rate, and tailings with higher ash content were obtained with 
coarse fractions (+0.125mm). The two-stage stirred pulp-mixing obtained tailings with 
higher ash content, when the flotation feed rate was high. Fine particle recovery was 
better in the two-stage stirred pulp-mixing than in the single-stage pulp-mixing. These 
results show that the two-stage stirred process strengthens the sufficient contact of 
micro-grain and flotation reagents in fine-coal flotation and intensifies flotation.  

    

   

 

Fig. 8. Ash distribution in grain size of flotation tailings for different stirring mechanisms 

Conclusions  

In this study, the two-stage stirred pulp-mixing system was found to strengthen the 
mixing efficiency of pulp and flotation reagents and significantly increase the flotation 
concentrate yield and feed rate of the cyclone-static micro-bubble flotation column. 
Moreover, recycling of poor-floatability particles in the latter part of the flotation 
process in the two-stage stirring process could be strengthened with increasing 
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impeller diameter and shaft speed. Unlike the single-stage stirred pulp-mixing, the 
two-stage stirred pulp-mixing enhanced coarse particle recovery at a suitable flotation 
feed rate and ensured fine particle recovery at a high flotation feed rate. 

Future research could focus on the relationships between the impeller diameter and 
stirring tank diameter, and the effect of distance of two stirring impellers. These 
relationships can possibly improve unsuitable mixing zones, reduce energy 
consumption and optimize the tank structure.  
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ELECTROLYTE WITH DI(2-ETHYLHEXYL)PHOSPHORIC 

ACID (DEHPA) USED AS A ZINC(II) EXTRACTANT  
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Abstract: Industrial acidic zinc electrolyte has been treated with calcium compounds and/or concentrated 
ammonia solution and resulting crystalline phases as well as equilibrium mother liquors were analyzed in 
detail for dependence on preliminary dilution of electrolyte with water. Neutralized zinc electrolyte was 
an object of investigation in zinc(II) extraction with di(2-ethylhexyl)phosphoric acid (DEHPA) as an 
extractant. Dependencies of zinc(II) and contaminants extraction on equilibrium pH, isotherms of zinc(II) 
extraction and stripping have been studied. During simulated laboratory counter-current trial of zinc 
extraction a new zinc electrolyte (stripped solution) has been produced. Raffinates left after the process 
were purified and qualified as mineral magnesium-ammonium fertilizer solutions. 

Keywords: zinc electrolyte, zinc solvent extraction, DEHPA, mineral fertilizer 

Introduction 

Zinc electrolyte, circulating within zinc electrowinning system, contains mainly zinc 
sulphate, free sulphuric acid, and, in smaller amounts, magnesium and manganese 
sulphates. Such elements as Na, K, Cl, F are usually present within their permissible 
limits. The crude pregnant leach zinc-bearing solution is usually purified by chemical 
methods.  Fe, As, Al, Si, Sb, Ge are rejected by oxyhydrolysis while Cd, Cu, Co, Ni, 
Pb are removed by cementation. Irremovable by these methods are Mg, Ca, Na, K, 
chlorides and fluorides. Generally, zinc electrolyte, used in electrolytic zinc metal 
production, because of necessity to maintain high parameters of current efficiency and 
quality of zinc cathodes, constitutes a product of very high purity (Ni, Co, Cu, Cd and 
others < 0.001 g/dm3). The exception is Mg, Mn or Na tolerated on higher levels. In 
particular zinc electrolyte contains only very limited amounts of iron as well as 
aluminium and silica. This favours application of the solvent extraction technique to 
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zinc recovery from this part of the solution, which from technological reasons has to 
be removed from the circuit. 

Purification and concentration of metal salt from rich but contaminated solutions 
constitutes one of rather typical problems in industry. As for waste zinc bearing 
industrial solutions quite common problem pertain to hydrochloric acid spent pickling 
solutions, containing mainly zinc and iron. Crude zinc sulphate solutions are more 
often produced by leaching of industrial zinc-bearing dusts. They are also created 
within typical zinc hydrometallurgy process RLE (roasting – leaching – 
electrowinning). 

Regel-Rosocka propose solvent extraction technique with use of tributyl phosphate 
organic solution for zinc(II), iron(II) and iron(III) extraction in form of their chloride 
anionic species (Regel et al., 2001: Regel-Rosocka et al., 2002). The work of other 
authors suggests similar approach (Rozenblat et al., 2004). 

The ZINCEX™ technology developed by Technicas Reunidas, Spain, has been 
successfully applied in four industrial plants (Frias et al. 2009). The most important 
ones were domestic battery recycling plant in Spain (Frias et al. 2004) and Skorpion 
project in Namibia, Africa (Garcia 2005). This adaptable and flexible technology is 
based on natural (without external pH regulations) zinc solvent extraction technique 
from low and moderately concentrated zinc-bearing solutions with DEHPA organic 
solution as an extractant. 

Gotfryd and Szymanowski  published their results of zinc(II) extraction with 
Cyanex 272 and DEHPA organic solutions as extractants from highly contaminated 
zinc sulphate solutions of industrial origin (Gotfryd et al., 2004). In later works 
(Gotfryd et al., 2011a and 2011b) the authors have successfully treated by extraction 
concentrated but crude zinc solutions, obtained by sulphuric acid leaching of industrial 
zinc and lead bearing flue dusts. They used sodium hydroxide solution as neutralizing 
agent for current pH maintenance on the desired level of ≥ 2.0 

Applying, in course of extraction, NaOH as well as NH3 solutions, as current 
neutralizing agents, allows the effective treatment by solvent extraction technique also 
definitely highly concentrated zinc feed solutions. 

Materials and reagents 

The composition of the original (industrial) electrolyte is shown in Table 1. 

Table 1. Composition of acidic zinc electrolyte used in investigations 

H2SO4 Zn Mg Mn Na K Ca Al Si Pb Cl F  
155.3 59.3 14.3 2.84 5.23 1.43 0.55 0.011 0.058 < 0.001 0.36 0.0055 g/dm3 

 
For effective zinc extraction the treated solution must be nearly neutral. One of the 

early ideas of this work was applying ammonia solution for sulphuric acid 
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neutralization, both present originally in electrolyte and evolving during extraction. 
Using 25% ammonia for neutralization of free sulphuric acid leads to precipitation 
over 70% of zinc, and to a lesser extent, the other cations in the form of hydrated 
crystalline sulphate phases. Detailed discussion of this problem, especially regarding 
the influence of preliminary dilution on composition of crystalline phases and 
resulting mother liquors is provided in Results chapter. 

The solution for zinc(II) extraction investigations has been prepared by using 
mineral calcium carbonate fines for acid neutralization. Crystalline gypsum 
(CaSO4·2H2O) was produced as a by-product. The composition of resulting solution, 
further subjected to zinc extraction, is revealed in Table 2. 

Table 2. Composition of zinc electrolyte after neutralization 

Zn Mg Mn Na K Ca Cl F  pH
51.70 12.6 2.65 4.99 1.38 0.56 0.305 0.007 g/dm3 5.6

 
The solutions of ammonia (25%), NaOH (2.0 M) and sulphuric acid (2.4 M) (all 

POCH Gliwice) were used as reagents for neutralization and/or stripping purposes. 
Di(ethylhexyl)phosphoric acid (DEHPA) dissolved in hydrocarbon diluent Exxsol 
D80 (Exxon Mobile/Brenntag Polska) was applied as the extractant (DEHPA 
concentration was 18 and 36 % vol.).  

Experimental 

Acid neutralization and preparation of solutions for extraction 
Two series of experiments leading to electrolyte neutralization with ammonia solution 
have been performed. During the first one the volume of electrolyte was 2.0 dm3 (to 
observe the thermal effects). The second one has been performed on a smaller scale 
(250 cm3). In both cases portions of electrolyte were diluted to the different extent 
with water and next, mixed and treated slowly with 25% ammonia solution, 
controlling the pH (final pH level 5.0). Next, the solution/suspension has been mixed 
gently during its natural cooling, to avoid excessive hardening of precipitating crystals 
at the bottom of vessel (in form of a coarse 1–2 cm crystalline compact crust). Mixing 
was continued until temperature reached a constant level and spontaneous 
crystallization was stopped. The obtained crystals were filtered and drained on filter 
paper. 

To avoid contamination of the crystals with insoluble forms of Mn(IV) compounds, 
before experiment the zinc electrolyte was discoloured (colour was caused by MnO4

-) 
using small amount of reducing agent (30% H2O2). 

To obtain solutions for extraction investigations the method of neutralization with 
fine calcium carbonate particles has been used. Limestone powder was added slowly 
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to mixed solution to rich pH of about 5.5. Precipitated gypsum was filtered on vacuum 
filter. 

Methods of zinc extraction and additional raffinates purification 
First trials of zinc extraction were done with 36% (vol.) di(ethylhexyl)phosphoric acid 
(DEHPA) dissolved in hydrocarbon diluent Exxsol D80. Due to high viscosity, the 
concentration in further experiments has been limited to 18% (vol.) (about 0.50 M). 

Elementary extractive experiment consisted of period of mixing (usually 10 
minutes) of the two particular reacting phases, period of their natural gravitational 
separation and analysing of the samples obtained. 

First experiments covered recognition and establishing zinc(II) and contaminants 
extraction dependences on pH. Reacting phases (e.g. 500 cm3/500 cm3) were 
repeatedly mixed for ten minutes, with aliquot of 50 cm3 samples taken after that for 
analysis. A small volume (1–2 cm3) of neutralizing agent has been gradually added 
each time to the remaining volume of reacting phases at the beginning of mixing 
period. 

Afterwards, the measurements of zinc(II) extraction isotherms at two levels of 
temperature (20 and 40 ºC) and isotherm of stripping with 2.4 M sulphuric acid (at 
20 ºC) were conducted. All trials of zinc(II) extraction were performed, using, as a 
feed solution, zinc electrolyte, neutralized with limestone powder (Table 2). However, 
in all cases of acid neutralization in the course of zinc(II) extraction 25% ammonia 
solution has been used. Additionally, for comparison purpose, the isotherm of zinc(II) 
extraction with 5.0 M NaOH used as neutralizing agent also has been measured. In 
these studies, in order to obtain individual data points which provide isotherms, 
specific method was applied. It consists of radical changes of organic-to-aqueous ratio 
within a wide range of O: W = 10:1 to 1:10. Next the isotherms were supported with 
the McCabe-Thiele constructions, which supply  information about the parameters of 
the counter-current system, necessary for effective extraction/stripping of zinc(II) 
(number of counter-current stages, optimal phase ratios, etc.). 

Basing on collected data an extraction scheme has been designed and used in the 
laboratory trial, imitating configuration and performance of counter-current systems. 
All stripped liquors, as well as raffinates, remaining after the process, were analyzed. 

Cumulative post-extraction raffinates (two batches) were subjected to a further 
treatment for purification from the residual organic phase. Next they were purified 
from manganese(II) and residual amounts of zinc(II). The aim was to obtain either 
solutions or crystalline phases of magnesium-amonium salt, which can be used as 
fertilizer. 

The following reagents have been tested as purifying agents (in parenthesis 
temperature of action is given): 
• saturated solution of NH4HCO3 (80 °C) 
• saturated solution of (NH4)2CO3

 (60 °C), 

• 30% H2O2 + 25% NH3 (80 °C), 
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• magnesium oxide – MgO (60 °C), 
• magnesium carbonate – MgCO3 (60 °C), 
• solid amonium persulphate NH4)2S2O8

 (90 °C) + NH4HCO3 for neutralization 

Results 

Electrolyte neutralization with ammonia 
In the case of 2.0-dm3 sample of undiluted electrolyte neutralized with 25 % ammonia, 
to obtain nearly neutral pH of about 5.0 in hot suspension, 493 g of ammonia solution 
was used. A temperature increase to the level of 63 oC has been observed. Products of 
reaction occupied 2.45 dm3 while the crystals, lying on the bottom of beaker – 
0.75 dm3 (apparent bulk volume). Poured out after several hours saturated solution of 
pH 6.33 had volume of 1.42 dm3. Its composition was as follows; g/dm3: NH4

+ 23.2; 
Zn 11.3; Mg 6.9; Mn 2.6. 

For the other trials of series 1 the procedure was similar except for the fact that the 
electrolyte was pre-diluted with water. Likewise, but on a smaller scale, experiments 
have been carried out as series 2. Selected results of the tests of series 1 are shown in 
Table 3 and more complete results of series 2 in graphical form in Figs 1–4. 

Table 3. Changes in composition of obtained crystalline phases,  
depending on degree of dilution of initial electrolyte 

Experiment No.  0 1 2 3 4 
Water/electrolyte dm3/dm3 0.0 0.4 0.8 1.2 1.6 

Concentrations in crystalline phases 
Mn 0.17 0.14 0.13 0.12 0.12 
Mg 1.69 1.49 1.36 1.29 1.20 

NH4
+ 8.94 8.44 8.40 8.52 8.47 

Zn 

% 

11.46 11.85 12.18 12.32 13.64

 
Figure 1 shows the effect of dilution of the initial electrolyte on the composition of 

both crystalline phases and the mother liquors in the form of their interrelations. In 
addition to that, the data for each particular sample were clastered with dashed lines. 
Figure 2 shows the shares of the individual components of the electrolyte in the 
precipitated crystals depend on the degree of dilution of the initial electrolyte. 

Concentrations of individual components of the zinc electrolyte neutralized with 
ammonia and their shares in the solutions, in the equilibrium state with the 
precipitated crystals (if present), versus initial dilution of the electrolyte are shown in 
Figs 3 and 4. 
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Fig. 1. Effect of the initial electrolyte dilution  
on the changes of phases composition of reaction 

mixtures, being in equilibrium state 

Fig. 2. The shares of the individual components in 
crystals in equilibrium with the saturated solutions 
depending on the initial dilution of the electrolyte 

  

Fig. 3. Composition of solutions, resulting from 
zinc electrolyte neutralization with 25% ammonia, 

in equilibrium with crystals (if present), versus 
water/electrolyte initial ratio 

Fig. 4. Yield of particular component of 
neutralized with ammonia zinc electrolyte into 
solution versus water/electrolyte initial ratio 

It can be seen that there is no possibility to separate constituents of neutralized 
electrolyte basing on such methods. On the other hand, to keep all the components of 
the electrolyte in solution, it should be pre-diluted with water used in an amount of ≥ 
1.6 dm3 per 1 dm3 of electrolyte. Therefore, trials to utilize ammonia in order to 
prepare the solution for zinc extraction with conversion of free sulphuric acid into 
ingredient of ammonia-magnesium type fertilizer do not justify themselves. Thus, 
further zinc extraction tests were carried out with a solution neutralized with calcium 
carbonate. 
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Zinc(II) extraction 
Figures 5 and 6 show concentrations of Zn and contaminants in organics versus 
equilibrium pH. The 36% organic phase, as more viscous, bears increased amounts of 
impurities. The relationships were investigated using 25% ammonia as pH 
neutralizing agent. 

  

Fig. 5. Concentrations of Zn and contaminants  
in organics versus equilibrium pH (36% DEHPA 

Fig. 6. Concentrations of Zn and contaminants  
in organics versus equilibrium pH (18% DEHPA) 

The next step involved zinc extraction isotherm examination at equilibrium pH of 
2.5±0.1. The isotherms have been obtained with 25% NH3 at ambient and elevated 
(40 oC) temperatures and 5.0 M NaOH (at ambient temp.) used as neutralizing agents. 
The results are shown in Figs 7 and 8. 

  

Fig. 7. Zn extration isotherms with ammonia used 
as neutralizing agents 

Fig. 8. Zn extration isotherms with NaOH used as 
neutralizing agents 
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The results obtained with NaOH are superior. The extractions can be conducted at 
a lower phases ratio (O:A) because of practical possibility to utilize higher level of 
organic phase saturation with Zn(II) /≥ 20 g/dm3/. More on this one can find in earlier 
works of the authors (Gotfryd et al., 2011a and 2011b) and on the so-called pre-
neutralization of the extractant with soda lye in other references, e.g. Swain et al. 
2006. 

Stripping isotherm (Fig. 9), prepared with organic phase saturated to the level of 
13.7 g/dm3 Zn(II) (at pH = 2.5±0.1, stabilized by ammonia) and 2.4 M sulphuric acid, 
indicate that concentrations of about 155 g/dm3 Zn(II) can be obtained in the stripped 
solution applying only two steps of counter-current stripping. 

  

Fig. 9. Zn stripping isotherm with 2.4 M sulphuric acid 

Basing on obtained isotherms and their McCabe–Thiele interpretations, a multistage 
laboratory trial has been carried out. The way it was done is shown as a scheme in 
Fig. 10.  

Starting from the cycle E, amount of organic phase was increased to 
1.20 dm3. The results obtained are presented in the Table 4. It contains 
ammonia consumption, obtained equilibrium pH and concentrations of 
components in the raffinates and stripped solutions. 
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Fig. 10. Scheme of extractive system realizing course  
of counter-current extraction and stripping of zinc(II) 

Table 4. Results of pseudo counter-current trials of zinc(II) extraction 

Raffinates Strip liquors  
1 (final) 2 (immediate) 3*) 4 

Cycle NH3 pH Zn Mg Mn NH3 pH Zn Zn Zn 
  ml – g/dm3 g/dm3 g/dm3 ml – g/dm3 g/dm3 g/dm3 
A – – – – – 32.0 2.52 6.86 - - 
B 7.0 2.50 0.099 – 1.1 23.0 2.58 16.34 157.2 134.7 
C 11.0 2.60 0.22 – – 20.0 2.70 22.88 156.9 143.9 
D 14.5 2.70 0.39 12.6 2.7 15.0 2.61 30.07 150.7 141.5 
E 17.5 2.55 1.40 – – 12.0 2.53 36.28 157.6 144.8 
F 23.0 2.65 0.82 – 2.2 13.5 2.50 33.34 164.1 150.7 
G 21.0 2.50 0.17 – 2.6 15.5 2.50 38.90 161.5 152 
H 24.0 2.60 3.40 12.4 2.5 8.0 2.65 43.15 147.1 150 

Cumulative stripped liquors*) 
Zn Mg Mn NH4

+ Cl F   Sample  
(cumulative)  g/dm3 g/dm3 g/dm3 g/dm3 mg/dm3 mg/dm3   

B3 + C3 + D3 154.0 1.46 0.54 0.095 42 < 1.0   
E3+F3+G3+H3 157.5 1.38 0.29 0.13 52 < 1.0   
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As in case of stripped liquors, two collective samples of raffinates have been 
prepared by mixing a few particular samples, each of 200 cm3 in volume, namely 
Raffinate 1 (B1+C1+D1) and Raffinate 2 (E1+F1+G1+H1). 

The detailed composition of these raffinates is given in Table 5. 

Table 5. Composition of raffinates obtained by counter-current zinc(II) extraction in comparison with 
original composition of acidic and neutralized zinc electrolyte 

Solut.\ ingr. NH4
+ Mg Mn Zn Na K Ca Al Si Cl F  

Electrolite 0.00 14.3 2.84 59.3 5.23 1.43 0.55 0.011 0.058 0.36 0.0055 
Neut. electr. 0.00 12.6 2.65 51.7 4.99 1.38 0.56 – – 0.305 0.007 
Raffinate 1 25.0 12.4 2.43 0.24 4.8 1.3 0.5 – – ≥0.25 0.005 
Raffinate 2 24.5 14.95 2.67 1.45 5.0 1.4 0.5 – – ≥0.25 0.005 

g/
dm

3  

 
Generally the composition of these two solutions (Raffinate 1 and 2) is such, that 

they are close to saturation. The main ingredient is ammonium sulphate and the next is 
magnesium sulphate. Magnesium and manganese, like sodium, potassium  and 
chlorides are present in raffinates in amounts almost equal to their original 
concentrations in the zinc electrolyte. 

Raffinates processing 
First two rows of Table 6 repeat composition of both cumulative raffinates. First of 
them has been preliminary purified and neutralized by adding 30% hydrogen peroxide 
and 25% ammonia and then, after filtration, used for further purposes. Feed 2 row 
shows also composition of first crystals being in equilibrium with the solution. 

Table 6 gives names of reagents used and conditions of physical/chemical 
treatment of raffinates and the compositions of the solutions obtained. In cases where 
solid sediments and/or hydrated sulphate crystals have appeared, there are given 
composition and further data, pertaining to these solid phases. 

