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URANIUM POST-MINING WASTES AS A POTENTIAL  
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FOR NUCLEAR ENERGY PLANTS 
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1  Laboratory of Environmental Pollution Analysis, Faculty of Biology, University of Warsaw, Miecznikowa 1, 
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Abstract: Biotechnology is an effective and environmental friendly method of waste utilization and poor 
refractory ores exploitation, well known since 1949 and successfully developed in many countries: Spain, 
Bulgaria, USA, and Sweden. Biotechnology opens the possibility to obtain uranium as by-product in rare 
element recovery process (eg. Co, Au, Re, Rh, Pt) and positively affects the economic efficiency of tech-
nology. The research program of biological exploitation of waste and poor ores in Poland is presented. 
Microbial consortia able to oxidize iron under neutral and acidic conditions (Fe concentration in ore is 
1.8–3.4%) are isolated and developed during project realization. 

Key words: uranium, bacteria, bioleaching, solid waste 

Introduction 

Uranium is commonly found in very small amounts in environment. All isotopes and 
compounds of U are toxic and radioactive. The average U concentration in the earth’s 
crust is about 1.7–2.0 mg/kg (Kabata-Pendias and Mukherjee, 2007) and can be re-
leased to the surface and ground waters from rocks and ores by dissolution and de-
sorption or by diffusion. 

Soils of Poland contain average amounts of U at the value of 1.6 mg/kg (lowland) 
and up to >10 mg/kg in the mountain soils (Sudety Mts). Uranium is a basic fuel for 
nuclear power plants and U production was estimated at the level of 53.66 Gg (giga-
grams) (ESA Annual Report 2010). 

The uranium exploration and exploitation in the South-West Poland (Lower Silesia 
District) was carried out since 1925 when the first 9 Mg of uranium ore were mined of 

http://www.minproc.pwr.wroc.pl/journal/
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which 690 mg of radium was extracted and mining was developing to 1962 and about 
704 Mg of U was derived (Adamski, 2000). Nevertheless the old subsurface mines, 
piles and dumps are still involved in the geochemical cycle of the area. The dumping 
of mineral wastes containing 11 mining residues of radionuclides and heavy metals 
and their influence on the environment is a problem in many mining regions. Leaching 
of uranium and radionuclides is a serious environmental problem in many countries 
(Baranowski and Bozau, 2006; Kalinowski et al., 2004; 2006).  

According to Piestrzynski et al. (1996) mined uranium ores explored in the Lower 
Silesia region were polymetallic and contained: pitchblende, uraninite, autunite, me-
tautunite, uranocircite, torbernite, metatorbernite, uranophane, sklodowskite, gummite, 
fourmarierite and libiegite. Investigations of the influence of mining activity on the 
natural environment revealed the local-scale radioactive contamination limited to the 
dumps and their nearest vicinity at four localities: Kowary-Podgorze, Radoniów, Ko-
paniec and Kletno. It is worth mentioning that some fragments of uranium ores con-
tain up to 0.15 wt.% of U in the dump material. However, the content of uranium de-
posited in piles and dumps remains completely unrecognized although it may be a 
source of this element recovered by biotechnology. 

Exploitation of refractory ores and uranium post-mining wastes in Poland is con-
sidered as reserve source of uranium for nuclear power plants. The Frame Program of 
Activities for Nuclear Energy predicts the recognition of different way of uranium 
source exploitation including the use of biotechnology. Uranium ores in Poland con-
tain approximately 250 to 1100 mg/kg U and the total hypothetical amount of uranium 
in Poland was estimated at 0.1 Gg. Average demand of uranium for 1 GW energy is 
calculated at the level 180 Mg and it was estimated that projected Polish nuclear plants 
need about 32.4 Gg uranium during sixty years of exploitation (Miecznik et al., 2011) 

Upper Carboniferous and Lower Permian rocks (Grzmiąca, Wambierzyce and 
Okrzeszyn deposits) and origin of sandstone type uranium deposits are located in the 
Lower Zechstein mineralization in Fore-Sudetic Monocline, Poland and in the Region 
of Wałbrzych and Jelenia Góra. The studies revealed that in the Lower Zechstein min-
eralization the chief carriers of radioactive elements (U and Th) are organic com-
pounds occurring in shale (Kupferschiefer) and shale in Zechstein sandstone conglom-
erate, and that thorium appears only in trace amounts. Maximum U contents in shale 
are 163 ppm. The only exceptions are samples with large secretion-type concentra-
tions of thucholite. In one of them the U content was as high as 0.89%. Average ura-
nium concentration in Grzmiąca deposit is 540 mg/kg and the total uranium content is 
calculated at the level of 670–820 Mg and in Okrzeszyn deposit about 937 Mg (Solec-
ki et al., 2011). Uranium content in other sandstone type deposits was calculated at the 
level of 1.1 Gg. 

Preliminary studies carried out in the first stage of project “Meeting the Polish nu-
clear power engineering’s demand for fuel – fundamental aspects” which is realized in 
the frame of strategic research program “Technologies Supporting Development of 
Safe Nuclear Power Engineering” were focused on sampling of refractory ores and 
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uranium post-mining wastes deposited in dumps and piles in Lower Silesia region. 
The concentration of U and Th, Cu, Co, Mn, Zn, La, Yb, Mo, Ni, Sb and Fe was esti-
mated using ICP-MS technique after acid digestion of mineral sample in high pressure 
microwave digestion system or alkali fusion. Results received for uranium and iron 
from the richest dumps are presented in Table 1. 

Table 1. Uranium concentration, pH and dose rate in materials deposited 
 in selected piles of Kłodzko and Jelenia Góra Valleys 

No. Sample pH µS/h  
Background 

µS/h 
U  

mg/kg 
Fe  

mg/kg  

1. Grzmiąca 4.2–5.8 0.51–1.94 0.14 20.5–112,8 23978–35556 

2. Okrzeszyn 6.1 2,5 0.22 86,3–130 20300–3600 

3. Kletno 5.8–7.0 0.20–0.61 0.22 4.82–62.3 46000 

4. Bobrowniki 5.2 1 0.22 143 58500 

5. Dziećmorowice 6.9 0.77 0.22 195 26900 

6. Radoniów 5.8–6.0 1.5–4.4 0.22 306–801 18700–25200 

7. Kromnów 5.7 4.2–16.8 0.22 2261 20200 

8. Kopaniec 6.1 2.8 0.22 733–2400 65800 

9. Wojcieszyce 4.6 1.7 0.22 193 27800 

 

These preliminary results clearly show that material deposited in dumps may be 
useful for bioleaching (biotechnological) processes. 

Biotechnology is an effective and environmental friendly method of waste utiliza-
tion and poor refractory ores exploitation, well known since 1949 and successfully 
developed in many countries: Spain, Bulgaria, USA and Sweden. Biotechnology 
opens the possibility to obtain uranium as by-product in rare element recovery process 
(eg. Co, Au, Re, Rh, Pt) and positively affects the economic efficiency of technology 
(Chmielewski et al., 2002).  

The known industrial applications of uranium ores/waste bioleaching are based on 
chemical-bacterial leaching, percolation leaching, mine waters biotransformation and 
heap/dump leaching. Bioleaching technique could be and practically is economic on 
an industrial scale when using materials containing below 0.03% U3O8.  

Bacterial leaching of uranium is a two-step process (Figs 1 and 2). First, pyrite bi-
oleaching is carried out, then the product of this process leaches the uranium 
ore/material. All applied industrial technologies are carried out in acidic environment 
but bioleaching processes on large laboratory scale in neutral or slightly alkaline pH 
were described. The main microorganisms used in these processes belong to the genus 
Acidithiobacillus, Leptospirillum and Sulfobacillus. Other microorganisms including 
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heterotrophs, fungi (e.g. Penicillium sp.) and yeasts (e.g. Rhodotorula sp.) are useful 
in this process. All mentioned microoganisms show high tolerance to heavy metals 
ions as well as uranyl ions (Munioz et al., 1995; Chmielewski et al., 2002).  

 

Fig. 1. Direct and indirect bacterial leaching of uranium 

The efficiency of bacterial bioleaching processes can reach 98% of metal content. 
Some species of fungi are able to leach uranium in indirect way (Fig. 1). This process 
was described by Mishra et al. (2009) for the ore of Jaduguda, Bhatin and Nawapahar 
of UCIL India. The strains isolated from mine water were used for in situ leaching of 
mainly oxide low grade uranium ore of Turamdih mine containing 0.03% U3O8. The 
maximum recovery of 71% uranium was obtained with the strain Cladosporium ox-
ysporum. The other two strains belonging to Aspergillus flavus and Curvularia clavata 
gave 59% and 50% of metal recovery, respectively, from the same ore. 

We have isolated and developed 25 microbial consortia able to oxidize iron under 
neutral and acidic conditions (Fe concentration in ore is 1.8–3.4%) during realization 
of the mentioned strategic project. Microbial consortia active in neutral pH were able 
to acidification of culture. The 8 most active consortia were chosen for further ex-
periments and they were able to acidify the environment from pH =7.0 to < 3.0 in 14 
days. 
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Fig. 2. Comparison of chemical and bacterial leaching process 

 

Fig. 3. The 8 most active consortia after Denaturing Gradient Gel Electrophoresis (DGGE). A – Microbial 
consortia active in neutral pH were able to acidification of culture and acidify ore/waste suspension from 

pH =7.0 to < 3,0 in 14 days. B – Consortia able to grow in acidic condition in pH 1.5–2.5 

The most active consortia in both acidic and neutral pH were isolated from the  
Kromnów dump which contains the richest uranium material (up to 2261 mg/kg, Ta-
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ble 1). Three unidentified species can be distinguished in microbial consortia active in 
neutral pH and 4–6 species in consortia growing in acidic conditions (Fig. 3). 
Bioleaching efficiency reached during preliminary experiments was: 
• in neutral pH – up to 30% of uranium content in ore/waste, 
• in acidic conditions without any amendments 90% 
and efficiency of chemical leaching with sulphuric acid was 10–60% of uranium con-
tent in ore/waste without bacteria. 

Conclusions 

The presented results are preliminary and they were received during the first 4 months 
of project realization. However, they seem to be very promising for biotechnological 
application. The biometallurgy technique has to be considered for some low small and 
specific grade sources because of its efficiency and low environmental impact if it is 
used cautiously under well described environmental condition. Moreover, this tech-
nique may be used for environment reclamation in post-mining areas. The economic 
efficiency may be significantly improved by the recovery of rare metals present in 
wastes and ores. The economic risk of development of new biotechnology of micro-
bial leaching of the substrate for nuclear fuel production is lowered by the alternative 
use of recovered uranium for production of UO2/UO3 catalyst based on nanoparticles 
produced by microorganisms under anaerobic conditions. 
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Abstract: The industrial dumping sites located in the southern provinces of Poland pollute groundwaters 
with metals. In the article, the possibility of groundwater (polluted by metals) treatment with the use of 
Permeable Reactive Barrier Technology has been presented. In this technology, the contaminants are 
removed from the aquifer by a flow of the groundwater through a PRB filled with a special reactive mate-
rial. The wastewater (which simulated groundwater) circulated through the column filled with zero-valent 
iron in the laboratory tests. During the tests, the treatment processes proceeded. Chromium, copper, 
nickel, cobalt, lead, cadmium and zinc, occurring in the water as cations and anions, have been removed 
in the iron bed. The rapid metal removal has likely occurred due to the reduction and precipitation/co-
precipitation and/or due to adsorption onto the iron metal surface or/and onto the iron corrosion products. 
Barium Ba2+ was the only metal, which has not been removed from the wastewater in the column. A rapid 
decrease of the redox potential and oxygen concentration as well as an increases of the pH value and 
stabilizations have also been observed during the flow of water through the column. Due to the Fe/Fe2+ 
half reaction during the treatment processes, the iron concentration has increased as well.  

Key words: remediation, dumping site, groundwater, PRB Technology, metals 

Introduction  

In the southern provinces of Poland, there are plenty of industrial dumping sites for 
the hard coal and non-ferrous metal ores mining as well as dumps resulting from the 
manufacture of non-ferrous metals. They affect the quality of ground and surface wa-
ter. The leachate from these dumping sites may contain following elements: As, Ba, B, 
Cd, Cu, Cr, Pb, Li, Mo, Ni, Rb, Sr, Tl, U, Zn (Twardowska et al., 2004; Pasieczna et 
al., 2008; 2010a; 2010b; Pasieczna and Kowalska, 2010; Nowak, 2008; Jarosiński et 
al., 2006, Suponik, 2012). An efficient removal of heavy metals as well as radionu-

http://www.minproc.pwr.wroc.pl/journal/
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clides and arsenic was achieved by the multibarrier presented in the study of Groudev 
et al. (2007).  

In the article the possibility of the removal of Ni, Ba, Zn, Co, Cr, Cd, Pb and Cu 
from the groundwater with the use of zero-valent iron (ZVI, Fe0) using Permeable 
Reactive Barrier (PRB) Technology has been presented. The application of ZVI for 
cationic and anionic metals removal has been investigated (Wilkin and McNeil, 2003; 
Rangsivek and Jekel 2005; Li and Zhang 2007; Fiore and Zanetti 2009; Puls et al., 
1998; Meggyes et al., 1998). The main mechanisms suggested in these papers are re-
duction and precipitation/co-precipitation, and adsorption.  

The results of the research on the copper removal from wastewater has also been 
presented elsewhere (Suponik, 2009). Cu2+ is characterized by a higher standard elec-
trode potential than Fe0, hence iron displaces this hazardous cation from groundwater:  

 0 0
4 4Fe CuSO FeSO Cu+ → + . (1) 

This reaction (called cementation) is a well known in hydrometallurgy (Ekmekya-
par et al., 2012). The reaction proceeds under condition that:  

 2+ 2+Fe/Fe Cu/CuU U<  (2) 

where UFe/Fe2+ is the standard electrode potential (ORP), V.  
It was assumed in the paper that, cationic and anionic metals such as Ni2+, Cd2+, 

Pb2+, Co2+ and Cr2O7
2–, HCrO4

–, CrO4
2–, may probably be removed from groundwater 

when the zero-valent iron is used as a reactive material in a permeable reactive barrier, 
as all these ions are characterized by a higher standard electrode potential than iron 
(Fe0). Finally, these metals may be precipitated out by a reactive material as Ni0, Cd0, 
Pb0, Co0 and CrxFe(1–x)OOH (see reaction 4) (Puls et al., 1998), Cr(OH)3 and Cr2O3 
(ITRC, 2011).  

Chromium(VI) is very toxic, whereas chromium(III) is slightly toxic and is easy to 
precipitate. Hence, the reduction of chromium(VI) into chromium(III) is the reaction 
which allows to remove it from groundwater (Suponik, 2011). The overall reaction for 
the hexavalent chromium, which occurs in water (under typical ground water pH and 
ORP conditions) as an oxyanion in the form of CrO4

2– or as Cr2O7
2– can be presented 

as (Meggyes et al., 1998):  

 CrO4
2– + Fe0 + 8H+ → Fe3+ + Cr3+ + 4H2O. (3) 

In a further step, iron and chromium are precipitated as chromium(III) hydroxides 
or chromium-iron hydroxide solid solutions (Puls et al., 1998): 

 (1–x)Fe3+ + (x)Cr3+ + 2H2O → Fe(1 – x)CrxOOH + 3H+. (4) 

In accordance with Wilkin and McNeil (2003), when the value of pH is lower than 
7, the process which causes the cationic metals removal is the adsorption onto the iron 
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surface or onto the iron corrosion products, whereas if a neutral or an alkaline pH con-
dition occurs in the groundwater, the precipitation of carbonate species will provide 
different types of sorption surfaces and a potential for metals coprecipitation.  

According to the study of Li and Zhang (2007), the sorption/surface complex for-
mation 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 met-
als with a greatly more positive and slightly more positive ORP than that of iron, is 
respectively the reductive precipitation, and the sorption and/or reductive precipita-
tion. In the research presented in the paper of Li and Zhang (2007), the nanoscale 
zero-valent iron has been used as a reactive material for the removal of metal cations 
in water. The article also includes a claim that as the pH of the groundwater passing 
through zero-valent iron substantially increases (e.g. reactions 5 and 6), the precipita-
tion of metal hydroxides may play an important role in the immobilization of metals – 
the following hydroxides are characterized by low solubility product: Cu(OH)2, 
Pb(OH)2, Cd(OH)2, Ni(OH)2, Co(OH)2, Zn(OH)2, Ba(OH)2.  

The primary goal of this study was to assess the possibility of the treatment of the 
groundwater, contaminated by dumping sites located in the provinces of southern Po-
land. The zero-valent iron used as a reactive material in PRB Technology has been 
applied for that purpose.  

Materials and methods  

The laboratory tests carried out to determine the possibility of groundwater treatment 
were conducted in a glass column (Fig. 1) packed with scrap iron taken from a ma-
chining plant and with coarse sand located at the bottom of the column. The wastewa-
ter has been made to circulate through the column from bottom to top with the use of 
a peristaltic pump (type ZALIMP PP1B-05A) and during that time the treatment proc-
esses occurred. Fabric filters made by TAMFELT Co., were placed between the sand 
and the iron, on the bottom of the column and on the top of the iron bed (between iron 
and cork). The wastewater Darcian velocity used in the tests amounted to 0.02 m/day, 
0.19 m/day and 0.50 m/day. These values corresponded to the groundwater velocity 
under industrial dumping sites located in southern Poland (the information has been 
obtained from the technical documentations of several dumping sites). This way, the 
conditions in column corresponded to the aquifer under the dumping sites in southern 
Poland.  

Since the results of the tests for each velocity were similar the values for the Dar-
cian velocity amounting to 0.50 m/day, were presented in the article.  

There were seven sampling points in the installation in order to draw wastewater 
out and to take measurements. The wastewater (synthetic) was prepared by mixing 
distilled water (20 dm3) with 108 mg CuSO4⋅5H2O, 82 mg CoCl2, 84 mg NiSO4⋅7H2O, 
140 mg BaCl2⋅2H2O, 228 mg ZnSO4⋅7H2O, 20 mg K2CrO4, 36 mg CdSO4⋅8/3H2O and 
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28 mg PbCl2. This way, the allowable concentration of chemicals in the simulated 
 

 

Fig. 1. Installation for simulation of flow and treatment processes of contaminated  
groundwater in reactive barrier; 1, 2, 3, 4, 5, 6, 7 – sampling points  

groundwater has been exceeded within the meaning of legal regulations (Journal of 
Laws of 2009 No. 27 item 169). Since the pH of the groundwater under the dumping 
sites for the hard coal mining and non-ferrous metal ores mining, and for the manufac-
ture of non-ferrous metals is respectively slightly acidic and rather neutral or alkaline 
(in southern Poland), it has not been purposely changed in the laboratory tests. The 
quantitative analysis of chemicals were carried out for:  
 Cr6+, UV-Vis Spectrophotometer DR5000 HachLange – 1,5-diphenylcarbo-

hydrazide method; method 8023 of Hach Co.; test results are measured at 540 nm;  
 Cutotal, UV-Vis Spectrophotometer DR5000 HachLange – bicinchoninate method; 

method 8506 of Hach Co.; test results are measured at 560 nm;  
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 Cototal, UV-Vis Spectrophotometer DR5000 HachLange – 1-(2-pyridolozo)-2-
naphthol (PAN) method; method 8078 of Hach Co.; test results are measured at 
620 nm; 

 Nitotal, UV-Vis Spectrophotometer DR5000 HachLange – 1-(2-pyridolozo)-2-
naphthol (PAN) method; method 8150 of Hach Co.; test results are measured at 
560 nm;  

 Ba2+, UV-Vis Spectrophotometer DR5000 HachLange – turbidimetric method; 
method 8014 of Hach Co.; test results are measured at 450 nm;  

 Zntotal, UV-Vis Spectrophotometer DR5000 HachLange – zincon method; method 
8009 of Hach Co.; test results are measured at 620 nm;  

 Cdtotal, JY 2000 Spectrometer – Inductively Coupled Plasma Atomic Emission 
Spectroscopy method (ICP-AES);  

 Pbtotal, 2000 Spectrometer – Inductively Coupled Plasma Atomic Emission 
Spectroscopy method (ICP-AES);  

 Fetotal, UV-Vis Spectrophotometer DR5000 HachLange – FerroVer method; 
method 8008 of Hach Co.; test results are measured at 510 nm;  

 SO4
2–, UV-Vis Spectrophotometer DR5000 HachLange – SulfaVer 4 method; 

method 8051 of Hach Co.; test results are measured at 450 nm;  
 Cl–, UV-Vis Spectrophotometer DR5000 HachLange – Mercuric Thiocyanate 

method; method 8113 of Hach Co.; test results are measured at 455 nm.  
Concentrations of the Ni, Co, Cu, Zn, Cd, Pb metals in the wastewater, which was 

prepared by adding metal compounds to distilled water, were measured in a spectro-
photometer and a spectrometer as a total value: Nitotal, Cototal, Cutotal, Zntotal, Cdtotal, 
Pbtotal. Since there were no metals speciation (at the beginning) in the wastewater other 
than the Ni2+, Co2+, Cu2+, Zn2+, Cd2+, Pb2+ cations, the removal of the metals in the 
second oxidation state has been assessed in the article.  

The pH, ORP, dissolved oxygen (DO), conductivity and temperature are important 
parameters that are easily monitored during column tests and are good indicators of 
conditions created by ZVI. They were measured for: a) pH, PORTAMESS 913 pH 
with SenTix 4 electrode1; b) ORP, PORTAMESS 913 pH with POLYPLAST ORP 
electrode; c) conductivity and temperature, PORTAMESS 913 Cound, d) concentra-
tion of DO, PORTAMESS 913Oxy with oxygen SE 302 probe.  

The scrap iron is easily available in large quantities at a reasonable price. It should 
have a high content of iron metal (>90%), low carbon content (<3%), and nonhazard-
ous levels of leachable trace metal impurities (ITRC, 2011). It must be free of any 
surface coating (oils or grease) that inhibit its reactivity.  

Both sand and iron (in the form chips and swarf, Fig. 2) were cleaned before using 
them to fill the column. The sand was cleaned with the use of distilled water, whereas 
iron was first cleaned with a thinner (painter’s naphtha), dried in the moisture teller, 
and then, just before the application, cleaned with distilled water. Both materials were 
then carefully packed into the column.  
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The measurements have begun just after the achievement of a steady state in the 
column, i.e. after the wastewater in the column had been changed ten times. 

 

Fig. 2. Zero-valent iron Fe(0) used in laboratory tests 

Table 1 presents the grain-size distribution of scrap iron used in the column test. 
The maximum size of the iron grain amounted to 4 mm. The material used in the size 
determination and in the measurements of the hydraulic parameters (Table 2) has also 
been cleaned with thinner (painter’s naphtha) and dried in a moisture teller.  

For a correct measurement of iron density (according to Polish Standard PN-88/B-
04481), benzene (analytically pure) was applied in the test and a pycnometer with 
a sample was heated in a water bath (distilled water did not penetrate the measured 
material and lumps of iron were created in the pycnometer). The hydraulic conductiv-
ity of the reactive material was measured with the use of Kaminski’s pipe method, 
while the bulk density and the effective porosity were determined in accordance with 
the Polish PN-88/B-04481 standard and King’s method respectively (Pazdro et al., 
1990; Wieczysty, 1982).  

Table 1. Particle size distribution of zero-valent iron used in column test  

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 

Table 2. Parameters of zero-valent iron 

Reactive material parameters, unit  Value  
Hydraulic conductivity, m/s 4.47⋅10–4 
Density, g/cm3 7.85 
Bulk density, g/cm3 1.96 
Effective porosity, – 0.46 
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Results and discussion  

The scrap iron used in the tests shows an ability to create reductive conditions in 
a glass column and as a result, to remove cationic and anionic metals present in 
wastewaters in the following oxidation states: Cr6+, Cu2+, Ni2+, Co2+, Pb2+, Cd2+, Zn2+ 
(Table 3). In the present of iron, between the 1st and 2nd sampling point, the pH in-
creased quickly as a result of the reactions 5 and 6 (reaction 6 proceeds slowly): 

 −+ +→++ OH4Fe2OH2OFe2 2
22

0  (5) 

 −+ ++→+ OH2HFeOH2Fe 2
2

2
0  (6) 

This potential increased from 6.44 in the first sampling point to reach 7.98 in the 
second point. Following that, it slowly decreased at the remaining points.  

Similar values of sulphates (SO4
2– decreased very slowly in the iron bed, Table 3) 

and a small increase of pH in the column showed that the metals did not precipitate (or 
they precipitated to a small degree) in the form of sulphides or hydroxides. Therefore, 
the reductive precipitation and/or the adsorption on iron surface or on the iron corro-
sion products were probably the groundwater (contaminated with metals) treatment 
mechanisms.  

In accordance with Table 3, reaction 5 proceeded quickly, evidenced by the fact 
that both DO and the ORP dropped quickly as the wastewater entered the iron mate-
rial. The value of ORP and DO for the 1st and the 7th sampling points amounted to 
ORP1 = 186 mV; DO1 = 7.25 mg/l and ORP7 = –70 mV; DO7 = 4.59 mg/dm3 respec-
tively. These parameters decreased gradually.  