Discussions 

Neutralization of acidic zinc electrolyte with ammonia and spontaneous 
crystallisation 
Neutralization of acidic zinc electrolyte with 25% ammonia warms up the solutions, 
and after cooling, precipitation of large amount of crystals occurs. Neutralization 
without dilution causes binding in the structure of a mixed sulphate crystals over 70% 
of zinc mainly as zinc-ammonium sulphate phases but with admixture of magnesium 
and slight admixture of manganese. 

On the other hand, to maintain all electrolyte components in solution one should 
dilute it with water taken in amounts of ≥ 1.6 dm3 per 1 dm3 of electrolyte. This leads 
to a total dilution of zinc from an initial value of about 60 g/dm3 up to about 22 g/dm3  
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Table 6. Conditions and results of raffinates purification and composition of precipitated solid phases in equilibrium with solutions 

Date Vol. Reagent Conditions Sediment – Solid phases Solutions 
Sort Quantity Temp. Time – Crystals NH4

+ Mn Mg Zn Vol. pH NH4
+ Mn Mg Zn No. 

2013 Fe
ed

 
dm3  g (ml) oC h g g % % % % dm3 – g/dm3 g/dm3 g/dm3 g/dm3

Feed 1 1 0.600 – – 20 – – – – – – – 0.600 2.4 25.0 2.43 12.4 0.24 

Feed 2 2 0.800 merely natur. 
crystalization – 20 – –

–
–

(5)
–

9.20
–

0.43
–

6.0
–

1.80 0.800 2.2 24.5 2.67 14.95 1.45 

1* 1402 1 0.600 25 % NH3
30 % H2O2

(14.5)
(5.0) 80 3 no inf. 

–
–

lack
oxides/hydroxides 

–        –        –        – 0.600 8.20 >25 <2.0 12.3 0.15 

2/3 1502 1* 0.050 (NH4)2CO3
(solution) (till the effect) 60 0.5 3.43

–
–

traces 
carbonates

colourless crystals 0.067 8.65 >25 0.014 <12 0.092

2/4 1502 1* 0.050 MgO 0.6 60 0.5 1.12
–

–
lack

coffee–gray mud 
–        –        –        – 0.050 8.37 25 0.7 >12 0.11 

5/1 2202 1* 0.400 NH4HCO3
(solution) 10.0 80 0.25 1.38

– 21.5
–
–

 – 
1.30

 – 
–

 – 
<0.005 0.050 8.11 30.7 0.68 <11 0.17 

5/2 2202 1* 0.350 NH4HCO3
(solution) 13.8 80 0.25 0.79**(+)

–
–

29.5
–
–

28.0
0.017

5.8
–

2.7
<0.005 0.050 8.32 34.0 0.094 <10 0.062

5/3 2202 1* 0.300 NH4HCO3
(solution) 21.8 80 0.25 0.00

–
–

33.1
–

9.50
–

0.014
–

6.8
–

<0.005 0.29 7.85 41.5 0.066 8.9 0.080 

2/1 1502 2 0.050 MgCO3 2.5 60 0.5 1.84
/white/

–
lack

–        –        –        – 
–        –        –        – 0.055 8.09 >25 0.079 >12 0.41 

2/2 1502 2 0.050 MgO 1.0 60 0.5 1.33
/brown/

–
lack

–        –        –        – 
–        –        –        – 0.047 8.28 >25 1.10 >12 1.25 

3 1902 2 0.100 
MgO

(NH4)2S2O8
30 % H2O2

2.0
1.5

(2.0)
80 0.5 2.4

/brown/
–

lack
–        –        –        – 
–        –        –        – 0,080 8.54 >25 1.09 >12 1.57 

4/1 2002 2 0.100 NH4HCO3
(NH4)2S2O8

for neutral. 
2.0 95 1.0 1.84

/white/
–

3.65
–

10.9
–

0.15
–

6.71
–

0.36 0.082 7.19 31.5 0.70 10.33 0.83 

4/2 2002 2 0.100 NH4HCO3
(NH4)2S2O8

for neutral. 
4.0 95 1.0 0.20

/black/ 
–

7.86
–

9.53
–

0.54
–

6.13
–

1.43 0.079 2.96 31.3 2.37 10.21 0.71 

4/3 2002 2 0.100  (NH4)2S2O8
NH4HCO3

2.0
for neutral. 95 1.0 1.02

/creamy–c./
–

9.89
–

9.70
–

0.10
–

6.63
–

0.075 0.060 7.42 34.7 0.75 8.70 1.18 

** – analyzed together with sample 5/1 
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(Fig. 3). At the same time it is the maximum value of the concentration, because under 
lesser dilution the crystallization of common with ammonium salts causes a decrease 
of the equilibrium zinc(II) concentration in the solution up to a level of about 11.5 
g/dm3. Therefore, attempts to utilize ammonia in order to prepare the solution for zinc 
extraction with conversion of all free sulphuric acid into ingredient of ammonia-
magnesium type fertilizer do not justify themselves.  

Neutralization of zinc electrolyte with calcium compounds 
Attempts to use slaked lime or quicklime for zinc electrolyte neutralization proved that 
they are not good reagents for this purpose. Much better results are obtained by using 
for this purpose fines of calcium carbonate (limestone). This leads to a good use of 
raw material (CaCO3) and provides valuable product - gypsum of commercial value.  

Zinc(II) extraction from zinc electrolyte neutralized with limestone  
Investigations with use of about 36% (vol.) di(2-ethylhexyl)phosphoric acid (DEHPA) 
as an extractant proved that zinc(II) extraction takes place already at pH 2.0–2.5 and 
the saturated with zinc(II) organic phases are very viscous. This leads to slowing down 
of phases separation and tendency to emulsification. In practice it means carrying out 
organic phase with microdrops of raffinate transferred to stripping solution 
(undesirable mechanical transport of contaminants). Reducing the concentration of the 
extractant to the level of 18% has decreased significantly these trends. The determined 
on this stage capacity of 36% of extractant has reached the level of about 32 g 
Zn(II)/dm3 and after dilution by half it has been a commensurately reduced. 

The 18% extractant was also examined in terms of its usefulness in the extraction 
process of a continuous counter-current character by determining their zinc(II) 
extraction isotherms (iso-pH 2.5) and their McCabe-Thiele interpretation. The 
recognition was done at ambient (20 °C) and elevated (40 °C) temperatures. In both 
cases optimally designed McCabe-Thiele diagram indicates the possibility for 
effective extraction of zinc(II) using merely two-step counter-current system, if we 
assume the working zinc(II) concentration within extractant at the level of about 14 
g/dm3 Zn(II). 

Studies of stripping isotherms with sulphuric acid at a concentration of about 2.4 M 
allow concluding, that it is possible, after applying two-stage counter-current 
stripping, to reach practically complete uptake of available acid and to achieve the 
concentration of zinc in the stripped phase of about ≥ 155 g/dm3. To achieve this one 
should work with a high proportion of the organic phase in relation to the aqueous 
phase (acidic) O: A = 11.5:1. 

Simulations trials of the counter-current system of SX was carried out using 
periodically the same portion of 1.00 (1.20) dm3 of 18% DEHPA in turns into two-
stage counter-current extraction of zinc from neutralized zinc electrolyte, and then 
performing a two stage of counter-current stripping. There was no washing step 
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between extraction and stripping inserted, in order to observe the transport of 
impurities.  

This effect was treated as an indicator of the level of microdrops of raffinate 
mechanical transmission to the stripped phase. 

Efficiency of the extraction system was substantial with zinc extraction of about 
99.6% (raffinate 1) and zinc accumulation in the sulphate form as a highly 
concentrated solution. 

The excessive transfer of impurities to the stripped phases has been found. Reason 
for this is relatively high viscosity of the organic phase saturated with zinc in the 
presence of ammonia. Using of washing stage of the organic phase, higher extraction 
temperature and lower pH of extraction (to about 2.0-2.3) should effectively prevent 
the presence of impurities in stripped phases. 

Purification and crystallization of the raffinates 
At the first stage of experiments it has been attempted to get crystalline phases or 
solutions of the fertilizer character during neutralization of all the acid present in the 
electrolyte using 25% ammonia solution. However, zinc, not other species, is the 
major component of the spontaneously precipitating crystals (they contained it at the 
level of 11.5–13.6% Zn). In the post-crystallization solution the lowest concentration 
of zinc was about 11.5–13 g/dm3. 

Further tests were carried out with the electrolyte neutralized with calcium 
carbonate, although for current neutralization during extraction 25% solution of 
ammonia was used. In this way, raffinates obtained in the second period of tests, after 
thorough cleaning, potentially could also be treated as a source of chemical 
compounds in the type of mineral magnesium-ammonium fertilizers. 

Basing on the data obtained in the trials of raffinates purification, it can be 
concluded, that  
• before the actual precipitation of impurities, acid remnants should be neutralized 

(pH of 2.2–2.5 level should be increased to approximately ≥ 8.2), 
• methods of disposal of manganese(II) by its oxidation using ammonium 

persulphate or hydrogen peroxide or even their combination, are moderately 
effective, 

• because under these oxidative conditions pH decreases, it should be re-adjust to a 
level of > 8.2 to 8.5 by addition of ammonium carbonate, preferably in neutral 
form, as ammonium bicarbonate gives a slightly worse results, 

• the presence of significant amounts of ammonium salt in the solution makes it 
difficult to achieve significant removal of impurities. This applies to a greater 
extent for zinc(II) than for the manganese(II). 

Finally, it was possible to obtain the concentration of manganese(II) and zinc(II) at 
0.015-0.095 and 0.06-0.09 g/dm3, respectively, levels. This allows to crystallize the 
solid phases containing 9.5-10.5% NH4

+, to 6.8% Mg, approximately 0.015% Mn and 
several times less Zn (<0.005 %). Ambiguity of correlations between low contents of 
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Mn and Zn in the crystals of ammonium-magnesium sulphates and theirs 
concentration (at low levels) in the pregnant solutions, can be explained by changes of 
the levels of moisture contained in the crystals separated from the solution. These, 
separated by filtration, crystals were not washed but merely dried on the filter paper. 
The effectiveness of this procedure was better in the case of coarser crystals. 

Summary 

Generally it can be stated, that 
1. there is no possibility for separation of components of ammonia neutralized zinc 

electrolyte by simple crystalline and mother liquor phases separation 
2. zinc recovery from preneutralized acidic zinc electrolyte, using solvent extraction 

technique with 18% vol. DEHPA as extractant and 25% ammonia as neutralizing 
agent, with the aim of parallel utilization of raffinate as a mineral fertilizer 
solution, can be realized in two ways: 

• after electrolyte substantial dilution with water to the level of some 3.0 dm3 from 
one dm3 of electrolyte, neutralization with ammonia and zinc(II) extraction at O:A 
ratio of about 1.5–2:1; or 

• after acid removal by crystalline gypsum precipitation and zinc(II) extraction at 
O:A ratio of some 3.6–4:1 

3. to stop an excessive transport of contaminants by organic phase to strip solution it 
is recommended: 

• performing the extraction at the temperature of about 40–45 ºC, 
• maintain comparatively low pH of extraction of about 2.0–2.5, 
• utilize extractive washing system of loaded organic phase 
4. such method of treatment (with ammonia used) slightly spoils conditions of 

zinc(II) extraction (higher viscosity of loaded organic) in comparison with 
extraction with the use of soda lye, but it is compensated by obtaining potentially 
useful solutions of ammonia-magnesium sulphates suitable for fertilising purposes 

5. it is possible to purify the post-extractive raffinates to obtain solutions or even 
crystalline phases. It can be used as an ammonia-magnesium fertilizer. 
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Abstract: Hydrometallurgical processing of copper-bearing materials (ores, concentrates, by-products) is 
usually done with the use of acidic or ammonia leaching. In the case where a leaching feed material 
contains significant amounts of carbonate rocks and iron minerals the second method is preferential due 
to a higher process selectivity. However, it can also be problematic considering possible ammonia 
transfer during the subsequent extraction process. The paper presents results of extraction of copper(II) 
from ammonia leach solutions. The effect of a type of extractant, its concentration and type of diluent in 
organic phase on extraction efficiency and ammonia transfer was studied. A few commercial extractants 
were examined, namely LIX 84-I, LIX 984N, LIX 54-100. The results clearly indicate that in the case of 
extraction systems using hydroxyoximes the extraction efficiency is remarkably higher than for β-
diketone reagent. Presented studies proved that extraction efficiency of Cu(II) is also dependent on the 
type of diluent and is less favourable for systems with non-aliphatic diluents. It was observed that 
ammonia co-extraction occurs and depends on examined parameters. Scrubbing of loaded organic phase 
showed that ammonia can be removed almost completely using double wash with sulfuric acid solution. 

Keywords: hydrometallurgy, hydroxyoximes, LIX, copper ore, copper concentrate 

Introduction 

Ammonia leaching is frequently used in hydrometallurgy for processing of oxide and 
sulfide ores, concentrates or by-products, particularly those containing significant 
amounts of carbonate rocks, which during the acidic leaching contribute to increased 
acid consumption. Ammonia and its salts (carbonate or sulfate) are very effective and 
selective leaching agents. They can be a good alternative to acidic oxidative solutions, 
considering high stability constants of formed ammonia complexes of Ag, Au, Co, Cu, 
Ni and Zn. In the case of materials containing copper-iron and iron minerals 
(chalcopyrite, bornite, pyrite, pyrrhotite) ammonia leaching can be beneficial because 
of its selectivity. The selectivity means solubilization of desired metals and 
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precipitation of undesirable iron in one unit operation (Chmielewski et al., 2009). Iron 
can pose a real problem in further stages of hydrometallurgical processing, in 
operations such as solvent extraction. 

Ammonia leaching of sulfide copper concentrates generate buffer type liquors (pH 
ranges from 9 to 10), because of the excess of ammonia and significant amount of 
ammonia sulfate as a leaching agent. Metals such as Cu, Ni, Co and Zn occur in 
ammonia systems as a cationic amminacomplexes. Alkalinity of the solution and free 
ammonia concentration affect route of extraction (Miller et al., 1981).  

Solvent extraction (SX) of copper(II) from ammonia solutions proceeds similarly 
to that from acidic solutions, but complexation of metal (M) by ammonia ligands must 
be considered: 

 2 2
3 3 4M 4NH M(NH )+ ++ = . (1) 

During extraction ammonia ligands are pushed out and a new chelate complex with 
hydroxyoxime is formed in organic phase. Copper(II) extraction from ammonia 
solution with acidic extractant HA is described as: 

 2
3 4(aq) ( ) 2(o) 4(aq) 3(aq)Cu(NH ) 2HA CuA 2NH 2NHo

+ ++ = + +  (2) 

where aq and o subscripts denote the aqueous and organic phases, respectively. 
Extraction of metals from ammonia solutions seems to be more complicated 

comparing to acidic environment. Initially, considering that extraction reaction is 
reversible it should be expected that the increase of ammonia or ammonium ion 
concentration in the aqueous phase will deteriorate extraction.  Moreover, according to 
Jergensen (1999) the increase of pH of the aqueous phase or extractant concentration 
in the organic phase is not necessarily beneficial for extraction. The reason for this is 
that both parameters favour ammonia transfer to the organic phase. The type of 
hydroxyoxime extractant and diluent and content of metal in the organic phase also 
significantly contribute to ammonia extraction. The observed phenomenon is 
dangerous and should be avoided. The contact of loaded organic phase containing 
ammonia with a spent electrolyte can lead to formation of ammonium sulfate 
(carbonate or chloride) in liquors directed to electrowinning section. Crystallization of 
ammonium salts can be observed in tanks after few recycles of spent electrolyte to the 
stripping section. It is the main disadvantage of metals extraction from ammonia 
solutions. It complicates a technological process and negatively affects its economy. 
Scrubbing of the loaded organic phase before stripping with spent electrolyte 
significantly reduce ammonia concentration in strip liquors (Flett and Melling, 1979; 
Ritcey, 2006) . 

In the case of multicomponent solutions, extraction of metals can be held in two 
ways. The first one is selective sequential extraction – stripping, while the second one 
is co-extraction – selective stripping. Very often it appears that the second method is 
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more cost-effective, because it requires less stages comparing to the first way of 
separation. The concept of co-extraction (selective stripping) was used for many metal 
couples. It was also adopted in ammonia systems for Cu-Ni separation. 

The paper presents the results of extraction of copper(II) from ammonia pregnant 
leach solutions (PLS), coming from leaching of copper sulfide concentrates. Some 
commercial extractants were examined, namely LIX 84-I, LIX 984N, LIX 54-100. 
The extractive properties of selected reagents prepared as the organic solutions in 
hydrocarbon diluents were examined and compared. Moreover, the effect of extractant 
concentration in the organic phase on the extraction efficiency and ammonia transfer 
were studied. 

Experimental 

Reagents and solutions 
Aqueous feed solutions used in solvent extraction (SX) studies were pregnant leach 
solutions (PLS) generated in pressure ammonia leaching of commercial flotation 
concentrate. Leaching with ammonia/ammonium sulfate solution resulted in leach 
liquors (PLS) containing 8 g/dm3 Cu(II), 0.58 g/dm3 Zn(II), 15 mg/dm3 Ni(II) and 45 
mg/dm3 Co(II). The solution pH was 9.7±0.15. 

The commercial extractants LIX84-I, LIX®984N and LIX 54-100, applied in SX 
laboratory tests, were manufactured by Cognis and supplied by Cognis Ireland Ltd. 
The active substance of LIX84-I is oxime of 2-hydroxy-5-nonylacetophenone. 
LIX®984N is a mixture of oximes: 5-nonylsalicylaldoxime and 2-hydroxy-5-
nonylacetophenone oxime. The active substance of diketone type extractant LIX 54-
100 is 1-phenyldecane-1,3-dion. Escaid®100 (Exxon Mobil Chemical), Exxsol D80 
(Exxon Mobil Chemical) and toluene (POCh Gliwice) were used as diluents. The 
chosen diluents differ in aromatic compounds content, which is equal to 19, 0.5 and 
100%, respectively. No extraction modifiers were used. 

Analytical methods 
The aqueous solutions were analyzed for metals concentration by atomic absorption 
spectrometry (AAS) using a Varian SpectrAA 20Plus. The concentration of copper in 
the organic phase was calculated from a difference between its initial metal 
concentration in PLS and its concentration in raffinate at fixed organic to the aqueous 
(O/A) phase ratios. The measurements of pH were carried out with Elmetron CX-731 
pH-meter using a Hydromet glass electrode. Ammonia concentration was determined 
spectrophotometrically with the Nessler reagent.  
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Results and discussion 

The effect of type of extractant 
Extraction of copper(II) was performed with the use of chosen extractants diluted in 
aliphatic diluent Exxsol D80. The concentration of extractants in the organic phase 
was equal to 10% (v/v). The pregnant leach solution from ammonia leaching was used 
as an aqueous phase. Extraction was performed at ambient temperature. Aqueous (A) 
and organic (O) phases were mixed for 5 min at different A/O ratio from 10/1 to 1/10. 
The McCabe-Thiele diagrams were constructed on extraction equilibrium isotherms 
for each system (Figs. 1-3). 

The efficiency of examined systems was estimated considering few parameters, 
namely organic phase loading, concentration of copper(II) in the raffinates and 
number of theorethical stages required to reach target extraction. The McCabe-Thiele 
diagrams (Figs. 1-3) show that in all investigated systems it is possible to reduce 
copper(II) concentration to the level below 0.5 g/dm3. It was also observed that full 
loading of the organic phase is possible only, when diketone reagent is used as Cu(II) 
extractant. However, it is quite easy to see that in the case of diketone extractant 
LIX 54-100 the number of extraction stages is much greater than for remaining 
systems. Therefore, the comparison of test data shows that extraction systems using 
the hydroxyoxime reagents are preferred over the one with β-diketone reagent.  
Therefore, LIX 54-100 was phased out from further experiments. Similar conclusions 
can be found in Pietek et al. (2011). The authors investigated the behavior of the same 
extractants during extraction of copper(II) from ammoniacal leach solutions 
containing around 45 g Cu/dm3. They also chose LIX 84-I as the best extractant based 
on a few criteria: good stability of reagent, no propensity towards emulsion formation, 
low number of extraction stages and low amount of acid needed in stripping stage. 