The significant decrease of metals occurred already at the lower part of the iron bed 
– between the 1st and the 2nd sampling points. Low concentrations of the metals were 
still observed at the second point, while there was no evidence of any of the observed 
metals – except barium – at the 3rd sampling point. Its concentration kept a similar 
value at all points of the installation presented in Fig. 1. The half reaction of barium 
Ba/Ba2+ is characterized by a lower standard electrode potential than Fe/Fe2+, which 
explains the treatment difficulty of water contaminated with barium in the 2nd oxida-
tion state. Zinc, at the same time, is also characterized with a lower standard electrode 
potential than Fe0 and was completely removed in the lower part of the iron bed. It 
might have been precipitated out in the form of hydroxide – Zn(OH)2 (pH increased 
slightly, Table 3) or, more probably, adsorbed on the iron surface, what was suggested 
by Li and Zhang (2007): 

 O2H4Fe4HO4Fe 2
3

2
2 +→++ +++ . (7) 

According to reactions 1 taking place in the system, and also reaction 7, the waste-
water should be richer in Fe2+ and Fe3+ respectively, at the next sampling points.  
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Table 3. The results of the research carried out in the installation presented in Fig. 1 

Values for the following sampling points 
Parameter, unit  

1 2 3 4 5 6 7 

pH 6.44 7.98 7.83 7.90 7.80 7.66 7.74 
ORP, mV 186 121 95 64 –3 –38 –70 
Conductivity, mS/cm 0.1507 0.1621 0.1999 0.381 0.720 0.904 1.040 
DO, mg/dm3 7.25 6.13 5.26 5.09 4.54 4.77 4.59 
Temp., oC 17.8 18.2 18.3 17.7 17.8 17.8 17.6 
Cr6+, mg/dm3 0.202 0.005 <0.001 <0.001 <0.001 <0.001 <0.001 
Cu2+, mg/dm3 1.27 0.05 <0.04 <0.04 <0.04 <0.04 <0.04 
Ni2+, mg/dm3 0.841 0.013 <0.006 <0.006 <0.006 <0.006 <0.006 
Co2+, mg/dm3 1.772 <0.006 <0.006 <0.006 <0.006 <0.006 <0.006 
Ba2+, mg/dm3 5.0 5.5 4.5 5.0 6.0 5.5 5.0 
Pb2+, mg/dm3 0.985 0.122 <0.005 <0.005 <0.005 <0.005 <0.005 
Cd2+, mg/dm3 0.695 0.005 <0.001 <0.001 <0.001 <0.001 <0.001 
Zn2+, mg/dm3 2.79 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Fetotal, mg/dm3 <0.02 5.05 6.89 7.60 10.80 14.51 15.84 
SO4

2–, mg/dm3 14 13 12 13 12 11 12 
Cl–, mg/dm3 8.8 8.2 9.5 8.2 9.1 9.9 8.2 

 
The total concentration of iron increased from <0.02 mg/dm3 (detection limit in the 

spectrophotometer) in the untreated water, to 15.84 mg/dm3 at the 7th sampling point. 
A higher value of conductivity at successive points has also confirmed the increase of 
the iron concentration. The conductivity increased from 0.1507 mS/cm in the raw 
wastewater to 1.040 mS/cm at last measuring point (Table 3). The above means that 
reactions 1, 5, 6 and probably others, proceeded quickly while the wastewater has 
been flowing through the column.  

To some degree, the temperature increase in the wastewater flowing through ZVI 
has also confirmed the occurrence of the 1, 3, 5, 7, and probably 8, 9, 10, 11 reactions: 

 0
44

0 NiFeSONiSOFe +→+  (8) 

 0
22

0 CoFeClCoClFe +→+  (9) 

 0
22

0 PbFeClPbClFe +→+  (10) 

 0
44

0 CdFeSOCdSOFe +→+ . (11) 

The temperature of the wastewater in the column increased from 17.8oC at the 1st 
sampling point to 18.3oC at the 3rd point, and then dropped to the value of 17.8oC ± 
0.1oC at the remaining points (4, 5, 6, 7). The increase of the temperature in the lower 
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part of the column probably occurred due to the negative enthalpy of reactions 1, 3, 5, 
7 as well as 8, 9, 10 and 11, which could have caused (among others) the removal of 
cationic and anionic metals (Ni, Co, Cr, Cd, Pb, Cu) from the water and the increase 
of the iron concentration (Fe2+, Fe3+) in it. The decrease of temperature at remaining 
sampling points (4, 5, 6, 7) occurred due to the air temperature in the laboratory which 
was 17.6oC ± 0.2oC.  

Conclusions  

The industrial dumping sites in the southern provinces of Poland pollute groundwater 
with metals. Most of them may be removed with the use of zero-valent iron in the 
PRB Technology. In accordance with the results presented in the article, the cationic 
and anionic forms of Cr6+, Cu2+, Ni2+, Co2+, Pb2+, Cd2+, Zn2+ have been removed. Bar-
ium (Ba2+) was the only assessed metal which remained in the wastewater after the 
treatment processes in the column. Rapid metals removal occurs most 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.  

As a result of the treatment processes in the column, a significant decrease of ORP 
(from 186 mV to –70 mV) and DO (from 7.25 mg/dm3 to 4.59 mg/dm3) and an in-
crease of pH from ca. 6.5 up to ca. 7.8 occurred in the wastewater. At the same time, 
due to the Fe/Fe2+ and Fe/Fe3+ half reactions, the iron concentration (and the conduc-
tivity) increased. These reactions to a some degree, have confirmed the reduction and 
precipitation/coprecipitation of metals (reactions 1, 3, 8, 9, 10, 11), while also con-
firming the reduction of O2 and H2O (reactions 5, 6). Moreover, a significant increase 
of conductivity between the 1st and 7th sampling point showed that when iron was 
oxidized, the reductions of substances other than metals occurred (e.g. O2).  

Since the temperature of wastewater increased (from 17.8oC to 18.3oC) in the lower 
part of the iron bed, the exothermic processes in the wastewater can be assumed to 
occurred. The reactions of cationic and anionic forms of metals (Ni, Co, Cr, Cd, Pb, 
Cu) removal and the reactions of oxygen reduction have a negative enthalpy.  

In order to check the mechanisms of the groundwater treatment with zero valent-
iron and to assess the type of the treatment processes (reductive precipita-
tion/coprecipitation or adsorption), the changes in the oxidation states of metals in the 
wastewater flowing through the column should be analysed.  
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Abstract: Results of investigation of physical, chemical and energetic properties of steam and coking 
coal slurries deposited in twenty Polish impoundments are presented in the paper. Coal slurry was sam-
pled in accordance with a certain procedure from different locations and depths at each impoundment 
whereas laboratory investigation was performed on averaged samples. The performed investigation in-
clude determination of chemical composition, moisture content, volatile matter, sulfur and calorific value 
at various states. Additionally, properties of coal slurry of particle size below 0.1 mm are presented. The 
average content of this fraction is approximately 62% and ranges at individual impoundments from 28 to 
79%. An average calorific value in analytical state of coal slurries deposited in impoundments in the 
fraction below 0.1 mm is rather high (12.01 MJ/kg on average) in comparison to the average calorific 
value of impoundments in analytical state i.e. 16.4 MJ/kg. Average ash and sulfur contents of the coal 
slurries in analytical state is on average: 42.5% and 1.0% respectively. Transient moisture content of coal 
slurries in the analytical state is on average 22%, whereas the average volatile matter content is 20.0% 
Chemical composition is typical for coal tailings with low Al2O3 and TiO2 content. The results indicate 
considerable variations in the quality of coal slurries deposited in different impoundments due to different 
geology of coal deposits of the mines. For individual impoundment these differences are smaller which is 
demonstrated by a lower variation in the standard deviation. 

key words: coal slurry, tailings, chemical composition, impoundments 

1. Introduction 

Coal industry generates wastes during exploration, mining and processing of coal. 
Several studies indicate that the waste generated during coal production accounts for 
40% of the total amount which is extracted. The amount of waste which is produced 
depends on the type of deposit, mining technology, mine planning, processing tech-
nology and increasing customers quality requirements for the final product. In the case 

http://www.minproc.pwr.wroc.pl/journal/
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of coal, 94% of the waste consists of tailings i.e. waste which is generated during coal 
preparation. Such material is separated in coal preparation plants. 

As a result of coal beneficiation, the following wastes are produced: coarse (200–
20 mm), fine (20–0.5 mm), coal slurry and post-flotation mud with particle size of <1 
(0.5) mm. Up to the thirties, i.e. the time of development and introduction of froth 
flotation technology, small size gangue was difficult to remove using conventional 
beneficiation methods. Its presence was significantly lowering the quality of coke. 
Therefore, particles smaller than 1 mm were treated as waste. The same situation was 
observed in the case of steam coal as it was impossible to burn small particles in 
stoker-fired boilers. Due to that fact coal slurry was stored on the surface in impound-
ments or ponds. Studies to recover coal from the waste material deposited in such 
impoundments are currently a subject of investigation due to high energetic potential 
(Miao et al. 2010, Anaç and Gitmez 2010). Coal slurries deposited in impoundments 
are hazardous for the environment as well. A recent helicopter electromagnetic sur-
veys to identify potential hazards at coal waste impoundments in West Virginia was 
conducted by Hammack et al. (2010). The present paper concerns investigation of fine 
particle size tailings which were deposited in impoundments years ago. Fifty nine 
impoundments were identified and twenty nine were selected for thorough investiga-
tion of steam and coking coal slurry quality. Sample from the impoundments were 
collected according to the methodology developed at the initiation of the work. Sam-
pling was done from the bore-holes drilled in the impoundments. 

2. Investigation of coal slurry properties 

Identification of coal slurry properties is crucial for the selection of a proper separation 
method (O’Brien et al. 2010). First stage of tests for averaged samples, i.e. samples 
that were mixed from all of the bore-holes in one impoundment was devoted to 
chemical composition analysis of the coal slurry. In the project, determination of the 
selected metals content as well as water leachate composition derived from compres-
sive strength tests was done. After that, for each delivered sample, the following qual-
ity analysis were performed: 
 transient moisture content Wex and hydroscopic moisture content Wh, 
 ash content: analytical Aa, as received Ar and on dry basis Ad, 
 sulfur content: analytical St

a, as received St
r and on dry basis St

d, 
 volatile matter content: analytical Va, as received Vr and on dry basis Vd, 
 calorific value: analytical Qa, as received Qr and on dry basis Qd. 

After quality analysis, the particle size and density analysis were performed for av-
eraged samples. For each particle size fraction and density fraction, the following pa-
rameters were determined: 
 fraction yield,  
 hydroscopic moisture content Wh, 
 ash content: analytical Aa and on dry basis Ad, 
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 sulfur content: analytical St
a and on dry basis St

d, 
 volatile matter content: analytical Va and on dry basis Vd, 
 calorific value: analytical Qa and on dry basis Qd. 

The tests were performed in accordance with appropriate standards and procedures 
(Szpyrka and Lutyński 2012, Witkowska-Kita et al. 2012)  

3. Results of coal slurry analysis  

Sample chemical composition tests results are shown in Table 1. The rest of quality 
analysis results are presented in Tables 2 to 7. 

Table 1. Results of basic chemical composition analysis of coal slurries deposited in impoundments  

Content, % 
Impoundment  

SiO2 Al2O3 TiO2 Fe2O3 CaO MgO K2O Na2O C P2O5 
1 49.26 5.32 0.02 0.46 0.02 0.84 1.86 0.32 22.50 0.001 
2 49.23 5.91 0.12 1.29 0.03 0.53 1.86 0.32 22.50 0.001 
3 54.16 9.09 0.04 1.00 0.03 0.72 2.79 1.34 19.00 0.008 
4 55.69 9.28 0.02 0.84 0.03 0.77 2.98 0.79 15.53 0.003 
5 40.79 7.22 0.07 0.81 0.01 0.88 2.52 1.31 26.50 0.015 
6 28.88 7.70 0.17 0.95 0.03 0.97 2.66 0.90 25.45 0.006 
7 33.16 5.69 0.026 1.03 0.03 0.99 2.57 0.81 23.05 0.007 
8 42.49 6.32 0.03 0.73 0.02 1.20 1.35 0.81 11.15 0.001 
9 45.16 6.89 0.03 0.70 0.01 0.93 1.23 0.81 11.58 0.002 
10 53.48 7.26 0.04 0.64 0.02 0.44 1.93 0.67 31.6 0.001 
11 51.23 6.74 0.03 0.71 0.02 0.35 1.93 0.66 30.25 0.002 
12 58.96 6.24 0.04 0.68 0.02 0.40 1.35 0.66 31.80 0.001 
13 54.60 5.66 0.02 1.42 0.09 0.49 1.34 0.44 26.05 0.002 
14 63.96 5.61 0.01 1.13 0.12 0.48 2.77 0.62 17.54 0.001 
15 54.66 7.10 0.01 1.46 0.12 0.90 1.83 0.48 21.50 0.003 
16 43.05 9.22 0.02 1.77 0.03 0.56 1.23 0.40 25.00 0.003 
17 51.46 6.68 0.02 0.81 0.10 0.99 1.49 0.48 25.04 0.001 
18 42.77 5.57 0.02 1.43 0.14 1.12 1.35 0.41 23.25 0.003 
19 42.57 4.80 0.02 1.46 0.13 1.20 1.19 0.39 30.05 0.001 
20 33.57 6.38 0.02 1.61 0.11 0.74 1.23 0.41 25.65 0.002 

average 47.46 6.73 0.04 1.05 0.06 0.77 1.87 0.65 23.25 0.04 
Standard dev. 9.11 1.29 0.04 0.38 0.05 0.27 0.82 0.29 5.94 0.01 

 
In Tables 2 and 3 the results of analysis of sixteen and twenty two samples col-

lected from two impoundment are presented. Samples were collected from different 
locations and depths of the impoundment. 
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In Tables 4, 5 and 6 a summary of coal slurry properties is presented as statistical 
average and their standard deviations for twenty two impoundments. Table 4 shows 
results of transient and hydroscopic moisture content analysis of coal slurries. In Table 
5 quality parameters for analytical state are presented, whereas in Table 6 these pa-
rameters are presented on the “as received” basis. 

The particle size analysis of coal slurries confirmed previous investigations that the 
majority of particles is in the fraction below 0.1 mm. In the case of coal slurries from 
each impoundment, 62.27% of particles is in the fraction below 0.1 mm and ranges for 
particular impoundments from 27.90 to 78.93% with standard deviation of 14.26%. In 
three impoundments the share of this fine fraction was below 50%.  

Due to that fact, an in-depth analysis of this fraction was performed. Results of 
these analyses (see Table 7) are crucial due to the possibility of upgrading of this frac-
tion as a high quality component of coal mixes (Figure 1). An in-depth study of coal 
slurry beneficiation from these impoundments was investigated by Szpyrka and 
Lutyński, 2012. 

Table 4. Transient moisture content and hydroscopic moisture content in coal slurries at impoundments 

Impoundment 

Transient  
moisture  
content 

[%] 

Standard dev.  
of transient  

moisture content 
 [%] 

Hydroscopic moisture 
content 

[%] 

Standard dev.  
of hydroscopic 

moisture content 
[%] 

1 24.75 3.94 7.00 0.29 
2 27.69 1.32 7.92 0.40 
3 23.05 1.79 5.25 0.73 
4 20.69 1.99 3.73 0.97 
5 19.47 2.42 4.66 2.40 
6 22.61 4.86 5.71 1.21 
7 27.25 4.19 2.15 0.40 
8 11.69 6.79 1.77 1.60 
9 17.66 3.58 1.27 0.19 
10 18.57 3.66 1.69 0.22 
11 18.77 2.46 1.58 0.11 
12 17.28 4.72 1.66 0.11 
13 25.01 0.92 1.14 0.12 
14 24.53 2.57 2.23 0.22 
15 34.48 3.85 3.17 0.77 
16 22.45 3.98 1.23 0.31 
17 24.67 1.58 1.29 0.07 
18 25.45 1.36 1.04 0.08 
19 24.63 1.07 1.20 0.12 
20 23.67 1.60 1.25 0.17 

average 22.70 – 2.85 – 
standard dev.   4.92 – 2.13 – 
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Table 5. Quality parameters summary for analytical state of coal slurry at impoundments 

Impound-
ment 

Ash  
content  

[%] 

Ash  
content  
standard 
deviation

[%] 

Sulfur 
content  

[%] 

Sulfur 
content 
standard 
deviation 

[%] 

Volatile 
matter 
content  

[%] 

Volatile 
matter 
content 
standard 
deviation 

[%] 

Calorific 
value 

[MJ/kg] 

Calorific 
value 

standard 
deviation 
[MJ/kg] 

1 27.47 2.99 1.90 0.84 28.50 4.32 15.10 1.51 
2 32.98 2.58 0.72 0.03 23.85 0.41 15.65 0.83 
3 41.36 1.41 0.86 0.10 21.31 1.25 14.81 0.58 
4 63.96 9.06 0.57 0.16 14.38 2.55 9.33 2.05 
5 63.04 17.76 0.64 0.25 14.39 5.47 10.07 2.75 
6 49.48 5.39 0.88 0.34 18.50 1.76 13.30 2.41 
7 60.43 10.56 0.70 0.20 16.41 3.13 9.27 3.50 
8 45.90 12.59 2.98 1.27 18.01 2.23 14.88 5.98 
9 58.34 8.24 2.26 0.67 14.29 1.17 12.30 2.80 
10 28.41 4.23 0.95 0.11 23.47 1.33 22.81 1.54 
11 26.98 3.46 0.95 0.15 23.77 0.75 23.29 1.44 
12 27.89 0.32 0.97 0.13 23.79 0.71 22.94 0.59 
13 47.22 2.55 0.59 0.11 18.89 0.29 15.81 0.94 
14 31.84 4.51 0.79 0.13 23.85 1.25 20.83 2.07 
15 53.79 5.17 1.21 0.19 16.99 1.52 12.05 1.50 
16 42.86 13.10 1.09 0.38 16.89 2.30 17.80 5.35 
17 37.59 1.44 0.94 0.08 20.64 0.87 19.40 0.65 
18 35.22 1.28 0.97 0.02 21.54 0.40 20.35 0.84 
19 37.33 1.29 0.92 0.06 20.72 0.54 19.67 0.77 
20 38.83 5.88 0.94 0.15 20.16 2.12 18.89 1.83 

average 42.55 – 1.09 – 20.02 – 16.43 – 
standard 
deviation 12.28 – 0.60 – 3.85 – 4.52 – 
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Fig. 1. Average calorific value (at analytical state) of coal slurry at individual 
 impoundment in comparison with fraction <0.1 mm 
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Table 6. Quality parameters summary on “as received” basis of coal slurry at impoundments  

Impound-
ment 

Ash 
content  

[%] 

Ash con-
tent stan-
dard de-
viation 

[%] 

Sulfur 
content  

[%] 

Sulfur 
content 
standard 
deviation 

[%] 

Volatile 
matter 
content  

[%] 

Volatile 
matter 
content 
standard 
deviation 

[%] 

Calorific 
value 

[MJ/kg] 

Calorific 
value 

standard 
deviation 
[MJ/kg] 

1 24.31 3.37 1.58 0.73 23.49 4.25 12.38 0.67 
2 26.46 1.94 0.58 0.01 19.14 0.61 12.55 0.61 
3 34.01 1.69 0.70 0.07 17.53 1.33 12.18 0.57 
4 53.11 7.60 0.48 0.14 11.95 2.14 7.74 1.67 
5 53.68 15.08 0.55 0.22 12.26 4.70 8.59 2.37 
6 40.99 3.88 0.74 0.31 15.40 1.94 11.09 2.32 
7 45.46 10.20 0.52 0.13 12.24 1.73 6.87 2.27 
8 41.91 13.53 2.71 1.26 16.22 2.59 13.12 4.66 
9 49.00 8.53 1.91 0.62 11.92 0.71 10.21 1.98 

10 23.55 3.20 0.79 0.10 22.47 1.33 18.98 1.73 
11 22.36 3.05 0.79 0.13 19.69 0.87 19.29 1.29 
12 23.55 1.62 0.81 0.06 20.05 0.70 19.35 1.06 
13 35.95 1.95 0.45 0.09 14.38 0.30 12.04 0.73 
14 24.81 4.26 0.61 0.12 18.51 0.78 16.16 1.39 
15 37.00 4.78 0.83 0.16 11.65 1.04 8.26 0.97 
16 33.62 11.40 0.86 0.35 13.05 1.58 13.65 3.63 
17 28.79 1.08 0.72 0.06 15.82 0.89 14.87 0.68 
18 26.62 0.89 0.73 0.02 16.28 0.57 15.39 0.76 
19 28.59 1.25 0.70 0.04 15.87 0.47 15.06 0.46 
20 30.18 5.11 0.73 0.12 15.62 1.56 14.63 1.27 

average 34.19 – 0.88 – 16.18 – 13.12  
standard 
deviation 10.12 – 0.55 – 3.54 – 3.72  

4. Conclusions 

The following can be concluded taking into account the obtained results: 
 chemical composition of coal slurries is typical for fine particle tailings of coal 

(Blaschke, 2005; Grudziński, 2005; Strzyszcz and Łukasik, 2008). Low Al2O3 and 
TiO2 content is a departure from the literature data, 

 average calorific value in analytical state of coal slurries deposited in impound-
ments ranges from 9.26 to 23.29 MJ/kg with standard deviation ranging from ±0.58 
to ±5.98 MJ/kg, 

 average ash content in analytical state of coal slurries deposited in impoundments 
ranges from 26.98 to 63.96% with standard deviation ranging from ±1.28 to 
±17.76%, 
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 average sulfur content in analytical state of coal slurries deposited in impound-
ments ranges from 0.57 to 2.98%. with standard deviation ranging from ±0.03 to 
±1.27%, 

 average transient moisture content of coal slurries deposited in impoundments 
ranges from 11.69 to 34.48%. with standard deviation ranging from ±1.07 to 
±4.89%, 

 average hydroscopic moisture content of coal slurries deposited in impoundments 
ranges from 1.04 do 7.92%. with standard deviation ranging from ±0.07 to ±2.40%, 

 average volatile matter content in analytical state of coal slurries deposited in im-
poundments ranges from 14.29 do 28.50%. with standard deviation ranging from 
±0.40 to ±5.47%, 

 particle size analysis of coal slurries revealed that the majority of particle is in the 
fraction below 0.1 mm. On average, 62.27% of particles has a size below 0.1 mm 
and ranges from 27.90 to 78.93% for particular impoundments with standard devia-
tion of ±14.26%. In three impoundments this share is below 50%, 

 average calorific value in analytical state of coal slurries deposited in impound-
ments in fraction below 0.1mm is rather high (12.01 MJ/kg on average) and ranges 
from 1.68 to 18.70 MJ/kg with standard deviation of ±4.58 MJ/kg, 

 particle size fraction <0.1 mm has a higher ash and sulfur content.  
Presented results indicate considerable variations in the quality of coal slurries de-

posited in different impoundments which is obvious taking into account different ge-
ology of coal deposits of the mines. At individual impoundment these differences are 
smaller which is demonstrated by the lower variation in the standard deviation.  

Qualitative and quantitative analyses of coal slurries deposited in impoundments 
demonstrate a significant energetic potential which can be utilized by applying proper 
upgrading technology.  
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Abstract: Stainless steel production generates solid wastes such as dust and sludge that are considered as 
harmful in most industrial countries. Today dusts are recycled in separate treatment plants as these dusts 
contain valuable metals such as alloying elements. A direct recycling of dust back to steel production is 
hindered due to the presence of elements, especially zinc, that cause operational difficulties in the 
stainless steel making process. In this paper two different stainless steel converter argon oxygen decar-
bonization dusts (AOD1 and AOD2), from Outokumpu Stainless (Tornio, Finland), were leached using 
NaOH solutions. The purpose was to selectively leach zinc out from the dusts and to find factors that 
affected most dissolution of zinc. The dust samples were leached under atmospheric pressure and the 
factors tested were temperature, sodium hydroxide concentration, liquid to solid ratio (L/S), stirring rate 
and oxygen or nitrogen gas bubbling. All the studied factors had statistically significant effect on the 
dissolution of zinc. The maximum zinc extraction was achieved at 95°C, with 8M NaOH solution, stirring 
rate of 400 rpm and L/S ratio of 30 and was around 80% for AOD1 dust and around 50% for AOD2 dust. 
Difference in maximum zinc extraction arose from the mineralogical differences of the dusts. Zinc was 
leached selectively. Among alloying elements only molybdenum was leached and practically no iron, 
chromium and nickel were dissolved. 

Key words: AOD dust, stainless steel, zinc, leaching, sodium hydroxide 

Introduction 

Stainless steel production generates quantities of various solid wastes in form of dust 
and sludge. During the production of stainless steel, between 30 and 70 kg of dust and 
fine waste is generated per ton (megagram) of steel produced (Denton, 2005). In most 
industrial countries stainless steel dusts are considered as harmful waste, on the other 
hand, these dusts also contain valuable metals such as alloying elements and zinc. 
From economic and environmental point of view it is desirable to recover the valu-
ables and utilize these wastes (Majuste, 2009). However, a direct recycling of dust 
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back to stainless steel production is hindered because they contain considerable 
amounts of elements, especially zinc, that cause operational difficulties in the steel 
making process (Palencia, 1999). Zinc vaporizes easily and condenses into steel pro-
duction fumes ending up in the flue dust or sludge usually as an oxide or ferrite and its 
content in stainless steel dusts is in the range of 1.0–16.4 wt% (Atkinson, 2001; Le-
clerc, 2002; Nyirenda, 1992).  

Various pyrometallurgical, hydrometallurgical and combined processes have been 
developed to allow better utilization of steel making dusts in primary operations (Jha, 
2000; Orhan, 2005; Rao, 2006; Xia, 1999; Youcai, 2000) but only few of them have 
reached commercialization. Today the dust treatment processes are predominantly 
pyrometallurgical and dusts are recycled in separate treatment plants to recover met-
als. There are still significant problems associated with treating this material and the 
developed processes have not been entirely satisfying (Xia, 1999). The drawbacks 
with pyrometallurgical processes are the high consumption of energy and a need of 
relatively large tonnage of dust to be economically competitive. Hydrometallurgical 
processes are considered suitable for an on-site treatment (Nakamura, 2007) as they 
can fit on small scale (Dutra, 2006), but the major obstruction in the hydrometallurgi-
cal extraction of zinc is the ferrite form of zinc. Zinc ferrite (ZnFe2O4) is insoluble in 
many solutions (Xia, 2000) and usually 30–70% of zinc is in ferrite form (Leclerc, 
2002). 

Metal extraction from the dusts is difficult due to their complex composition. 
Stainless steel dust consists mainly of oxide phases that are rich in Fe, Cr, Ca, Zn, Mg, 
Mn and Ni, with minor amounts of phases that contain alkaline metals (K, Na), halo-
gens (Cl, F), Si, Mo, Pb and S (Ma, 2006). However, the chemical compositions and 
crystalline phases present in the dusts vary considerably depending on the steel grade 
produced, raw materials used, and operation conditions and procedures (Rao, 2006). 
Finding a suitable process is complicated as each dust is unique. Hydrometallurgical 
processes can offer an interesting alternative for zinc recycling if iron dissolution can 
be controlled. The major advantage of alkaline leaching is its selectiveness in leaching 
zinc compared to iron compounds. Thus, a relatively clean and iron-free solution is 
obtained and the complicated iron removal processes are avoided. 

Previous studies on hydrometallurgical methods have concentrated on the leaching 
of zinc from carbon steel dusts and mainly from the electric arc furnace (EAF) dusts. 
In this paper two different argon oxygen decarbonization converter dusts (AOD1 and 
AOD2) from stainless steel production (Outokumpu Stainless Oy Tornio, Finland) 
were leached using NaOH solutions. The target was to selectively leach zinc out of 
stainless steel making dusts and to minimize the zinc content in the dust. This would 
provide an opportunity to effectively recycle the dust back to the steel making process 
and to recover zinc from the dust. 
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Experimental 

Argon oxygen decarburization converter dust samples (AOD1 and AOD2) from 
stainless steel production were received from Outokumpu Tornio Works for the leach-
ing experiments. AOD1 represents dust from line 1 and AOD2 from line 2. On line 1 
ferrochrome is fed as melt into AOD converter whereas on line 2 solid ferrochrome is 
melted along with the charge. The dusts are a mixture of different production batches 
thus representing an average dust composition.  

The chemical and mineralogical analysis of dust samples was done with optical 
microscopy, Scanning electron microscopy (SEM), Electron probe micro-analyzer 
(EPMA), X-ray diffraction (XRD), Atomic absorption spectroscopy (AAS), and In-
ductively coupled plasma atomic emission spectroscopy (ICP-AES) with molten so-
dium peroxide or nitro-hydrochloride acid leaching pre-treatment. The results of the 
chemical analyses are presented in Table 1. The main components in the dusts are 
iron, zinc, chromium and calcium. The zinc content is on average 9.762% for AOD1 
and 4.650% for AOD2. The identified phases in the AOD1 and AOD2 dusts, accord-
ing to qualitative phase analysis, are presented in Table 2. Zinc was found to be pre-
sent as zincite (ZnO) in AOD1 as franklinite (ZnFe2O4) and zincite in AOD2. In the 
AOD2 dust, there were phases that contained a significant amount of molybdenum. 

Table 1. The chemical composition of dust samples (in %) 

 Fe Cr Zn Ca Mn Mg Ni Pb Si Mo 

AOD1 26.9–37.8 4.39–18.56 8.96–10.8 4.74–5.56 0.95–2.87 0–1.38 0.4–0.72 0.08–0.1 0–0.89 0–0.075 

AOD2 13.8–26.4 2.18–13.39 3.52–5.91 13.08–17.2 0.9–3.4 0–2.53 1.88–2.92 0.39–0.56 0–2.76 0–1.4 

Minor 
amounts 
0–< 1% 
in both 
dusts 

Al, B, Ba, C, Cd, Co, Cu, F, K, Na, P, S, Sr, V 

Table 2. The identified phases according to qualitative phase analysis 

Element AOD1 AOD2 
Fe, Cr, Mg FeCr2O4 (chromite), MgFe2O4 (magnesio-

ferrite), Fe3O4 (magnetite),  
(NiFe)Fe2O4 (trevorite), MgFe2O4 

(magnesioferrite), Fe2O3 (maghemite) 

MgFe2O4 (magnesioferrite), Fe3O4 (magnetite), 
FeCr2O4 (chromite), ZnFe2O4 (franklinite), 

(NiFe)Fe2O4 (trevorite), Fe2O3 (maghemite), 
(FeMg)(CrFe)2O4 (donathite) 

Zn ZnO (zincite) ZnFe2O4 (franklinite), ZnO (zincite) 
Ni NiO (bunsenite), (NiFe)Fe2O4 (trevorite)  (NiFe)Fe2O4 (trevorite) 
Ca CaO (lime) CaO (lime), CaCO3 (calcite)  
Si (NH4)2SiF6 (cryptohalite) (NH4)2SiF6 (cryptohalite) 

Mn   KMn8O16 (cryptomelane) 
Mo   MoO2 (tugarinovite) 
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The microstructure of the dusts consists of bigger particles and grains surrounded 
by finer fraction. Also agglomeration of finer fraction was noticed. The particle size 
analysis of dust samples was done with laser diffraction (Beckman Coulter) and by 
Scanning-Foto-Sedimentograf. All particles measured by Scanning-Foto-Sedimento-
graf were under 47 µm for both AOD1 and AOD2 dusts with smallest particles under 
1 µm. Analyses by laser diffraction showed that all particles were less than 4 µm for 
AOD1 dust and 20 µm for AOD2 dust. Larger particles consist of several phases and 
some phases were encapsulated inside of particles. For the finer fraction no encapsula-
tion phenomenon was found. Zinc occurred mainly in the fine fraction in which the 
maximum ZnO content is around 14% in both AOD1 and AOD2 dusts. 

The leaching experiments were carried out in the apparatus shown in Figure 1. The 
experimental setup for the leaching test consisted of a termobath (Lauda AquaLine 
AL25), glass reactor and motor driver stirrer (VWR VOS16). The cover of the glass 
reactor provided through holes for mercury thermometer, gas bubbling, stirrer and 
sampling/feeding. A water-cooled condenser was added to the structure at higher tem-
peratures. 

 

Fig. 1. Leaching reactor in water bath  

Volume of 800 cm3 of NaOH solution (prepared by technical grade grains and dis-
tilled water) was set into the reactor, which was put in a water bath in order to control 
the temperature in the reactor. For adjusting the oxidative or reductive conditions, 
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oxygen or nitrogen gas was fed into the reactor for 1 hour and after that the dust was 
charged and stirring rate was adjusted. A liquid sample was taken off and filtered in 
the chosen time intervals of 5, 10, 15, 20, 25, 30, 60 and 120 minutes for AOD1 dust 
and 5, 15, 30, 60 and 120 minutes for AOD2 dust. The stirring was stopped 30 sec-
onds before each sampling.  

The leaching tests were done using factorial test series (Table 3) with two repli-
cates where a high and a low level of a factor were used. The studied factors were 
temperature, NaOH concentration, liquid-solid ratio (cm3/g), stirring rate and oxygen 
or nitrogen gas bubbling. In the experiments temperature of 25°C or 95°C and NaOH 
concentrations of 2 M and 8 M were used. The chosen liquid/solid (cm3/g) ratios were 
5 and 30 and for this 160 g or 26.67 g of dust was added to the reactor. The stirring 
rate was adjusted to 100 or 400 rpm and the oxidative or reductive conditions were 
adjusted using oxygen or nitrogen gas bubbling.  

Table 3. Factorial (25-2) test series used in the leaching experiments 

Std 
Order 

NaOH 
(M) 

L/S 
Ratio 

Temp. 
Deg C 

Bubbling 
with 

Agitation 
rpm 

1 2 5 25 O2 400 
2 8 5 25 N2 100 
3 2 30 25 N2 400 
4 8 30 25 O2 100 
5 2 5 95 O2 100 
6 8 5 95 N2 400 
7 2 30 95 N2 100 
8 8 30 95 O2 400 

 
After filtering the leach samples were analysed for the amount of leached Zn, with 

the Perkin Elmer 372 AAS device. The standard solutions were prepared by using an 
Atomic Absorption Standard zinc 1000 µg/cm3 Baker 6827 solution. Part of the sam-
ples after 120 min of leaching was analyzed more precisely with multi-element ICP-
AES analysis in order to investigate that the unwanted iron and other elements were 
not leached. 

Results and discussion 

The main response under investigation was the percentage of zinc extraction from the 
AOD1 and AOD2 dusts in the leach liquor. The leaching curves of zinc are presented 
in Figs 2 and 3. Figure 2 shows the leaching curves of the four experimental condi-
tions with best zinc recovery. In Fig. 3 the four leaching conditions of lower zinc ex-
tractions are shown. From the shape of the leaching curves can be observed that the 
dissolution of zinc is fast (in the both high and low recoveries of zinc) and occurs in a 
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few minutes. Usually, the maximum recovery was achieved at the longest leaching 
time (120 min), however, in some experiments the maximum yield of zinc was 
achieved earlier and then it decreased, which may indicate that part of zinc was pre-
cipitated back.  
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Fig. 2. The four leaching conditions that gave better zinc extractions for a) AOD1 and b) AOD2 dust  
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Fig. 3. The four leaching conditions that gave poorer zinc extractions for a) AOD1 and b) AOD2 dust 

Under the present experimental conditions, zinc extraction varied from 6% to 
around 80% for the AOD1 dust. The extractions were on the average lower for AOD2 
dust and varied from 13% to around 50%. Difference in maximum zinc extraction 
arose from the mineralogical differences of the dusts. In the AOD2 dust zinc was 
found to be present also in ferrite form that is difficult to dissolve in alkaline solutions. 
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For both dusts the maximum value of extracted zinc was obtained by using 8 M NaOH 
solution and stirring rate of 400 rpm at the temperature of 95°C. The liquid-solid ratio 
was 30 and oxygen bubbling was used. According to the results the dissolution of zinc 
was greater when high temperature and stirring rate, strong NaOH solution and lower 
liquid-solid ratio were used.  

To study the effects and possible interactions of the leaching factors on zinc disso-
lution, the analysis was done using the Minitab 16 software. Figure 4 represents the 
normal plot of the standardized effects of the studied factors after 120 min leaching.  
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Fig. 4. Normal plot of the standardized effects of studied factors (response is Zn extraction %,  
alpha = 0.05). Above: AOD1 dust. Below: AOD2 dust 



 A. Stefanova, J. Aromaa, O. Forsen 44

Mainly, the same trends can be observed for both dusts. All leaching factors stud-
ied in this work had statistically significant effect on the dissolution of zinc. Tempera-
ture affected the zinc extraction preferentially in both dusts and the other factors were 
nearly equally significant for the AOD1 dust. For AOD2 dust, temperature, agitation 
and bubbling gas were more significant factors when NaOH concentration and L/S 
ratio were less significant. For both dusts, temperature, NaOH concentration, stirring 
rate and liquid-solid ratio had a positive response on zinc dissolution and increasing 
values of these factors increased the dissolution of zinc. Oxygen bubbling had a nega-
tive response and the dissolution of zinc was enhanced with nitrogen gas bubbling 
although the highest zinc extraction was achieved under conditions in which oxygen 
bubbling was used.  

The interactions of all factors were not easy to observe, nevertheless, two-factor in-
teractions were found between NaOH concentration and other studied factors in both 
dusts (Fig. 5). The interactions with NaOH concentration, stirring rate and temperature 
are explained by the high viscosity of strong NaOH solution. The increase of tempera-
ture and/or stirring rate enhanced the extraction of zinc in strong viscous NaOH solu-
tion. Also a strong 8 M NaOH solution is needed for leaching zinc when the amount 
of solids was larger. The reason for interaction between NaOH concentration and bub-
bling gas is unclear. It is possible that there is not significant electrochemical dissolu-
tion, where the oxidant could have an effect. To find out the possible interactions be-
tween the other factors more experiments are needed. 

 

Fig. 5. Two-factor interactions between NaOH concentration and other studied factors  
after 120 min of leaching. Above: AOD1 dust. Below: AOD2 dust 

Some of the samples after 120 min of leaching were analyzed with ICP-AES in or-
der to investigate that iron and other elements such as alloying elements were not 
leached. The results for iron, chromium, nickel and molybdenum are presented in Ta-
ble 4. Practically no iron (< 1.5 mg/dm3) or nickel (< 0.1 mg/dm3) was dissolved. 
Chromium was dissolved less than 4% at most. Solubility of molybdenum in strong 
NaOH solutions differed from the other alloying elements. Molybdenum dissolved 
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well and its amount (mg/dm3) was almost the same as zinc in the leachates from the 
AOD2 dust. In couple of samples it was even slightly higher. In the AOD1 dust the 
amount of Mo was low compared to the AOD2 dust and thus also its amount (mg/dm3) 
was low in relation to zinc in the leachate from the AOD1 dust. 

Table 4. Amount of certain elements in leachate after 120 min leaching 

 Amount in leachate (mg/dm3) 

 Zn Fe Cr Ni Mo Ca Pb Cd 

AOD1 394–14950 < 1.5 27–484 < 0.1 3–56 < 5–21 < 2.5–24 < 0.25 

AOD2 194–3722 < 1.5 < 1–258 < 0.1- 0.11 193–2834 < 5–10 < 2.5–61 < 0.25 

Conclusions 

Two different AOD dust samples from stainless production, delivered from Outo-
kumpu Stainless (Tornio, Finland), were leached in NaOH solution using different 
leaching conditions. The purpose was to selectively leach zinc out from the dusts and 
to find factors that affected most on dissolution of zinc. The leaching experiments 
were done using factorial (25-2) test series and the studied factors were NaOH concen-
tration, temperature, solid-to-liquid ratio, stirring rate and oxygen or nitrogen gas bub-
bling. All factors had statistically significant effect on the dissolution of zinc in both 
dusts and the effect of temperature was emphasized. All factors had positive response 
except oxygen gas bubbling, that had negative response. In both dusts the maximum 
zinc extraction was achieved at 95°C, with 8M NaOH solution, stirring rate of 
400 rpm and L/S ratio of 30. Maximum zinc extraction was 80% from the AOD1 dust 
and 50% from the AOD2 dust. Difference in maximum zinc extraction arose from the 
mineralogical differences of the dusts. In the AOD2 dust zinc was found to be present 
also in ferrite. The experiments showed that leaching of zinc using NaOH solutions is 
selective, among alloying elements only molybdenum was leached and practically no 
iron, chromium and nickel were dissolved. 
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Abstract: The paper presents biological removing of Cr(VI) ions from aqueous solution by applying 
autochtonic fungi seedling of Trichoderma viride originated from chromium mud samples. The growth of 
organism and removing of chromium(VI) was performed in aqueous solution of various chromium(VI) 
contents and at optimal value of pH. During 14 days of incubation, samples of 5 cm3 each were collected 
every day for determination of chromium(VI) in solution and the efficiency of biological removal was 
specified. Since removal of chromium(VI) from aqueous solution may occur because of reduction, bio-
sorption or bioaccumulation processes, to determine which one occurred, the Cr(III) contents were deter-
mined in samples of the medium as well in ooze after mycelium irrigating and in mycelium. 

Key words: bioaccumulation, chromium, Cr(VI), microscopic fungi, Trichoderma viride 

Introduction 

Chromium occurs widely in earth’s crust as a natural component of rocks, minerals, 
soils and water. On a worldwide basis, about 80% of the chromium mined goes into 
metallurgical applications (particularly for manufacture of stainless steel). Only about 
15% is used in chromium chemicals manufacture and the remainder is used in refrac-
tory applications. In environment, the most often occurred valences of chromium are 
Cr(III) and Cr(V). The more toxic and harmful, both for environment and human be-
ings, is Cr(VI). Because of its toxic properties and high mobility, effluents and wastes 
containing this element are treated as highly dangerous. Even relatively small amounts 
of this element may be a source of danger for ecosystem because of the persistence of 
its compounds and possibility of multiplying its concentration (Badura, 1993; Barn-
hart, 1997; Wolak et al., 1997). 

The currently applied chemical methods of treatment of effluents containing chro-
mium, which results are not satisfying, require significant financial costs (Kowalski, 
2002). The alternative for them may be biotechnological processes (Bai et al., 2003; 
Chen et al., 1997; Sen et al., 2007). The application of selectively chosen microorgan-

http://www.minproc.pwr.wroc.pl/journal/
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isms may significantly limit the amount of chromium introduced to the environment. 
The main advantage of biotechnological methods is the fact that these methods are 
economic and environmentally friendly. Chromium is removed by a cellular metabo-
lism of microorganisms mainly by bioaccumulation, biosorption and biotransforma-
tion.   

Previous investigations describe the applications of living and dead microorgan-
isms cells to remove Cr(VI) from aqueos solutions by biosorption (Dönmez and 
Koçberber, 2005; 2007; Dursan et al., 2003; Ksheminska et al., 2005; Saxena et al., 
2000; Srinath et al., 2002) and bioaccumulation (Anjana et al., 2007; Deepa et al., 
2006; Donghee Park et al., 2005; Kapoor and Viraraghavan, 1995; Kumar et al. 2008; 
Ming Zhou et al., 2007; Morales-Barrera and Cristiani-Urbina, 2006; Parka et al., 
2005; Srinath et al., 2002; Srivastavaa, Thakurb, 2006; Ziagova et al., 2007). Each of 
these methods has advantages and disadvantages. The application of dead biomass 
removes problems of toxic metal concentration in solutions and requirements con-
nected with growth environment – nourishment. Furthermore, the adsorbed metal may 
be easily removed and the remaining biomass may be applied again. However, the 
limitation of this method is the fact that no reactions are being continued in the dried 
cells. 

The application of living biomass makes it possible to remove metals during its 
growth allowing to avoid processes of its reproduction, drying and storage. Unfortu-
nately, in this case the metal concentration in environment is highly important since 
too high concentration may be toxic for the growing biomass. This problem can be 
avoided by applying the microorganisms of high tolerance to high concentrations of 
Cr(VI) or getting it by adaptive processes.   

The purpose of the investigation presented in the paper is to optimize the biological 
process of removing Cr(VI) by application of indigenous microorganisms isolated 
from chromium mud samples (Hołda et al., 2009). 

Materials and methods 

The autochthonic fungi seedling Trichoderma viride, originating from a chromium 
mud was selected to research on removing Cr(VI). 

Investigation of process dependency on pH 
Strains of fungi were grown aerobically at 28 oC in accumulating medium prepared by 
mixing Cr(VI) solution autoclaved separately (at 120 oC for at least 20 min) and steril-
ized solution according to Waksman. The pH of medium was adjusted to the desired 
value by using 0.5 M sulfuric acid(VI) solution. Cultures were formed in a 300 cm3 
Erlenmeyer flask with 100 cm3 of accumulation medium containing 50 mg of ions of 
Cr6+/dm3. The 2.5 cm3 samples of medium were collected from each Erlenmeyer 
flasks daily, during 14 days, then transferred to flasks of 25 cm3 volume each. Then, 
solutions of 2 M sulfur acid(VI) and 1.5-difenylocarbaside(I) were added to the 25 
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cm3 flasks. After 5 minutes, the flasks were filled up to the line with medium accord-
ing to Waksman. Residual chromium(VI) ions concentrations in the bioaccumulation 
medium were determined by measuring the absorption at 540 nm by means of spec-
trophotometer Cadas 200 type LPG 392 (Gajkowska-Stefańska et al., 2001; Her-
manowicz et al., 1999; Marczenko and Balcerzak, 1998; PN-C-04604:1977; PN-EN 
ISO 18412:2007). 

Determination of chromium(VI) contents 
Agents used for determination of chromium contents, that is 1.5-difenylocarbaside(I) 
and 2 M sulfuric acid(VI), were prepared according to the Polish standard (PN-EN 
12441-10). 

Before starting the measurements, the standard line was prepared. To this purpose, 
solutions of sulfuric acid(VI), 1.5-difenylocarbaside(I) and certain volumes of stan-
dard solution of chromium(VI) were introduced to 100 cm3 flasks to get the Cr6+ ions 
concentrations of 0, 0.1, 0.2, 0.4, 0.6, 0.8 and 1 mg/dm3. 

The analytical samples were prepared by mixing solutions of sulfuric acid(VI), 1.5-
difenylocarbaside(I) and sample solution in 25 cm3 flask. 

Dependence of the process of chromium (VI) concentration in nourishment 
The investigation of Cr(VI) ions concentration in medium in relation to pH allowed to 
determine the best reaction by which the fungi grow the best. It was found to be 4.5. 

A certain amount of medium and K2Cr2O7 (1g of Cr6+ ions/dm3) were transferred to 
Erlenmeyer flasks to get the required chromium concentration in certain sample in the 
volume of 100 cm3 of the bed.  

The determination of chromium(VI) contents was conducted every day at the same 
hour. The samples of 2.5 cm3 of medium were collected, which were then transferred 
to 25 cm3 flasks (10-fold dilution). Next, the solutions of 2M sulfuric acid(VI) and 
1.5-difenylocarbaside(I) were added. After 5 minutes, the sample was filled up to the 
line with the Waksman medium. Chromium(VI) ions concentration in the sample was 
determined by measuring absorption at 540 nm using spectrophotometer Cadas 200, 
type LPG 392 (Gajkowska-Stefańska et al., 2001; Hermanowicz et al., 1999; 
Marczenko, Balcerzak, 1998; PN-C-04604:1977; PN-EN ISO 18412:2007).  

In case of the concentration higher than the standard scale range, the samples were 
adequately diluted. 

Determination of biological type of Cr(VI) ions removal  
The removal of chromium(VI) from the aqueos solution may occur because of reduc-
tion, biosorption or bioaccumulation processes. To determine which of them occurred 
during the investigation, the Cr(III) contents were determined in samples of medium 
as well chromium contents in ooze after the mycelium irrigating and in mycelium.  
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Determination of Cr(III) in medium 
The Cr(III) ions contents were determined on the basis on the difference between total 
chromium and chromium(VI) contents in the medium after 14 days of incubation. 

For total chromium contents determination, the samples of the medium with vol-
ume assuring the concentration of Cr within the standard scale range, were introduced 
to a beaker of 200 cm3 in volume and were filled up to the volume of 50 cm3. Next, for 
oxidation of Cr(III) ions to Cr(VI) the solutions of sulfuric acid(VI) and ammonium 
persulfate were added to the sample and then it was boiled and maintained in this state 
during 20-25 minutes. After cooling, the samples were transferred to flask of 50 cm3 
in volume and the solution of 1.5-difenylocarbaside(I) was added. After 5 minutes the 
sample was filled up to the line with the Waksman medium. Chromium(VI) ions con-
centration in the sample was determined by measuring absorption at 540 nm using 
spectrophotometer Cadas 200, type LPG 392 (Gajkowska-Stefańska et al., 2001; Her-
manowicz et al., 1999; Marczenko, Balcerzak, 1998; PN-C-04604:1977; PN-EN ISO 
18412:2007). 

Determination of chromium contents in ooze after mycelium irrigating 
Mycelium was investigated after 14 days of incubation. To determine the presence of 
chromium adsorbed on the surface, the mycelium was irrigated. The obtained ooze 
was then analyzed to find the total chromium content (Gajkowska-Stefańska et al., 
2001; Hermanowicz et al., 1999; Marczenko, Balcerzak, 1998; PN-C-04604:1977; 
PN-EN ISO 18412:2007).  

Determination of chromium contents in mycelium 
After 14 days of incubation, dried fungi at 105 oC were inserted into oven at tempera-
ture of 600 oC. Next, the chromium compounds were transformed into dilatable ni-
trates by means of concentrated nitric acid(V). The content of Cr(VI) in the mineral-
ized sample was determined by the spectrophotometric method (Gajkowska-Stefańska 
et al., 2001). 

Results and discution 

Investigation of process dependency on pH 
On the basis of experimental results graphs were created with dependency of chro-
mium(VI) ions concentration in the medium on pH. 