 
Fig. 1. Copper(II) extraction 

isotherm for 10% LIX 84-I in 
Exxsol D 80, A/O = 0.55 

Fig. 2. Copper(II) extraction 
isotherm for 10% LIX 984N in 

Exxsol D 80, A/O = 0.65 

Fig. 3. Copper(II) extraction 
isotherm for 10% LIX 54-100 

in Exxsol D 80, A/O = 1 
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The effect of type of diluent 
Next experiments were performed in order to study the effect of type of a diluent in 
organic phase. LIX 84-I and LIX 984N were diluted in Escaid 100 and toluene. The 
concentration of extractants was equal to 10% (v/v). The obtained isotherms were 
compared with results from previous section for aliphatic diluent Exxsol D80 (Fig. 4). 
The direct evaluation of extraction curves shows that in the case of both extractants 
the use of aliphatic diluent (Exxsol D80) results in better extraction efficiency. The 
slope of isotherms indicates that extraction conditions (the number of extraction 
stages, organic phase loading or advance phase ratio A/O) will be less favourable for 
systems with non-aliphatic diluents. Moreover, the shape of generated isotherms can 
suggest that co-extraction of the contamination compounds (probably ammonia) takes 
place. It is particularly apparent in the following systems LIX 84 + Escaid 100, LIX 
984 + Escaid 100 and toluene, where copper(II) loading is initially delayed and 
decreased at the end. Flett and Melling (1979) showed that the increase of aromatic 
compounds content in the hydrocarbon diluent causes greater ammonia transfer to the 
organic phase. 

To verify this assumption the series of single extraction experiments were 
performed and ammonia concentration in the aqueous phase was determined. The 
ammonia concentration in the organic phase was calculated from a difference between 
its initial PLS and raffinate concentration. The obtained results are presented in Table 
1. The comparison shows that the NH3 transfer is dependent on the type of diluent and 
increases with the increase of aromatic compounds content. The lowest concentration 
of ammonia in organic phase was noted in the case of LIX 84-I diluted in Exssol D80. 
Therefore, this system was chosen to further investigation.  

 
Fig. 4. The effect of diluent on extraction isotherms 

 for Cu(II) extraction from ammonia solutions 
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Table 1. Concentration of ammonia in organic phase after extraction  
with hydroxyoxime extractants in different diluents 

LIX 84-I LIX 984 N 
Diluent 

NH3, mg/dm3 
Exxsol D 80 126 258 
Escaid 100 1183 921 

Toluene 2237 1579 

The effect of extractant concentration 
To study the effect of extractant concentration the content of LIX 84-I in the organic 
phase was varied in the range of 5-30% (v/v). As before, extraction was performed 
using different A/O ratios to generate extraction isotherms. The obtained results are 
presented in Fig. 5. Figure 5 shows that the positive effect of LIX 84-I concentration 
increase in the organic phase. As expected, the copper(II) extraction efficiency was 
improved with increasing concentration of extractant. However, according to Fu et al. 
(2011) the hydroxyoxime extractants are not the most suitable reagents in the 
ammonia solution in spite of their high affinity towards copper(II). It is due to their 
high tendency to co-extract ammonia to organic phase. Considering that fact, 
additional tests were conducted to measure ammonia loading during copper(II) 
extraction. For this purpose freshly prepared organic solutions of LIX 84-I in Exssol 
D80 were contacted with PLS solution at the phase ratio A/O equal to 1. After given 
contact time the phases were separated and filtrated. The concentration of ammonia in 
the organic phase was calculated as before.  

 
Fig. 5. The effect of LIX 84-I concentration on Cu(II) 

 extraction from ammonia solutions 
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The obtained results indicate that the amount of co-extracted ammonia decreases 
with the increase of extractant concentration (Table 2). However, it should be noticed 
that at the same time loading of the organic phase with copper(II) also increases. It 
means that extracted metal ions replace ammonia from the organic phase 

Table 2. The effect of extractant concentration in organic phase on ammonia transfer 

LIX 84 
% (v/v) 

Cu(II) (O) 
mg/dm3 

NH3, 
mg/dm3 

5 2172 3947 
10 5221 1316 
15 5655 1184 
30 6494 658 

Washing of NH3 from loaded organic phase 
The problems described previously indicate that it is necessary to remove ammonia 
from the loaded organic phase before stripping of copper(II). For this purpose 
controlled washing with sulfuric acid solutions of different pH was used. First organic 
phase was contacted with PLS at phase ratio A/O equal to 1, to obtain the organic 
phase loaded with Cu(II) and NH3. Then, the organic solutions were contacted with 
H2SO4 solutions at the same phase ratio. The aqueous solutions obtained after washing 
of the organic phase were analyzed for the concentration of copper(II) and ammonia. 

The obtained results (Table 3) indicate that the increase of scrubbing solution 
acidity results in a greater efficiency of ammonia washing from the organic phase, 
although it is not complete. Only 80% of ammonia was removed in a single test after 
contact with pH 2 solution, with negligible losses of copper(II). Further testing was 
necessary to check possibilities of total washing of ammonia. The loaded organic 
solutions were doubly-contacted with sulfuric acid solutions of pH 2 and 3. The 
analysis showed that it is possible to increase the effectiveness of washing to 66 and 
96%, respectively for pH 3 and pH 2 solutions. In the latter case copper losses were 
noticed to be at the same level as in the first scrub stage.  

Removal of ammonia from loaded organic phase was also studied by Parija et al. 
(2000), as the scrub stage was necessary before nickel(II) stripping. They described 
selective stripping of Cu(II) and Ni(II) after co-extraction from PLS containing above 
10 kg/m3 of both metals. The loaded organic phase obtained in a two stage counter-
current study contained Cu(II) 6.91 kg/m3, Ni(II) 5.35 kg/m3 and NH3 1.92 kg/m3. The 
obtained in this work results showed that almost complete (99.5%) ammonia removal 
with irrelevant nickel(II) losses (36 g/m3) is possible with the use of 6.75 kg/m3 
sulfuric acid. 

It is known that in the case of copper(II) extraction by LIX 84 from typical 
ammoniacal solutions, co-extraction of Cu(II) and Ni(II) takes place. Therefore, a 
further step in the treatment of loaded organic solutions is selective reextraction of 
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nickel(II) before stripping of copper(II). Usually sulfuric acid solutions of different 
concentrations are used as a stripping agent.  

Table 3. The effect of acidity of a scrubbing solution on ammonia washing  

Initial pH Equilibrium pH Washing efficiency % Cu(II) conc. 
mg/dm3 

6 10.66 35.4 89 
4 10.65 40.4 80 
3 10.49 50.4 111 

2.5 10.25 55.4 321 
2 9.60 80.4 54 

1.5 9.01 80.4 64 

Conclusions 

This paper refers to copper(II) extraction from ammonia leach liquors. Special 
attention was paid to the problem of ammonia transfer to the organic phase. 
Significant differences in extraction performance were observed for examined 
extractants. This applies particularly to the organic phase loading, concentration of 
copper(II) in raffinates and number of theorethical stages required to reach target 
extraction. The results clearly indicate that in the case of systems using 
hydroxyoximes extraction efficiency is much better than for β-diketone reagent.  

The results proved that extraction efficiency of Cu(II) is also dependent on the type 
of diluent and is less favorable for the systems with non-aliphatic diluents. 
Additionally it was observed that transfer of ammonia increases with the increase of 
aromatic compounds content in the diluent. Moreover, ammonia extraction to the 
organic phase was shown to be inversely proportional to extractant concentration in 
organic phase. This is probably related to the replacement of ammonia by copper(II) 
during its extraction. 

The presence of ammonia in the organic phase forces the need to its elimination 
before stripping. The results showed that the effectiveness of washing depends on 
acidity of scrubbing solution. The best results were obtained when loaded organic was 
doubly-washed with pH 2 sulfuric acid solution. 
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Abstract: The paper deals with effectiveness  of particle size separation. The investigations of limestone 

screening were run on a laboratory scale using a rolling screen. Batch tests were run for various batch 

outputs as well as different angles of deviation of motovibrators. Quantitative and qualitative effectiveness 

indices were calculated as well as the imperfection and probable error, which  depend on the sieve mesh. A 

model of determining the screening effectiveness as a function of four independent variables: the amplitude 

of vertical vibrations of sieve decks (described by means of the angle of deviation of motovibrators), 

screening time, batch output and the mesh sizes of respective sieves was proposed. The results presented in 

the paper and the applied approach to stochastic modeling can be used under industrial conditions for  rolling 

screens with variable dynamic parameters at different screening parameters.  

Keywords: screen, screening, effectiveness, separation sharpness 

Introduction 

The size separation of particles below 3 mm in size and size separation of fine 

particles of about 0.1 mm in size creates numerous problems in industrial 

comminution circuits. It is especially connected with technological crushing and 

screening circuits either preparing the material for downstream beneficiation processes 

or producing the final fine-particle products for building industry (Gawenda 2013a, 

Saramak 2012, Saramak et al., 2010). The key works on mineral processing 

(Banaszewski 1990, Battaglia and Banaszewski 1972, Dietrych 1962, Sztaba 

1993,Wodzinski 1988, Modrzewski and Wodzinski 2013, Lawinska and Wodzinski 

2012, Gawenda 2013b) show many aspects of problems of screening fine particles.  

Technological screening processes depend on three basic characteristic factors: 

technical parameters of the screen, physico-mechanical properties of screened materials 

and the method of conducting the screening. These factors interact, determining the 

http://www.minproc.pwr.wroc.pl/journal/
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quality and efficiency of screening. Therefore, designing and modernizing screening is 

important to recognize and consider all the factors of screening.  

Investigations of the screening process on the rolling screen 

The investigations of screening of fine 0–2 mm particles of limestone were performed 

with a rolling screen located in the Department of Technology and Apparatuses of 

Chemical and Food Industry of University of Technology and Life Sciences in 

Bydgoszcz (Pocwiardowski et al., 2012, Pocwiardowski and Wodzinski 2011, 

Pocwiardowski 2011). They aimed at analyzing a hypothesis stating that the 

application of vertical vibrations (vertical amplitude) at an optimum selection of 

remaining parameters of screening would increase significantly the effectiveness of 

the screening process. The investigations were carried out with a rotational screen, 

designed for sieving of fine particles. This machine performs a complex spatial 

rotational motion and the main resistance of the screening is caused by the layer of 

particles, not by the sieve. As known, the problem of such machines is blocking of the 

sieve meshes, resulting from the movement of the material on the sieve surface and 

adhesive susceptibility of fine particles which results in lower effectiveness of 

screening  and separation sharpness. Therefore, to increase screening effectiveness, 

additional vertical vibrations (vertical amplitude) were introduced by means of the 

drive of two rotating motovibrators operating with mutual self-synchronization. In this 

way the screen obtained torsional vibrations and additional vertical ones. It was 

possible to install five screen decks with different sieve meshes in the screen and to 

change the angle of motovibrators i.e. the alternation of amplitude values of vertical 

vibrations, as presented in in Table 1. In this way the screen has become an important 

experimental base, enabling to evaluate both the effects and dynamic parameters of the 

screening process and the parameters of declassified fractions of fine-particle material. 

Table 1 lists the selected (optimum) parameters of screen operation used during 

laboratory tests (Pocwiardowski et al., 2012, Pocwiardowski and Wodzinski 2011, 

Pocwiardowski 2011). The frequency of vibrations was constant an equal to 1500 s
-1

. 

For registration the amplitude volume a PULSE system of Bruel and Kjaer was  

 
Table 1. Values of amplitudes for respective angles of deviation of motovibrators  

and for the data of screen decks in mm. Data were taken from Pocwiardowski et al., 2012,  

Pocwiardowski and Wodzinski 2011, Pocwiardowski 2011 

Sieve mesh 

[mm] 

Angle of motovibrators [o] 

20 30 45 50 

0.1 0.22 0.34 0.49 0.54 

0.2 0.31 0.41 0.53 0.59 

0.4 0.29 0.40 0.54 0.60 

0.8 0.31 0.46 0.58 0.62 

1.6 0.30 0.43 0.58 0.62 
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applied. The sensor in this set measures the amplitude of vibration in three dimensions 

of XYZ axes. The sieve meshes were 0.1, 0.2, 0.4, 0.8 and 1.6 mm. Material moisture 

was 0.14%. In order to investigate the accurate screen work and its efficiency the 

authors provided analyses according to the sampling of the performed screening 

process of different screen capacities, i.e. 12, 19 and 26 kg/h.  

The results obtained in the screening experiments were used to evaluate indices of 

the screening process such as screening effectiveness, imperfection and probable 

dissipation. Applying these indices the authors analyzed the correlations of screen 

work and screening effects as well as determined the model of screen work. 

Analysis of effects of rolling screen performance 

Evaluation of screening effectiveness 

Qualitative and quantitative effectiveness values were taken into account to estimate 

technological criteria of effectiveness of the screening process. When evaluating 

effectiveness, as a rule the recovery of the finest size fraction, denoted either as Si or 

d  in the undersize product is taken into consideration, determining quantitative 

effectiveness (Sztaba 1993): 

 [%]dd
i d d

nd

a
S

a
     (1) 

where: d  –yield of the lower (undersize) product [%], and –content of fine particles in 

the feed [%], add  –content of fine particles in the lower product [%], which should be 

equal to 100%. 

Table 2. Average quantitative effectiveness Si for different angles of deviation of motovibrators  

and average batch screening outputs Q1=12, Q2=19 and Q3=26 [kg/h] 

Capacity Q1 Q2 Q3 

Sieving time [h] 0.5 1.0 1.5 2 0.5 1.0 1.5 2 0.5 1.0 1.5 2 

motovibrators 

angle, [°] 
 

20° 99.0 90.8 85.8 81.7 99.4 87.3 81.1 77.1 89.0 77.4 71.4 65.5 

30° 99.2 96.6 92.4 91.0 98.9 93.8 88.8 84.6 97.4 93.6 89.9 87.0 

45° 99.0 98.9 98.1 97.7 98.8 98.5 98.5 98.2 98.5 98.2 97.3 95.1 

50° 98.4 98.3 98.2 97.9 97.6 97.6 97.4 94.0 99.0 98.7 96.1 91.3 

The effectiveness values were calculated for each sieve in the set, for each angle of 

deviation of motovibrators and for every output Q, according to the assumptions of 

experiments (Table 1). Table 2 presents average effectiveness for the whole set of the 

sieves. 
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While analyzing the data it can be observed that the most favourable screening 

results, regardless of the time of execution of the experiment, were obtained for the 45
0
 

angle of deviation of motovibrators (amplitude  of vertical vibrations equal to 0.49-0.58 

mm) at average output of Q1 = 12 and Q2 = 19 kg/h. The obtained effectiveness was over 

98%. For the output of Q3 = 26 kg/h the most favourable results were also obtained in 

relation to the remaining values of angles of deviation of motovibrators but slightly 

worse than those at the output of Q1 and Q2. It proves that Q3 value was too high for the 

machine due to which a part of the material could not be sieved properly because of the 

too thick layer of material on the sieves, i.e. too high screen overload. 
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Fig. 1. Relationship between screening time and the results of quantitative effectiveness 

The decrease of sieving effectiveness with time of the experiment was also 

observed, especially for angles equal to 20° and 30°. It was caused by blocking of 

sieves, especially those of finer meshes, and the fine particles, instead of passing 

through the sieves, were transported together with the upper product, forming the so-

called subparticle. It is confirmed by the results of analysis of dependence between the 

time of screening and quantitative effectiveness, presented in Fig. 1. It can be easily 

observed that for the angles of 45° and 50° the best average effectiveness values were 

obtained, regardless of experiment duration, because the increase of the amplitude of 

vertical vibrations prevented the sieves from blocking by the so-called difficult and 

fine particles as well as from gluing by means of adhesive forces. 

Screening effectiveness is significantly connected and directly proportionally with 

the dimension of sieves in the screen which was shown more precisely when 

analyzing correlative relations further on. Qualitative effectiveness was calculated 

according to formula: 
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 2 100 gdSj a   [%] (2) 

where: agd – content of fine particles in the oversize product [%]. Sj2 was calculated 

for each angle of deviation of motovibrators and for each sieving output Q. 

Table 3 presents the results in the form of average effectiveness values for the 

whole range of sieves for different angles of deviation of motovibrators and average 

batching efficiencies. 

Table 3. List of values of average qualitative effectiveness for different angles of deviation of 

motovibrators and average batch screening outputs Q1 = 2, Q2 = 19 and Q3 = 26 kg/h 

Capacity Q1 Q2 Q3 

Sieving  

time [h] 
0.5 1.0 1.5 2 0.5 1.0 1.5 2 0.5 1.0 1.5 2 

motovibrators 

angle, [°] 
 

20° 99.0 97.2 95.6 93.3 99.4 92.9 88.9 85.3 94.1 88.5 82.9 76.9 

30° 99.0 98.5 97.3 97.0 99.0 97.7 95.7 93.8 98.1 97.1 95.9 94.7 

45° 96.8 97.3 97.3 96.9 97.6 98.3 98.6 98.5 97.3 97.9 97.8 95.7 

50° 95.0 96.1 96.9 96.9 96.0 97.2 97.2 94.0 98.3 98.1 95.8 93.3 

According to the collected results it can be easily observed that, similarly as in the 

case of quantitative effectiveness, regardless of the duration of the experiment, the 

most favourable screening results were obtained for 45
0
 angle of deviation of 

motovibrators (amplitude of vertical vibrations 0.49-0.58 mm). The results for the 

remaining angles are characterized by much larger scatter, which indicates an 

inappropriate selection of process dynamic parameters, which affects sieve blocking, 

improper distribution of material on the sieve, lack of mixing of the material layer and 

prevention of contact of fine particles with the sieve surface. 

 Evaluation of imperfection  and separation sharpness 

The work of a screen can be characterized by such indices as productivity and 

efficiency, connected with effectiveness and separation sharpness. The authors applied 

the method of determining the cut size d50, imperfection index I and separation 

sharpness in the form of probably error Ep for analytical investigations of the 

screening results according to the performed sampling and analyses. Separation 

sharpness, i.e. probable error Ep, was calculated from the formula (Kelly and 

Spottiswood 1989,  Drzymala 2007): 

 75 25 [mm]
2

p

d d
E


  (3) 

where: d75 – 75 percentage particle size, d25 – 25 percentage particle size.  
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Imperfection index I was calculated from the formula (3): 

 
50

pE
I

d
  (4) 

Table 4. The values of imperfection and probable error for 45° angles of deviation of motovibrators  

and average batch screening outputs Q1 = 12, Q2 = 19 and Q3 = 26 kg/h 

Sieving time [h] 0.5 1.0 1.5 2 

Q1 

Sieve mesh [mm]   

0.4 
I 0.1681 0.1682 0.1685 0.1685 

Ep [mm] 0.1518 0.1519 0.1521 0.1519 

0.8 
I 0.1700 0.1703 0.1698 0.1691 

Ep [mm] 0.0767 0.0768 0.0766 0.0763 

1.6 
I 0.0264 0.0222 0.0219 0.0217 

Ep [mm] 0.0329 0.0278 0.0274 0.0272 

Q2 

0.4 
I 0.1692 0.1691 0.1689 0.1688 

Ep [mm] 0.1527 0.1526 0.1524 0.1523 

0.8 
I 0.1714 0.1732 0.1729 0.1716 

Ep [mm] 0.0772 0.0780 0.0779 0.0773 

1.6 
I 0.0214 0.0206 0.0203 0.0202 

Ep [mm] 0.0268 0.0257 0.0254 0.0253 

Q3 

0.4 
I 0.1690 0.1689 0.1688 0.1686 

Ep [mm] 0.1525 0.1525 0.1523 0.1521 

0.8 
I 0.1718 0.1718 0.1705 0.1699 

Ep [mm] 0.0771 0.0772 0.0766 0.0763 

1.6 
I 0.0217 0.0206 0.0204 0.0203 

Ep [mm] 0.0272 0.0258 0.0255 0.0253 

The smaller values for these indices (close to 0) are obtained, the more accurate is 

the process. In this way the values of imperfection and probable errors were 

determined for different angles of deviation of motovibrators. The values of indices I 

and Ep, calculated for sieves of 0.4, 0.8 and 1.6 mm for 45° angles of deviation of 

motovibrators are shown in Table 4. 

Analyzing the results it can be observed that both the screening time and process 

productivity do not influence significantly the values of imperfection and probable 

error whereas both indices decrease with the increase of sieve dimensions. 

For the sake of comparison, Fig. 2 presents the values of indices of imperfection 

and probable error for the angles of 20, 40 and 50
0
 of deviation of motovibrators. It 

can be observed, for the angle of 20
0
 the values of I and Ep are higher than for 45 or 
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50
0
. This confirms that less accurate separation of material occurs at lower amplitudes. 