 Biological removal of Cr(VI) ions from aqueous solutions by Trichoderma viride 51

0

10

20

30

40

50

60

0 50 100 150 200 250 300 350 400

c C
r
[m

g/
dm

3 ]

t[h]  

Figure 1. cCr = f(t) at pH=4.0. Initial concentration of chromium(VI) was 50 mg/dm3 
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Figure 2. cCr = f(t) for pH = 4.5. Initial concentration of chromium(VI) was 50 mg/dm3 

Figures 1–7 show the change of Cr(VI) concentration in the medium with different 
initial pH, ranging from 4.0–6.5. Based on our study, the optimal pH for Trichoderma 
viride was found. At pH = 4.5, chromium(VI) ions were removed the most efficiently 
and the mildew fungi developed the best. 

The optimum initial pH value for Trichoderma viride was 4.5. Morrales-Barrera et 
al. (2006) studied Cr(VI) removal by T. viride in a pneumatically agitated bioreactor. 
In the experiments the initial pH of the culture media was 6.0±0.1 and the pH was not 
controlled during the experiments. In the case of biosorption by immobilized to Ca-
alginate T. viride biomass, the optimum pH was 2.5 (Kumara et al., 2011) was deter-
mined. 
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Figure 3. cCr = f(t) for pH = 5.0. Initial concentration of chromium(VI) was 50mg/dm3 
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Figure 4. cCr = f(t) for pH = 5.5. Initial concentration of chromium(VI) was 5 mg/dm3 
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Figure 5. cCr = f(t) for pH = 6.0. Initial concentration of chromium(VI) was 50 mg/dm3 
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Figure 6. cCr = f(t) for pH = 6.5. Initial concentration of chromium(VI) was 50mg/dm3 
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Figure 7. cCr = f(t) by various values of pH, initial concentration of chromium(VI) 50 mg/dm3 

The determined optimal pH was the basis for further research, where the relation 
between chromium(VI) ions concentration and initial concentration of chromium(VI) 

Dependency on chromium(VI) concentration in the sample 
On the basis of measurement results Figures 8–14 present the dependency of chro-
mium(VI) ions concentration in medium on the process time. The effect of initial 
Cr(VI) concentration was investigated over a range of about 10–125 mg/dm3. 

Obtained results suggested that Cr(VI) removal by Trichoderma viride occurred 
even at the highest concentration of 125 mg/ dm3, but complete Cr(VI) removal was 
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Figure 8. cCr = f(t). Initial concentrations of chromium(VI) was 10 mg/dm3; pH = 4.5 
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Figure 9. cCr = f(t). Initial concentrations of chromium(VI) was 25 mg/dm3; pH = 4.5 

observed for 10, 25, 50 and 75 mg/ dm3 after 9, 11, 12 and 14 days, respectively. 
However the change of Cr(VI) concentration indicates that at the same incubation 
time, more Cr(VI) was reduced at higher initial Cr(VI) concentration. 

Morrales-Barrera and Cristiani-Urbina (2006) have studied Cr(VI) removal by 
a microbial culture in a pneumatically agitated bioreactor. In an airlift bioreactor they 
reported a complete Cr(VI) removal at 1.3 and 1.6 mM initial chromium(VI) concen-
tration after 30 and 80 h of incubation, respectively. Also a very high overall effi-
ciency of Cr(VI) removal was achieved (94.3%) after more than 160 h of incubation at 
an initial Cr(VI) concentration of 1.94 mM. When T. viride was cultivated in unbaf-
fled flasks containing culture medium with initial Cr(VI) concentrations of 1.0, 1.5 
and 2.0 mM, the Cr(VI) removal efficiency was from 97 to 100%, respectively.  
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Figure 10. cCr = f(t). Initial concentrations of chromium(VI) was 50 mg/dm3; pH = 4.5 
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Figure 11. cCr = f(t). Initial concentrations of chromium(VI) was 75 mg/dm3; pH = 4.5 
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Figure 12. cCr = f(t). Initial concentrations of chromium(VI) was 100 mg/dm3; pH= 4.5 
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Figure 13. cCr = f(t). Initial concentrations of chromium(VI) was 125 mg/dm3; pH = 4.5 
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Figure 14. cCr = f(t) for various initial concentrations of chromium(VI); pH = 4.5 

Determination of type of biology Cr(VI) ions removing process 

Determination of Cr(III) contents in medium 
The results of analysis of total chromium presence in medium and initial chro-
mium(VI) contents were presented in Table 1. The Cr(III) ions contents were deter-
mined on the basis on differences between the total chromium content and chro-
mium(VI) content in the medium after 14 days of incubation.  
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Table 1. Results of analysis of Cr(III) presence in medium 

Initial concentration Cr(VI) 
[mg/dm3] 

Total chromium concentration in 
medium [mg/dm3] 

Cr(III) concentration in medium 
[mg/dm3] 

10 0 0 
20 0.15 0.15 
50 0.408 0.408 
75 0.625 0.605 
100 2.15 0.806 
125 4.012 0.376 

 

Modest amounts of Cr(III) in the medium might occur because of acidification of 
environment by products of fungi metabolism in the final stage of 14-days period of 
culture. Such a small chromium(III) concentration proves also that the reduction proc-
ess is not a cause of biological removal of Cr(VI) ions by application of the mildew 
fungi. 

Determination of overall chromium contents in ooze after mycelium irrigating 
The results of the analysis of total chromium presence in ooze, which depends on the 
initial chromium(VI) contents, were presented in Table 2.   

Table 2. Results of analysis of overall chromium presence in the ooze  

Initial concentration Cr(VI) 
[mg/ dm3] 

Total chromium concentration in ooze  
[mg/ dm3] 

10 0 

20 0 

50 0.02 

75 0.092 

100 0.131 

125 0.3 

Trace amounts of total chromium in ooze rather eliminates ion adsorption of this 
element on the surface of mycelium. This process could occur at the initial phase of 
the mycelium growth and was the first stage of the intracellular accumulation. 

Determination of chromium contents in mycelium  
Table 3 presents the results of total chromium contents in mycelium as a function of 
initial Cr(VI) ions concentration in the medium.  
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Table 3. Results of analysis of overall chromium presence in mycelium 

Initial concentration Cr(VI) 
[mg/dm3] 

Total chromium concentration in myce-
lium [mg/ dm3] 

10 9.92 

20 19.52 

50 49.18 

75 74.01 

100 97.61 

125 120.31 

The results indicate that the increase of Cr(VI) ions in mycelium occurred in com-
parison with these ions concentration in surrounding environment. This may prove 
that the removal of Cr(VI) from aqueous solutions by macroscopic fungi occurs by 
intracellular bioaccumulation. 

Conclusions 

On the basis of presented results the following conclusions can be made: 
 removal of Cr(VI) from water solutions by application of microscopic fungi 

Trichoderma viride occurs by intracellular bioaccumulation 
 process of intracellular chromium absorption with alimentary substances is the 

largest during the first 5 days of mycelium growth 
 bioaccumulation of chromium(VI) is dependent on environmental pH and is the 

most efficient at pH 4.5 for Trichoderma viride 
 the greater is chromium(VI) concentration the smaller is accumulation of this ele-

ment from the environment and the growth of mycelium is slower. 
Application of mildew fungi to biological removing of chromium(VI) may be 

a suitable alternative to expensive chemical methods. Its disadvantages are longer time 
of bioaccumulation and lack of possibility of metal recovery without destruction of the 
mycelium. This causes that the application of these microorganisms is possible only 
once.  
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Abstract.: In this research, oxidation of sulfide minerals and leaching of gold from a gold–bearing sulfide 
concentrate using chloride–hypochlorite solution was investigated. The effects of calcium hypochlorite 
concentration, sodium chloride concentration and initial pH of leachant on changes of the slurry pH and 
Eh were examined. Then, considering the stability range of the gold complex (Eh ~ 1000 mV) and forma-
tion of chlorine gas (pH < 3.5), the optimum leaching parameters were determined. The optimum condi-
tions were obtained at 200 g/dm3 calcium hypochlorite, 200 g/dm3 sodium chloride and initial pH 11 
(with 200 g/dm3 concentrate, stirring speed 600 rpm and temperature 25°C) at which about 82% gold was 
extracted in 2 h. 

Keywords: refractory gold ore, oxidative pre–treatment, non–cyanide leaching 

Introduction 

Although cyanide has been used commercially for the extraction of gold, investiga-
tions are being made on alternative non–toxic lixiviants, such as thiosulfate (Ab-
bruzzese et al., 1995; Aylmore and Muir, 2001), thiourea (Farinha et al., 1992; Ubald-
ini et al., 1998; Murthy et al., 2003), thiocyanate (Kholmogorov et al., 2002; Li et al., 
2012) and halides (Davis et al., 1993; Van Meersbergen et al., 1993; Pangum and 
Browner, 1996; Vinals et al., 2006; Baghalha, 2012), mainly due to the failure of cya-
nidation for extracting gold from the refractory ores, long leaching times (more than 
24 hours) and the environmental and safety issues (Senanayake, 2004). These lixivi-
ants have not been widely used, because they also have disadvantages (Kai et al., 
1997; Aylmore, 2005; Feng and Van Deventer, 2007; Li et al., 2012). The use of chlo-
ride is a proven technology in gold refining (Feather et al., 1997). However, no current 
large scale applications of leach plants are known. The use of the halogen of the halide 

http://www.minproc.pwr.wroc.pl/journal/
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itself as oxidant (chlorine gas), would lead to higher capital investment costs for the 
prevention of corrosion and the use of a closed system. Perhaps the biggest drawback 
in the use of the chloride/chlorine lies in the handling. Thus, it is important to select an 
effective substitute for chlorine.  

For extraction of gold from the refractory ores in which gold is surrounded by sul-
fide minerals, oxidative pretreatment of the ore is essential to oxidize the sulfides and 
expose gold. Pyrometallurgical oxidation by roasting is encountered with environ-
mental limitations; thus hydrometallurgical methods are preferred. These methods 
include pressure oxidation (Long and Dixon, 2004), bio–oxidation (Hansford and 
Chapman, 1992), oxidation by nitric acid (Gao et al., 2009) and chlorine species (Ikiz 
et al., 2006). Chlorine gas in aqueous solutions, depending on pH, can form three oxi-
dizing species: aqueous chlorine (Cl2(aq)), hypochlorous acid (HOCl) and hypochlo-
rite ion (OCl¯). These three species also can be generated by the addition of sodium 
hypochlorite (NaOCl) or calcium hypochlorite (Ca(OCl)2) to an aqueous solution 
(Puvvada and Murthy, 2000). Calcium hypochlorite is more stable than sodium hy-
pochlorite and contains a higher chlorine concentration. These salts are ionized in 
water, Under acidic conditions (pH < 7.5) the hypochlorite ion is converted to hy-
pochlorous acid. Under highly acidic condition (pH < 3.5) and in the presence of chlo-
ride ion, aqueous chlorine is formed. All of the chlorine species are powerful oxidants 
but HOCl is the most effective. Thus, pH should be maintained in the range of HOCl 
stability (Black and Veatch Corporation, 2010). 

Hypochlorite solutions within the pH range at which hypochlorous acid dominates, 
will readily oxidize all sulfides commonly associated with gold. Pyrite is more stable 
than other metallic sulfides. It means that when in the aqueous media pyrite is oxi-
dized, other sulfides are surely oxidized. The Pourbaix diagram of Fe–S shows that 
pyrite is decomposed to iron hydroxide and sulfate in the range of hypochlorous acid 
(grey area in Fig. 1). Oxidation of sulfides by hypochlorite solutions has an advantage 
of sulfate formation instead of elemental sulfur; since elemental sulfur causes passiva-
tion of minerals surfaces (Marsden and House, 2005). In hypochlorous acid solutions, 
gold is also dissolved as the [AuCl4]¯ complex. Therefore it is possible to oxidize 
sulfides and leach gold simultaneously by this oxidant (Welham and Kelsall, 2000). 
Leaching of gold with hypochlorous acid follows reaction (1) (Jeffrey et al., 2001): 

 2Au + 3HOCl + 3H+ + 5Cl¯ → 2[AuCl4]¯ + 3H2O. (1) 

Controlling solution pH and Eh is important for stabilizing the gold complex. Fail-
ing to do this would cause the gold to reprecipitate, after it is dissolved from the ores 
(Baghalha, 2007; Soo Nam et al., 2008). The stability region of [AuCl4]¯ is deter-
mined by the Pourbaix diagram of the Au–Cl system. 
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Fig. 1. The Pourbaix diagram of Fe–S at  
[Fe] = 10–4 M, [S] = 10–4 M and 25°C  

(the chlorine species regions are also marked)  
(Marsden and House, 2005) 

Fig. 2. A part of the Au–Cl Pourbaix  
diagram in the [AuCl4]¯ domain  

at [Au(III)] = 10–6 M, [Cl¯] = 1 M and 25°C  
(Marsden and House, 2005) 

A part of the Pourbaix diagram of Au–Cl in the [AuCl4]¯ domain is shown in Fig. 
2. This region is bounded by equations (2) and (3). According to these equations, in-
creasing the Cl¯ concentration results in the extension of [AuCl4]¯ domain to the lower 
Eh and higher pH. The [AuCl4]¯ is stable in the 0–8 pH range and in potentials greater 
than 0.9 volts, depending on the concentration of gold and chloride ion (Nesbitt et al., 
1990; Welham and Kelsall, 2000). 

 Au + 4Cl¯ → [AuCl4]¯ + 3e 

 Eh = 1.00 + 0.02 (log [AuCl4]¯ – 4 log [Cl¯] )   (2) 

 Au(OH)3 + 3H+ + 4Cl¯ → [AuCl4]¯ + 3H2O 

 pH = (18.38 – log [AuCl4]¯ + 4 log [Cl¯])/3   (3) 

The present paper is a study about the changes of slurry pH and Eh during simulta-
neous oxidative pretreatment and gold leaching of a sulfide concentrate using the chlo-
ride/hypochlorite solution at various conditions of calcium hypochlorite concentration, 
sodium chloride concentration and initial pH. Then considering the suitable pH and 
Eh, optimum conditions are determined. 

Experimental 

The concentrate used in this study was obtained by flotation of an ore located in north-
-western Iran (Barika Mine in Sardasht). Flotation was conducted at 25°C with 
a laboratory flotation machine at 25% solid by weight, 40 g/Mg of PEX (potassium 
ethyl xanthate as collector) and 25 g/Mg of MIBC (methyl isobutyl carbinol as 
frother). The pH of the slurry was about 7 and agitation rate was set at 1200 rpm. The 
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slurry was conditioned in the flotation cell for 5 minutes before air was introduced. 
Concentrate collecting time was set at 5 minutes. About 200 g concentrate was ob-
tained from each 1 kg sample. The particles size of the concentrate was examined with 
a laser particle size analyser. Mineralogical studies were also carried out with an opti-
cal microscope (polished and thin sections) and X-ray diffractometer (XRD). Major 
elements analysis was determined by X-ray florescence (XRF). Gold and silver were 
analysed by Fire Assay and Atomic absorption spectroscopy (AAS), respectively. For 
leaching experiments the required reagents were added to a beaker containing deion-
ized water (all the reagents used such as sodium chloride, calcium hypochlorite and 
sulfuric acid (H2SO4) were of analytical grade, purchased from Merck). Then, the 
concentrate was added into the leachant solution in the beaker and stirred by a mag-
netic stirrer at 600 rpm at 25°C for 2 h. The solid–liquid ratio was maintained at 1:5. 
During the leaching, slurry pH and Eh were controlled by two multi–meters with pH 
and ORP electrodes. Before starting every test, pH and ORP electrodes were cali-
brated. Solution samples were taken at different intervals by a syringe and filtered. 
Then clear solutions were analysed for gold by Inductively coupled plasma (ICP). The 
solid residues were washed and then dried in an oven at 80°C for 2 h and after drying, 
they were ground, then analysed by XRF, AAS and Fire Assay. 

Results and discussion 

Particles size analysis of the concentrate showed that 90% of particles are smaller than 
37.4 μm (~ 400 mesh) in size (Fig. 3). Mineralogical studies by optical microscope on 
polished and thin sections showed that the major components of the concentrate are 
quartz (SiO2), pyrite (FeS2), muscovite (H2KAl3(SiO4)3) and barite (BaSO4). Sphalerite 
(ZnS), calcite (CaCO3) and galena (PbS) constitute the minor phases of the concen-
trate. Small amounts of pyrrhotite (FeS), chalcopyrite (CuFeS2), bornite (Cu5FeS4), 
tetrahedrite ((Cu,Fe)12Sb4S13) and arsenopyrite (FeAsS) were also detected. More than 
90% of the minerals were separated from each others. Gold was not observable in this 
concentrate because of its small amount. The XRD analysis of the concentrate showed 
main phases of quartz and pyrite along with minor phases of muscovite and barite 
(Fig. 4). Major elements composition of the ore and floated concentrate are presented 
in Table 1. As shown in this table, by flotation of the ore with 3.770 g/Mg gold, a con-
centrate containing 20.451 g/Mg gold was obtained.  

After 24 hours, direct cyanide leaching of the initial ore resulted in only 54.8% 
gold recovery. However, cyanidation after dissolving the ore sample in hydrochloric 
acid (HCl), sulfuric acid (H2SO4), ferric chloride (FeCl3) and nitric acid (HNO3), re-
spectively, increased the gold recovery to 98.1%. This shows that the ore is a sulfide 
refractory gold ore (Saba et al., 2011).  
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Fig. 3. Particles size analysis  
of gold concentrate 

Fig. 4. XRD analysis of gold concentrate  
obtained by flotation 

Table 1. Major elements composition of the ore and floated concentrate 

Analysed 
Sample 

Si 
(%) 

S 
(%) 

Al 
(%) 

K 
(%) 

Ba 
(%) 

Ca 
(%) 

Fe 
(%) 

Zn 
(%) 

Pb 
(%) 

Cu 
(ppm)

Sb 
(ppm)

As 
(ppm) 

Ag 
(ppm) 

Au 
(ppb) 

Ore 23.89 5.87 8.07 3.87 7.75 0.99 5.81 0.76 0.31 981 771 751 364 3770 
Concentrate 17.76 13.68 5.93 2.26 1.84 0.75 12.79 1.79 0.51 3994 1870 1689 1650 20451 

During leaching of concentrate by the chloride/hypochlorite solution, the changes 
of pH and ORP were detected to determine the optimum calcium hypochlorite concen-
tration, sodium chloride concentration and initial pH.  

Effect of hypochlorite concentration 
The calcium hypochlorite powder, at various amounts of  2.5, 5, 10, 15, 20 and 25 g, 
was placed in a beaker containing 10 g of sodium chloride powder. Then, deionized 
water was added and the mixture was stirred to form a homogenous milky solution 
with a volume of 100 cm3. Initial pH of all these solutions was about 11. Then, a 20 g 
of concentrate was added into the stirring solution. Changes in the slurries pH and Eh 
during leaching are shown in Fig. 5 (a) and (b).  

  

Fig. 5. Changes of (a) pH and (b) Eh of the slurries containing 100 g/dm3 sodium chloride  
and 25, 50, 100, 150, 200 and 250 g/dm3 calcium hypochlorite during 2 h 
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According to the results of Fig. 5a it was clear that for all the samples when the 
concentrate was added, pH decreased during the dissolution. Decreasing the pH is due 
to the oxidation of sulfides and generation of sulfuric acid. The rate of sulfides oxida-
tion is indicated by the rate of the pH drop. With decreasing pH to below 7.5, hy-
pochlorous acid becomes dominant oxidant and Eh is at its highest value. Due to the 
hypochlorous acid consumption in reaction with sulfides, its concentration in the 
slurry reduces and Eh drops (Fig. 5b). According to Fig. 5a and b, it seems that the 
200 g/dm3 calcium hypochlorite is adequate for obtaining an oxidizing media with Eh 
about 1000 mV to stabilize the gold complex during 2 h. Higher concentration of cal-
cium hypochlorite (250 g/dm3) has not significant effected changes of pH and Eh. At 
high hypochlorite concentrations, pH drops slowly due to hypochlorite/hypochlorous 
acid buffer solution.  

Effect of initial pH 
To investigate the effect of the initial pH, solutions with 100 g/dm3 sodium chloride 
and 200 g/dm3 calcium hypochlorite  were prepared and their pH were adjusted to 10, 
9, 8 and 7, by adding sulfuric acid. Figures 6a and b shows the changes of pH and Eh 
of these slurries during 2 h leaching. As shown, at initial pH of below 11, pH and Eh 
drop are faster and higher. It was found that the optimum initial pH was 11. In other 
words, decreasing the initial pH is not useful, neither for the desired reaction nor for 
the safety issues. 

 

Fig. 6. Changes of (a) pH and (b) Eh of the slurries containing 100 g/dm3 sodium chloride  
and 200 g/dm3 calcium hypochlorite at various initial pH during 2 h 

Effect of chloride concentration 
Various quantities of sodium chloride in solution (100, 150, 200, 250 and 300 g/dm3) 
were used to determine the effect of chloride concentration on pH and Eh. The ob-
tained results are given in Figs 7a and b. Higher levels of sodium chloride were found 
to significantly enhance the rate of pH drop, i.e. the rate of sulfides oxidation reaction. 
When the sodium chloride concentration was increased, conversion reaction of hy-
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pochlorous acid species to chlorine species occurred at higher pHs. Thus, chlorine gas 
could be formed easier, and due to escaping of the chlorine oxidant from the solution, 
Eh drops rapidly. 

 

Fig. 7. Changes of (a) pH and (b) Eh of the slurries containing 200 g/dm3 calcium hypochlorite  
at initial pH 11 and various concentrations of sodium chloride during 2 h. 

In all the experiments, it was observed that after the pH drop, it slowly increased 
again since the acid generated from the oxidation reaction was consumed by minerals 
such as CaCO3, which could also increase the slurry viscosity (Marsden and House, 
2005). Other gangue minerals such as quartz, muscovite and barite have a low reactiv-
ity in the chloride/hypochlorite system. Based on the results at the pH range of 4–7, 
Eh is at high levels. This indicates that the hypochlorous acid is the dominant oxidant 
in this pH range. Due to the oxidant consumption at dissolution reactions, Eh drops 
again. Two important points should be notified here. Dropping of the pH to the values 
below 3.5 and thus the formation of chlorine gas; dropping of the Eh to the values less 
than ca. 1000 mV and thus the instability of the gold complex. Therefore 200 g/dm3 
sodium chloride is the optimum amount required. 

Analysis of the resulting leach solution and the solid residue 
Three clear filtrate solutions (with calcium hypochlorite–sodium chloride concentra-
tions of 200–100, 250–100 and 200–200 g/dm3) were analyzed by ICP to determine 
the amount of leached gold. The results are presented in Fig. 8. It is evident that in-
creasing the concentration of calcium hypochlorite had no significant effect on the 
recoveries of gold. However, increasing the concentration of sodium chloride had 
a considerable effect. Approximately 82% of gold had been leached during 2 h under 
experimental conditions of 200 g/dm3 calcium hypochlorite, 200 g/dm3 sodium chlo-
ride, 200 g/dm3 concentrate, initial pH 11, stirring speed 600 rpm and temperature 
25°C. For this sample, after 30, 60, 90 and 120 min, the filter cake was analysed by 
XRF, AAS and Fire assay. The results are shown in Table 2, where it is evident that 
most of sulfides and gold have been extracted from concentrate during leaching. Re-
mained sulfur in solid residue is related to BaSO4 which was not dissolved during 
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leaching and CaSO4 which can form during reaction of Ca(II) with generated sulfate. 
After 2 h, the slurry colour was converted from dark–grey to light–creamy, which is 
due to the metal sulfides removal. 

 

Fig. 8. Percentage recoveries of gold obtained at different concentrations of calcium hypochlorite  
and sodium chloride during 2 h (concentrate 200 g/dm3, initial pH 11, 600 rpm and 25°C) 

Table 2. Major elements composition of filtrate cake after leaching at different times (200 g/dm3 calcium 
hypochlorite, 200 g/dm3 sodium chloride, 200 g/dm3 concentrate, initial pH 11, 600 rpm and 25°C) 

Time of 
leaching 

Si 
(%) 

S 
(%) 

Al 
(%) 

K 
(%) 

Ba 
(%) 

Ca 
(%) 

Fe 
(%) 

Zn 
(ppm) 

Pb 
(ppm) 

Cu 
(ppm) 

Sb 
(ppm) 

As 
(ppm) 

Ag 
(ppm) 

Au 
(ppb) 

30 min 20.72 8.03 7.58 3.46 2.38 4.80 10.35 6317 4697 3430 1265 1214 1320 16019 

60 min 21.54 5.76 7.83 3.68 2.64 6.59 9.27 173 4659 2846 137 57 988 11732 

90 min 21.53 5.79 7.91 3.71 2.71 6.63 9.22 67 4571 2673 78 38 403 4631 

120 min 21.54 5.81 7.93 3.72 2.73 6.66 9.21 44 4563 2648 51 36 274 3065 

Conclusions 

Combining sulfides oxidation and gold leaching processes using chloride/hypochlorite 
solution was a successful method for leaching of a refractory sulfide concentrate con-
taining 20.451 g/Mg gold. Leaching tests at different concentrations of calcium hy-
pochlorite and sodium chloride and also various initial pHs were performed. It was 
observed that for 200 g/dm3 concentrate, initial pH 11, stirring speed 600 rpm and 
temperature 25 °C, at least 200 g/dm3 calcium hypochlorite is required to achieve high 
potential values for the gold leaching. Increasing the sodium chloride concentration 
from 100 to 200 g/dm3 resulted in an increase in the sulfide oxidation rate as well as 
the extent of extracted gold. Under optimum conditions 200 g/dm3 calcium hypochlo-
rite, initial pH = 11 and 200 g/dm3 sodium chloride), the recovery of gold after 2 h of 
leaching was about 82%.  
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Abstract: Uranium mining has resulted in generation of significant amounts of solid wastes. The mecha-
nism and chemical conditions of uranium waste bioleaching were considered. The initial results of 
bioleaching of solid waste from closed Kowary mine were presented. The process of U(VI) bioreduction 
by anaerobic reduction microorganisms was described. The factors that contributed to UO2 nanoparticles 
fabrication were discussed. The obtained UO2 particles are promising for development of novel catalysts. 