For 45 and 50
0
 the values I and Ep are close to each other. It means that both 

amplitudes have been chosen properly for the process. 
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Fig. 2. Dependences of imperfection (I) and probable error (Ep) for the angles of 20, 45 and 50º for the 

sieves of 0.4, 0.8 and 1.6 mm (curves I50 and I45, similarly as Ep50 and Ep45, overlap) 

To make the screening process run optimally in industrial conditions, the set of 

dynamic parameters of the rolling screen should be selected properly. Here the most 

important role is played by the amplitude since with its increase the screening 

accuracy is greater. 

Analysis of correlations of parameters of the screen work and screening 

effects 

Table 5 presents correlations between the effectiveness (Si) and analyzed independent 

variables, like the amplitude of vertical vibrations of sieve decks (described by means 

of the angle of deviation of motovibrators), screening time, efficiency/productivity 

understood as a batch screening output and the mesh sizes of respective sieves. The 

frequency of rotations was constant and was 1500 rotations/minute. 

Table 5. Correlation coefficient values between screening effectiveness (Si)   

and selected process parameters 

Independent variable Correlation coefficient, R 

Screening output –0.148 

Amplitude 0.484 

Screening time –0.260 

Sieve mesh 0.410 
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All the correlation coefficients are significant at the 95% confidence level. 

Screening effectiveness Si, according to Table 5, is the most strongly connected with 

the value of amplitude of vertical vibrations (which increases with the growth of the 

angle of deviation of motovibrators). The size of the sieve mesh reveals a slightly 

lower correlation with Si value. Both variables are positively correlated with screening 

effectiveness Si which means that it grows with the increase of amplitude of vertical 

vibrations and mesh size. 

The screening time and output are negatively correlated with  the Si which means 

that quantitative effectiveness decreases with the growth of screening time or the 

output. Screening efficiency is the lowest variable correlated with the effectiveness. 

The negative correlation between quantitative effectiveness and screening time can be 

explained by the fact that sieves were blocked, especially for low values of amplitudes 

of vertical vibrations. This is important because when the working parameters of the 

screen are properly selected, the sieve should not be blocked and it is logical that the 

longer is the process of screening, the more accurately the material is sieved. That 

means that effectiveness Si should grow but, on the other hand, the longer the process, 

the more material passes on the sieve deck and more probably the sieves could be 

blocked. Disregarding the type of materials used for the production of sieves, they 

should clean easily as a result of vertical vibrations whereas at too high amplitudes the 

sieves (wire bridges) can throw fine particles, preventing them from passing the 

meshes. 

Model of work of the rolling screen 

The determination of the model of work of the screen was carried out with the 

application of multiple regression. The general functional model of screen work 

effectiveness, i.e. screening effectiveness, can be represented by means of the 

following equation: 

Quantitative effectiveness       Si = f(amplitude, time, output, sieve mesh) (5a) 

According to the performed calculations the following model of screening 

effectiveness was obtained for the analyzed screen: 

Quantitative effectiveness     Si = 76.56 + 56.12A – 0.44B – 7.88C + 19.86D  (5b) 

where: A – amplitude of vertical vibrations (angle of deviation of motovibrators, B – 

the output, C – screening time, D – sieve mesh. 

All model indices are significant, therefore all independent variables affect 

significantly the change of screening effectiveness Si. The amplitude of vertical 

vibrations reveals the highest influence upon effectiveness of screening, i.e. 

effectiveness increases by 5.6% on the average with the growth of amplitude by 0.1 

mm. The mesh size is another variable; effectiveness increases by 1.9 % with the 
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growth of mesh size by 0.1 mm. The process efficiency, in turn, has reasonably low 

influence upon effectiveness. The model accuracy reaches an average level and is 

equal to R
2
 = 0.418 which means that about 42% of effectiveness is explained by this 

model. The remaining 58% of the unexplained effectiveness is caused by other factors, 

not included in the discussed considerations, which may have some influence (e.g. 

frequency of vibrations and moisture, already accepted as constants and errors 

connected with averaging of samples). 

When the work effectiveness of the screen is evaluated, attention should be drawn 

to the problem of decrease of screening effectiveness with increasing duration of 

screening. When the time of screening is prolonged, its efficiency is limited and it 

should increase its effectiveness. The decrease of screening effectiveness with the 

growth of its duration, as observed during the tests, cannot be accepted. This 

phenomenon can be explained by filling the sieve meshes with the passage of time. 

This problem is strictly connected with the value of toss index. The index affects not 

only the conditions of segregation of the material layer but also promotes the sieve 

opening to be free of particles (Banaszewski 1990, Battaglia and Banaszewski 1972, 

Dietrych 1962, Sztaba 1993). 

The toss index can be calculated from the formula: 

 
2 sin

cos

A
u

g

 


   (6) 

where: A – amplitude of vibrations in mm, ω – frequency of vibrations in rad./s, β – 

angle of deviation of sieve deck, γ – angle of deviation of forced force, g – 

acceleration of gravity m/s
2
. 

The condition of motion of the screen with the particle toss is: u > 1,2. It can be 

observed in Table 6 that this condition is fulfilled at the rotations n = 1500 s
-1

 only for 

the amplitude of about 0.5–0.6 mm. The above calculation is in agreement with the 

experimental results for which at the amplitude <0.5 mm the decrease of screening 

effectiveness occurred with lengthening of time. The condition of proper work of the 

tested screen consists in, apart from obtaining a spatial motion of the screen, 

maintaining the toss index at 1.2 < u < 1.5. This condition is especially significant for 

the sieves with the smallest meshes. 

Table 6. The calculated toss indices for different values of vibration amplitudes 

n [s-1] 
u  

A = 0.4 mm A = 0.5 mm A = 0.6 mm 

1500 1.00 1.26 1.51 
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Summary 

According to the analyses of quantitative and qualitative effectiveness the most 

favourable screening results, regardless the time of the experiment execution, were 

obtained for torsional and vertical vibrations for the angles of 45
0
 of motovibrators 

(the amplitude of vertical vibrations was 0.49-0.58 mm). A too low amplitude will 

cause blocking of sieve openings, lack of mixing of the material layer and preventing 

the fine particles from contacting the sieve surface and thus the decrease of 

effectiveness of the screening process. 

The best indices of the particle size classification by screening (high effectiveness 

of about 98% and good separation sharpness in the form of probable error under 0.17 

mm were achieved in the laboratory conditions in the rolling screen at vibration 

frequency 1500 s
-1

, amplitude 0.49-0.58 mm and toss index 1.2-1.5 of value g, at the 

screen load from 8 kg/m
2
h for the 0.1 mm sieve up to 16 kg/m

2
h for the 0.8 mm sieve. 

The obtained results involving a laboratory screen and the applied approach to 

stochastic modeling can be used in industrial screening using rolling screens with 

variable dynamic parameters for different screening conditions. 
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Abstract: Clay from Udi in Nigeria was mined, ground, and acid-leached at different concentrations of 

hydrochloric acid to produce adsorbents of varying properties. The raw and acid-leached samples were 

characterized using x-ray fluorescence (XRF) and Fourier transforms infra-red spectroscopy (FTIR) to 

examine the structural modifications in the clay as a result of acid-leaching. The analysis showed that the 

acid-leaching process caused several modifications of the clay samples. The surface area, Si/[Al + Fe + 

Mg] ratio, adsorption capacity were found to have increased in the acid-leached samples. The acid-

leached samples were tested in order to ascertain their performance in bleaching palm oil and it was 

observed that the bleaching efficiency increased from 29.8% to 66.7%. The acid-leached sample prepared 

with 7M hydrochloric acid yielded an adsorbent that was efficient in bleaching palm oil under the 

experimental conditions. The isotherm analysis showed that the bleaching process followed the 

Freundlich equation. 

Keywords: acid-leaching, adsorption, bleaching, hydrochloric acid, isotherm  

Introduction 

Impurities present in palm oil can be reduced appreciably by adsorption process or 

bleaching by using clay mineral adsorbents. Clay minerals may be used both naturally 

and after some chemical or physical treatments such as acid activation, calcination, 

and ion exchange according to their area of application (Ayari et al., 2005, 2007). Clay 

minerals generally show limited adsorption capacity in their natural state, but their 

adsorption capacity is greatly enhanced by being treated with strong acids at slightly 

elevated temperature (Foletto et al., 2003; Nguetnkam et al., 2008). When clay 

minerals are acid activated, initially interlayer cations are replaced with hydrogen ions 

of the acid with subsequent dissolution of structural cations. The desired changes in 

http://www.minproc.pwr.wroc.pl/journal/
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the adsorptive properties of clay minerals occurring as a result of acid activation 

depend considerably on the acid leaching conditions (Motlagh, et al., 2011). Several 

acid activation experiments under different operating conditions have been reported in 

the literature, in particular the choice of acid concentration, activation time and 

temperature, and clay-to-acid ratio (Al-Zahrani et al., 2000; Bakhtyar et al., 2011; 

Motlagh et al., 2008; Diaz and Santos, 2001; Makhoukhi et al., 2009; Salawudeen et 

al., 2007; Zhansheng et al., 2006; Foletto et al., 2011; Motlagh et al., 2011; Temuujin 

et al., 2006; Woumfo et al., 2007; Onal et al., 2002; Temuujin et al., 2004). Activation 

is the chemical or physical treatment applied to certain types of clays to develop a 

capacity to adsorb coloring matter and other impurities in oils (vegetable, animal, and 

petroleum). Acid activated clay materials are widely used in various fields, for 

example, catalysts, catalyst beds, adsorbents, and bleaching earth. The most important 

applications of the bleaching earth are purification, decolorization, and stabilization of 

vegetable oils, otherwise, bleaching. They are able to remove undesirable colors by 

decreasing the levels of chlorophyll, carotene, and other color species, to reduce traces 

of Cu
2+

, Fe
3+

, phospholipids, and soaps. Christidis et al. (1997) examined the 

bleaching capacity and acid activation of bentonite from Aegean, Greece, observing a 

five-fold increase of the specific surface area of the raw materials. The activated 

samples were rendered suitable for bleaching of rapeseed oil. It was determined that 

the optimum bleaching capacity is not associated with maximum surface area and the 

optimum conditions for activation are obtained by using a variety of combinations of 

acid strength and residence time.  The preparation of acid-activated clay materials 

must be controlled in order to obtain maximum bleaching capacity (Kirali and Lacin, 

2006; Rozic et al., 2010). Usman et al. (2012) investigated the applicability of clay 

from Ibeshe in bleaching palm oil. They observed that the clay after acid activation 

only increased the color reduction from 9.1 % to 27.3%, a poor performance as an 

adsorbent.  Motlagh et al. (2011) reported that acid activation of clay from Khorasan, 

Iran, increased its adsorbing ability from 6.35% to 96.4% efficiency using 5N sulfuric 

acid. 

This work was carried out in order to investigated the structural effects on Udi 

natural clay after acid-leaching with hydrochloric acid and also verify the performance 

of the said acid-leached clay in bleaching palm oil. 

Materials and Methods 

Materials 

Brown-colored clay material from Udi (N: 6° 31′ 00″; E: 7° 43′ 00″; A: 327 m) was 

used as the primary raw material. Refined palm oil was obtained at oil mill located at 

Isuofia (N: 6° 1′ 60″; E: 7° 2′ 60″; A: 361 m). All chemicals used were analytical 

grade, bought from Conraws Company Ltd, Enugu. 
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Experimental Methods 

Acid activation of the clay sample 

The clay material was prepared for activation by air-drying and grinding to a particle 

size of 0.212 mm. 10 g of the prepared sample was weighed into flask (250 ml 

capacity) and 100 ml of hydrochloric acid solution was added. The resulting 

suspension was heated on a magnetically stirred hot plate at the temperature of 90 °C 

for 2 hours 30 minutes. At the end of the experiment duration the resulting slurry was 

poured into a Buchner funnel to separate the acid and the clay. The residual clay was 

washed severally with distilled water until neutral point was obtained with pH 

indicator. The clay residue was dried in an oven at 80 °C for 4 hours. The dried 

samples were crushed and sieved again to 0.212 mm particle size. The activation 

process was repeated with varying acid concentrations of 2–7M of HCl, varying time 

of 30–150 minutes, and varying temperatures of 70–120 °C. The clay samples thus 

prepared were labeled UD0, UD2, UD4, UD5, UD6, and UD7, where the numbers 

indicate the acid concentrations used in the activation step. 

Characterization 

The chemical and mineralogical compositions of the natural and activated clay 

samples were determined. The chemical composition was determined using X-ray 

fluorescence (XRF), Philips PW 2400 XRF spectrometer; while the mineralogical 

composition was determined using Fourier transform infrared (FTIR), Shimadzu 

S8400 spectrophotometer, with samples prepared by the conventional KBr disc 

method. The specific surface area was measured at 77 K by BET method with 

a Micromeritics Gemini 2360 instrument using N2 gas. 

Adsorption experiment 

The adsorption/bleaching experiments were carried out in a batch process. 50 g of the 

refined palm oil were charged into a 250 ml beaker and 2 g of the activated clay 

samples were also added. The mixture of clay and oil were placed in a water bath and 

heated to a temperature of 80 
0
C for 30 minutes under continuous stirring. At the end 

of the reaction the slurry formed was filtered through a dry filter paper. The bleaching 

capacity of the acid activated clays was then determined by measuring the color of the 

bleached oils using a UV-Vis spectrophotometer (Shimadzu UV mini 1240) at 

wavelength of 450 nm. The bleaching efficiency of the acid activated clay was 

calculated in this study using the following equation: 

 % bleaching efficiency = [Aunbleached – Ableached / Aunbleached] × 100 (1) 

where Aunbleached and Ableached are the absorbencies of the unbleached and bleached oils, 

respectively.  
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Results and Discussions 

Characterization 

The modifications observed in the chemical composition, surface area, bleaching 

efficiency, Si/[Al + Fe + Mg] ratio, and cation exchange capacity (CEC) of the natural 

and acid-leached clay samples are shown in Table 1. The table shows that the acid 

leaching process modified the chemical composition of the samples. As can be seen in 

the table, the Si
4+

 cations are not removed, but increased with increase in acid 

treatment, this could be as a result of depletion of the cations from the interlayer and 

octahedral sheets of the clay (Motlagh et al., 2011). More of the exchangeable cations 

were easily removed under mild treatment with the acid; such cations include Ca
2+

 and 

K
+
. Their dissolution remained almost constant after treating with 4M acid 

concentration. The dissolution of the octahedral cations (Al
3+

, Fe
3+

, and Mg
2+

) was 

continuous as the acid concentration increased. 

As the acid activation is increased, the surface area increased rapidly and reached a 

maximum and dropped. The rise in specific surface area is as a result of the 

unoccupied octahedron spaces remaining from Al
3+

, Fe
3+

, and Mg
2+

 ions that have left 

the layer. Then as the activation progresses, the empty spaces grow larger and the 

micro pores are transformed into mesopores and finally, because of the decomposition 

of the crystal structure at some locations, some of the mesopores disappear, leading to 

a drop in specific surface area (Onal et al., 2002; Motlagh et al., 2011). The maximum 

bleaching efficiency does not correspond to the maximum surface area value. As can  

 
Table 1. Chemical analysis, specific surface area, maximum bleaching efficiency and cation exchange 

capacity (CEC) of the natural and acid activated Udi clay samples  

Chemical composition (%) 
Clay sample 

UD0 UD2 UD4 UD5 UD6 UD7 

Al2O3 24.42 19.75 17.42 15.06 14.27 13.04 

SiO2 42.28 52.69 59.76 64.48 67.33 70.47 

Fe2O3 17.25 13.61 11.12 9.53 8.06 7.12 

CaO 0.14 0.06 0.05 0.03 0.03 0.03 

MgO 3.60 1.74 1.23 1.02 0.89 0.75 

K2O 2.33 1.03 0.87 0.72 0.71 0.71 

TiO 4.35 2.31 1.95 1.47 1.25 1.07 

LOI 5.73 3.28 2.65 2.33 2.06 1.92 

SBET (m2/g) 70.2 187 207 232 245 237 

Max. Bleaching efficiency (%) 29.8 37.5 46.4 51.8 58.9 66.7 

Si/(Al + Fe + Mg) 0.93 1.50 2.01 2.52 2.90 3.37 

Cation exchange capacity 

(CEC), meg/100g 
78 67 60 51 45 38 
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be observed from Table 1, UD6 has a surface area of 245 m
2
/g and a maximum 

bleaching efficiency of 78.9%, while UD7 has a surface area of 237 m
2
/g with a 

maximum bleaching efficiency of 82.7%. Naturally, UD6 should be expected to have 

higher bleaching efficiency as a result of higher surface area value. It has been 

reported by researchers (Inglethorpe et al., 1993; Diaz et al., 2001; Engelhard, 1996) 

that the optimum decolorization ability of activated clay (for a given set of activating 

conditions) may or may not coincide with its maximum value of the surface area 

attained under those conditions. 

FTIR analysis 

The FTIR spectra of the untreated and treated clay samples are shown in Figs 1 and 2, 

respectively. Comparing Figs 1 and 2, it is clear that there were some structural 

modifications on the clay sample as a result of acid activation. The untreated clay 

sample shows absorption bands at 473, 559, 685, 793, 920, 1038, 1104, 1640, 3450, 

3525, 3626 and 3692 cm
–1

. After acid treatment, the bands at 3692.04 and 3626.29 

cm
–1

 attributed to the O–H stretching of kaolinite were modified to 3694 and 3623 cm
-

1
, respectively. The vibrational bands at 3525 and 1104 cm

–1
 associated with Al – O – 

Al were completely absent after acid activation, while bands at 1037, 920, 792, 685, 

and 559 cm
–1

 related to the Si – O – Si and O – Si – O stretching remained after acid 

leaching. This verifies the x-ray fluorescence analysis report that the Si
+4

 ion increases 

with acid treatment while the octahedral cations Al
3+

, Fe
3+

, and Mg
2+

 decreases with 

acid activation. This indicates that there is a minimal damage to the crystal structure of 

the clay material. This result is in agreement with the findings of other researchers 

(Mohamedbakr and Burkitbaev, 2009; Temunjin et al., 2004; Low et al., 1998; 

Chaisena and Rangsriwatananon, 2004; Hula et al., 2007; Taha et al., 2011). 

 

Fig. 1. FT-IR spectra of natural Udi clay 
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Fig. 2. FT-IR spectra of acid-activated Udi clay 

Bleaching efficiency 

The results of the bleaching studies performed using the natural and acid-leached 

samples are shown in Figure 3. The figure shows that the bleaching efficiency 

increases with an increase in the acid concentration used in the activation step. It is to 

be seen from the figure that the sample activated with 7M hydrochloric acid shows the 

highest bleaching efficiency. The figure also shows that time is an important factor, as 

can be seen, the bleaching efficiency increases with increase in time. 

Figure 4 indicates that the bleaching efficiency of the clay samples increases with 

loss of octahedral cations of Al
3+

, Fe
3+

, and Mg
2+

 during the activation process. 

 

Fig. 3. Bleaching efficiency of the natural and acid-activated clay samples 
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Fig. 4. Variation of bleaching efficiency with Si/[Al + Fe + Mg] 

Adsorption isotherms 

Langmuir considered adsorption to distribute molecules over the surface of the 

adsorbent in the form of a monomolecular layer and for the dynamic equilibrium 

between adsorbed and free molecules. He proposed the following relation: 

 
1P a

P
X m a b

   (2) 

where P is equilibrium pressure for a given amount of substance adsorbed, X is the 

amount of substance adsorbed, m is the amount of adsorbent, a and b are constants. 

The mathematical expression relating adsorption to residual solute concentration 

was developed by Freundlich: 

 nX
K C

m


 
(3) 

where C is the amount of residual substance, and K and n are constants. 

Since the absorbance measurements are taken in all experiments for the bleaching 

process, the relative amount of pigment adsorbed (X) and the residual relative amount 

at equilibrium (Xe) are obtained from Eqs 2 and 3: 

 0

0

tA A
X

A


  (4a) 

 
0

1t
e

A
X X

A
    (4b)  

where A0 is the absorbance of unbleached (crude) palm oil and At is the absorbance of 

bleached oil at time t. Thus, by means of Eqs 4a and 4b, by writing Xe instead of 
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equilibrium pressure P and the residual substance C, Equations 2 and 3 are rearranged 

as follows (Topallar, 1998): 

 
1e

e

X a
X

X m a b
   (5) 

X/m = K Xe
n
 or the linear form 

 log log log e

X
K n X

m
  . (6) 

A plot of Xe/(X/m) versus Xe and log X/m versus log Xe should give straight lines 

and the least squares analysis can be used to calculate the parameters (a, b) and (K, n) 

from intercept and slope of straight lines of the isotherms. 

Plots of the Freundlich isotherm for the differently prepared adsorbents are 

depicted in Fig. 5. As can be seen in the figure, straight lines were obtained in the 

plots with high regression coefficient. 

 

Fig. 5. Freundlich isotherm plot for color pigment removal from palm oil using Udi clay  

activated with different concentrations of hydrochloric acid 

Table 2. Isotherm constants for the un-activated and HCl activated samples 

Isotherm Constants 
Clay type 

UD0 UD2 UD4 UD5 UD6 UD7 

Langmuir 

a –0.028 –0.041 –0.065 –0.076 –0.084 –0.089 

b –2.57 –2.15 –2.08 –1.97 –1.82 –1.70 

R2 0.876 0.869 0.890 0.881 0.889 0.888 

Freundlich 

N –5.751 –7.794 –10.00 –8.757 –8.111 –8.362 

K 0.067 0.032 0.010 0.006 0.002 0.001 

R2 0.982 0.978 0.996 0.974 0.988 0.979 
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Since the fit of the plots of Freundlich isotherm is more linear, it can be concluded 

that the Freundlich isotherm is more applicable to the bleaching performance of acid 

activated clay from Udi. The values of the constants calculated from the slopes and 

intercepts of the plots are presented in Table 2.  

Conclusion 

The effect of hydrochloric acid activation on the structural and bleaching performance 

of Udi clay has been successfully investigated. The structure of the clay was modified 

by the acid activation process and the bleaching efficiency was increased from 29.8 to 

66.7%. Based on the results activated clay from Udi performs better than the un-

activated one and the acid concentration play an important role in the activation step. 
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Abstract: Batch tests have been used to assess the level of the removal of metals (copper, nickel, cobalt, 

zinc, and chromium, in cationic and in anionic forms) from water at low pH values affected by acid mine 

drainage. The predominant processes which result in the removal with the use of zero-valent iron (Fe0) in 

Permeable Reactive Barrier Technology were evaluated. The most probable processes for each metal 

have been presented in drawings. There are: reductive precipitation leading to the metallic form, co-

precipitation mainly with iron in the form of oxides and/or hydroxides and adsorption on the surface of 

iron corrosion products or on the surface of zero-valent iron.  

Keywords: coal mine waste dumps, acid mine drainage, groundwater, PRB Technology, metals, zero-

valent iron  

Introduction 

A large number of coal mines are located in the southern Poland and in the North-East 

and West of Spain. The dumping sites established there have a significant impact on 

the quality of ground and surface water. The leachates from these waste dumps may 

contain barium, boron, copper, cadmium, chromium, cobalt, lead, lithium, arsenic, 

zinc, nickel, molybdenum, manganese, selenium, and thallium. To protect ground and 

surface water from these contaminants the permeable reactive barrier (PRB) 

technology may be applied.  

The coal mine waste material contains large amount of sulphide minerals. The 

predominant sulphides in coal mines are pyrite and marcasite (FeS2), but other 

minerals may also be found, e.g. covellite (CuS), chalcopyrite (CuFeS2), sphalerite 

((Zn,Fe)S) and galena (PbS). When sulphide minerals are exposed to water and air, 

minerals are oxidized and create acidic, sulphate-rich drainage which is called the acid 

http://www.minproc.pwr.wroc.pl/journal/


 T. Suponik, M. Blanco 360 

mine drainage (AMD) (Groudev et al., 2007). The reaction of pyrite with water and 

oxygen produces a solution of sulphuric acid and ferrous sulphate:  

 2FeS2 (s) + 7O2 + 2H2O → 2Fe
+2

 + 4SO4
–2

 + 4H
+
. (1) 

In non-altered natural systems, this reaction proceeds slowly in geologic time 

periods. When environment of this new solution is rich in O2, Fe
2+

 is oxidized to Fe
+3

: 

 2Fe
+2

 + ½ O2 + 2H
+
 → 2Fe

+3
 + H2O.  (2) 

Fe
+3

 can react either with water (reaction 3) creating Fe(OH)3 or with water and 

pyrite (reaction 4), thereby decreasing the pH in both equations and increasing ferrous 

iron in Eq. 4 (Jennings et al., 2008). These processes cause water to gain characteristic 

orange colour.  

 2Fe
+3

 + 6H2O ↔ 2Fe(OH)3(s) + 6H
+
  (3) 

 14Fe
+3

 + FeS2(s) + 8H2O → 2SO4 
–2

 + 15Fe
+2

 + 16H
+
. (4) 

Mobility of metals is increased at acidic pH created this way.  

The paper aims to evaluate the level of copper, nickel, cobalt, zinc and chromium 

removal from solution (simulated groundwater affected by coal mine dumping sites) at 

neutral and low pH values. In order to achieve this objective zero-valent iron (Fe(0)) 

(ZVI) was employed as a reactive material in the PRB technology (Suponik, 2012). In 

this technology, the contaminants dissolved in groundwater are removed directly from 

aquifer by flowing through a permeable barrier filled with a reactive material. The 

application of zero-valent Iron to remove metals in cationic and anionic forms has 

been investigated (Wilkin and McNeil, 2003; Rangsivek and Jekel, 2005; Li and 

Zhang, 2007; Fiore and Zanetti, 2009; Puls et al., 1998; Groudev et al., 2007, 

Klimkova et al., 2011). In the paper by Suponik (2013), it was concluded that rapid 

removal of metals in the ZVI occurs likely due to the reductive 

precipitation/coprecipitation and/or due to the adsorption onto the iron metal surface 

or/and onto the iron corrosion products. The type of mechanism depends on the type 

of metal removed, the other accompanying substances and physicochemical conditions 

in the ZVI bed.  

The oxidation of zero valent iron to ferrous and ferric iron causes the increase in 

pH, the decrease in ORP, the consumption of dissolved oxygen and the generation of 

hydrogen (Puls et al., 1999). The chemical reactions proceeding in this material are the 

reactions of iron corrosion: 

 2Fe
0
(s) + O2 + 2H2O → 2Fe

2+
 + 4OH

–
 (5) 

 Fe
0
(s) + 2H2O → Fe

2+
 + H2 + 2OH

−
 (6) 

 2Fe
2+

 + 2H2O → 2Fe
3+

 + H2 + 2OH
−
 (7)  

(see also: reaction 2 and 3). 
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The paper shows a decrease in the concentration of metals in the aqueous solution 

for pH 3, 5 and 7. The matter in question is the type of predominant processes which 

cause the removal of these metals. The answer can be obtained by using advanced 

techniques such as X-Ray Photoelectron Spectroscopy, Energy-dispersive X-ray 

spectroscopy and X-ray diffraction. The authors of the paper, however, attempted to 

answer this question by analyzing the changes of physicochemical parameters and 

some chemicals in low and neutral pH.  

Materials and method 

The evaluation of the possibility of the removal of heavy metals from solution was 

performed in the form of batch tests in a MULTI BIO RS-24 BIOSAN programmable 

rotator equipped with 50 ml plastic tubes. For these tests the synthetic solutions with 

the initial pHs of ca. 3.0, 5.0, 7.0 were prepared – pHs of the solutions were adjusted 

by slow titration with ultra-pure sulphuric acid or with ultra-pure sodium hydroxide. 

The batch tests were carried out in five separate solutions: chromium, zinc, copper, 

nickel and cobalt. The synthetic solutions have simulated groundwater contaminated 

by coal mine waste dumps located in the Upper Silesia, Poland and in the North-East 

and West of Spain. Solutions containing metal (copper, chromium, zinc, nickel and 

cobalt) ions were prepared by adding the desired amounts of metal salts (CuSO45H2O, 

K2Cr2O7, ZnSO47H2O, CoCl2, NiSO47H2O) into bottles and pouring distillated water; 

only one metal was dissolved in each sample.  

In the batch tests, the solutions (copper, chromium, zinc, nickel and cobalt solution 

for every value of pH) were poured into five plastic tubes (50ml per each sample) and 

then 20, 30, 50, 75, 100 mg of ZVI was added to each sample. The tubes were then 

closed with corks. Each sample had to undergo two minutes of orbital rotation in a 

programmable rotator (with a speed range = 40 rpm) after which a 6 second reciprocal 

motion (with turning angle = 90°) with vibration motion followed. This sequence of 

shaking was repeatedly reiterated. The sequence continued for 1 hour (after this time 

constant value was achieved). After shaking the samples the solutions were passed 

through thick filters and assessed. The quantitative analysis of heavy metals (Cr
6+

, 

Cutotal, Cototal, Nitotal, Zntotal) in solutions was carried out in the UV-Vis Spectro-

photometer DR5000 HachLange. The concentrations of Ni, Co, Cu or Zn in the 

solutions were measured in a Spectrophotometer as a total value. Since there were no 

metals speciation (at the beginning) other than Ni
2+

, Co
2+

, Cu
2+

or Zn
2+

 cations in the 

solutions the removal of the metals in the second oxidation state has been assessed in 

the paper. 

Scrap iron (in the form of chips and swarfs (Fig. 1)) used in the batch tests was 

obtained from a machining plant. Table 1 presents grain-size distribution of scrap iron 

(Suponik, 2013). The material used in the batch tests has been cleaned before using – 

first with a thinner (painter’s naphtha), dried in the moisture teller, and then, just 
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before the application, cleaned with distilled water. The density of this material 

amounted to 7.85 g/cm
3
 (Suponik, 2013).  

Table 1. Particle size distribution of zero-valent iron used in batch test (Suponik, 2013) 

Particle size, mm 4.0–2.0 2.0–1.6 1.6–1.0 1.0–0.71 0.71–0.5 <0.5 

Mass fraction, % 1.77 1.28 7.26 38.79 36.57 14.33 

 

Fig.1. Zero-valent iron (Fe(0)) used in batch test  

Results and discussion 

The concentration of metals measured in the tests decreased with the increase of the 

mass of ZVI applied in the tubes (Fig. 2). This phenomenon was observed for all 

assessed values of pH, however the lower was the value of pH in the metal ion 

solution the slower was the observed decrease of Ni(II), Co(II), Zn(II), Cr(VI) or 

Cu(II) concentration. In the case of Chromium and Copper that partially occurred due 

to the easy precipitation of copper and chromium(III) hydroxides at higher values of 

pH (i.e. for pH = 7). Moreover, in every test, at higher value of pH (i.e. for pH 

amounting to 5 and 7) the ferric hydroxides (e.g. FeOOH, Fe(OH)3) may be created on 
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the surface of zero-valent iron, on which metals in cationic forms may be sorbed. 

These compounds (iron corrosion products) appear as a result of Fe
0 

oxidation to Fe
2+

 

and then to Fe
3+

, mainly in the presence of dissolved oxygen in aqueous solutions.  

a)     b) 

    
c)            d) 

  
e)

 

Fig 2. The concentration of: a) Ni(II); b) Co(II); c) Zn(II); d) Cr(VI); e) Cu(II);  

in three solutions (the initial pH = 3; 5; 7) for various masses of ZVI 
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In accordance with one of the author's previous work (Suponik, in press) the 

oxidation of Fe
0
 to Fe

2+
 was evidenced by creation of reduction conditions in the water 

which was in contact with the reactive material as well as by the formation of ferrous 

iron in it. In this work, it has been presented that more ions of divalent iron appeared 

in water with lower initial pH value than in water which was characterized by higher 

value of pH. Thus, it was concluded that the oxidation of ZVI proceeds faster in low 

pH, which has also been found by other researchers, e.g. Kowal and Swiderska-Broz 

(1996). This occurs mostly due to the processes described by reactions 5 and 6. With 

high probability, as a result of reactions 2, 7 and others Fe(II) may be oxidized to 

Fe(III), which is then (under suitable conditions) precipitated in various forms. These 

precipitates cover ZVI with thin shell. In the said article (Suponik, in press) it has also 

been confirmed that more ferric iron is formed in solution with high pH values than in 

solutions with lower values of pH.  

Iron oxides and oxyhydroxides are widespread in the nature and play an important 

role in many geological and biological processes. All together, there are many iron 

oxides and oxyhydroxides. They may be divided into (Cornell and Schwertmann, 

2003):  

 oxides: iron(II) oxide – FeO; iron(II,III) oxide – Fe3O4; iron(III) oxide – Fe2O3 

among which are alpha phase (α-Fe2O3), beta phase (β-Fe2O3), gamma phase (γ-

Fe2O3), epsilon phase (ε-Fe2O3),  

 hydroxides: iron(II) hydroxide (Fe(OH)2) and iron(III) hydroxide (Fe(OH)3),  

 oxide/hydroxides: goethite (α-FeOOH), akaganeite (β-FeOOH), lepidocrocite (γ-

FeOOH), feroxyhyte (δ-FeOOH), ferrihydrite (Fe5HO8·4H2O approx.), high-

pressure FeOOH and green rust (Fe
III

xFe
II

y(OH)3x+2y-z(A
–
)z; where A

–
 is Cl

–
 or 

0.5SO4
2–

).  

In accordance with James Newton Butler (1998) the form of the precipitated phase 

for ferric oxyhydroxides depends strongly on the composition of the precipitating 

solution and the age of the precipitate. It also depends on the redox potential and the 

value of pH. Thus, it is difficult to foresee the type of iron compound formed on the 

surface of scrap iron used in the tests.  

In the research presented in paper by Suponik (in press) it has also been shown that 

during the metals removal pH increased. Higher increases of pH were observed for its 

low initial value (i.e. pH = 3), as the oxidation of Fe(0) proceeded more rapidly in low 

pH. Similar results were obtained in the experiments presented in this paper. Figure 3 

shows changes of pH (mean values of all tests) during application of different ZVI 

masses used in plastic tubes.  

Most of heavy metals precipitated at basic conditions, but the optimum pH for 

precipitation of various heavy metals varies significantly. Table 2 presents the 

theoretical equilibrium concentrations of different metals hydroxides at pH 4.11, 5.81, 

7.21 (the pH values correspond to 100 mg of ZVI used in the tests). They were 

calculated according to solubility product (Ksp) of metals hydroxides.  

http://en.wikipedia.org/wiki/Green_rust
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Although the redox potential is a very important parameter in regard to 

precipitation of metals hydroxides (that can not be neglected), the values presented in 

Table 2 show the compounds which are readily precipitated. Fe(OH)3 and especially 

FeOOH and Fe3O4 (not included in the Table 2) are sparingly soluble compounds, so 

in the presence of Fe
3+

 in water (under appropriate conditions) these compounds are 

easily precipitated.  

Xu et al. (2010), Huang et al. (2005), Music and Ristic (1988), Lagashetty et al. 

(2010) and Djafer et al. (1989) studied the adsorption of heavy metals (Cr(VI), Cu(II), 

Zn(II), Pb(II) and others) on iron oxides and hydroxides (e.g. FeOOH, Fe(OH)3, 

Fe2O3). They have shown that these metals are easily removed from water, hence it 

can be claimed that these compounds are a good medium for the removal of metal ions 

from groundwater. Djafer et al. (1989) also claimed that the adsorption of metallic 

cations increased with the increase in pH of water.  

It can be hypothetically said that the co-precipitation of metals analyzed in this 

work with ferric ions (crating metal-iron hydroxides or oxides, e.g. Fe2Me1O4 – where 

Me means metal ions) may also be one of the processes of metal removal from water 

in reactive barrier. The same applies to the adsorption of heavy metals directly on the 

surface of zero-valent iron (although this is less likely).  

 

Fig. 3. The mean value of pH for solutions (copper, chromium, zinc, nickel and cobalt)  

tested for various masses of ZVI and for various initial values of pH (pH = 3; 5; 7) 

As the pH of the water passing through zero-valent iron substantially increases, the 

precipitation of metal hydroxides may play an important role in the immobilization of 

metals. This fact has also been noticed by Li and Zhang (2007). In accordance with 

Table 2 the following hydroxides are characterized by a low solubility at pH >7.21: 

Cu(OH)2, Cr(OH)3 – while in lower pH values, copper hydroxide readily dissolves in 

water.  
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Table 2. Theoretical equilibrium concentrations of different metals hydroxides and oxides  

at 4.11, 5.81, 7.21 pH (these values correspond to 100 mg of ZVI used in the tests)  

which were calculated based on the solubility product constant Ksp  

Metal hydroxide Ksp pH [Men+], mol/dm3 C[Men+], mg/dm3 

Fe(OH)2 4.8·10–16 

pH = 4.11 28922.86 2.60·109 

pH = 5.81 11.5144 1034798.949 

pH = 7.21 0,0182 1640.05 

Fe(OH)3 3.8·10–38 

pH = 4.11 1.78·10–08 1.90·10–03 

pH = 5.81 1.41·10–13 1.51·10–08 

pH = 7.21 8.90·10–18 9.51·10–13 

Cu(OH)2 5.6·10–20 

pH = 4.11 3.373 329151.8072 

pH = 5.81 0.00134 130.7438 

pH = 7.21 2.13·10–6 0.2078241 

Ni(OH)2 1.6·10–14 

pH = 4.11 963855.422 8.94·1010 

pH = 5.81 383.69 35572182.25 

pH = 7.21 0.6084 56401.52091 

Co(OH)3 2.5·10–43 

pH = 4.11 1.17·10–13 1.72·10–08 

pH = 5.81 9.29·10–19 1.37·10–13 

pH = 7.21 5.84·10–23 8.60·10–18 

Co(OH)2 1.6·10–18 

pH = 4.11 96.3855 8959036.145 

pH = 5.81 0.0383693 3566.427 

pH = 7.21 6.08·10–5 5.65136 

Zn(OH)2 1.3·10–17 

pH = 4.11 783.133 77851204.82 

pH = 5.81 0.31175 30991.1271 

pH = 7.21 4.90·10–4 49.138 

Cr(OH)3 5.4·10–31 

pH = 4.11 0.253 26022.54 

pH = 5.81 2.01·10–06 206.83·10–3 

pH = 7.21 1.27·10–10 1.30·10–05 

 

In accordance with standard electrode potential, the metals in cationic and anionic 

forms, such as Ni
2+

, Cu
2+

, Co
2+

 and Cr2O7
2–

, HCrO4
–
, CrO4

2–
, may also be removed 

from groundwater as a result of reductive precipitation/coprecipitation, as all these 

ions are characterized by a higher standard electrode potential than iron (Fe
0
). Finally, 

these metals may be precipitated out in a reactive material as Ni
0
, Cu

0
, Co

0
 and 

CrxFe(1-x)OOH (see reaction 11) (Puls et al., 1998), Cr(OH)3 and Cr2O3 (ITRC, 2011). 

Figures 4–8 show the conceptual models for Ni
2+

, Co
2+

, Cu
2+

, Zn
2+

 and Cr
6+ 

removal from water with the use of ZVI.  

The overall reaction for the hexavalent chromium, which occurs in water as an 

oxyanion in the form of CrO4
2–

 or as Cr2O7
2–

 can be presented as (Suponik, in press, 

Suponik, 2013): 
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 Cr2O7
2–

 + 2Fe
0
 + 14H

+
 → 2Fe

3+
 + 2Cr

3+
 + 7H2O. (8) 

In further steps, chromium Cr(III) may be removed from solution by (Fig. 4): 

 precipitation as chromium hydroxides and oxides, such as Cr(OH)3 (reaction 9) and 

Cr2O3 (reaction 10), 

 Cr
3+

 + 3OH
–
 → Cr(OH)3  (9) 

 2Cr
3+

 + 3H2O → Cr2O3 + 6H
+

  (10) 

 co-precipitation with iron as mixed chromium-iron oxyhydroxide (Puls et al., 

1998), 

 (1 – x)Fe
3+

 + (x)Cr
3+

 + 2H2O → Fe(1 – x)CrxOOH + 3H
+
  (11) 

 adsorption on the surface of iron corrosion products e.g. FeOOH, 

 Fe
3+

 + 2H2O → FeOOH + 3H
+
   (12) 

 adsorption on the surface of zero-valent iron.  