Keywords: bioleaching, U(VI) reduction, Acidithiobacillus ferroxidans, Shewanella, nanoparticles, UO2 

precipitation  

Introduction 

During the last decades the mining activities created significant amounts of uranium 
solid wastes. For instance, in the south-east part of Germany (Saxony and Thuringia) 
the intensive uranium mining has resulted in generation of significant amounts of min-
ing waste piles (Pollmann et al., 2006). 

Uranium is produced conventionally using a process that employs a strong acid and 
large amounts of energy. This technology creates environmental problems. Autoch-
thonic microorganisms are able to mobilize metal ions through autotrophic and hetero-
trophic leaching. The important environmental goal is to prevent uranium transport. 
One potential method is to use iron-reducing bacteria for multivalent metals and ra-
dionuclides transport halt [Sani et al., 2008]. The objective of this paper is to obtain 
information on the bioleaching of uranium solid wastes and microbial reduction of 
U(VI) to U(IV) and UO2 precipitation. 

http://www.minproc.pwr.wroc.pl/journal/
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Bioleaching uranium minerals 

Bioleaching of uranium from natural sources was applied to uranium-bearing ores 
from Daejeon and Okchen districts of South Korea (Choi et al., 2005). The quantity of 
uranium in these ores is estimated to be over 100 million megagrams. The average 
content of U3O8 in these deposits is below 0.1% by weight. 

One of the most widely employed bacteria in the bioleaching process is Acidithio-
bacillus ferrooxidans. This acidophilic bacteria oxidizes ferrous ions (Fe2+) to ferric 
ions (Fe3+) which can act as a strong oxidant capable oxidizing uranium minerals. 
Bioleaching experiments were carried out with 10g of ground and sieved black schist 
in a 250 cm3 Erlenmeyer flask and 100 cm3 of 9 K medium (medium contains 9 g/dm3 
FeSO4). The uranium transfer from the schist into the solution increases as the Fe2+ 
ions oxidation was increased. The highest uranium leaching efficiency increased from 
18% in the absence of bacteria to almost 80% following the introduction of A. fer-
rooxidans. 

The effect of A. ferrooxidans on uranium leaching from the black shale ore has also 
been investigated by Lee and coworkers (2005).The black shale ore was taken from 
Deokpyeong area (Korea). The ore contains 349 mg uranium per kg. Uranium in the 
ore was associated with carbonates (58%) and organic matter and sulfides (42%). The 
pH of mineral suspension was systematically decreases to the level of pH = 2.5. The 
redox potential was mainly due to bacteria oxidation of Fe2+ to Fe3+. After 250 h of the 
bioleaching process the redox potential has value of 0.59 V. 

Initial bioleaching experiments were carried out using solid waste from the closed 
Kowary mine. Figure 1 presents bioleaching data using Acidithiobacillus ferrooxi-
dans.  

 

Fig. 1. Bioleaching of solid waste from Kowary by Acidithiobacillus ferrooxidans 
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Fig. 2. Bioleaching of solid waste from Kowary using authochtonic bacteria 

The bioleaching results using indigenous bacteria are presented in Fig. 2. As can be 
observed, an intensive oxidation of Fe(II) ions occurred after a 6 days period. Such 
behavior is in contrast to the literature report of Pal et al., 2010 and it will be investi-
gated. 

Since uranium dissolution from the solid wastes requires a strong oxidant therefore 
the bioleaching experiments are carried out in the presence of ferrous sulfate. The 
bioleaching path can be composed of three stages within 32 days. In the first stage up 
to 7 days, the oxidation rate was very fast. From the seventh to the twentieth day the 
rate of biooxidation was slowly decreased. After the twentieth day the rate of biooxi-
dation was parallel to the rate of biooxidation without iron (Pal et al., 2010).  

Leaching of uranium-bearing minerals is accomplished by oxidation of the insolu-
ble U4+ form to the acid soluble U6+ form in an acid environment. The indirect mecha-
nism by using ferric (Fe3+) ions as an oxidant is proposed for the uranium bioleach 
process (Lottering et al., 2008; Abhilash et al., 2011). The uranium bioleaching proc-
ess has an electrochemical nature. It is confirmed by Eh changes during biooxidation.  

Figure 3 presents the Eh changes during uranium waste biooxidation. An increase 
of Eh corresponds to an increase of Fe(III) ions concentration. From the data present 
in Fig. 3 the efficiency of Fe(II) biooxidation was better for Acidithibacillus ferrooxi-
dans.  

Gold deposits located at Vaal Rever  (Sauth Africa) also contain uranium-bearing 
minerals. The brannerite-type minerals (U1-xTi2+xO6) are a major source of uranium in 
these ores. The insoluble uranium(IV) is oxidized to the water soluble uranium(VI) 
sulfate as follows: 
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Fig. 3. Changes of Eh during bioleaching of Kowary solid waste  
by Acidithiobacillus ferrooxidans and autochthonic bacteria 

 UO2 + Fe2(SO4)3 = UO2SO4 + 2FeSO4. 

A model for uranium minerals bioleaching was developed (Rashidi et al., 2012). 
The material balances of three reactions provided a correlation between the chemical 
and biological phenomena. 

The efficiency of uranium recovery is depended on the mineralogical characteris-
tics of the ore. In the case of the Vaal River ores 90% uranium dissolution was maxi-
mum (Lottering et al., 2008). 

A high biosorption of toxic metals such as U, Cu, Pb, Al and Cd accompany to the 
bioleaching process. For instance, Acidithiobacillus ferrooxidans is able to accumulate 
uranium ions. The ability of A. ferrooxidans to bind uranium decreased from 44.62 to 
33.81 (mg/g dry weight) when the pH was reduced from 4 to 1.5 (Merroun Selenska-
Pobbell, 2001). 

The Curilo uranium deposit is located in Western Bulgaria. This deposit is a per-
manent source of acid mine drainage. The generation of drainage water is connected 
with biooxidation of pyrite and other sulphide minerals. The drainage water was 
treated by natural and constructed wetlands and alkalized limestone drains (Groudev et 
al., 2008). 

The migration of soluble U(VI) forms can be realized by the reaction of soluble 
U(VI) to quite insoluble U(VI). Anaerobic microbial activity may lead to U(VI) reduc-
tion coupled with oxidation of organic carbon. 

Some photosensitive cyanobacteria and algae as Porphyridium cruentum, Spirulina 
platensis and Nostoc linkia were used for uranium leaching from ores content less than 
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0.5% of uranium(VI) (Cecal et al., 2000). The bioleaching data showed that the leach-
ing process is more evident in the presence of cyanobacteria (40-90%). 

Removing uranium from pregnant solution 

Interest is in removing uranium from the acid mine drainage solution in a cost efficient 
way. During the last two decades, different groups of microorganisms, such as Actin-
omycetes and other bacteria demonstrated the ability to remove uranium form the 
leaching solution. The capacity to enzymatically reduce U(VI) has been demonstrated 
for sulphate reducing bacteria (SRB) (Martins et al., 2010). This process can be real-
ized by sulfate and iron reducing bacteria under anaerobic conditions (Gargarello et 
al., 2010). Microbial reduction of U(VI) to sparingly soluble and immobile U(VI) 
compounds is a promising method for uranium migration control. However, under 
anaerobic conditions many iron reducing and sulfate-reducing bacteria can participate 
in the uranium(VI) reduction process. These bacteria must compete with the bacteria 
which did not participate in U(VI) reduction, for instance methanogenes bacteria.  

Clastridium spheroids bacteria are able to reduce Fe(III) to Fe(II), Mn(IV) to 
Mn(II), U(VI) to U(IV), Pu(IV) to Pu(III) and Tc(VI) to Tc(IV) (Francis, Dodge, 
2008). Under anaerobic conditions (pH = 6) uranium complexed with organic ligand 
(citric acid) was reduced to uranium(IV)-citrate. The reduced uranium remained in the 
solution as a complex of citric acid. The above results indicate that selection of an 
appropriate electron donor (organic compound) is important for uranium bioreduction 
and immobilization.  

Rate of bioreduction 
Reduction rates did not vary for the bacteria grown under aerobic and anaerobic 

conditions. Among the microbial reduction processes that can be determined the envi-
ronmental behavior of radionuclides, biosorption of uranium and other radionuclides 
is important for the bioremediation strategic (Kazy et al., 2009). Microbial synthesis 
of nanoparticles is another very promising aspect of microbial interaction with metal 
ions. Initial works showed that uranium and thorium biosorption by Rhizopus sp. con-
sists of the three processes such as: coordination, adsorption and precipitation. Also, 
the role of phosphate and carboxylic groups in a complexation phenomenon was con-
sidered. The X-ray microanalysis strongly indicated the possibility of uranium and 
thorium binding with the biomass (Pseudomonas) by displacing cellular potassium 
through ion-exchange mechanism (Kazy et al., 2009). FTIR spectroscopy data showed 
that after U and Th biosorption, the spectra exhibited changes in peak position further 
indicating a strong role of carboxyl groups in radionuclide bonding. 

Topography analyses using the AFM tapping method, of the cells before and after 
uranium and thorium sorption revealed an enlargement of bacteria cells and increase 
in surface roughness. It is interesting that Acidithiobacillus ferrooxidans bacteria can 
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grow under anaerobic condition using iron(III) as the electroacceptor and sulfur as 
substrate.  

Biosynthesis of UO2 nanoparticles 

The most stable forms of uranium at ambient temperature are U3O8 and UO2. How-
ever, UO2 will gradually covert to U3O8 (Gavrilescu et al., 2009). The bioreduction of 
U(VI) to U(IV) by abiotic and biotic processes has a significant effect on the uranium 
ions mobility in the natural environment. [UO2]2+ ions can be enzymatically reduced to 
UO2 by sulfate reducing bacteria such as Shewanella, Geobacter and Desulfovibrio. 

Shewanella species belong to a relatively well-characterized group of U(VI)-
reducing bacteria (Burgos et al., 2008). They have a complex and apparently electron 
transfer system for the reduction of U(VI) ions. For instance, Shewanella putrefaciens 
was grown aerobically on soy broth and harvested by centrifugation. Biomass was 
resuspended and washed three times in anoxic bicarbonate buffer. The pure cell sus-
pension (approximately 1.1·1010 cell/dm3) was used to bioreduction of U(VI). The 
medium contains 5 mM of sodium lactate and 1.4 mM uranyl acetate. pH solution was 
equal to 6.8. Bioreduction was maintained at 23oC in darkness (Senko et al., 2007). 

Upon complete bioreduction of U(VI) by Shewanella putrefaciens, UO2 nanoparti-
cles were located in the periplasm or extracellularly. The localization of UO2 particles 
suggests that U(VI) may be reduced in the periplasm and exported out of the cell via 
active or passive processes. 

The rate of U(VI) reduction is determined by the geochemical conditions under 
which U(VI) reduction takes places, and the physiological state of the microorganisms 
used. For example, the presence of Ca2 ions may inhibit U(VI) bioreduction (Burgos et 
al., 2008). The kinetics of U(VI) bioreduction process was observed to be first-order 
with respect to the concentration of U(VI) ions according to following equation: 

 ( )[ ( )]
red red solution

d U VIR k U VI
dt

⎡ ⎤= = − ⎣ ⎦  

where: kred is the first-order bioreduction rate constant [d–1]. 
The rate of U(VI) bioreduction was also depended on the lactase concentration, 

cell/U(VI) ration, cell/lactase ration and temperature. The obtained results suggested 
that careful manipulation of addition of electron donor (lactase) could give rise to UO2 
precipitation (Burgos et al., 2008). 

The U(VI) bioreduction rate constants were dependent on the used buffer solution  
and are presented in Table 1. 
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Table 1. First-order rate constants for U(VI) bioreduction by Shewanella oneidensis  (Burgos et al., 2008) 

Buffer solution kred  
[d–1] 

Cell concentration 
[cell ml–1] 

Temperature  
[oC] 

r2 

NaHCO3  “fast” 11 2 108 37 0.97 
NaHCO3 “slow” 0.45 1 108 20 0.87 
PBAGW  “fast” 0.99 2 108 37 0.98 
PBAGW  “slow” 0.13 1 10-8 20 0.86 

PBAGW-buffer contains piperazine-NN-bis-2 ethanosulfonic acid. 

For uranium reduction under iron reducing conditions, the nanoparticles of hema-
tite, as the Fe(III) substrate, and the facultative anaerobic bacterium Shawanella pu-
trefaciens were used. The reduction of U(VI) in the bacteria+hematite experiments run 
was fast (Behrends, van Cappellen 2005). In this case, the competition between abiotic 
and enzymatic reduction of U(VI) can be explained as a competition between the ad-
sorption onto the hematite surface or the bacterial cell walls. 

The redox potential of the U(VI)/U(VIV) couple strong by depends on the chemi-
cal and geochemical conditions. Table 2 presents two examples of the uranium couple. 

Table 2. Standard stage reduction potential E[V] for uranium (Zhang et al., 2009) 

Redox couple E [V] 
Uranyl carbonate UO2(CO3)3

4– 
0.5 UO2(CO3)34- = 1.5 H+ + e- → 0.5 UO2 + 1.5 HCO-  

 
0.687 

Ca-U(VI)-CO3 complex CaUO2(CO3)3  
0.5CaUO2(CO3)2

2- + 1.5 H+ + e- → 0.5 UO2 + 1.5 HCO3
_ + 0.5 Ca2+ 

 
0.424 

SEM images of biogenic nanoparticles of UO2 are presented in Fig. 4. As can see 
the majority of UO2 particles were located outside of the cells. 

 

Fig.4. Scanning electron micrographs of UO2 particles and Shewanella oneidensis cells (a–d)  
NaHCO3 buffer and (e–f) PBAGW buffer, from (Burgos et al., 2008) 
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The uranium ions can be adsorbed by carbon nanotubes. The adsorption isotherms 
of uranium(VI), preferentially the UO2

2+ and UO2OH+ ions on the carbon nanotube 
surfaces were presented by Schierz and Zanker (2009). An increase from 18 mmole/g 
to 193 mmole/g in uranium ions sorption was observed at pH 5. Such behavior was 
caused by the increases number of functional groups on the modified surface of carbon 
nanotubes. 

A promising alternative for removing palladium from solution can be use of bacte-
ria for bioreductive deposition of Pd(0) nanoparticles. The formation of Pd(0)-
nanoclusters  using Bacillus sphaericus JG-A12 isolated from the uranium mining pile 
was investigated (Pollmann et al., 2006). Initial studies showed that the Pd-
nanoparticles produced by the cell and deposited onto the cell surfaces are able to 
catalyze various chemical processes. 

Summary 

Bioleaching is a profitable alternative to the conventional chemical process of uranium 
recovery. The leaching of U from low-grade ores and solid wastes is realized by 
chemoautotrophic bacteria such as  Acidithibacillus ferrooxidans. The initial results 
demonstrated that bioleaching of uranium solid wastes, located at Kowary, is an effec-
tive method for uranium removal. Uranium reducing bacteria, particularly Shewanella 
putrefaciens and Shewanella oneidensis, can be used for UO2 particles synthesis. The 
rate of U(VI) bioreduction is first order with respect to the concentration of U(VI) 
ions. The bioreduction of U(VI) in the presence of hematite particles can be a way to 
new catalyst fabrication. 
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Abstract: This work presents the results of the investigations, devoted to multi-frequency screens, de-
vices being used for the screening process and equipped with two drive vibrators operating at various 
rotation speeds. The object of this research was to evaluate the efficiency and capacity of a newly de-
signed double-frequency screen to sieve the grained materials, especially those difficult to separate. The 
experimental double-frequency screen is driven by two inertial drive vibrators operating at various rota-
tion speed, providing complex shaking movement of the screen. In comparison to conventional devices 
containing vibrators operating at constant rotation speed, the application of this modern double-frequency 
screen resulted in improving parameters of the screening process. 

Keywords: screening, screen, sieve, grained material, double-frequency screen  

Introduction 

The most difficult problem that arises during the screening process is classification of 
the fine-grained materials containing small grains with cut size (d50) lower than 1 mm. 
Small grains most easily block the sieve holes lowering the surface area of the sieve 
(effective area) and also causing difficulties in obtaining a homogeneous and thin 
enough layer of the material above the sieve. It is usually assumed, that the screening 
process can be efficient if the layer of grains on the sieve is not thicker than 5-10 aver-
age grain diameters (Kanzleiter, 1971; Fischer, 1982). Similar problem arises during 
the screening process of the grained materials containing large quantities of grains 
with dimensions approximately equal to the dimensions of the sieve opennings, called 
grains-difficult-to-separate. 

The shape of the grains also plays an important role in the screening process of the 
grained materials. For instance grains with sharp edges can more easily block the sieve 
holes, than those spherical in shape. Moreover, the sharp-edged grains can be firmly 
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fixed in the sieve holes and resist the intense movements of the screen. In addition, the 
motion of the sharp-edged grains in the layer of the material on the sieve is hampered, 
which reduces moving of the grains of the bottom class to the sieve level and passing 
through the sieve holes. As a result, the efficiency of the screening process of the ma-
terials containing grains with sharp edges decreases comparing to those containing 
grains with other shapes (Rogers, 1982; Schmidt, 1984). It is illustrates in Fig. 1, 
where the results of the screening process of variously grained materials with the use 
of a conventional industrial screen equipped with a single-frequency inertial drive 
vibrator are showed. The lowest efficiency is observed for crushed basalt stone con-
taining sharp-edged grains, whereas higher efficiencies are observed for both sand 
being composed of irregular grains and agalit composed of spherical grains. 
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Fig. 1. The efficiency of the screening process performed for the grained materials  
containing grains with various shapes (q – specific capacity, Q – total capacity, η – efficiency) 

The goal of the invention of a new double-frequency screen was to solve the prob-
lems mention above by improving conditions of the screening process. Our intention 
was to find such oscillation paths of the sieve which provide the most efficient separa-
tion of grains in the layer on the sieve. 

Figure 2 shows the schematic representation of the double-frequency screen offer-
ing a wide range of oscillations of the screen with various movement trajectories. 
Types of movement trajectories and methods of their characterization were already 
published (Modrzewski and Wodziński, 2010; 2011), whereas this paper describes a 
continuation of those investigations devoted to the screening process of basalt crushed 
stone. Basal crushed stone is known to be difficult for the classification by means of a 
screen as showed above. However, it seems that by using the double-frequency screen 
possessing unique properties it should be possible to obtain satisfying results. 
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Fig. 2. The double-frequency screen with a feeder 

The problems occuring during the application of  
the double-frequency screen 

The construction of the double-frequency screen allows the control of the most of 
technical parameters of the device including inclination of the sieve (α), driving forces 
of the vibrators (P1 and P2), location of the vibrators (S0) and, first of all, their rotation 
speeds (ω1 and ω2). By changing the configuration setting a wide range of operating 
conditions may be applied (Modrzewski and Wodziński, 2011). The best combinations 
of parameters were selected  basing on the results of the measurements. 

It is worth to mention that apart from the advantages, application of the double-
frequency screens may cause some problems, which are not observed when using a 
single-frequency screens (Banaszewski, 1990). However in many cases, despite ap-
parently beneficial kinematic conditions (high throwing coefficient, high amplitudes 
of the screen etc.) the screening process with the application of the double-frequency 
screens does not occur correctly.  

According to the electronic measurements of the screen movements those problems 
arise when the torsional vibrations of the riddle appear. Those vibrations cannot be 
seen with naked eyes, however, they can be simply determined by measuring the am-
plitude of the screen at three different points (Fig. 3 and Fig. 4) (e.g. at the beginning 
a1, in the middle a2 and at the end a3) in a direction perpendicular to the surface of the 
screen using the same time scale. When the amplitudes are synchronized no torsional 
vibrations occur and the screen moves equally along its whole length, and both ends 
(a1, a3) of the screen have the same amplitudes and trajectories as the centre of the 
screen (a2). The lack of synchronisation (Fig. 3) means that the amplitudes of the end 
(a3) and beginning of the screen (a1) are opposite and causes torsional vibrations. 
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Fig. 3. The amplitudes of the screen in the presence of torsional vibrations 

-1 
-0.8 
-0.6 
-0.4 
-0.2 

0 
0.2 
0.4 
0.6 
0.8 

1 

0 0.05 0.1 0.15 0.2 0.25 

time [s]

 Y 
[mm] 

 

Fig. 4. The amplitude of the screen in the absence of torsion vibrations 

Based on experimental data collected for the screening process of basalt crushed 
stone, one may conclude that even a small contribution of torsional vibrations to the 
screen motion can cause significant problems. As a consequence of the presence of 
torsional vibrations the grained material is accumulated in the central part of the 
screen causing a partial or complete blockage of the screening process.  

In the less serious case the layer of the grained material formed at the presence of 
torsional vibrations becomes thicker in the central part of the screen (Fig. 5) than in 
other parts and vividly differs from an optimal profile forming in the absence of tor-
sional vibrations (Fig. 6), described by an exponential curve. The accumulation of the 
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grained material in the central part of the screen, even if does not lead to the stopping 
of the process, causes the lowering of the overall efficiency of the screening. So, those 
parameter combinations that cause torsional vibration were discarded at the stage of 
the process investigation. 

Qg 

Aks 

Aps 
Ass 
S0 

S0 

 

Fig. 5. The layer of the grained material formed on the double-frequency screen  
in the presence of torsional vibrations 

 

Fig. 6. The profile of the layer of the grained material on the screen in the absence of torsional vibrations 
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The screening process of basalt crushed stone 

Basalt crushed stone with grain size ranging from 0 to 2 mm (Table 1) was selected 
for the examination of the double-frequency screen. The cut size (d50) of the sieved 
material was equal to 0.63 mm. The fraction of grains difficult to sieve, i.e. with the 
dimensions approximately equal to 0.63 mm, in the initial grained material was ca. 
45% (including upper and bottom classes). Besides a large content of grains difficult 
to sieve, the grained material was also composed of grains with sharp edges, therefore 
it had to be classified as an exceptionally difficult to sieve.  

Preliminary experiments on the examination of the double-frequency screen using 
different grained materials, e.g. sand were described in previous papers (Modrzewski 
and Wodziński, 2010; 2011), where a detailed information on the parameters of the 
double-frequency screen was also included. Current experiments were conducted us-
ing basalt crushed stone and applying the same operating conditions, such as: 
 inclination of the screen 0–20o (α), 
 alignment of the vibrators (S0), 
 driving force generated by the vibrators (P1 and P2), 
 rotation speed of  the drive vibrators (ω1 and ω2). 

Table 1. Granulometric composition of the initial grained material 

Grain size Percentage share 
d [mm] U [%] 

0.2 11.25 
0.4 16.25 

0.63 22.5 

 
50 

0.85 22.5 
1 16.25 
2 11.25 

 
50 

 
The screening process was tested by changing the configuration of operating condi-

tions. The mass of the upper and bottom parts was measured for each configuration. 
Then, the efficiency (η), total capacity (Q) and specific capacity (q) (per unit of screen 
surface area) (Sztaba 1993) of the screening process were calculated. The efficiency of 
the screening process was calculated according to the equation: 

 d

n d

m
m K

η =  (1) 

where: md – the mass of the product collected under the sieve [kg], 
mn – the mass of the initial grained material [kg], 
Kd – the percentage of the bottom class in the initial grained material 
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The results of investigations were presented as the relation between efficiency and 
capacity. About two hundred various experiments were carried out changing the con-
figuration, which however was only a part of possible combinations of parameters. 
Unpromising results, especially those obtained in the presence of torsional vibrations 
were not taken into consideration.  

A major criterion for the evaluation of the efficiency-capacity relations was the ef-
ficiency of the screening process, which should be naturally as high as possible. The 
most representative results are displayed in Figure 7 which shows how the efficiency, 
capacity and specific capacity changes with various speed ratios of both vibrators, e.g. 
1:1, 2:3, 1:2, 1:3. 