 

Fig. 4. Conceptual model for chromium(VI) removal from water with the use of ZVI  
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Cu(II), Ni(II), Co(II) also have a higher standard electrode potential than Fe(0), 

thus, iron may displace these hazardous cations from groundwater. Although the 

reduction and precipitation of Cu (to metallic form) is more probable, some Cu(II) 

may be adsorbed on the surface of iron corrosion products (see reaction 12) or on the 

surface of zero-valent iron (less likely). Moreover, low solubility of copper hydroxide 

at pH>7 indicates that this compound may also precipitate in this condition. In the 

case of metals analyzed, it should be also noted that co-precipitation in the form of 

metal-iron hydroxides or oxides (e.g. Fe2CuO4) may result in the removal of metal 

ions: 

 Cu
2+

 + 2OH
–
 → Cu(OH)2.  (13) 

 

Fig. 5. Conceptual model for copper(II) removal from water with the use of ZVI  

According to the study by Li and Zhang (2007), the sorption/surface complex 

formation is the removal mechanism for metal ions with a standard potential very 

close to or more negative than that of iron. The predominant removal mechanism, for 

metals with a considerably more positive and slightly more positive standard electrode 

potential than that of iron is respectively the reductive precipitation and the sorption 

and/or reductive precipitation. Thus it can be said with a high probability that the main 

processes for nickel(II), cobalt(II) and zinc(II) removal are the adsorption on the 
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surface of iron corrosion products and the adsorption directly on the surface of zero-

valent iron (less likely). It should not be forgotten in this place about the possibility of 

co-precipitation with iron, forming oxides and/or hydroxides (e.g. Fe(1-x)Nix(OH)2, 

Fe(1-x)Cox(OH)2, Fe2.5Zn0.5O4). In the case of cobalt and zinc, the process of reductive 

precipitation into metallic form is also possible, but a small difference between the 

standard electrode potential of Fe
0
 and Co

0
 and Ni

0
 reduces this probability (Figs 6, 7).  

 

Fig. 6. Conceptual model for nickel (II) removal from water with the use of ZVI  

 

Fig. 7. Conceptual model for cobalt(II) removal from water with the use of ZVI  
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Fig. 8. Conceptual model for zinc(II) removal from water with the use of ZVI  

Conclusions  

All metals analyzed in the article have been removed from water when ZVI was used 

as a reactive material of PRB. pH had a large impact on the degree of removal, and on 

the processes which influence the removal of the individual metals. In general, the 

lower the pH, the slower is the removal of metals.  

The processes that can result in the removal of copper, nickel, cobalt, zinc and 

chromium from water with the use of zero-valent iron are: 

 reductive precipitation leading to the metallic form – relates mainly to copper, but 

also to a lesser extent nickel and cobalt;  

 co-precipitation with iron in the form of oxides and/or hydroxides, e.g. for 

successive metal: Fe(1-x)CrxOOH, Fe2Cu1O4, Fe(1-x)Nix(OH)2, Fe(1-x)Cox(OH)2, 

Fe2.5Zn0.5O4;  

 precipitation as a result of increase in pH – relates mainly to copper Cu(OH)2 and 

chromium Cr(OH)3, only for pH higher than 7;  

 adsorption on the surface of iron corrosion products or on the surface of zero-

valent iron – for all of the analyzed metals, although sorption directly on the 

surface of zero-valent iron is highly unlikely.  
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Abstract: Ionic liquids are widely used in supported ionic liquid membranes technology, especially in 

gas separation and purification processes. This work characterizes the ability of ionic liquids to wet 

commercially available porous supports used for such purposes. Characterization of supports and 

membrane phases was carried out in order to determine factors influencing wetting process. Experimental 

method based on capillary rise is widely used for porous media characterization (i.e. pore radius, contact 

angle). Measurements of penetration distance or liquid mass are two main experimental methods, in 

which the Washburn equation is a basic instrument to analyze the obtained results. However, polymeric 

porous supports do not meet Washburn assumptions and the method is loaded with human errors, so the 

sessile drop method was used. The rate of wetting influences swelling effects and therefore changes in 

permeation path during gas separation processes are observed. Influence of ionic liquids structure on 

wetting and swelling of porous supports was investigated. The families of 1-alkyl-3-methylimidazolium 

(Cnmim), ammonium (Nnnnn), 1-alkyl-1-methylpyrrolidinium (CnPyrr) and 1-alkylpyridinium (CnPy) 

compounds with variable alkyl chain lengths in cation structures and changeable anions were taken into 

account in wetting and swelling experiments. 

Keywords: ionic liquid, supported ionic liquid membrane, contact angle, wettability, swelling  

Introduction 

Supported liquid membrane (SLM) is a two phase system of porous support and liquid 

phase held in the membrane pores by capillary forces (Walczyk, 2006). Industrial 

application of liquid membrane systems usually covers usage of ethanolamine (MEA), 

diethanolamine (DEA), chloroform, dichloromethane, tetrachloromethane, 

chlorobenzene and toluene. These traditional solvents present high absorption capacity 

of CO2 at low temperature and under pressure (Schaffer et al., 2011). However, they 

also present high heat absorption, corrosiveness (Kittel et al., 2009), high vapor 

pressure, lack of possibility of recovery and high toxicity. Pure MEA vapor pressure is 

http://www.minproc.pwr.wroc.pl/journal/
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about 64 Pa. However, while using water solutions, vapor pressure is much higher. 

DEA acute toxicity in the form of LD50 is from 1.41 g/kg to 2.83 g/kg (Expert Panel of 

the Cosmetic Ingredient, 1983), DEA is irritant to skin, eyes and cause systemic 

toxicity mainly in liver, kidney, red blood cells and the nervous system following oral 

and/or dermal exposure of laboratory animals (Gamer et al., 2008). Therefore, while 

using these traditional organic solvents several disadvantages can be observed such as 

secondary stream pollution or loss of membrane phase caused by vaporization or 

displacement of liquid from the pores under transmembrane pressure (Teramoto, 

2000). Many efforts have been made to improve the lifetime of SLMs. Gelation, 

applying top layers or replacing traditional solvent to ionic liquid (IL) were employed 

to prevent instability mechanisms (Danesi et al., 1987; Naplenbroek et al., 1992). 

Great issue is noticed in using ionic liquids as a replacement for toxic, flammable and 

volatile organic solvents. Calculated vapor pressure for 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide in 298K is 12·10
-6

 Pa (Berthod et al., 2008). Ionic 

liquids are class of solvents that are composed of large asymmetric organic cation and 

smaller organic or inorganic anion. Ionic liquids present many unique properties, they 

have negligible vapor pressure, they are non-flammable and stay liquid in a wide 

range of temperatures, moreover ILs solvate many of organic and inorganic species 

(Cadena et al., 2004). These properties make them very attractive in many industrial 

applications. However, complete design of industrial processes using ILs can be 

performed only having knowledge on their physicochemical properties such as 

viscosity, density or surface tension. 

Ionic liquids present surface tensions lower than those observed for traditional 

solvents as water, however these values are still much higher than observed for 

organic solvents (Sohn et al., 2000). Freie et al. (2007) presented the dependence of 

surface tension on the strength of interactions between cation, anion and hydrogen 

bonds. 

Ionic liquids also have higher viscosity than other typical solvents used in 

separation processes. Dynamic viscosity of ILs in room temperature is situated in a 

range from about 10 mPa∙s to 500 mPa∙s. In comparison, viscosity of chloroform, 

tetrachlorocarbon and ethanolamine in 293K is 0.89; 16.1; and 20 mPa∙s respectively 

(Wasserscheid and Keim, 2000; Chiappe and Pieraccin, 2005).  

Properties of ionic liquids mentioned above give supported ionic liquid membranes 

(SILMs) predominance over traditional SLMs (Gamer et al., 2008; Letcher, 2007; 

Hernandez-Fernandez et al., 2009). SILMs present several advantages, such as 

requirement of very small quantities of solvent and high selectivity. Key aspect in 

obtaining satisfying effectiveness and long membrane lifetime is the proper choice of 

ionic liquid and polymeric or ceramic support. Properties of both affect the processes 

of obtaining useful supported ionic liquid membrane. Perfect wetting of supports with 

ionic liquids is required for complete pores saturation and applying high operating 

pressures without pushing the liquid out of the pores. Contact angles of some ionic 
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liquids are described in the literature, for example on Si wafers (Tadkaew et al., 2011), 

PTFE and glass (Nguyen et al., 2012; Cichowska-Kopczynska et al., 2013).  

This work characterizes the ability of ionic liquids to wet polymeric porous 

supports and the rate of swelling of these supports that are used in SILMs technology. 

Wetting of supports affects membrane stability, whereas swelling effect causes 

fluctuations in gas diffusion path. Experimental method based on capillary rise is 

widely used for porous media characterization (i.e. pore radius, contact angle). 

Measurements of penetration distance and liquid mass are two main experimental 

methods, in which Washburn equation is a basic instrument to analyze the obtained 

results (Dang-Vu and Hupka, 2005; Ferraris et al., 2001). However, this method is 

loaded with human errors, so the sessile drop method was used for measurements. The 

families of 1-alkyl-3-methylimidazolium (Cnmim), ammonium (Nnnnn), 1-alkyl-1-

methylpirrolidinium (CnPyrr) and 1-alkylpiridinium (CnPy) compounds  with variable 

alkyl chain lengths in cation structures and changeable anions were taken into account 

in order to discuss the influence of ionic liquids structure on wetting and swelling of 

porous supports. 

Materials 

Several imidazolium, ammonium, pyridynium and pyrrolidinium ionic liquids were 

used in this study:  

 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [Emim][Tf2N],  

 1-ethyl-3 methylimidazolium trifluoromethanesulfonate [Emim][TfO],  

 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [Bmim][Tf2N],  

 1-butyl-3-methylimidazolium trifluoromethanesulfonate [Bmim][TfO],  

 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [Hmim][Tf2N],  

 trimethylbutylammonium bis(trifluoromethylsulfonyl)imide  [N1114][Tf2N],  

 triethylbutylammonium bis(trifluoromethylsulfonyl)imide [N2224][Tf2N],  

 triethylheksylammonium bis(trifluoromethylsulfonyl)imide  [N2226][Tf2N],  

 triethyloktylammonium bis(trifluoromethylsulfonyl)imide [N2228][Tf2N],  

 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide [BPyrr][Tf2N],  

 1-heksyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide [HPyrr][Tf2N],  

 1-butyl-1-methylpyrrolidinium trifluoromethanesulfonate [BPyrr][TfO] 

 1-butylpyridinium bis(trifluoromethylsulfonyl)imide [BPy][Tf2N],  

 1-heksylpyridinium bis(trifluoromethylsulfonyl)imide [HPy][Tf2N]. 

All chemicals were supplied by IOLITEC, Heilbronn, Germany with purity about 

99%. The molecular structures of ILs cations and anions used in this study are shown 

in Figs. 1–2. 

In order to determine the effect of chemical structure of the ionic liquids on 

wetting, different alkyl chain lengths of the cations and different anions were selected. 
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The four hydrophilic membranes were applied: GH Polypro (polypropylene) – PP, 

FP VericelTM (polyvinylidene fluoride) – PVDF, NylafloTM (polyamide) – PA, 

Supor® (polyethersulfone) - PES, (Pall, Gelman Laboratory, USA). The surface of PP 

membrane occurred modified with compounds containing C-O-C bonds, so the 

surface of PP membrane is also hydrophilic. This was evidenced by IR spectra 

previously (Joskowska et al., 2012). 

Table 1 presents the physicochemical properties of polymeric supports declared by 

Pall, Gelman Laboratory. 

   

1-ethyl-3-

methylimidazolium 

[Emim] 

1-butyl-3-methylimidazolium  

[Bmim] 

1-heksyl-3-methylimidazolium  

[Hmim] 

 

1-butylpyridinium  

[BPy] 

 

1-butyl-1-methylpyrrolidinium  

[BPyrr] 

 

 

1-heksylpyridinium  

[BPy] 

 

1-heksylpyridinium  

[BPy] 

 
trimethylbutyl-

ammonium 

[N1114] 

 

triethylbutyl-

ammonium 

 [N2224] 

 
triethylheksyl-

ammonium 

[N2226] 

 
triethyloctyl- 

ammonium 

[N2228] 

Fig. 1. The structure of ionic liquids cations used in the experiments 
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bis(trifluoromethylsulfonyl)imide 

[Tf2N] 

 

trifluoromethanesulfonate  

[TfO] 

Fig. 2. The structure of ionic liquids anions used in the experiments 

Table 1. Physicochemical parameters of polymeric supports 

Membrane 
Density 

[kg/m3] 

Pore size 

[µm] 

Porosity 

[%] 

Thickness 

[µm] 

PP 900 0.2 80 92 

PVDF 1790 0.2 80 123 

PA 1130 0.2 80 110 

PES 1370–1510 0.2 80 148 
* data provided by producer 

Experimental 

Wetting experiments 

Contact angles of porous and powdered materials are usually measured using capillary 

rise method. However, as we have indicated in the previous paper, examined support 

do not meet assumptions of Washburn equation (Joskowska et al., 2012). In this paper 

contact angle determination was carried out using the dynamic sessile drop method. 

The size of membranes pores is much smaller than the drop size, therefore the method 

could be applied. Dynamic sessile drop study determines the largest contact angle 

possible without increasing solid/liquid interfacial area by dynamically adding volume 

of liquid. This maximum angle is the advancing angle a, whereas the smallest 

possible angle, the receding angle r. The difference between the advancing and 

receding angle a-r is the contact angle hysteresis. The shape of air/liquid interface of 

a drop is detected using digital system and matched to a numeric model (Sohn et al., 

2000). The results are shown in Fig. 9. 

The surface tensions of the ionic liquids were determined by the pendant drop 

method using Tensiometer Krűss DSA 10. The uncertainty of the surface tension 

measurements was ± 0.2 mN/m. 

Traces of water and volatile contaminants were removed from ionic liquids in a 

vacuum dryer in 353 K for 24 h. The measurements were carried out in 298 K and the 

relative humidity of the air was 60-70%. The humidity of the air can affect the values 

of measured surface tension due to hygroscopicity of ILs, therefore the time of 
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stabilization was not longer than 5 min to minimize the effect. Still, measured values 

can be loaded with error following the water content fluctuations. The changes in 

water content after the experiment were not recorded. 

Swelling rate experiments 

Swelling rate of polymeric supports was determined on the basis of thickness of 

supports saturated with ionic liquids. Polymer supports and ionic liquids were kept in 

vacuum dryer Vacucell 55, according to procedure described in literature (Hernandez-

Fernandez et al., 2009; Fortunato et al., 2004; 2005). Degassed polymeric supports 

were saturated with 0.1 cm
3
 of ionic liquids per 1.0 cm

2
 of support surface. The excess 

of ionic liquid was removed from membrane surface using blotting paper until the 

mass of immobilized membrane was stable. Thickness was determined by optical 

method. The accuracy of this method is better than gravimetric due to difficulties in 

removing excess ionic liquid from the surface. Measurements were conducted using 

epi-fluorescent microscope L3001 equipped with digital camera with high resolution. 

Membrane was placed in glass holder in Z direction according to the procedure 

described in literature (Izak et al., 2007). Swelling rate was determined using optical 

method by measuring thickness of the membrane after 2, 24, 72 and 120 hours from 

the immobilization procedure. In the time intervals between each measurement 

membranes where kept in a dessicator containing self-indicating silica gel.  The 

humidity of air in the dessicator was 19%. 

Results 

Wetting experiments 

Values of ionic liquids surface tension are located between values for alkanes and for 

water. There is a large number of publications dealing with surface tension of ionic 

liquids. Vakili-Nezhaad et al. performed experiments of effect of temperature on the 

surface tension, density and viscosity of 1-butyl-3-methylimidazolium combined with 

thiocyanate and tetrafluoroborate anions and 1-hexyl-3-methylimidazolium with 

tetrafluoroborate and hexafluorophosphate anions and they reported a decrease of 

physicochemical parameters as the temperature increased (Lee and Prausnitz, 2010). 

Sanchez et al. provided data on the temperature effect on physicochemical properties 

of imidazolium, pyridinium and pyrrolidinium ionic liquids, and observed the same 

trends (Khupse and Kumar, 2010). Similar conclusions were published by Klomfar et 

al. on the behavior of 1-alkylimidazolium based ionic liquids with hexafluoro-

phosphate anion (Klomfar et al., 2009). The values reported in the literature for the 

same ionic liquids can differ significantly. The reason is water content in the ionic 

liquid. Moreover no direct relation between surface tension and alkyl chain length is 

observed. Sedev performed the attempt to provide an empirical description of the 

dependence of surface tension and molecular volume. The data set was approximated 
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with the equation γ = a + bVM
–4

 (Sedev, 2011), where γ is the surface tension and VM is 

the molecular volume that was derived from molecular weight (M) and density (ρ) on 

the basis of the following equation: VM = M/(ρ·NA).This approximation is only a guide 

for the eye. Though, molecular volume is affected by the length of the alkyl chain, 

other factors should be taken into account when describing the correlation of surface 

tension and IL structure, like the distribution of intermolecular attractive forces. 

Moreover, it was reported that ammonium and phosphonium ionic liquids present no 

correlation between surface tension and molecular volume. It is confirmed by this 

research (Fig. 3). 
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Fig. 3. Surface tension of selected ionic liquids at 298 K 

The sessile drop method showed that advancing contact angles of all examined 

membranes in most cases are below 20 deg. These values demonstrate very good 

wettability of supports with ionic liquids used in the experiments. Contact angles for 

imidazolium and pyrrolidinium increase with the alkyl chain length in the ionic liquid 

cation structure (Figs 4–5). The opposite situation was recorded for ammonium and 

pyridinium ionic liquids (Figs 6–7).  

The parameter deciding on this behaviour is ionic liquid polarity. The polarity of 

ILs is very sensitive to temperature changes (Lee and Prausnitz, 2010). It has been 

noticed that the polarity of pyridinium and pyrrolidinium ionic liquid decreases with 

temperature and this situation is in contrast to that observed for phosphonium ILs 

(Khupse and Kumar, 2010). 
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Fig. 5. The relation of carbon atoms number of [CnPyrr][Tf2N] ionic liquids and cos θ 
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Fig. 7. The relation between carbon atoms number of [Nnnnn][Tf2N] ionic liquids and cos θ 
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Fig. 8. The dependence of advancing contact angle on polypropylene  

support on molecular volume of the liquid 

Figure 8 presents the overall trend of increasing contact angle value with the 

increase of molecular volume of ionic liquid and this behavior is preserved for all of 

examined supports. In most cases the best wettability was obtained for PA support and 

successively for PP, PES and PVDF.  

Supports examined in this study do not meet Young equation foundations, the drop 

remains in the metastable state and therefore the hysteresis is observed. The hysteresis 

value is a result of the thermodynamic hysteresis that is dependent on the surface 

roughness and heterogeneity, and the second one that is the dynamic hysteresis 

connected to chemical interactions of liquid and solid, penetration of liquid into 
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polymer pores and the ability of atoms or functional groups to change its positions. 

The first component is not affected by the time of liquid drop – solid contact, whereas 

dynamic hysteresis is, and moreover is dependent on the properties of polymer and 

ionic liquid. The hysteresis of contact angle measured on the PA support was the 

lowest (Fig. 9), therefore it can be concluded that the heterogeneity and porosity of the 

PA support surface is the lowest of all examined supports, whereas the highest is 

observed for PVDF. 
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Fig. 9. The average hysteresis of contact angles for examined supports 

Swelling rate experiments 

Izak et al. (2007) stated, that rate of support swelling depends on the water content in 

ionic liquid. Therefore, before each experiment, ionic liquids were remained in the 

vacuum dryer in 343 K for 12 hours. However, swelling effect was observed even if 

extremely dried ionic liquids were used. Still, the water content could change during 

the experiments due to water vapor absorption from the atmosphere (Poleski et al., 

2013). All the investigated supports showed higher thickness after saturation with 

ionic liquid. Swelling behavior of polymeric membranes can affect mechanical 

stability of the membranes and affects value of maximum possible gas pressure 

without support breakage (Cichowska-Kopczynska et al., 2013). 

The obtained results suggest that the longer hydrocarbon chain in the cation 

structure is, the higher swelling effect is observed. Ionic liquid penetrates into the 

support pores between polymer particles and fibers and reorientates functional groups, 

so the particles in the ionic liquid-polymer interface reach the minimum of free 

interface energy. The longer alkyl chain length the greater space is occupied with the 

ionic liquid and the greater polymer expansion is observed. Taking into account 

swelling of the supports, it is observed that the polypropylene support gains similar 
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thickness immediately after impregnation for all ionic liquids used in the study and it 

can be assumed that the hysteresis is dependent only on the roughness and 

heterogeneity of support surface. Further changes in thickness of the supports are  
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Fig. 10. Thickness increase of supports saturated with imidazolium ionic liquids 

 

Fig. 11. Thickness increase of polypropylene support saturated with imidazolium ionic liquids 
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connected to the liquid penetration into the free space between polymer molecules and 

reorientation ionic liquid structure to the position that is energetically favorable. 