The curves were plotted using experimental data recorded for applying rotations in 
the same direction. The rotations in the opposite directions caused torsional vibrations. 
Therefore the results were not taken into consideration for the reason described above. 
High efficiency, about 0.9 was achieved using the optimal gear ratio of 2:3, which 
may fully satisfy industry standards. 
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Fig. 7. The comparison of the efficiency (η), capacity (Q) and specific capacity (q)  
calculated for various gear ratios 

Figure 8 displays the comparison of results obtained for various arrangements of 
the vibrators on the screen, e.g. keeping minimum distance (the vibrators positioned 
one over the other) or maximum distance between vibrators. It shows that the location 
of the vibrator on the screen had no influence on the efficiency of the screening proc-
ess. The values obtained for the minimum distance between vibrators were similar to 
those obtained for the maximum distance. 
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Fig. 8. The influence of location and rotation direction of the vibrators  
on the efficiency of the screening process  

Figure 8 also shows the influence of various rotation directions of the vibrators on 
the efficiency of the screening process. Dashed red lines represent the data collected 
using rotations in the same direction, whereas solid blue lines are related to the data 
collected using rotations in the opposite direction. A high efficiency (ca. 0.9) was 
achieved setting the rotations in the same direction. By applying the rotations in the 
opposite directions a low efficiency (ca. 0.6–0.7) was achieved, which is insufficient 
for industry standards. All results shown in Figure 8 are based on the data collected 
using gear ratio of 2:3. 

Conclusions 

Based on experimental results obtained for basalt crushed stone one may conclude that 
the double-frequency screen can be successfully applied for the screening process of 
the grained materials especially those difficult to separate. However, certain unfavour-
able operating conditions described above must be avoided whilst using this device. 

However, the regression analysis of the process, for the applied process evaluation 
criterion, the efficiency, does not lead to the unequivocal conclusions, because of large 
number of complicated dynamic parameters that also influence each other. For exam-
ple, it is impossible to determine solely the effect of inclination of the screen on effi-
ciency of the screening process because such effect may differ or even be opposite for 
different sets of parameters, depending on dynamic factors. Similar mutual interfer-
ences may be observed for other operating conditions and dynamic factors. 
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The results for all investigated sets of parameters cannot be fully presented in so 
this paper, however a few basic suggestions for designing and operating the double-
frequency screen may be provided: 
 both vibrators should rotate in the same direction to avoid the appearance of tor-

sional vibrations, 
 the vibrators should be fixed with a minimum distance, e.g. one should be located 

above the other, to reduce the risk of generating torsional vibrations, 
 depending on the type of the vibrator, driving force should be set to a maximum 

possible value, 
 it is strongly recommended to apply the speed ratio of 2:3, which offers stable tra-

jectories and high efficiency. 
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Abstract: Nanoclay-filled polylactide (PLA 3051D) composite materials were tested in this study and 
their capacity for degradation was investigated. Activated and lyophilized smectite clay was used. The 
filler, its morphology, and grain size distribution were characterized by the use of transmission electron 
microscopy, scanning electron microscopy, and the dynamic light scattering technique. Samples of pure 
polylactide and polylactide filled with 3% wt., 5% wt., and 10% wt. of nanoclay in subsequent series 
were obtained by injection molding. The optimum amount of the filler in the nanocomposites was evalu-
ated based on an assessment of mechanical properties as well as capacity to degrade. The 3% wt. mass 
fraction of nanofiller in the polylactide matrix was found to be the most effective in enhancement of both 
tensile strength (RM) and Young’s Modulus (E). It was also reported that polylactide nanocomposites 
filled with 3% wt. of smectite clay were characterized by the highest decrease in molecular mass of the 
matrix polymer after degradation tests (6 weeks incubation in water at 80°C). The observed decrease in 
degradation time and the overall changes distinguished in the nanocomposite structure suggest the poten-
tial for application of the material in the packaging industry. 

Keywords: nanocomposite materials, food packaging, polymer, smectite clay  

Introduction 

Polymers, polymer blends, and polymer composites (i.e. polymers filled with fibers or 
particles) are very often used as conventional food packaging materials. However, 
some drawbacks related to their use, such as quality of packaging (mechanical proper-
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ties, suitability, and durability in operating conditions), potential influence on food, 
and total costs of production, guarantee an ever-growing need for new kinds of mate-
rials with improved properties (Appendini and Hotchkiss, 2002; Auras et al., 2004; 
Drumright et al., 2000; Platt, 2006). Polymer-based nanocomposites are among the 
most promising materials, which nowadays are subjected to a great deal of research all 
over the world. A relatively small amount of nanofiller (up to 10%) with a high level 
of refinement (at least one dimension below 100 nm) results in the creation of a filler-
matrix interface with surface development several times higher than traditional com-
posite materials. This enables either second-order bonding or electrostatic interactions, 
and influences physicochemical/mechanical (higher stiffness and strength), thermal 
(better stability), and chemical (resistance to solvents) properties of materials and their 
capacity for controlled degradation. All these features argue for the extension of their 
range of application in the packaging industry (Alexandre and Dubois, 2000; Pfaend-
ner, 2010; Sinha Ray and Bousmina, 2005; Sorrentino et al., 2007). 

The use of nanocomposite materials for food packaging applications enables the 
design and manufacture of materials with improved properties compared to conven-
tional materials (Avella et al., 2005; Murariu et al., 2010). Enhancements include im-
proved stability over time (in vitro condition), better barrier properties, and lower 
spoilage (Matusik et al. 2011). Among others, one may name improved mechanical 
properties and durability. The first may be achieved by the introduction of nanofiller 
into a polymer matrix and by very good overall homogenization of the material. The 
second feature, durability, is the result of the limited release of water into the bulk of 
the polymer matrix, considered a step in promoting the hydrolysis process (Solarski et 
al., 2008; Tsuji and Ikarashi, 2004). This promotion is decelerated due to the presence 
of nanoparticles such as clays, silica, carbon nanotubes and others in the polymer ma-
trix. The most promising nanofillers acting as water storage materials in this case are 
clays: montmorillonite (MMT), bentonite, kaolinite (Fukushima et al., 2010; Sinha 
Ray et al., 2003; Tsuji et al., 1998). 

This paper presents the results of the study on properties of nanocomposite materi-
als based on degradable polylactide modified by different amount of nanofillers 
(smectite clay). 

Experimental 

As a degradable matrix for preparation of nanocomposite samples, poly-L-lactide 
(PLA 3051D), manufactured by Nature Works, was used. The manufacturer has pro-
vided typical parameters of PLA pertinent to the molding process, as shown in Table 
1. The PLA was modified with a nanometric smectite clay filler (SM), Veegum F, 
manufactured by R.T. Vanderbilt Company, Inc. 
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Table 1. Producer data sheet for PLA 

Properties of PLA 3051D 

Melt temperature 200°C 
Feed temperature 165°C 

Glass transition temperature 55–65°C 
Screw speed 100–175 rpm 

Density 1.24 g/dm3 
Relative viscosity 3–3.5 
Molecular mass 25 kDa 

 
Nanocomposite samples were prepared in two stages. The initial stage of the ex-

periment consisted of modifying smectite clay by chemical treatment, followed by 
exfoliation. The effects of this procedure were analyzed by the DLS method. Smectite 
was treated with ionic activation in 2 M NaCl solution, centrifuged, and rinsed up to 
the extinction of chlorine ion reaction. The obtained nanofiller product was lyophi-
lized in the subsequent step, and the morphology of the particles was characterized 
using the transmission electron microscope TEM (JEOL JEM-1011). Both types of 
powders, i.e. pure and modified smectite, were dispersed in isopropanol and covered 
with a carbon layer prior to observation. Samples prepared for SEM observations 
(Nova NanoSEM 200, FEI) were also covered with a carbon layer. The smectite parti-
cle size distribution was evaluated by the dynamic light scattering method (Zetasizer 
Nano ZS, Malvern Instruments) in a water suspension at 25°C. Prior to measurement, 
the powder was mixed with water and homogenized with an ultrasonic horn. 

In the next stage of the experiment, smectite clay powder was homogenized with 
PLA pellets. The nanoadditive, in amounts of 3, 5 or 10% wt., was added to a charge 
of polymer pellets and milled in a roller mill for 48 h. As a result, the smectite parti-
cles covered the polymer pellets, which then were used as a charge for the injection 
molding process. The nanocomposite samples (paddle-shaped 75×5×2 mm, following 
Polish Standard PN-EN ISO 527) were manufactured by the use of injection molding. 
The injection was carried out at 165°C under a pressure of 60 kg/cm2 in a vertical 
injection molding machine (Multiplas). 

The mechanical properties and the degradation ability of the nanocomposite were 
investigated. A standardized tensile test was used for determining mechanical proper-
ties such as tensile strength and Young’s modulus according to ISO 527 standards by 
using the Instron 3367 testing machine. The extensometers were used for precise 
measurements of strain. 

The degradation capacity of the nanocomposite materials filled with smectite clay 
in water environment was observed during the incubation (6 weeks/80°C/H2O with an 
initial water pH of 6.35). Pure polylactide was used as a reference material in the 
study. All the samples were monitored for changes of pH in the immersion solution 
and viscosity of the polymer. The viscosity coefficient (η) of the materials was meas-
ured by the Hoppler method and calculated by equation (1) (Lunt, 1998; Tsuji, 2002).  



 A. Rapacz-Kmita et al. 94

 ( )k tη ρ ρ′= − ⋅  (1) 

where: η – viscosity coefficient, 
k – constant describing conditions of the experiment, 
ρ – density of the ball material, 
ρ′ – density of the liquid phase, 
t – flow time of the ball. 

The nanocomposite materials were dissolved in DCM (dichloromethane, POCh 
Gliwice) without separating the nanofiller from the polymer solution. The initial con-
centration of the polymer solution was 0.1 g/cm3. 

The molecular mass of the polymer was evaluated according to the Mark-Houwnik 
equation (2) for a given polymer-solvent system (PLA/DCM; K = 2.21·10–4 cm3/g, a = 
0.77) (Lunt, 1998; Tsuji, 2002): 

 a
nK Mη = ⋅  (2) 

where: K – coefficient characteristic for the PLA/DCM system, 
Mn – molecular mass of the polymeric material, 
a – constant describing conditions of the experiment. 

Results and discussion 

The base smectite powder was characterized by a strong tendency both to agglomerate 
and aggregate, which was clearly visible in SEM images (Fig. 1). The grain size dis-
tribution analysis showed monomodal distribution, in which aggregates of 600-750 
nm in size dominate rather than separate single particles (Fig. 2). 

 

Fig. 1. SEM microphotograph of smectite 
clay powder before activation 

Fig. 2. Particle size distribution of smectite clay powder  
before activation 
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The thermal treatment process, followed by the lyophilization of the nanofiller, led 
to its activation and to the decomposition of the aggregates. A noticeable change in 
grain size distribution was reported after the activation process, with the resulting size 
of the filler particles estimated at about 80–100 nm (Fig. 4). 

 

Fig. 3. SEM microphotograph of smectite Fig. 4. Particle size distribution of smectite clay powder  
after activation 

The bimodal distribution of the filler confirmed that aggregates were still present 
but their frequency was lowered by 30% compared to the base unmodified smectite 
clay powder. This was due to the lyophilization process which leads to “freezing” the 
chaotic structure of montmorillonite tiles. As a result, the grain morphology also 
changed (Fig. 3), leading to the appearance of the so-called texturization effect (the 
tendency of montmorillonite tiles to align parallel to one another) (Fukushima et al., 
2009). 

Thus, modification of the smectite powder influenced both powder morphology 
and powder grain size distribution. These changes were confirmed by TEM analysis, 
and the grain size distribution was reported to have become nanometric in its major 
dimensions, which had not been observed for the unmodified smectite powder before 
activation (Fig. 5). 

 A  B 

Fig. 5. TEM image of smectite clay powder before (A) and after (B) activation 



 A. Rapacz-Kmita et al. 96

Different mass fractions of smectite were used to evaluate its influence on the me-
chanical properties of the composites. This procedure was also designed to optimize 
the amount of smectite along with the mechanical performance. The results of me-
chanical tests indicated that 3% wt. of smectite in the polylactide matrix can be con-
sidered the optimum value. Addition of 5% wt. in the matrix resulted in mechanical 
performance similar to that of the unfilled polylactide, while 10% wt. led to a reduc-
tion of the mechanical strength reported during the tests. This behavior can be ex-
plained by the presence of agglomerates in the matrix which act as inclusions and can 
be treated as stress concentrators rather than reinforcements (Fig. 6). Considering 
changes in the overall stiffness, it can be stated that the presence of smectite filler in 
the matrix increases the value of Young’s modulus of composites by about 10% com-
pared to unfilled polylactide (PLA) (Fig. 7). This can be explained by the likely occur-
rence of electrostatic and/or second-order interactions between the filler and matrix. 
However, this must be clarified by further research. 

  

Fig. 6. Tensile strength results of nanocomposites 
and reference polylactide samples 

Fig. 7. Young’s modulus results of 
nanocomposites and reference polylactide samples 

Due to its potential application as degradable packaging material, the impact of 
filler content on degradation time of the composites was also evaluated. After 6 weeks 
of incubation in water at 80°C, structural degradation of all composites filled with 
smectite (excluding pure polylactide) was observed (Fig. 8). According to the litera-
ture, PLA degradation is a two-step process. In the initial step the polymer molecular 
weight decreases (bulk degradation) and in the second step degradation is observed 
both in bulk and on the surface of the PLA. During this step the molecular weight 
remained constant, but a weight loss in the material could be measured. For this reason 
a change in the coefficient of viscosity was also reported for all nanocomposite mate-
rials. It was shown that viscosity was strongly dependent on the amount of nanofiller. 
The most noticeable decrease in viscosity was observed for materials with 5% wt. and 
3% wt. of nanofiller. This may indicate accelerated degradation in materials filled with 
5% wt. and 3% wt. smectite, both in comparison to the pure polymer material and the 
composite filled with 10% wt. smectite (Table 2). This phenomenon was due to the 
modified (i.e. activated and lyophilized) nanofiller’s strong absorption of water, so 
that hydrolytic degradation of the material (hydrolysis of polylactide) occurred not 
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only at the surface but also within the bulk polymer matrix (Nakamura et al, 1989; 
Padua and Wang, 2012). This resulted in a decrease of the molecular weight of the 
polymer, which led in turn to a reduction in the durability and consistency of the mate-
rial. The rate of hydrolysis strongly depends on environmental conditions: ions, pH 
and temperature. It was expected that the nanofiller present in the polymer matrix 
would serve as a reservoir of water. Additionally, degradation would be faster because 
of chlorine ions which might be present in the smectite after its chemical modification 
(NaCl). The nanofiller present in the polylactide matrix also changed the crystallinity 
of the nanocomposite materials, mostly by disordering the polymer chain. This effect 
hydrolyzed amorphous regions significantly faster than crystalline regions. An exceed-
ingly low concentration of the polymer solution made it difficult to note results of 
viscosity correctly, so all samples were measured in the same way. 

Table 2. Viscosity and molecular weight of the nanocomposite materials and the reference polymer  
after incubation in in vitro conditions 

Materials Initial polymer concentration 
[g/100 dm3] 

Viscosity coefficient, η 
[Pa·s] Molecular weight, Mn [kDa] 

PLA 0.01 0.78 20.0 
PLA/3SM 0.01 0.45 12.0 
PLA/5SM 0.01 0.55 7.7 

PLA/10SM 0.01 0.74 4.4 
 

During the durability experiment, the immersion medium (water) of the nanocom-
posite samples significantly changed pH, from a starting value of 6.35 to 6.05 by the 
end of the test. Probably hydroxyl ions migrated inside the smectite structure, or chlo-
rine ions were released from the smectite and influenced the pH of the medium. The 
degradation of the polymer matrix was much more significant above its glass transi-
tion temperature, i.e. 65°C (an incubation in in vitro conditions was performed at 
80°C). The duration time of the experiment (6 weeks/80°C) was enough to destroy the 
nanocomposite materials, a phenomenon not observed in the case of the pure polymer 
samples (Fig. 8). During the test all nanocomposite materials were completely de-
graded. Hence the weight loss could not be measured. 

A  B  
Fig. 8. Macroscopic changes after 6 weeks incubation: (A) limited degradation of pure polylactide 

samples, (B) excessive degradation of smectite-filled polylactide 
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Conclusions 

Chemical modification, i.e. the activation and the lyophilization of a nanofiller (smec-
tite), favorably affected its structural form by increasing its surface development and 
the number of active chemical groups, which led to improved dispersion within the 
polymer matrix (PLA). The presence of the activated nanofiller improved the strength 
of the nanocomposite materials and their Young’s modulus (overall stiffness). The 
best material properties were achieved for the nanocomposite material filled with 3% 
wt. of smectite. The greater the amount of the nanofiller, the faster their hydrolysis 
was, but the presence of the nanofiller accelerated the overall degradation of the mate-
rial. The nanofiller’s presence accelerated the overall degradation of the material. As 
a result, a dramatic decrease was observed in the mass of material, followed by macro-
scopic disintegration. Good strength, in combination with a shorter disintegration 
time, make the nanocomposites potential candidates for an application in the packag-
ing industry. 
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Abstract: Refractory gold ores have poor gold recoveries with direct cyanide leaching. Typically the 
refractoriness is due to encapsulation of the gold particles inside the host mineral. To liberate gold for 
leaching the host mineral must be broken by mechanical or chemical means. The aim of this study was to 
study the effect of temperature, oxygen partial pressure and slurry density on pressure oxidation of pyrite-
arsenopyrite gold concentrate. Batch oxidation tests in an autoclave were done using a factorial design. 
Different responses were measured and analysed to study effect of the three factors and oxidation kinet-
ics. Generally, high slurry density required high temperature and oxygen partial pressure to reach com-
plete oxidation. Oxidation kinetics at 225°C temperature, with 1050 kPa oxygen partial pressure and 15% 
slurry density was found to be fastest resulting in complete conversion of sulfides in 30 minutes. At 
195°C, 700 kPa oxygen partial pressure and 10% slurry density, the oxidation kinetics for complete sul-
fide conversion was about 60 minutes. Slurry densities above 10% had an adverse effect on the oxidation 
rate, when the temperature was below 225°C and oxygen partial pressure below 1050 kPa. 

Keywords: gold ore, hydrometallurgy, leaching, factorial design  

Introduction 

Many of the gold deposits today contain gold finely disseminated in iron sulfide min-
erals, such as pyrite and arsenopyrite. Such deposits are known as refractory gold ores 
due to encapsulation of fine gold particles in the host mineral (Iglesias and Carranza 
1994; Fleming 1992; Corrans and Angove 1991). A clear border between refractory 
and non refractory ore in terms of gold recovery is not given, but several authors have 
stated that less than 80% gold recovery by direct cyanide leaching after fine grinding 
of the ore indicates a refractory ore (Iglesias and Carranza 1994; Fleming 1992; Cor-
rans and Angove 1991; Pangum and Browner 1996). The refractory ore must be bro-
ken down by chemical means, with utilization of oxidative processes, such as roasting, 
pressure oxidation or bacterial leaching. These expose the valuable metals to subse-
quent cyanidation. 

http://www.minproc.pwr.wroc.pl/journal/
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Leaching of metal sulfide minerals is commonly considered as an electrochemical 
reaction between sulfide ion and oxygen. Sulfide sulfur is oxidized either into elemen-
tal sulfur, sulfite or sulfate ions. Oxygen undergoes a reduction reaction with water 
formation (Bailey and Peters 1976; Rimstidt and Vaughan 2003; Papangelakis and 
Demopoulos 1990; Long and Dixon 2004). All these studies present two competing 
reactions to occur as the anodic oxidation reaction of pyrite, one producing sulfate and 
sulfuric acid (1) and the other sulfate and elemental sulfur (2). Oxygen can also oxi-
dize pyrite directly producing Fe3+ and thiosulfate (3) followed by thiosulfate decom-
position and oxidation of the resulting sulfite ion to sulfate (Long and Dixon 2004).  

 FeS2 + 7/2 O2 + H2O → FeSO4 + H2SO4 (1) 

 FeS2 + 2 O2 → FeSO4 + So (2) 

 4 FeS2 + 7 O2 + 4 H+ → 4 Fe3+ + 4S2O3
2- + 2 H2O. (3) 

The proposed reactions of arsenopyrite are quite identical (Eqs (4) and (5)) (Papan-
gelakis and Demopoulos 1990) 

 4 FeAsS + 13 O2 + 6 H2O → 4 H3AsO4 + 4 FeSO4 (4) 

 4 FeAsS + 7 O2 + 2 H2O + 4 H2SO4 → 4 H3AsO4 + 4 FeSO4 + 4 So. (5) 

Pressure oxidation is typically operated in temperatures of 190 to 230°C and oxy-
gen overpressure of 350 to 700 kPa (Fleming 2010). Under these conditions sulfide 
sulfur is oxidized into sulfates and bisulfates and iron dissolves as ferrous iron or fer-
ric iron. Ferric iron can hydrolyse and precipitate as hematite, basic iron sulfate or 
jarosite, and also formation of elemental sulfur as oxidation product is possible. High 
temperatures are required to avoid formation of elemental sulfur, which is detrimental 
for cyanidation due to excess consumption of cyanide. In this work the effect of tem-
perature, oxygen partial pressure and slurry density on oxidation kinetics and conver-
sion were studied using batch tests in an autoclave. 

Experimental 

Refractory gold concentrate was supplied from pyrite-arsenopyrite mineralization in 
northern Finland. Minerals recognized from the concentrate with XRD were pyrite 
24.7%, arsenopyrite 27.1%, quartz 10.7%, and less than 10% each of albite, dolomite, 
microcline, anorthite and chlorite. Coulter Counter analysis showed that majority of 
the particles were 1 to 300 μm. Chemical analysis of the concentrate in wt-% was As 
6.0%, Fe 21.6%, C 3.3%, S 19.5%, elemental S 0.25%, sulphate 0.42%, and Cl 
0.007%. For the pressure oxidation experiments 99.5% pure oxygen was used. 
A 20 g/dm3 sulfuric acid solution was prepared from laboratory grade 95–97% sulfuric 
acid and distilled water.  
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Autoclave oxidation tests were conducted in Büchi ecoclave model 075 titanium 
autoclave. The total volume of the autoclave vessel was about 1.1 dm3 and it was 
equipped with magnetic agitation unit, gas inlet and outlet, and sampling system with 
nitrogen flush that was also used for nitrogen feed into the vessel. The jacket of the 
reactor had inbuilt electric heating and cooling water circulation for temperature con-
trol. Pitched blade propeller and agitation speed 650 rpm were used in all experiments. 
Oxygen pressure was adjusted with pressure drop valve and oxygen flow was meas-
ured with oxygen mass flow meter. 

Dried and homogenized sample was used in all of the experiments. For each test 
a sample of concentrate and 750 cm3 sulfuric acid were loaded into the reactor. Nitro-
gen was purged to remove oxygen. Reactor was then heated with the heating resistors 
in the reactor jacket. Each test was started when oxygen feed was started. Oxygen feed 
pressure was adjusted before the experiment start as a sum of the water vapour pres-
sure at experiment temperature and the desired oxygen overpressure. Every experi-
ment was run for sixty minutes and the end of experiment was closing the oxygen inlet 
valve. Immediate cooling of the reactor was started. Slurry drain was done at tempera-
ture of about 80°C. Slurry was left for decantation, and in two hours from the draining 
pH and redox potential of the solution versus a calomel electrode were measured. 
Dried solids were analysed for total sulfur content, elemental sulfur and sulfate sulfur. 
Filtered solutions were analysed for dissolved iron. Total amount of consumed oxygen 
was integrated using the measured oxygen mass flow.  Conversion of iron was calcu-
lated by dividing the amount of dissolved iron by the amount of iron charge. Conver-
sion of sulfide was calculated as difference between residual sulfide amounts and ini-
tial sulfide amount in relation to the initial sulfide amount. 

Table 1. Factorial design of experiments 

Test Std number Temperature, °C Oxygen partial pressure, kPa Slurry density,% 
1 165 350 15 
2 225 350 5 
3 165 1050 5 
4 225 1050 15 
5 165 350 15 
6 225 350 5 
7 165 1050 5 
8 225 1050 15 
9 195 700 10 

This study was planned as half factorial to ensure the reliability of the main factor 
analysis. Experimental setup was four different combinations of selected three factors 
with two replicates (Table 1). The centre point was replicated three times. Replication 
gives more reliability on the analysis of the main factors, but a half factorial setup 
lacks on the analysis of the interactions of the factors. Factorial analysis of the vari-
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ables was made with MINITAB 16 statistic calculation software. Three major analyses 
were conducted. Pareto analysis shows the significance of the factor to the measured 
response. Main factor analysis shows the effect of each individual factor on the meas-
ured response. Interaction plot shows how two factors affect the response together. 

Results 
The oxidation of concentrate was followed during the test by measuring oxygen con-
sumption. The experiment had a set value for oxygen partial pressure and that pressure 
was maintained by controlling oxygen feed. The oxygen was consumed in the oxida-
tion reactions and therefore oxygen flow is a measure of reactions proceeding. The 
effect of temperature, oxygen pressure and slurry density were measured using a facto-
rial experimental design. The effect of these factors was estimated from the solution 
redox potential and iron concentration and solids sulfur concentration after completing 
the experiment. 