Polypropylene supports gain about 30–40% of thickness and yet PA ones gain only 

about 4%, nevertheless wetting of PA occurred to be the best. 

The highest thickness increase was observed during two hours since the saturation 

with ionic liquid was performed. Again, the slight correlation with alkyl chain length 

and the type of anion is visible for imidazolium ionic liquids in contrast to ammonium, 

pyridinium and pyrrolidinium. Presumably, this is the consequence of heterogeneity of 

supports, differences in the structure of each support used in the experiments and 

possible water gaining from air in the dessicator between measurements. After 120 h 

since the saturation of supports with ionic liquids, supports gain their terminal 

thickness. There is no further thickness increase observed.  

Conclusions 

As indicated by this research, obtaining good effectiveness of the separation process 

requires proper support and membrane phase, forming stable supported ionic liquid 

membrane. One of the issues that have to be taken into consideration when choosing 

proper system should be wettability of the polymeric or ceramic supports  in order to 

ensure that the liquid is not pushed out of the support pores in high pressures. It has 

been revealed that porous polymer supports are perfectly wetted with ionic liquids, 

however degradation of polymers is observed in a form of swelling. The surface 

tension, viscosity, density and contact angles can be tuned by selection of proper 

combination of cation and anion. Our results confirmed the results of Sedev (2011), 

hinting that the surface tension of ionic liquids is not directly affected by the alkyl 

chain length and other factors should be taken into account when describing the 

correlation of surface tension and IL structure, like the distribution of intermolecular 

attractive forces. Polymeric supports used in this study occurred to be suitable in order 

to low values of contact angles. However, due to the high rate of swelling that occurs, 

mechanical stability should be taken into account. The selection of suitable support is 

crucial in the development and obtaining highly stable supported ionic liquid 

membranes. 
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Abstract: Due to potential application of rhenium sulphide in medicine and industry, this study is 

focused on the properties of synthetic and commercial rhenium sulphide. The main reaction of rhenium 

sulphide preparation involves potassium perrhenate and sodium thiosulphate in the acidic environment 

giving a mixture of rhenium sulphide and sulphur. The next step is removing sulphur by its dissolution in 

ether. Stabilization by Povidone K-25 is needed to obtain rhenium sulphide dispersed with the grain size 

of 0.5–4 m. The extrapolated value of pHiep for synthesised rhenium sulphide is 2.3 whereas for 

commercial samples this value is lower than 2. For synthetic sample a dependence of zeta potential on the 

carrier electrolyte concentration is found. It is larger than that for the commercial sample, probably due to 

surface oxidation during synthesis or purification. 

Keywords: rhenium sulphide, particle size distribution, zeta potential 

Introduction 

The method of rhenium sulphide preparation and its properties are studied in relation 

to its potential application in nuclear medicine as a catalysts in hydrogenation, 

hydrodesulphurization, hydronitriding (Klett et al., 2007, De Los Reyes, 2007) as well 

as in the form of nanoparticles in electronics (Coleman et al., 2002). Rhenium 

sulphide is the most common carrier of radioactive rhenium in nuclear medicine 

(Junfeng et al., 2007). Though there have been developed a number of procedures for 

sulphide preparation, they produce rhenium sulphides of different structures which is 

still the subject of studies.  

Traore described preparation of Re2S7 using the acidified solution of potassium 

perrhenate and thiosulphate or hydrogen sulphide (Escalona et al., 2007). After 

annealing at 110 °C for a few days, the obtained black precipitate was identified as 

http://www.minproc.pwr.wroc.pl/journal/
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Re2S7 of the tetragonal structure. According to the authors, this sulphide can be readily 

decomposed in hydrogen atmosphere to give amorphous rhenium trisulphide, ReS3, 
which is a precursor of rhenium disulphide, ReS2. It can be obtained in vacuum at high 

temperature as the reaction product of metallic rhenium and elementary sulphur. It is 

regarded as the most stable rhenium sulphide. It has a hexagonal structure (a = 3.14 

and c = 12.2 Å), but its parameters can differ insignificantly depending on the excess 

of sulphur. 

Amorphous Re2S7 was also obtained in the reaction of potassium perrhenate and 

sodium thiosulphate in the acidic medium and studied by means of X-ray adsorption 

XAS method. The results showed that it has the rhombic cluster with metal-metal 

combination as a basic unit of the structure (Hibble et al., 1996). 

The studies carried out by Schwarz et al. (2004) on the ReS4, Re2S7, ReS2 

characteristics indicate the presence of sulphur in the forms S
2–

 and S
2–

2 in the 

compounds ReS4 and Re2S7 whereby the content of S2
2–

 in both ReS4 and Re2S7 is 

larger than that in S
2–

.The authors also suggest that the phases ReS4 and Re2S7 are 

closely structurally connected. Given the fact that both sulphides transform into ReS2 

during heating, they proposed to treat them as components of the continuous structure 

ReS1.5-1(S2)1-1.5 which differs in the S2
2–

/S
2
 ratio.  

Startsev et al. (1996) described the preparation of ReS2 by means of the reaction of 

HReO4 with H2S at 450
o
C. The TEM studies revealed the presence of spheres of a 

diameter ~ 6 Å which is consistent with the inner distance d002 = 6.1 Å in the ReS2 

structure. However, the studies using the X-ray diffraction method showed that the 

structure is strongly disordered. Similarly, spherical ReS2 particles of the size 0.1 do 1 

μm were obtained as a result of the reaction of ReCl4 with Li2S in ethyl acetate. The 

XRD studies confirmed partially crystalline structure of the obtained substance. 

For the purpose of the use in radiosynovectomy some attempts were made to 

synthesize colloidal rhenium sulphide based on the reaction of potassium perrhenate 

solution with thiosulphate solution in the acid medium (Junfeng et al., 1999) or using 

the method described by Tui and Denizot (Tu et al., 2007) in which the reagents 

(sodium thiosulphate and potassium perrhenate) were added in the solid state to the 

ethyl glycol/ethanol/distilled water mixture. 

Though ReS2 was investigated by many scientists, its structure is still studied. 

Murray et al. (1994) claim that ReS2 has a triclinic crystalline structure and the 

elementary cell is characterized by the parameters: a = 6.417 Å, b = 6.510 Å, c = 

6.461 Å, α = 121.10°, β = 88.38°, γ = 106.47°. The structure described by the authors 

is composed of asymmetric elementary cells with almost hexagonal, closed and 

packed layers. 

In this paper the electrokinetic properties, particle size distribution and FTIR study 

of rhenium sulphide dispersions are presented. The electrokinetic properties as a 

function of pH reflect acid base properties of surface groups that may be interesting 

for catalytic behaviour of this compound (Stelzer et al., 2005). Moreover, the study of 

the particle size distribution of the rhenium sulphide suspension in the presence of 
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gelatin and Povidon K-25 can be interesting for pharmaceutical applications in the 

radiosynovectomy. 

Experimental 

Materials and methods  

The studies were carried out using a commercial Re2S7 sample purchased from Alfa 

Asear and the rhenium sulphide sample prepared according to the Jungfeng et al. 

procedure. The XRD analysis of the commercial Re2S7 showed its amorphous 

structure. The synthesis performed according to the Jungfeng et al. (1999) procedure 

confirmed that the concentration ratio of the solutions, Na2S2O3:KReO4 = 70:1 at the 

concentrations of CNa2S2O3 equal to 0.0394 M and CKreO4 to 0.000563 M, and the 

heating time 30 min is optimal. Using this procedure the synthesis was repeated many 

times to determine the sulphur content in the samples and to remove elementary 

sulphur.  

Methods of measurements 

Measurement of particle size distribution was made using the Mastersizer 2000 

apparatus (Malvern) with the hydro 2000µP (A) unit. The suspension containing 0.05 

g sample in 50 ml of water was transferred to the measuring cell. The rate of 

suspension flow through the measuring cell was chosen adjusting the rotation speed of 

the pump and ultrasound intensity. 

Distribution of sulphide particle sizes after washing the sample in the aqueous 

medium and dispersion subjected to stabilization using gelatin and Povidone K-25 

were measured. 

Zeta potential measurements of NaCl solution of the concentrations of 1, 10
–1

, 10
–2

, 

10
–3

M NaCl were made using the Zetasizer 3000 apparatus (Malvern). 0.02 g of 

commercial rhenium sulphide was added to the solution of a given concentration and 

subjected to dispersion using the ultrasound probe Sonicator XL 2020 (Misonix). 

Then, the suspension was transferred into 125 ml flasks, and pH was adjusted in the 

range from 3 to 9 in the presence of nitrogen using 0.1 M HCl and NaOH solutions. 

Four measurments of zeta potential were made for each solution. Infrared spectra were 

registered by means of the FTIR spectrometer Nicolet 8700A with the smart Orbit TR 

diamond ATR module. 

Results and discussion 

Specific surface area of Re2S7 

As follows from the characteristics of the surface area of rhenium sulphide samples in 

Table 1, the studied samples have a similar specific surface area determined by the 
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BET method, whereas the synthetic samples are characterized by a slightly larger pore 

volume and larger average pore radius. 

Table 1. Chracteristics of the specific surface area and porosity  

of the commercial and synthetic rhenium sulphides 

Rhenium sulphide  Commercial. Synthetic 

Surface area from the BET isotherm [m2/g] 5.18 6.26 

Surface area from the Langmuir isotherm [m2/g] 7.45 9.11 

Total pore volume from adsorption 1.7 nm < d < and 300 nm diameter 

calculated by means of the BJH method [cm3/g] 
0.025 0.018 

Total pore volume from desorption 1.7 nm < d < and 300 nm diameter 

calculated by means of the BJH method [cm3/g] 
0.025 0.0185 

Average pore radius from adsorption – BJH method [nm] 17.86 12.9 

Average pore radius from desorption – BJH method [nm] 16.1 10.5 

Measurement of particle sizes 

As follows from the comparison of Re2S7 particle size distribution before and after the 

ultrasound treatment, the commercial sample contains a large number of aggregates of 

different particle sizes from 1 to 1000 m whereby the fraction >30m in the sample 

not subjected to the ultrasound treatment is predominant. Treating the sample with 

ultrasounds for 6 min causes its unification and the particle size is from 0.2 to 2 m 

(Fig. 1). Both numerical and volumetric distributions indicate monomodal particle 

distribution. The numerical distribution is characterized by: d(0.1) = 0.27 m, d(0.5) = 

0.40 m and d(0.9) = 0.73 m. 

 

Fig. 1. Volumetric and numerical particle size distribution of the commercial sample Re2S7 

 after the six-minute ultrasound action 
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Figure 2 presents the volumetric particle size distribution of rhenium sulphide 

synthesized according to the Junfeng et al. procedure. As can be seen the radius of 

particles is from 3 to 50 m. Because during the Junfeng et al. (1999) synthesis of 

rhenium sulphide the precipitation of elementary sulphur takes place and kinetics of 

precipitation of rhenium sulphide and sulphur is fast, so it is difficult to control the 

precipitation process. In the following experiments sulphur was removed by 

dissolution in ether. In several runs 1.16 g of precipitate was produced and it was 

washed with 400ml of ether. From the mass loss (0.5731 g) it was calculated that the 

content of elementary sulphur in the sample was 49%. After sulphur removal the 

rhenium sulphide sample was subjected to the particle size analysis (Fig. 2). 

 

Fig. 2. Particle size distribution of the rhenium sulphide sample after sulphur washing 

Table 2. Quantities characterizing the particle size distribution of the rhenium sulphide sample after 

washing with ether and stabilized with the pharmaceutical gelatine solution (2.3 mg/ml) 

V 

ml 

Dose  

mg/g 

d(0.1) 

m 

d(0.5) 

m 

d(0.9) 

m 

0 0 1.27 3.24 10.62 

3 138 1.09 2.43 6.62 

6 276 0.84 1.76 3.74 

10 460 2.62 91.66 162.5 

20 920 0.86 2.02 18.08 

Washing the obtained precipitate with ether changed the grain size distribution 

increasing the contribution of smaller aglomerates. Repetition of syntheses and 

washings with ether resulted in similar distribution of grain size as shown in Fig. 2.  
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Analyzing the particle size distribution in Fig. 3 and the quantities characterizing 

the particle size distribution in Table 2 one can see that the optimal dose for 

suspension stabilization is 276 mg/g. When this dose is larger the steric aggregation 

process is observed. When it is lower the gelatine stabilization process is not 

sufficiently efficient. 

 

Fig. 3. Particle size distribution of the rhenium sulphide sample stabilized with gelatine 

 

Fig. 4. Particle size distribution of the rhenium sulphide sample stabilized with Povidone K-25 
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Table 3. Quantities characterizing particle size distribution  

of rhenium sulphide sample after washing with ether 

 and stabilizing with Povidone K-25 (1.9 mg/ml) 

V [ml] Dose mg/g 
d (0.1) 

m 

d (0.5) 

m 

d (0.9) 

m 

0 0 1.27 3.24 10.62 

3 114 0.89 1.92 6.62 

6 228 0.90 1.44 2.31 

10 380 0.87 1.39 2.21 

20 760 0.92 1.48 2.39 

 

Application of 228 mg/g dose of the Povidone K-25 resulted in the shift of 

suspension particle size distribution towards smaller particle size, d (0.5) = 1.4 m. 

Like for gelatine, this dose was sufficient for dispersion of rhenium sulphite 

aggregates due to steric stabilization. However, compared to other stabilizers the 

essential difference was that successive increase in the Povidone K-25 dose did not 

cause suspension destabilization and the obtained particle size distribution of the 

sample remained unchanged. 

 

Fig 5. FTIR spectra of rhenium sulphide samples 

Figure 5 presents the FTIR ATR spectra of the commercial rhenium sulphide 

sample and the sample prepared by synthesis. The commercial sample is characterized 
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by vibration bands at the wave numbers 1109.1, 1018.05, 922.5 and 863.25 cm
–1

. The 

stretching vibrations (the bond Re-O) are responsible for the band at 863.25 cm
–1 

( Luo 

et al., 2004), whereas stretching (v) vibrations of hydrosulphite ions are responsible 

for the band at 1109.1 cm
–1 

(Herlinger and Long, 1969). The bands at 1018.05 and 

922.5 cm
–1

 result from the stretching vibrations of S-O groups in S2O5
2–

 (Townsend et 

al., 2012). In the case of the sample prepared by the synthesis, the bands at 1166.1 and 

1042.05 cm
–1

 formed due to stretching bonds in the sulphate group are visible (Peak et 

al.,1999). 

Zeta potential 

Figure 6 presents the change of the zeta potential of the commercial rhenium sulphide 

as a function of pH and electrolyte concentrations. As can be seen the potential 

decreases with the increasing pH and the background electrolyte concentration. 

However, within the given background electrolyte concentration the difference in the 

zeta potential is only about 15 mV. It should be mentioned that for all concentrations 

the zeta potential is negative which is characteristic of most metal sulphides because 

sulphide surface is rather easily oxidized which results in the presence of acidic groups 

and low pHiep. The point pHiep determined by extrapolation from the dependence 

of zeta potential on pH has the value of about 2. A similar shape of zeta potential as 

a function of pH and electrolyte concentration was observed for the zinc 

sulphide/NaCl solution system (Zhang et al., 1995). The charge formation at the 

sulphide/solution interface comes from the acid-base reactions of the =SH and =ZnOH 

groups as well as desorption/adsorption of Zn
2+

 ions (Rönngren et al., 1991). 

 

Fig. 6. Dependence of ζ potential of commercial rhenium sulphide  

in NaCl solutions as a function of pH 
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Fig. 7. Dependence of ζ potential of synthetic rhenium sulphide  

in NaCl solutions as a function of pH 

Figure 7 presents the dependence of zeta potential of synthetic rhenium sulphide on 

pH in NaCl solutions of different background electrolyte concentrations. Like in the 

case of commercial rhenium sulphide the decrease in the zeta potential value with the 

increasing pH is observed. However, contrary to the commercial rhenium sulphide, the 

background electrolyte concentration in the case of the synthetic one has a stronger 

effect on the zeta potential value. In the case of the synthetic rhenium sulphide sample 

there were found surface sulphate groups (Fig. 5), formed due to oxidation of the 

sulphide surface, but sulphate ions can readily pass into the solution (Gärd et al., 

1995). However, these ions can take part in the surface group complexation reaction 

and compete with the adsorption of background electrolyte ions. It was shown that 

copper sulphide oxidation results in the increasing zeta potential value as the hydrogen 

sulphate groups are replaced on the sulphide surface with the hydroxyl groups 

(Fullston et al.,1999). In the case of rhenium sulphide, rhenium oxide formed due to 

oxidation is characterized by acidic properties pHiep = 4.22 (Luxton et al., 2011). Thus 

stronger dependence of zeta potential on the electrolyte concentration, as in the case of 

many oxides, was observed for synthetic rhenium sulphide. As in the case of synthetic 

sulphide, sulphate groups were found which can form surface complexes with rhenium 

hydroxyl groups and in which sulphate ion can be exchanged into chloride ion of the 

background electrolyte. Thus, synthetic rhenium sulphide can exhibit dependence on 

pH and electrolyte concentration. 
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Conclusions 

Synthesis of rhenium sulphide through the reaction of potassium perrhenate with 

sodium thiosulphate in the acidic medium leads to the preparation of the rhenium 

sulphide and sulphur mixture. In order to obtain pure sulphide it is necessary to 

remove sulphur by its dissolution in ether. To obtain rhenium sulphide in the form of 

dispersion of the grain sizes 0.5–4 m it requires dispersion stabilization using 

Povidone K-25. The extrapolated pHiep value of synthetic rhenium sulphide is 2.3 for 

0.001 mol/dm
3
 NaCl. As for the commercial sample the extrapolated value pHiep is 

lower than 2. The synthetic sample exhibits stronger dependence of the zeta potential 

on the background electrolyte concentration than the commercial one due to surface 

oxidation during synthesis and/or purification. 
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Abstract: Treating chalcopyrite flotation concentrates by hydrometallurgical techniques seems to be the 

most convenient method for leaching copper due to concerns over air pollution and regulations regarding 

the emission of sulfur dioxide that result from smelting. In this study, the leaching recovery-time 

trajectories of bulk chalcopyrite concentrate obtained from a flotation plant in the Kastamonu region of 

Turkey are presented. The effects of various parameters were elucidated in the nitrous-sulfuric acid 

electrolyte (CNaNO2:0.05 M–0.15 M, CH2SO4:1 M) at a moderate temperature (80–120 °C). A high level of 

copper recovery (98%) from bulk chalcopyrite concentrate was obtained under a total pressure of 6 atm at 

120°C within 2 h when using small amounts of nitrite species due to their autocatalytic behavior in acidic 

solutions. The kinetics were well correlated with the shrinking core model for the diffusion controlled 

mechanism with an apparent activation energy of 34.06 kJ·mol–1. Elemental sulfur was the primary 

leaching product on the mineral surface, as confirmed using XRD and SEM/EDX. The semi-empirical 

equation explaining the reaction rate under the present conditions was expressed as follows:  
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TeCXX
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Keywords: chalcopyrite, pressure leaching, nitrogen species, kinetics  

Introduction 

Concerns over air pollution and strict environmental regulations regarding the 

emission of sulfur dioxide, combined with the increased demand of treating complex 

chalcopyrite ores and concentrates with high recoveries, have led to the development 

of hydrometallurgical processes as alternatives to smelting. Advances in construction 

materials, successful implementation of autoclave technology and development of 

http://www.minproc.pwr.wroc.pl/journal/
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more efficient mills for the fine or ultrafine grinding of sulfides have made 

chalcopyrite concentrate leaching more reliable and cost-competitive (Wang, 2005). 

In the last two decades, although some hydrometallurgical processes have been 

conducted at the lab/pilot scale, only a few have been built at the plant scale (Corrans 

and Angove, 1993; Dreisinger et al., 2003; Jones, 1996; Kofluk and Collins, 1998; 

Dreisinger et al., 2002; Stanley and Submanian, 1977; Ferron et., 2001; Marsden et al., 

2003). Typically, most of these methods promote the oxidation of copper from 

chalcopyrite concentrate in the presence of several species such as ferric ions, ferrous 

ions, cupric ions, silver ions, bacteria, pyrite and oxygen (Dixon et al., 2008; 

Dreisinger and Abed, 2002; Dutrizac et al., 1969; Hackl et al., 1995; Hirato et al., 

1987; Hiroyoshi et al., 2000; Linge, 1976; Miller and Portillo, 1979; Munoz et al., 

1979). 