Oxidation kinetics 
Oxygen consumption was measured online during the oxidation test. It was assumed 
that the oxidation is complete when oxygen feed is no longer needed to maintain reac-
tor pressure. This is reasonable if the reaction proceeds with direct oxidation of the 
sulfides as suggested for pyrite in Eq. (3) (Long and Dixon 2004). Figure 1 shows four 
different types of oxygen consumption curves noticed in the tests. When using 
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Figure 1. Examples of calculated oxygen consumptions 

low temperature and low oxygen pressure the oxygen consumption was small and 
either reached a very low steady level soon after the beginning (test 5, 165°C, 
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350 kPa, 15%) or increased very slowly (test 3, 165°C, 1050 kPa, 5%). At higher tem-
perature and oxygen pressure the oxygen consumption was more rapid and reached a 
steady level in 55–60 minutes (test 9 I, 195°C, 700 kPa, 10%). At highest temperature 
and oxygen pressure the oxygen consumption was even more rapid and reached a high 
steady level in 30 minutes (test 8, 225°C, 1050 kPa, 15%). 

The oxygen consumption rates at the beginning of the test were estimated from 
curves like shown in Figure 1. They varied from 0.14 dm3/min in test 5 (165°C, 350 
kPa, 15%) to 2.2 dm3/min in test 8 (225°C, 1050 kPa, 15%). Some of the experiments 
showed clear changes in cumulative oxygen consumption and these were taken as 
points where sulfide conversion had reached its maximum value. This was taken as the 
endpoint of the oxidation. Table 2 shows the initial oxygen consumption rates, end-
points and the cumulative oxygen consumption to the endpoint. Note that test number 
four is missing due to equipment malfunction. 

Table 2. The initial oxygen consumption rates, endpoints and the cumulative oxygen consumption  
to the endpoint determined from online oxygen flow measurements 

Test Initial O2, dm3/min Endpoint, min Cumulative O2, dm3 

Std1 (165°C, 350 kPa, 15%) 0.19 No endpoint Not estimated 
Std2 (225°C, 350 kPa, 5%) 0.84 60 47.6 
Std3 (165°C, 1050 kPa, 5%) 0.52 No endpoint Not estimated 
Std4 (225°C, 1050 kPa, 15%) – – – 
Std5 (165°C, 350 kPa, 15%) 0.14 25 3.85 
Std6 (225°C, 350 kPa, 5%) 0.35 30 11.9 
Std7 (165°C, 1050 kPa, 5%) 0.59 No endpoint Not estimated 
Std8 (225°C, 1050 kPa, 15%) 2.20 30 64.9 
Std9 (195°C, 700 kPa, 10%) 0.95 No endpoint Not estimated 
Std9 I (195°C, 700 kPa, 10%) 1.0 55 42.0 
Std9 II (195°C, 700 kPa, 10%) 0.93 60 43.1 

 
The results in Table 2 indicate that oxygen consumption at the beginning of oxida-

tion increases with increasing temperature, oxygen pressure and slurry density. A big-
ger charge requires more oxygen and it is delivered sufficiently only in experiments 
with high temperature and oxygen pressure. The appearance of an endpoint indicates 
that no further oxidation happens but it does not necessarly mean that the sulfide con-
version is complete. 

The effect of oxidation factors 
The conversion of sulfides after the test was estimated using redox potential of the 
solution, iron concentration of the solution and remaining sulfur in the residue. The 
effect of temperature, oxygen pressure and slurry density were analysed using factorial 
setup. Measurements and values of the calculated responses are presented in Table 3. 
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The oxygen columns refer to oxygen consumed in the first 20 minutes and during the 
whole 60 minutes. Due to agitation problems at high temperatures test number 4 failed 
and for conducting the factorial analysis its results were copied from the replicate test 
number 8. For the same reason during test 6 the agitation stopped after about 30 min-
utes from the start of the experiment and did not return until the end of the experiment. 
The reason was later identified as thermal expansion of the bearings that resulted in 
seizing. 

Table 3. Measured pH, redox and oxygen consumption values and calculated iron and sulfide conversion 

Test pHinit. pHfin. Eredox,  
mV SCE 

O2/20, 
dm3 

O2/60, 
dm3 

Feconv,% Sconv,% 

Std1 (165°C, 350 kPa, 15%) 0.67 7.38 247 4.7 10.9 0.003 -3.4 
Std2 (225°C, 350 kPa, 5%) 0.70 0.51 562 19.4 47.6 29.6 100.0 
Std3 (165°C, 1050 kPa, 5%) 0.86 0.81 497 11.1 20.7 62.6 83.0 
Std4 (225°C, 1050 kPa, 15%) -- -- -- -- -- -- -- 
Std5 (165°C, 350 kPa, 15%) 0.76 7.14 237 3.2 5.1 0.005 -1.7 
Std6 (225°C, 350 kPa, 5%) 0.59 0.93 442 9.9 15.5 18.3 9.1 
Std7 (165°C, 1050 kPa, 5%) 0.74 0.52 501 12.8 20.1 59.9 85.3 
Std8 (225°C, 1050 kPa, 15%) 0.88 0.47 621 44.6 71.2 40.8 99.6 
Std9 average (195°C, 700 kPa, 10%) 0.60 0.24 580 23.5 43.3 41.0 100.0 

 
Calculated constant and coefficients for regression equations for each response are 

presented in Table 4. The R2 values show that three responses, oxygen consumption 
after 20 minutes, discharge solution redox potential and iron conversion at the end of 
the experiment, have good fitting of the regression model with over 90% goodness of 
fit. Two other responses, total oxygen consumption and conversion are less well mod-
elled by the regression equation. 

Table 4. Regression equation constant and coefficients α for each response 

Response Constant α(T),°C α(pO2), kPa α(slurry density),% R2 

O2 20 min, dm3 –81.6 0.36 0.03 1.10 0.92 
O2 60 min, dm3 –128 0.62 0.04 1.36 0.81 
Eredox, mV SCE –274 3.18 0.27 –6.87 0.93 
Feconv,% 31.5 0.87 19.5 –11.1 0.97 
S2-

conv,% –76.3 0.46 0.09 –2.46 0.66 

 
In Table 4 the trends in oxygen response are the same as were found for initial 

oxygen consumption rate. An increase in the redox potential and higher conversions 
indicate that more of the sulfide has been oxidized. For these responses the increases 
in temperature and oxygen pressure are beneficial whereas increase in slurry density 
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decreases the response value. According to the Tromans model (Tromans 1998) oxy-
gen solubility increases both with increasing temperature and oxygen pressure and so 
the dissolution reactions (1)–(5) will proceed further. When the temperature and oxy-
gen pressure are too low and slurry density is too high there is not enough dissolved 
oxygen to oxidize sulphide completely. 

Discussion 

Analysis of Tables 3 and 4 show that discharge solution redox potential is clearly cor-
related with consumed oxygen (Fig. 2). Assuming that the sulfide oxidation proceeds 
with direct oxidation by dissolved oxygen and produces ferric ions (Long and Dixon 
2004) the more oxygen is consumed the higher is the amount of ferric iron. According 
to Nernst equation increasing ferric iron concentration increases the redox potential 
logarithmically. In the experiments done at 195°C and 225°C redox potential was 
higher and at 165°C lower than the standard electrode potential of Fe3+/Fe2+ equilib-
rium. At the lowest temperature there is not enough oxidizing power to convert iron to 
ferric iron or the ferric iron produced has been reduced to ferrous iron in oxidation of 
concentrate. Sulfur compounds in the solution can also reduce ferric iron. For example 
decomposition of thiosulfate produces elemental sulfur and sulfite, which is oxidized 
by ferric iron to sulfate (Long and Dixon 2004). 

Eredox [mV] = 157.4ln(O2 [dm3]) - 25.2
R² = 0.89
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Figure 2. Discharge solution redox potential after the experiment  
as a function of oxygen consumed during the oxidation test 
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The iron and sulfide conversions describe how much of the concentrate charge iron 
has dissolved in the solution and how much of the sulfide sulfur remained in the leach-
ing residue. The iron and sulfide conversions as function of oxygen consumed during 
the test are shown in Fig. 3. The conversion of sulfide is quite well described with a 
logarithmic equation. Using a high temperature and oxygen pressure the conditions are 
suitable for oxidation and complete conversion can be achieved. The iron conversion 
is less well described with a logarithmic equation. As shown by equations (1)–(5) iron 
should produce soluble sulfates. The low conversion values indicate that iron has been 
precipitated back. Especially the tests with high oxygen consumption suggest that iron 
has been oxidized to ferric iron, hydrolysed and converted to solid iron compounds. 

Feconv, % = 15.7ln(O2 [dm3]) - 17.4
R² = 0.35

Sconv, % = 49.7ln(O2 [dm3]) - 93.6
R² = 0.79
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Figure 3. Iron and sulfur conversions after the experiment as a function of oxygen  
consumed during the oxidation test 

Conclusions 

Oxidation of the pyrite-arsenopyrite concentrate is improved by higher temperature 
and oxygen pressure and these are linked to the amount of dissolved oxygen. If these 
factors are high enough and charge size small enough, oxidation is completed in 30–
60 minutes. The higher are temperature and oxygen pressure the more rapid is oxida-
tion. 

Factorial testing indicates that all three studied factors affect conversion of the con-
centrate minerals. Oxygen pressure is the most important. It is possible that the effect 
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of temperature is not shown clearly as it is linked to the concentration of dissolved 
oxygen. 

The conversion of the concentrate minerals was estimated using discharge redox 
potential describing Fe3+/Fe2+ equilibrium, iron conversion using discharge iron con-
centration and sulfur conversion using leaching residue sulfide concentration. Of these 
responses the sulfide conversion is most useful as ferric iron can react to insoluble 
compounds. 
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APPLICATION OF POLISH CALCIUM SORBENTS  
IN CARBONATE LOOPING 
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Abstract: The purpose of this work was the investigation of behaviour of three Polish CaO-based sor-
bents during calcium looping cycles. All investigations were conducted with a Netzsch STA 409PG Luxx 
thermogravimetric analyser. Samples weighing ms = 10.0(1) mg were placed in an Al2O3 crucible. The 
calcium looping processes were performed at two carbonation temperatures (650°C and 680°C) and three 
calcination temperatures (880°, 900° and 920°C). Additionally, calcination-carbonation cycles with dif-
ferent gas flows were explored. We investigated the influence of CO2 concentration and total gas flow on 
carbonation conversion. 

Keywords: calcium looping, CO2 capture, CaO-based sorbents 

Introduction 

The emission of CO2 from fossil fuel combustion is the major contributor to anthropo-
genic greenhouse gas emissions. During the last several years, CaO-based sorbents 
have been intensively investigated for their possible applications in CO2 capture. 
Among the various options for the separation of CO2 from flue gases, high-
temperature CO2 absorption by mineral sorbents such as Ca-sorbents appears promis-
ing. The main reaction in this process is the carbonation reaction: 

 CaO + CO2 = CaCO3 + heat. (1) 

The sorbent can be regenerated via calcination, which entails heating the carbonate 
until it decomposes into CaO and CO2. In this process, pure CO2 is obtained for se-
questration. The regenerated sorbent can then undergo another round of carbonation. 
This process is based on a looping cycle in which the two reactions, carbonation and 
calcination, are alternated. The carbonation reaction is exothermic, whereas calcina-
tion reaction is endothermic. Carbonation is characterised by a rapid initial rate and a 
very slow final reaction rate. Calcination is a rapid process that occurs over a wide 

http://www.minproc.pwr.wroc.pl/journal/
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temperature range (Blamey et al., 2010). Thus, the carrying capacity of the sorbent is 
the number of moles of CO2 reacted in the period of fast reaction rate with respect to 
that of the reaction stoichiometry for complete conversion of CaO to CaCO3. The 
main disadvantage of CaO-based sorbents is the decay of activity with an increasing 
number of cycles. This decay trend was summarised by Abanades and Alvarez (2003) 
as the following first-order formula: 

 (1 )N
N m w wX f f f= − +  (2) 

where XN is the carbonation conversion in the Nth cycle, and fm and fw are empirical 
parameters.  

The optimal values of these parameters were calculated from a data series found in 
the literature as fm = 0.77 and fw = 0.17. This equation was fitted to carbona-
tion/calcination data from over 50 cycles, and an excellent regression coefficient of 
approximately 0.99 was obtained, indicating that fresh sorbent is needed in the cal-
cium looping process due to its deactivation, which increases the cost of the process. 
For this reason, it is necessary to mitigate natural sorbent deactivation (Li, 2011). The 
largest deviation from the optimum value given by equation 2 is found in processes 
where in a considerable sintering was observed, and the deactivation rate of the sor-
bents increased accordingly. Fennell et al. (2007) found that equation 2 does not de-
scribe sorbent activity in a fluidised bed environment because increasing the calcina-
tion period reduces fm. This parameter can be interpreted as a residual reactivity. Mess 
et al. (1999) observed that sorbent particles remained capable of forming a CaCO3 
layer despite undergoing numerous cycles. For this reason, the term fm  and equation 2 
are more applicable in systems where attrition and friability are less significant. An 
alternative formula was developed by Wang and Anthony for carbonation conversion 
activity (Wang and Anthony, 2005): 

 1 1(1 )N N Na a ka− −= −  (3) 

where k is a proportionality coefficient, and aN is the activity of the sorbent in the Nth 
cycle.  

These authors reported that activity decay depends on the activity of the sorbent in 
the (N – 1) cycle. Their formula describes the data quite well with k = 0.23. The disad-
vantage of this formula is its limitation in N, becoming useless when N is large. As an 
alternative for large N, Wang and Anthony (2005) proposed equation (4): 

 1
1Na

kN
=

+
. (4) 

In this equation, the parameter k is the rate of decay of sorbent activity. This equa-
tion is reminiscent of the formula for catalyst deactivation by sintering as function of 
time t: 
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 1
1Na

kt
=

+
. (5) 

Equation (5) suggests that sintering is the cause of decay. The equation proposed 
by Wang and Anthony does not include residual reactivity. Grasa and Abanades 
(2006) developed Eq. 4 to account for the residual activity: 

 1 1001
1

Na a
kN

a

∞

∞

⎡ ⎤= + ×⎢ ⎥
+⎢ ⎥

−⎣ ⎦

 (6) 

where a∞  is the residual activity, with a value of approximately 7%.  
This equation is useful for data for up to approximately 500 cycles, where 

0.075a∞ = . Another formula was subsequently proposed by Lysikov et al. (2007): 

 1
1 100

(1 )
N

aa a

kN α

∞
∞

−⎡ ⎤= + ×⎢ ⎥
⎢ ⎥+⎣ ⎦

 (7) 

where a∞  is the residual activity, and α is a parameter that depends on the sintering 
mechanism. This formula is especially useful for synthetic sorbents but requires an 
additional parameter α. Wang and Anthony (2007) later proposed a formula that in-
cludes residual reactivity: 

 1 1[1 ( )] 100N N Na a k a a− − ∞= − − ×  (8) 

which, for large number of cycles, reduces to the following: 

 100
1 (1 )N ka N

aa
a e ∞

∞
−

∞

⎡ ⎤
= ×⎢ ⎥

− −⎢ ⎥⎣ ⎦
. (9) 

This equation also describes decay behaviour in systems where sintering occurs. 
There are numerous equations in the literature that can fit experimental data, but there 
is no ready correlation between their parameters, sorbent characteristic and process 
conditions. Therefore, the final sorbent capacity after an “infinite” number of cycles is 
not predictable. This situation demonstrates that the influence of different process 
parameters on sorbent activity requires additional investigation. Manovic and Anthony 
(2008) examined the influence of temperature on sorbent activity using the same tem-
peratures for calcination and carbonation and found that sorbent sintering is masked at 
higher temperatures by enhanced carbonation due to increased CO2 diffusion through 
the CaCO3 layer. These authors concluded that a long carbonation period led to 
a faster loss of sorbent activity and further showed that a longer calcination period 
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increases sorbent conversion. Their results stand in contrast to those presented by 
Grasa and Abanades (2006) and Lysikov (2007), who reported that calcination time is 
not an important parameter. 

The aim of this work was to determine the carbonation/calcination process parame-
ters that allow for the most efficient use of the sorbent in a calcium looping installa-
tion. For this purpose, we studied the influence on sorbent activity of parameters such 
as carbonation and calcination temperatures, the CO2/CaO ratio in the reactor and the 
choice of mineral sorbent. 

Experimental system 

We investigated three natural Polish mineral sorbents: limestone from Czatkowice and 
dolomites from Siewierz and Sandomierz. All investigations were conducted in an 
STA 409PG Luxx thermogravimetric analyser (Netzsch). Samples of mass ms = 
10.0(1) mg were placed in an Al2O3 crucible. The measurements were conducted at 
various carbonation and calcination temperatures, gas flows and CO2 concentrations. 

Results and discussion 

Figure 1 presents a comparison of these three mineral sorbents during ten calcina-
tion/carbonation cycles. 

 

Fig. 1. Comparison of three mineral sorbents during ten calcination/carbonation cycles 

All the measurements were conducted under the same conditions: carbonation at 
650°C, calcination at 900°C and a CO2 flow of 25 cm3/min during carbonation. The 
simple comparison of the two dolomites shows that the dolomite from Sandomierz 
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displays worse sorbent properties because the period of fast reaction rate during the 
carbonation process is less than that of the dolomite from Siewierz. Therefore, we 
used the dolomite from Siewierz and the limestone from Czatkowice in our subse-
quent investigations. 

The first stage of our measurements involved conducting carbonation/calcination 
cycles at different carbonation temperatures. We investigated two temperatures: 650°C 
and 680°C. These temperatures were chosen because their application in a calcium 
looping installation can be economically justified. Furthermore, we chose not to apply 
a higher temperature during carbonation to prevent sorbent sintering (Manovic and 
Anthony, 2008). Figure 2 presents the results for the limestone from Czatkowice. The 
calcination temperature was 900°C, and the gas flows consisted of 25 cm3/min CO2 
plus 25 cm3/min N2 during carbonation and 25ml/min N2 during calcination. We ob-
served no difference between the results for this sorbent at these two temperatures. 

 

Fig. 2. Comparison of carbonation conversion of limestone for two carbonation temperatures 

The second part of our study consisted of investigating the influence of calcination 
temperature on sorbent activity. For the limestone, we compared three calcination 
temperatures: 880, 900 and 920°C. The cycles were performed at a carbonation tem-
perature of 650°C and the gas mixtures consisted of 25 cm3/min CO2 plus 25 cm3/min 
N2 during carbonation and 25 cm3/min N2 during calcination. 
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Fig. 3. Comparison of the carbonation conversion of limestone at three calcination temperatures 

Figure 3 presents a comparison of the carbonation conversion for limestone at the 
three studied temperatures. There was no difference observed between carbonation 
conversions at 880°C and 900°C, but carbonation conversion was lower at 920°C. 
These results are in accordance with the results presented by Manovic and Anthony 
(2008), who reported that samples cycled at higher temperature were more sintered 
and, hence, less active. However, the calcination temperature in an industrial reactor 
should be at least 900°C to achieve calcination yielding a concentrated CO2 stream. 
Thus, it appears appropriate to conduct further investigations at a calcination tempera-
ture of 900°C and a carbonation temperature of 650°C.The second investigated sor-
bent was the dolomite from Siewierz. We conducted measurements in the same way as 
for the limestone, and the results were the same as for the limestone. Regarding the 
first variable (carbonation temperature), there was no difference between the results 
obtained with carbonations at 650°C and 680°C. In processes with different calcina-
tion temperatures, the results were also similar to the limestone results. The worst 
carbonation conversion was obtained for calcination conducted at 920°C. 

The last part of our investigation consisted of calcination/carbonation processes 
conducted using several different gas flows with various CO2 concentrations. These 
measurements were all conducted at a calcination temperature of 900°C and a car-
bonation temperature of 650°C.  

Figure 4 presents the data obtained in four limestone calcination/carbonation cycles 
conducted with four different gas flows during carbonation (24, 50, 100 or 150 
ml/min) with a constant CO2 concentration (50%). The partial gas flows are also pre-
sented in this figure. Nitrogen was used as a purge gas at a constant flow rate in each 
process (12, 25, 50, or 75 cm3/min).We observed that the carbonation conversion is 
better at lower gas flows than with the largest gas flow (150 cm3/min). The influence 
of CO2 concentration on carbonation conversion was also investigated. Three proc-
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esses with different CO2 concentrations (25, 50 or 75%) but a constant total gas flow 
during carbonation (100 cm3/min) were evaluated with the limestone. 

 

Fig. 4. Comparison of carbonation conversion of limestone for four gas flows: 
◊ – N2 75 cm3/min/CO2 75 cm3/min;□ – N2 50 cm3/min/CO2 50 cm3/min; 
△ – N2 25 cm3/min/CO2 25 cm3/min; Ο – N2  12 cm3/min/CO2 12 cm3/min 

 

Fig. 5. Comparison of carbonation conversion of limestone for three CO2 concentrations  
with the same gas flow:◊ – N2 25 cm3/min/CO2 75 cm3/min; □ – N2 50 cm3/min/CO2 50 cm3/min;  

 – N2 25 cm3/min/CO2 75 cm3/min 

The data presented in Fig. 5 show that the carbonation conversion is slightly lower 
at 75% CO2 than at the other CO2 concentrations. This result may be related to the fact 
that an atmosphere of concentrated CO2 also amplifies sintering, consequently reduc-
ing the sorbent activity with an increasing number of reaction cycles. This phenome-
non can also be observed in Fig. 6.  
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Fig. 6. Carbonation conversion of limestone for three CO2 concentrations (purge gas flow 25 cm3/min) 

This graph presents the relation between CO2 concentration and carbonation con-
version during the first cycle. In these processes, the purge gas flow was constant (25 
cm3/min), and CO2 concentration was varied (50, 67 and 75%). The same types of 
measurements were performed for the dolomite, and in both cases (constant CO2 con-
centration and constant total gas flow), there were no differences between the data 
obtained. Figure 7 presents the data collected at a constant total gas flow; here, it can 
be observed that dolomite activity does not depend on CO2 concentration in this range. 

 

Fig.7. Comparison of carbonation conversion of dolomite for three CO2 concentrations  
with the same gas flow: ◊ – N2 25 cm3/min/CO2 75 cm3/min; □ – N2 50 cm3/min/CO2 50 cm3/min;  

 – N2 25 cm3/min/CO2 75 cm3/min 

Because the CO2 concentration in typical flue gas is approximately 20%, we de-
cided that the best data for further analysis were those obtained at 20% CO2. Figure 8 
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presents a comparison of our data for limestone and dolomite in 10 carbona-
tion/calcination cycles with three curves representing relations found in the literature 
(Eqs (2), (3), (8)).We observed that the activity of dolomite is slightly higher than that 
of limestone. All these equations describe carbonation conversion for limestone. As 
stated in the introduction, Eq. 2 does not consider sorbent sintering, and this equation 
did not describe our data. Furthermore, the equation developed by Wang and Anthony 
(Eq. (3); 2005) did not describe our data, but after the introduction of the factor for 
residual reactivity (Eq. (8)), corresponded to our data quite well. 

 

Fig. 8. Comparison of data obtained for limestone and dolomite in 10 carbonation/calcination  
cycles with the relations found in the literature 

Conclusions 
The purpose of our work was to determine the best parameters for calcium looping 
processes conducted with Polish mineral sorbents. We investigated three mineral sor-
bents: one limestone and two types of dolomite. We excluded one type of dolomite 
early in our experiments due to its weak carbonation conversion. The two other sor-
bents were investigated at various carbonation and calcination temperatures and at 
different CO2 concentrations and gas flows. We found that the best process parameters 
for our sorbents are a calcination temperature of 900°C and a carbonation temperature 
of 650°C. Additionally, we observed that there was no difference in carbonation con-
version for dolomite in the range 25–75% CO2, and higher activity decay occurs with 
limestone at high CO2 concentrations. We also found that the activity decay of the 
limestone from Czatkowice is well described by the equation developed by Wang and 
Anthony (Eq. 8). This relation is useful because it allows for the calculation of sorbent 
activity in a calcium looping installation after N cycles.  
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Abstract: The high-pressure grinding roll (HPGR) technology is currently one of the most efficient 
methods of hard ore comminution from the scope of the energy consumption. Throughput and energetic 
models of performance are quite well developed, but technological models predicting the comminution 
effects still needs an in-depth research. In the paper author presents the method of modeling of HPGR 
products’ particle size distribution by using suitable mathematical models. A basis of the HPGR perform-
ance assessment and HPGR-based crushing circuits design is a product’s particle size distribution. In 
order to precisely determine the particle size distribution of a HPGR product, parameters of product’s 
particle size distributions should be conditional on the main technical parameters of the roller press like 
operating pressure and the speed of rolls. The most accurate approximation of a distribution of size parti-
cle appears to be Weibull’s truncated distribution and it is possible to obtain significant relationships 
between the approximation formula and the value of operating pressure, or feed characteristics. It makes 
possible a determination of mass recoveries of the product’s respective size fractions and the productivity 
planning. Instead of pressure, the other HPGR operating parameters can be applied, but the pressure value 
appears to produce the most relevant relationship. A determination of HPGR product’s particle size dis-
tribution is a basis of the press operation simulation analysis. 