Sulfuric acid processing with the addition of a small amount of nitrogen species 

has been employed for a long time in some industrial applications. The first patented 

commercial process by Sunshine Precious Metals (Idaho, USA) used a sulfuric and 

dilute nitric acid mixture to leach silver- and copper-bearing ores (Caldon, 1978). 

Subsequently, “nitric acid” leaching was practiced under various process acronyms 

such as NSL (Brennecke et al., 1981), NITROX (Van Weert et al., 1986), ARSENO, 

and REDOX (Beattie et al., 1989). More recently, a novel process involving nitrogen 

species-catalyzed pressure leaching (NSC) was commissioned and performed 

successfully on an industrial scale at Sunshine Precious Metals (Anderson et al., 1992; 

Anderson et al., 1993). It was reported that silver and copper were successfully 

recovered from a complex sulfide concentrate at temperatures between 145°C and 

155°C and at a total pressure of 7 atm (Ackerman et al., 1993). The NSC pretreatment 

process was proposed as a potential alternative process capable of being performed at 

“modest” process temperatures and pressures (125-170°C and 6-10 atm) and with a 

lower oxygen demand (associated with the partial oxidation of sulfide to zero-valence 

sulfur). The process employs sulfuric acid to achieve high proton activity, oxygen/air 

as the primary oxidant, and a low concentration of nitrite, which, in a broad sense, acts 

in a “catalytic” role (Baldwin and Van Weert, 1996; Anderson, 2003). The reasons for 

favoring nitrogen species are (i) they are powerful oxidizing agents, (ii) the NOx gases 

produced (NO, NO2, etc.) remove other reaction products from the mineral surfaces, 

(iii) high temperatures increase the reaction rates, and (iv) the oxidant can be 

regenerated autocatalytically. 

Reaction Sequence of Chalcopyrite Dissolution 

The complex chemistry of chalcopyrite leaching in acidic nitrite electrolyte can be 

explained based on data (Gok and Anderson, 2013) for the CuFeS2-H2SO4-NaNO2-

H2O system as follows:  
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 CuFeS2 + 8NaNO2 + 6H2SO4  

= CuSO4 + FeSO4 + 2NO2(g) + 6NO(g)+ 4Na2SO4 + 2S
o 
+ 6H2O (1) 

 2FeSO4 + 2NaNO2 + 2H2SO4 = Fe2(SO4)3 + Na2SO4 + 2NO(aq) + 2H2O. (2) 

In that study, it was found that both nitric oxide (NO(g)) and nitrogen dioxide 

(NO2(g)) were most likely to be generated as products of chalcopyrite leaching with 

nitrite. During the oxidation, in addition to NO(g) and NO2(g), the system may contain a 

number of other nitrogen compounds (HNO2, N2O4, NO2
-
, N2O3, HNO3 and

 
NO3

-
) that 

have various catalytic activities. Nitrous acid (HNO2) has been predicted to be the 

most kinetically reactive form when nitrite salt is introduced into the acidic solution. 

The two-step disproportionation reaction mechanism of HNO2 to NO(g) and NO2(g) has 

been described by Eqs. 3-5 (Park and Lee, 1988).  

 NaNO2(aq) + H
+
 = HNO2(aq) + Na

+ 
         K = 2.51 × 10

3
 (3) 

 4HNO2(aq) = 2N2O3(g) + 2H2O;       K = 4.29 × 10
3

 M
2

·atm (4) 

 2N2O3(g) = 2NO(g) + 2NO2(g);       K = 1.91 atm. (5) 

The convincing work by Markovitz et al. (1981) showed that the rate of homolysis 

of N2O3(g) to NO(g) and NO2(g) was much greater than hydrolysis to HNO2. Nitric oxide 

is more likely to be in the gas phase due to its lower solubility and is re-oxidized to 

HNO2 in the oxidizing environment (Awad and Stanbury, 1993), as indicated in Eq. 6. 

Nitrogen dioxide immediately reacts with water to form two oxyacids, nitric acid and 

nitrous acid (Kameoka and Pigford, 1977), according to Eq. 7. The cyclic NOx 

redistribution mechanism is completed by this equilibrium, and only one fourth of the 

initial amount of nitrous acid is lost. Finally, all of the nitrogen species that evolve in 

the electrolyte from the nitrite salt, except NO(g), are oxidized to nitrate (NO3

) (Gok, 

2009). 

 2NO(aq) + ½ O2(aq) + H2O → 2HNO2(aq)  (6) 

 2NO2(g) + H2O = HNO3(aq) + HNO2(aq);       K = 1.81 × 10
8
 M

2
·atm

–1
. (7) 

The reaction scheme explained above takes into account both the steady-state 

absorption of NOx gases into the electrolyte and the disproportionation reactions. 

These non-elementary reaction steps also give a more complete understanding of the 

regeneration process.  

The present study provides an extensive investigation into the leaching kinetics of 

copper from bulk chalcopyrite concentrate in nitrous-sulfuric acid with an emphasis on 

the roles of temperature, initial nitrite concentration, and particle size, which have not 

been sufficiently studied from a theoretical or practical point of view. 
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Material and Methods 

Materials 

Experiments were implemented with bulk concentrate obtained from the Küre 

Copper Concentrator Plant, Eti Bakır A.Ş., Kastamonu-Turkey, where CuFeS2–ZnS-

FeS2 complex ore is treated. The chemical and mineralogical compositions of the ‘‘as-

received’’ bulk concentrate are presented in Table 1. 

Mineralogical analyses performed by scanning electron microscopy (SEM) coupled 

with energy dispersive spectroscopy (EDS) and X-ray diffraction of the bulk 

concentrate revealed that the sample contained mainly chalcopyrite with sphalerite, 

pyrite and small amounts of bornite. The primary gangue mineral was quartz. 

Chemical analyses by atomic absorption spectrometry (AAS) in conjunction with the 

mineralogical findings were used to determine mineralogical composition. 

Table 1. Results of the chalcopyrite concentrate head sample assay 

Chemical Analysis Mineralogical Analysis 

Element % Mineral % 

Cu 11.21 CuFeS2 28 

Fe 32.36 Cu5FeS4 3 

Zn 5.10 ZnS 8 

S 36.8 FeS2 51 

Co 0.06 SiO2 4 

Pb 0.02 CaO 0.35 

Ag (g/t) 27   

Experimental Procedure 

Experiments were conducted using a Parr 1 L 4520 M model vertical reactor 

constructed from titanium and controlled to within ±2 °C using a Parr 4843 model 

temperature controller. Typically, the vessel was charged with electrolyte containing 

NaNO2, H2SO4 and 5% w/v pulp density bulk chalcopyrite concentrate. Sodium nitrite 

immediately dissociated to produce nitrous acid in acid solution as described in Eq. 3. 

The experiments were initiated by introducing nitrite salt into the electrolyte at 

a concentration of 0.05–0.15 M. The system was then pressurized with oxygen on 

a continuous basis to maintain a total pressure of 6 atm. The temperature of the 

solution was varied over the range of 80–120 °C and the reaction sustained for 2 h. 

The initial sulfuric acid concentration was 1.0 M and the reaction was mixed well by 

stirring at 400 rpm by a magnetically driven twin impeller. Samples from each 

experiment were taken at the selected time intervals and analyzed using an atomic 

absorption spectrophotometer (Analytik Jena NovaA 300). XRD and SEM analyses 

were performed using a Rigaku Miniflex II diffractometer with Cu Kα radiation and a 

JEOL JXA-733 Superprobe, respectively. The particle size (d80) of the received 
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samples, determined from measurements on an HORIBA/Partica LA-950V2 Particle 

Size Analyzer, was 35 μm. Ultrafine milling of the as-received material to 15 μm was 

performed using a ball mill. The size of the product was confirmed by particle size 

analysis. 

Results and Discussion  

Effects of parameters  

The influence of the concentration of nitrite on copper recovery was investigated using 

an electrolyte containing various initial sodium nitrite concentrations in the range of 

0.05 M–0.15 M at 120 °C. The results are plotted in Fig. 1. Although the recovery-

time curves overlapped during the first 15 min, the reaction rates were enhanced after 

the dissociation of nitrite into NO2(g) and NO(g) in acidic electrolyte. Additionally, the 

in situ regeneration of NOx during the dissolution process minimized the need to add 

additional exogenous nitrite over the course of the reaction.  

 

Fig. 1. Effect of the nitrite concentration on copper recovery. Initial electrolyte conditions:  

 
42SOHC  =1 M, dmean = 15 µm, T = 120C, Ptot = 6 atm  

The extraction of copper at various temperatures (80–120 °C) was implemented in 

the electrolyte containing 0.10 M NaNO2 and 1 M H2SO4 as depicted in Fig. 2. Copper 

recovery was enhanced by increasing temperature; 90% extraction was obtained at 

120 °C, whereas only 60% copper extraction was obtained at 80 °C within 2 h. This is 

likely due to slower dissolution kinetics as temperature decreases due to the increasing 

viscosity of molten sulfur (Papangelakis, 2005).  
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Fig. 2. Effect of the temperature on copper recovery. Initial electrolyte conditions:  

2NaNOC = 0.10 M, 
2 4H SOC = 1 M, dmean = 15 µm, Ptot = 6 atm 

In this study, a set of grinding tests were performed to determine the effect of 

particle size on copper recovery. Tests were performed for three different particle sizes 

(35 μm, 25 μm, and 15 μm) at 120 °C under a total pressure of 6 atm. The results are 

illustrated in Fig. 3. Reducing the material size significantly increased copper recovery  

 

Fig. 3. Effect of the particle size of concentrate on copper recovery. Initial electrolyte conditions: 

2NaNOC = 0.10 M, 
2 4H SOC = 1 M, T = 120C, Ptot = 6 atm  
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(from 70% to 90%). These findings revealed that this is a classic heterogeneous 

reaction system in which the larger surface area due to the smaller particle size has a 

beneficial effect. Similar behavior has been reported for the nitric-sulfuric acid system 

(Anderson et al., 1991). Researchers have explained that this type of dramatic 

improvement in conversion is usually indicative of a reaction controlled by diffusional 

effects. Less encapsulation of the particle in molten sulfur could be observed by 

grinding the material to increase its total surface area. Size reduction also enables 

more copper to be solubilized by generating more NO and NO2 gas according to the 

reaction shown in Eq. 1. 

Kinetic Analysis 

A non-catalytic heterogeneous reaction model was conducted to evaluate the kinetic 

parameters and the rate-controlling step of the chalcopyrite dissolution in acidic nitrite 

solutions. The rate controlling step of the reaction between solid particles and 

electrolyte can be due to one of the following: external diffusion of the reactant 

through the boundary layer of the fluid surrounding the particle, reaction on the 

surface between the fluid reactant and the solid, or internal diffusion of the reactant 

through the reaction products on the particle (Levenspiel, 1972; Mazet, 1992). Three 

shrinking core models were tested to better understand the leaching mechanism of 

chalcopyrite in acidic nitrite solutions (Aydogan et al., 2005; Levenspiel, 1972): 

 t
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         (ash diffusion control). (10) 

Rate constant values and their correlation coefficients in these models are 

presented in Table 2. Detailed analysis of the data revealed that diffusion through the 

product layer is the limiting step in the dissolution reaction. Therefore, subsequent 

linearization of the values obtained from temperature-, particle size- and nitrite 

concentration-related experiments was performed by the model equation 1 – 2/3X – (1 

– X)
2/3

 = kdt. The model plots for nitrous acid concentration and temperature are given 

in Fig. 4 and Fig. 5. Apparent rate constants k1 and k2 were found from the slopes of 

the straight lines.  
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Table 2. Apparent rate constants and correlation coefficients for shrinking core model 

 Surface chemical reaction 

1 – (1 – X)1/3 

Diffusion through product layer 

1 – 2/3X – (1 – X)2/3 

 kr (min–1) R2 kd (min–1) R2 

Concentration (M)     

0.05 0.0035 0.7019 0.008 0.9768 

0.075 0.0044 0.8199 0.012 0.9840 

0.10 0.0052 0.8238 0.016 0.9830 

0.15 0.0066 0.9008 0.023 0.9902 

Particle Size (mm)     

0.035 0.0035 0.8203 0.0008 0.9812 

0.025 0.0039 0.8014 0.0010 0.9798 

0.015 0.0052 0.8238 0.0016 0.9830 

Temperature (K)     

353 0.0026 0.8411 0.0005 0.9939 

363 0.0031 0.8031 0.0007 0.9928 

373 0.0038 0.8032 0.0010 0.9860 

383 0.0045 0.8377 0.0013 0.9890 

393 0.0052 0.8238 0.0016 0.9830 

 

  

Fig. 4. Plot of the shrinking core model for the 

effect of nitrite concentration on the reaction rate 

Fig. 5. Plot of the shrinking core model for the the 

effect of temperature on the reaction rate 

When temperature is selected as a variable factor, activation energy of the leaching 

reaction can be calculated by the expression below. The value of activation energy, Ea, 

and the pre-exponential factor, A, are estimated to be 34.06 kJ·mol
–1

 and 56.26 min
–1

, 

respectively, from Fig. 6. 
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 RT
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   (11) 

Typically, low activation energy (<20 kJ·mol
–1

) confirms the presence of 

a diffusion-controlled system (Jackson, 1982). However, Baba et al. (2009) and 

Olanipekun (1999) have claimed that some diffusion-controlled reactions have 

unexpectedly high activation energies (Tsuchida et al., 1982; Baba and Adekola, 

2010).  

 
 

Fig. 6. Plot of parabolic leaching rate constants  

vs. inverse of temperature (Arrhenius plot) 

Fig. 7. Determination of reaction order for  

chalcopyrite dissolution in acidic nitrite electrolyte 

It should be noted that in some instances the rate controlling mechanism of the 

heterogeneous dissolution process can be predicted better from the kinetic equations 

rather than the activation energy. Aydogan et al. (2007) demonstrated that a diffusion-

controlled process is slightly dependent on temperature, while the chemically 

controlled process is strongly dependent on temperature. Researchers found the 

activation energy to be 42.26 kJ·mol
–1

 in the range of 27–60 °C for the Turkish galena 

concentrate in 0.5 M HNO3 and 1.0 M H2O2 electrolyte. Based on discussions in 

literature and the correlation coefficients given in Table 2, it was concluded that the 

dissolution mechanism is controlled by diffusion through the product layer. 

The effect of nitrite concentration on the reaction rate was investigated from a plot 

of ln k1 vs. ln CHNO2. The slope of the plot (Fig. 7) reveals that the reaction order is 

0.96 with respect to nitrous acid. Aydogan et al. (2007) obtained a similar reaction 

order for leaching in nitric acid and hydrogen peroxide. 

To elucidate the rate-determining step for this study, kinetic curves (presented in 

Fig. 3) were linearized by means of Eq. 10. Generally, if diffusion controls the 

reaction rate, there is a linear relation between the apparent rate constant, k3, and the 
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reciprocal of the square of particle radius, 1/r0
2
. A linear dependence between k and 

1/r0
2
 values is observed in Fig. 8 which confirms that diffusion through the product 

layer is the rate-limiting step for this process.  

A semi-empirical model describing the effects of the reaction parameters on the 

rate constant of the reaction can be written as follows:  

 RT

E

b
o

a
od

a

eCkk



  . (12) 

Combining Eqs. (11) and (12), the following equation is obtained: 

 teCkXX RT

E

b
o

a
o

a

 3

2

)1(
3

2
1   (13) 

  

Fig. 8. Dependence of rate constant 

 on particle size radius 

Fig. 9. Determination of constant b  

in semi-empirical model equation 

The constant a was estimated to be 0.96 from the slope of the line in Fig. 7. The 

order of the initial particle radius, b, was found to be –0.83 from the ln k vs. ln γo plot 

in Fig. 9. Substituting the values of a, b, and Ea into Eq. 13, the value of ko is 

calculated to be 56.53·10
–4

. Hence, the proposed model equation to describe 

chalcopyrite leaching in acidic nitrite electrolyte is described as follows: 

 teCXX T
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  . (14) 
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The agreement between experimental results and theoretical calculations (Eq. 13) 

was tested (Fig. 10). The correlation is reasonably satisfactory and suggests that Eq. 

14 can be used to predict the leaching rate for the ranges of particle size, acid 

concentrations and temperatures used in this study. 

 

Fig. 10. Correlation of the observed and estimated values of reaction rate constants 

Characterization of Solid Residue 

Chemical (AAS) and physical analyses (SEM and XRD) were performed to explain 

the behavior of the sulfide concentrate during the leaching of chalcopyrite with nitrite. 

Chemical analyses of the solid residue indicated that during the first hour most of the 

pyrite and sphalerite were leached. The dissolution of chalcopyrite, pyrite and 

sphalerite over time can also be observed from the XRD analyses of the head sample 

(Fig. 11a) and residues obtained after 2 h (Fig. 11b). SEM micrographs and X-ray 

diffraction spectra revealed non-conductive sulfur layers and quartz to be the major 

components. The micrographs and spectra of product layers formed on the particle 

surface are presented in Fig. 11 and Fig. 12 for the optimum chalcopyrite dissolution 

conditions: 0.10 M NaNO2, 1 M H2SO4 at 393 K. As the sulfur layer builds, it impedes 

the reaction so that diffusion through the product layer is a major reaction barrier. 

However, it is clear that the formation of elemental sulfur does not hinder the reaction 

within two hours at higher temperatures. 
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Fig. 11. XRD patterns of (a) bulk concentrate, (b) 

solid residue at 120 °C after 2 h. In the figure:  

Ch = chalcopyrite, P = pyrite, Sp = sphalerite,  

B = Bornite, S = Sulfur, Q = Quartz 

Fig. 12. SEM micrographs of solid residue at 120 °C 

after 2 h at magnification 1500× 

Conclusions 

The kinetics of dissolution of bulk chalcopyrite concentrate in acidic nitrite 

electrolyte have been investigated in the temperature range of 80–120 °C. On the basis 

of the results provided by the experiments, the following can be concluded. 

 An increase in nitrite concentration from 0.05 M to 0.15 M caused a significant 

increase in leaching from 72% to 98% over the course of 120 min. 

 The dissociation products of nitrous acid, NO and NO2, were realized during the 

withdrawn of the liquid samples. The rapid extraction of copper from the complex 

mineral matrix with such small amounts of nitrite revealed that NO reacted with 

oxygen to regenerate HNO2. Accordingly, nitrous acid could follow a second 

reaction path by reacting with a nitrate ion, reducing the nitrate to form NO2 and 

water. The key intermediate product of the reaction, nitrous acid, serves both to 

reduce nitrate and to oxidize NO. Overall, more nitrous acid is produced than 

consumed. 



 Leaching kinetics of copper from chalcopyrite concentrate in nitrous-sulfuric acid 411 

 The leaching of chalcopyrite concentrate with a particle size of 15 μm in nitrite-

containing solutions had a high reaction rate. Over 98% of the copper was 

dissolved in 120 min at 120 °C. Pyrite and sphalerite were completely dissolved 

within 120 min, as confirmed with X-ray diffraction measurements.  

 The extraction of copper obeyed a shrinking core model with a diffusion-controlled 

mechanism in which the diffusion through the product layer was the rate-limiting 

step. The value of activation energy was calculated to be 34.06 kJ·mol
–1

 and the 

reaction order with respect to nitrite concentration was 0.96. This is consistent with 

the following semi-empirical relation:  

 teCxXX T
o

7.4096
83.096.0

NaNO
43

2

2
1053.56)1(

3

2
1


  . 

 The results of the post-leaching process indicated the presence of a residue 

containing elemental sulfur and quartz as its major constituents. This was 

confirmed by both X-ray diffraction spectra and SEM micrographs. 
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Nomenclature 

a order of sodium nitrite concentration 

A pre-exponential factor (min–1) 

b order of particle diameter 

bl stoichiometric coefficient 

CA  bulk concentration of the fluid (mol·m–3) 

CNaNO2 initial concentration of sodium nitrite 

(M) 

DB  effective diffusion coefficient (m2·s–1) 

EA  activation energy (kJ·mol-1) 

kd  apparent reaction rate constant (min−1) 

kg rate constant of film diffusion  

k0  constant of semi-emprical equation  

kr  rate constant of surface reaction  

K equilibrium constant 

r0  radius of unreacted core (mm) 

R  universal gas constant (J.mol–1·K–1) 

t reaction time (min) 

T temperature (K) 

X  fractional conversion 

ρB molar density of B in the solid (mol.m-3) 

γ0 initial size of solid particle (mm) 
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