Keywords: HPGR, comminution, particle size distribution, ore processing 

Introduction 

Comminuting circuits constitute an integral part of mineral processing technology and 
a basis of the ore enrichment process. The work efficiency of ore pretreatment circuits 
for downstream upgrading processes determines in fact the effectiveness of the overall 
process because it enables proper liberation of useful minerals from the feed to take 
part. It is especially significant in base metals and non-ferrous ore processing, where 
liberation of useful components is achieved by obtaining the comminution ratio, suit-

http://www.minproc.pwr.wroc.pl/journal/
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able for a given type of ore, together with avoiding feed overgrinding, which increases 
the paymetal losses (Saramak et al. 2010; Tumidajski 2010).  

High-pressure comminution is currently the one of most effective method of the 
material size reduction. Main advantages of the technology include: 
 low unit energy consumption, from 0.8 to 3 kWh (2,880 to 10,800 kJ respectively) 

per tonne of treated material, 
 micro-crack generation, which gives the benefit in downstream grinding processes 

(usually in ball mill). As a result of the micro-crack formation, the process energy-
consumption, measured with using the Bond work index, can be reduced for up to 
30%, according to various investigations, 

 increasing of useful mineral grade in ore upgrading operations, improvement of the 
weight recovery index for the entire process, 

 dry and wet crushing options, with the feed material moisture up to 10%, 
 high availability (Te > 95%), 
 low dust pollution, low noise and vibration emision, 
 low footprint comparing to SAG mills or even vertimills 

High-pressure comminution operations also affect the grinding kinetics in 
downstream milling stage, through shortening the grinding time. Another method of 
enhancing the grinding effectiveness is an increase of grinding media charge (Olejnik 
2006), but here the gain is obtained with no extra cost of grinding media. 

The application of the high-pressure grinding rolls (HPGR) in comminution 
circuits is currently a key issue in many mining and mineral processing sectors and 
HPGR principles are well presented in many works (Schoenert, 1988; Morley, 2003; 
2010; Maxton et al., 2003; Daniel and Morell, 2004; Naziemiec and Saramak, 2009; 
van der Meer and Gruendken, 2010; Saramak, 2011a; 2012). HPGR devices are 
present in industrial circuits of cement production (Kurdowski, 1998; Gawenda, 2009) 
and in hard ore processing technology (Schoenert, 1988) since the mid-nineties and 
the development in HPGR applications in ore pretreatment technology is a current 
worldwide trend. The investigations of grinding processes in HPGR devices are still in 
progress and the technical level of current industrial presses was obtained at the 
beginning of this century (Morley, 2003). The HPGR technology is currently the most 
effective method, as far as energy consumption and hard minerals comminution are 
concerned and can be a good alternative for semi-autogenous (SAG) and even tower 
mills (Kalinowski, 2006). 

Taking into consideration the above aspects, the main aim of the paper is a pro-
posal of approximation of HPGR crushing products with using of specific theoretical 
distribution. All parameters of the selected theoretical particle size distribution will be 
combined with the main operating parameter – the operating pressure (P). A knowl-
edge of the crushing product’s quality described through a particle size distribution 
curve is significant in terms of the process description and optimization of crushing 
and grinding circuit’s performance. 
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Crushing product particle size distributions 

The feed for HPGR-based crushing circuits can be analyzed with regards to its phys-
ico-mechanical properties, mineralogical composition, particle size distribution and 
other features. These features, in turn, determine the effect of comminution process, 
assessed on the basis of the quality of grinding products, process energy consumption, 
process capacity and economic indices. The HPGR feed characteristics usually take 
into consideration only the dmax value (maximum particle size), and that appears to be 
insufficient for proper modeling of the HPGR comminution processes. Besides dmax, 
knowledge of individual size fraction participations in the feed (product particle size 
distribution), especially the mass recoveries of fines and coarsest particles, is required 
(Saramak 2011b). 

Particle size distributions of grained material processed in mineral processing 
plants are important, because they generate distributions of other features of particles, 
which determine the course of enrichment operations. A modification of material par-
ticle size during the comminution process (size reduction), plays a key role in the as-
sessment of process energy-consumption and susceptibility of the ore to downstream 
upgrading processes. Particle size distributions are also significant in heuristic model-
ing of various enrichment processes (Tumidajski and Saramak 2010). 

A theoretical approach to determination of particle size distribution of crushing 
products was presented by Kolmogorow (1941) and Epstein (1947), who proved that 
for a multi-stage comminution process, the particle size distributions of products are 
log-normal. The product particle size distribution depends on the crushing process 
intensity (stage). Let’s consider the comminution of crystalline particles. When a full 
liberation of these grains is achieved (the level of grain boundaries is reached), the size 
distribution of these particles should tend towards either log-normal or logistic distri-
bution, because the content of very fine particles should be rather low, together with 
expected lack of coarser (uncrushed) grains. According to the nature of the grained 
material, the cumulative distribution proposed for description of the empirical data, 
should reach a value of 1 for the maximum particle size (dmax) and therefore there 
should be applied truncated distributions. A common modification of Rosin–Ramler–
Bennets’ distributions, is the truncated distribution, utilizing the expression 

max

dw
d d

⎛ ⎞
= ⎜ ⎟−⎝ ⎠

: 

 max
max

( ) 1 exp , 0
n

dd c d d
d d

Φ
⎡ ⎤⎛ ⎞⎢ ⎥= − − ≤ ≤⎜ ⎟−⎢ ⎥⎝ ⎠⎣ ⎦

  (1) 

where:  d – particle size;  
c, n, dmax – parameters determined on the basis of the empirical data (dmax – 
maximum particle size in crushing product)  
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Φ(d) – cumulative particle size distribution curve. 
w –expression converting the regular (untruncated) distribution into truncated 
one 

An advantage of the above formula is using of a third parameter, dmax, which de-
notes the maximum particle size, and the particle size distribution function has its 
course within a range of <0, dmax>, instead of the <0, +∞), which is used for regular 
Weibull’s distribution. The application of dmax parameter also increases the accuracy 
of approximation. Analogous truncated formulas utilizing the expression w, applied in 
description of particle size distribution curves, are the log-normal and logistic distribu-
tions (Tumidajski, 2012). 

The approximation procedure utilizing formula (1) is carried out with using the 
least sum of squares method. After taking a double logarithm of formula (1) we obtain 
the following equation:  

 
max

1ln ln ln ln
1 ( )

dn c
d d dΦ

⎛ ⎞
= +⎜ ⎟− −⎝ ⎠

  (2) 

which has a linear form and where c is a constant. 
In order to determine n and c parameters, one should accepted such dmax value for 

which the residual deviation value is minimal:  
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where:  ps – a number of sieves with aperture di, 
( )e idΦ  empirical cumulative distribution function 
( )t idΦ theoretical cumulative distribution function, determined by using for-

mula (1). 
Calculations should be carried out for all dmax values greater from the maximum 

sieve aperture and the values of n, c and dmax, which minimize the sr value should be 
accepted in further analyses. When the approximation formula reveal a significant 
convergence with the empirical data, it is possible to combine its parameters with the 
feed material properties and the crusher operating parameters. The analysis of rela-
tionships between technological and technical operating parameters of the roller press 
makes it possible to divide them into four groups (Saramak, 2010): 
 parameters controlled directly (operating pressure, speed of rolls), 
 parameters controlled indirectly (gap, skew, torque), 
 parameters combined with the feed material properties, 
 indices (i.e. specific energy consumption, specific throughput). 
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The operating pressure (P) has the most significant importance on the roller press 
operating efficiency. The operating pressure level influences the gap width and, as 
a result, the dmax value. Relationship between the gap (s) and operating pressure is 
presented in Fig. 1. 

 

Fig. 1. Relationship between operating pressure and gap in roller press (tests for porphyry)  
(Saramak, 2011 c) for two series of similar laboratory tests denoted as “test 1” and “test 2”. 

The shape parameter n can be directly combined with the operating pressure value, 
because the finer product, the lower n value in formula (1). The material size reduc-
tion, in turn, is directly proportional to pressure level. The scale parameter c is com-
bined with the feed material physico-mechanical properties. Changes in c value cause 
a diverse run of the particle size curve approximated with using of formula (1), result-
ing in existence of the inflection point corresponding to material grindability. The dmax 
parameter reflects the material size reduction, what can be combined with the gap 
width and, as a result similarly to n, with the operating pressure value. The HPGR 
crushing process efficiency assessment, considered from the scope of energy, technol-
ogy or ecology, can be done utilizing the obtained approximation formulas.  

Experimental programme 

A series of HPGR laboratory crushing tests of copper ore for various operating pres-
sure levels within the range from 1 to 8 N/mm2 were run. A particle size distribution 
curve was determined for each crushing product, the results are presented in Fig. 2. 

Theoretical cumulative distribution functions were calculated by using truncated 
Weibull’s formula (1). Values of coefficients in the formula are presented in Table 1 
and in Figs 3 and 4. 
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Fig. 2. Particle size distribution curves for all crushing products. Numbers from 1 to 8 denote  
single batch tests for respective value of operating pressure (from 1 to 8 N/mm2). 

Table1. Values of coefficients in formula (1) 

Operating pressure, P [N/mm2] 
 

1 2 3 4 5 6 7 8 

n 0.461 0.443 0.428 0.431 0.432 0.421 0.416 0.413 
c 1.868 2.005 2.365 2.359 2.139 2.245 2.467 2.610 

dmax 25.7 19.6 19.4 16.3 16.0 15.5 15.5 13.9 
sr 2.70 2.37 2.12 1.65 1.38 1.17 1.31 1.21 

 

Fig. 3. Course of dmax and sr parameters dependening on the operating pressure P 
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Fig. 4. Course of n and cparameters dependening on the operating pressure P 

The next stage included the approximation of n, c and dmax parameters course. It 
was possible to determine an approximation function for each parameter on satisfac-
tory accuracy level. The course of c parameter is well described by polynomial of third 
degree (Fig. 4) what has its practical justification. Following ranges can be distin-
guished in the course of c parameter approximation function: 
 range from 1 to 4 N/mm2, where c values increase – it illustrates the entire com-

minution process at relatively lower pressure values. Size reduction is directly pro-
portional to the pressure, but comminution efficiency is less intense together with 
the further increase of P value, 

 range from 4 to 6 N/mm2, where c values are generally stable. In comminution 
process this stage corresponds to the situation where almost full liberation of parti-
cles, (up to the grain boundary) was achieved. The size of most particles was re-
duced along the grain boundaries, micro-cracks formation is also observable, but 
the pressure is not high enough to disintegrate a single grain structure, 

 range above 6 N/mm2. The highest pressure values cause crushing of single struc-
tures of grains, size reduction index increases again, until the maximum operating 
pressure for the device is achieved. 
The dmax parameter course is very well approximated by the hyperbolic function 

(Fig. 3). Significant decrease of dmax for lower pressure values is observed, while for 
the higher P values, dmax course stabilizes itself, reflecting relatively lower size reduc-
tion index for excessive pressure (maximum compression of the material bed between 
the rolls).  

Values of the n parameter decrease together with an increase the operating pressure 
P values (Fig. 4). At the entire stage of the process (lower P values) the n values drop 
significantly (a relatively easy increase in finer size fractions of crushing product), 



 D. Saramak 128

next a kind of stabilization is observed and finally, for highest P values, a further de-
crease on n can be noticed (renewed increase of finer particles in the product). 

Practical implementations 

It appears that the course of n, c and dmax parameters can be described as functional 
relationships of pressure (Table 2). A selection of respective pressure level in press 
results in particular values of n, c and dmax which, in turn, give us the information 
about the particle size distribution of crushing products. 

Table 2. Coefficients of function (1) as functional relationships of pressure P 

Parameter Function R2 

n 0.05
0.460.459n
P

= ⋅  0.956 

c 3 20.01 0.15 0.68 1.29c P P P= ⋅ − ⋅ + ⋅ +  0.857 

dmax max 0.27
24.97d
P

=  0.927 

 
As a result of the above it is possible to control the work of entire crushing and 

grinding circuit in terms of technological, economic or ecological effects.  A general 
three-stage crushing and grinding circuit, under examination, is presented in Fig. 5. 

Following variables can be regarded as controllable: 
 crusher’s outlet gap (s) 
 press operating pressure (P) 
 screening cut point (dT) 
 grinding time (t). 

A generalized model (target function) from a technological (product size reduction) 
or economic (process energy consumption) scope will have a following form: 

 F = f (P, s, dT, t) (4) 

where F (target function) can denote either S50 or S80 (average or eighty percent prod-
uct’s size reduction index), or Esp (unit energy-consumption of the process) depends of 
the accepted point of view. 

Determining the value of the target function (4) is possible after calculating the 
conditional extremum of multi-variable function within the constrained area. This area 
respects a changeability range of key-operational parameters of devices incorporated 
into the circuit and below relationship constitute the limitations supplementing the 
target function formula: 
 P < Pmax 
 Qmin < Q < Qmax 
 Sx > Sx_min 
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Fig. 5. Exemplary three-stage crushing and grinding HPGR based circuit 

 γx > γx_min 
 Esp < Esp_max 

where Sx – given size reduction ratio (i.e. average or 80%), γx – the yield of given size 
fraction in crushing products, Q [Mg/h] – press throughput, Esp [kWh/Mg] – unit en-
ergy-consumption. 

The model built in the above manner is a classical issue of mathematical program-
ming, i.e. finding the minimum (or maximum) of target function at presence of given 
limitations. The conditional extremum of the target function, in turn, gives us informa-
tion of the controllable variables’ values, which optimize the device’s performance. 

Summary and final conclusions 

The issue of modeling the particle size distribution curves of HPGR crushing prod-
ucts, presented in the article, is significant from the point of view of both HPGR and 
the modern enrichment circuits work optimization. The methodology presented ap-

I StageCrushing 
II Stage-
Crushing

Cyclone  
classification

Flotation or  
Chemical treatment Underflow 

Overflow 
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pears to be accurate, because the truncated distribution applied in the work, gives 
a very precise approximation, accuracy of which increases together with increasing the 
operating pressure value. The control of comminution results is then possible through 
a selection of particular value of the pressure which, in turn, is combined with parame-
ters of the approximation formula (1) through equations presented in Table 2. It also 
appears that the major influence on the crushing process course has the operating pres-
sure P. The process efficiency, measured with chosen indices, like the specific energy 
consumption, throughput or the content of desirable size fractions in product, can be 
then dependent on the operating pressure value. Conditioning the parameters of for-
mula (1), approximating the particle size distribution function of crushing products, on 
the device work characteristics, permits the simulation to be carried out, which leads 
to determination the optimal operating conditions. It also enables the HPGR crushing 
process course to be better understood, as well as emphasizing the role of individual 
operating parameter of the device and the feed properties. 

The investigations were carried out for copper ore and no additional analyses con-
cerning the particle structure and the size of grain boundaries were made. Relation-
ships obtained in the above investigations should have different values of coefficients 
depending the type of material, but it is accepted that the forms of functional relation-
ships (presented in Table 2) are the same. It is obvious that the relationship 

max ( )d f P=  is a hyperbole, ( )c f P=  – polynomial of third degree, while ( )n f P=  
can be either the hyperbole or the straight line. Parameters n and c are responsible for 
the shape of distribution function (convexity) and it is claimed that the c parameter is 
connected with the material characteristics (structure). It might be accepted a hypothe-
sis that the type of material determines a distribution type, i.e. either Weibull’s distri-
bution or the one of two others, namely log-normal or exponential, not considered in 
this work. 
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CONTAMINANTS OF POST-LEACHING COPPER  
SOLUTIONS AND THEIR BEHAVIOR DURING  
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Abstract: Several copper extractants have been examined in laboratory glassware with a special attention 
paid to their behavior towards cations others than copper(II). In the studies 25 vol. percent of hydrocarbon 
(Exxsol D80 AZ) solutions of six industrial copper extractants have been used. They were mainly re-
agents of hydrooxime type (LIX 860N-IC, LIX 984, LIX 984N, LIX 84-I, Acorga M5640) and diketone 
type LIX 54-100. Individual isotherms of independent extraction of copper(II) and selected cations (Fe3+, 
Fe2+, Co2+, Ni2+, Zn2+, Mn2+, Cd2+, Mg2+) versus equilibrium pH have been compared. Investigations have 
been conducted with synthetic 0.1 mol/L solutions of their sulfates. The values of pH50% − parameter 
defined as an equilibrium pH at the moment of half-and-half extraction of the investigated cationic spe-
cies have been presented. Also ΔpH50%, that is differences between values of pH50% for specific cation 
Me(II) and copper(II): ΔpH50% = pH50%(Me) − pH50%(Cu), have been given. In addition to that 25% LIX 
984 has been used in counter-current pilot trials for copper(II) extraction from naturally contaminated 
solutions produced by bioleaching of industrial sulfide copper concentrate to observe behavior of investi-
gated contaminants such as correlations between their real co-extraction with copper(II) and the position 
of their extraction on the pH scale. Copper electrolyte/strip solution, working alternately within close loop 
of coupled stripping - electrowinning system, has been analyzed during consecutive cycles to observe 
building up of the contaminants concentrations in the course of test. 

Keywords: industrial copper extractants, copper contaminants, copper extraction isotherms 

Introduction 

Dominant amounts of worldwide copper production come from copper ores which, 
after mining, crushing, grinding and enrichment by flotation to 20-30 % Cu, are proc-
essed pyrometallurgically into metallic copper. Also most of copper scrap is recovered 
by melting and pyrometallurgical refining. Crude blister copper is finally refined using 
hydrometallurgical electrolytic means to produce copper cathodes. A simpler, fully 
hydrometallurgical method to obtain electrolytic copper is based on the ion exchange 
solvent extraction technique. About 20% of the world copper production is processed 

http://www.minproc.pwr.wroc.pl/journal/
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this way. Mostly poor and oxidized raw materials, unsuitable for flotation, are proc-
essed by means of extraction even though quite effective methods of bioleaching are 
available, which guarantee dissolution of rich sulfide copper concentrates by bioleach-
ing (bacterial and/or fungal) and transforming them into copper(II) sulfate(VI) solu-
tions and elemental sulfur. Generally, hydrometallurgical technology of copper pro-
duction consists of raw material leaching (often using heaps or piles) with sulfuric 
acid solutions in the form of post-extraction raffinate or depleted copper electrolyte, 
solid/liquid separation (sedimentation and filtration) and final extractive treatment of 
the solution. The extracted copper is recovered as a stripped liquor being a moderately 
acidic copper sulfate solution and containing, for example, 55 g/dm3 Cu(II) and 130 
g/dm3 H2SO4). Next, it is subjected to electrolysis to obtain copper cathodes as the 
final product, with a simultaneous acid regeneration in amounts equimolar to depos-
ited copper (e.g. 30 g/dm3 Cu(II) and 179 g/dm3 H2SO4). Regenerated electrolyte is 
used again in cycles as a stripping factor. 

Reagents for copper extraction 
Currently there are two basic types of reagents capable to extract copper(II) from con-
centrated and/or acidic solutions which show high selectivity towards iron(III). They 
are of (hydroxy)oxime character – derivatives of aromatic ketones or aldehydes with 
elongated linear alkyl substituent attached – i.e. alkylaromatic ketoximes or aldoxi-
mes. 

Commercially available are 2-hydroxy-5-nonylacetofenoxime /LIX 84-I/, 5-dode-
cylsalicylaldoxime /LIX 860/ and 5-nonylsalicylaldoxime /LIX 860N or Acorga  
P-50/ (MTC Redbook, 2011, Cytec Industries technical brochures, 2011, Kordosky et 
al., 1983, 2003; Merigold, 1996, Agers, 1972). They contain basic ingredients which 
are used to compose extractants applied in industry by blending them with organic 
solvents (hydrocarbon) as well as with some supplementary additives (modifiers), e.g. 
phenoles (p-nonylphenol), higher alcohols (tridecanol), esters and similar. Those extra 
components have some influence on extraction characteristics (mitigating, decreasing 
extraction power causing softening of the stripping conditions), as well as on physical 
and chemical properties such as diminishing viscosity and increasing surface tension 
(Merigold, 1996). 

Presently there are three companies manufacturing industrial amounts of reagents 
of the discussed types. Cognis Corporation (MTC Redbook, 2011) mainly produces 
LIX 84-I and LIX 860N-I, whereas Cytec Industries Inc. (Cytec Industries technical 
brochures, 2011) supplies a reagent called (Acorga) P50 while AllCo Chemicals pro-
vides aldoxime type reagent MOC 45. Due to these reagents numerous commercial 
products are available including LIX 984, 984N, 973N (blends of LIX 84-I and LIX 
860), LIX 622N and 664N (LIX 860 with tridecanol or ester added); Acorga M 5640, 
PT 5050, P5100 (modified P-50); MOC 55TD. Evaluation of both types of extractants 
shows an advantage of the ketoxime type reagents. They are more resistant to hydroly-
sis under stripping conditions at elevated temperature than aldoximes. One of the rea-
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sons is that they do not need to be blended with modifiers. They can be stripped with 
a typical copper electrolyte (Kordosky, 2003; Merigold, 1996). 

To extract copper other chemical compounds can be used, e.g. β-diketones, having 
structure of R1COCH2COR2, where R1 = -(CH2)6CH3, R2 = -C6H4-R and R is an alkyl 
substituent /LIX 54-100 = 1-phenyldecane-1,3-dion/. Their power of copper extraction 
is slightly lower. Additionally, they are not selective against iron(III), which presents 
an important disadvantage, limiting in practice their application to cuprammonium 
solutions (Kordosky, 2003; Agers, 1972; Jenkins  et al., 1999). 

 Copper(II) can be extracted with many other reagents, including organic deriva-
tives of acidic compounds of phosphorus /DEHPA = bis(2-ethylhexyl)phosphoric 
acid, PC88A = (2-ethylhexyl)2-ethylhexylphosphoric acid, Cyanex 272 = bis(2,4,4-
trimetypentyl)phosphinic acid/, carboxylic /naphtenic, versatic/ and sulphonic acids, 
and hydroxyquinolines. Quite often they present disadvantage of poor selectivity 
against many cations and/or very strong co-extraction of Fe(III), which in practice 
leads to a permanent poisoning of the extractant. 

Contaminants of the post-leaching solution and selectivity   
of copper extraction 

Leaching of copper-bearing materials with sulfuric acid solutions is not selective. To-
gether with the main ingredient also its contaminants (Fe, Zn, Mg, Ni, Co, As) perme-
ate to the solutions. Copper(II) extraction from such solutions, however, leads to pro-
duction of relatively pure copper(II) sulfate(VI) solutions, which can be seen as 
a definite advantage of those extractants used for copper recovery. Requirements with 
respect to the contents of contaminants in copper electrolyte are not especially high (in 
comparison, for instance to zinc or manganese sulfate solutions prepared for electroly-
sis). Therefore, no special attention is paid to their level when they are present within 
relatively broad and acceptable limits. It is especially related to such ingredients as 
nickel, cobalt, arsenic, antimony, and to some lower degree also to iron. Some of them 
(Co) might be even desirable in the electrolyte, to prevent corrosion of insoluble lead 
anodes by causing their advantageous polarization. These facts, to a considerable de-
gree, justify why there is scarcity of information in technical literature concerning 
levels of contaminants transferred to the electrolyte, except for iron, which is typically 
used to determine selectivity of copper extraction. It is suggested that selectivity of 
copper over iron defined as Cu/Fe in the stripped solutions (copper electrolytes) is 
from 2000 to ≥ 2500 (MTC Redbook, 2011; Cytec Industries technical brochures, 
2011). 

This study represents both an attempt to verify those data on iron(III) cation and 
also an effort to fill up the gap in information on the behavior of other elements. 
Therefore, it represents also an attempt to show potential differences between extrac-
tants, present on the market and in industry, considering their copper(II) extraction 
selectivity against iron(III) as well as against other ingredients of treated solutions. 
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How to compare particular extractants? Methodology of the research 
In this respect the indicative quantitative information is defined by pH of half extrac-
tion of the examined cation denoted as  pH50%, indicating pH at which, at thermody-
namic equilibrium, half of the amount of the cation in the feed solution subjected to 
extraction was extracted to the organic phase of the extractant. The value of pH50% 
depends on extractant concentration in the organic phase and cation concentration in 
the aqueous one. It depends on a volumetric ratio of reacting phases, temperature, and 
other factors. Generally, under established conditions, this parameter characterizes the 
pair of extractant and cation. Relative position on the pH scale of graphs presenting 
percent of extraction vs. equilibrium pH curves, and the pH50% values in particular, for 
various extracted cations, that is an order of their extraction, is a characteristic feature 
of a particular extractant. It describes its behavior versus the ingredients of treated 
solution. The range and the slope of the essential part of the particular curve is also of 
some importance. 

To create extractant/cation characteristics for comparison, very diluted salt solu-
tions of investigated cations Me2+ (0.001–0.01 mol/dm3) and from 2.5 to 3.0-fold con-
centrated organic solutions of extractants are tested. For more practical applications 
the extractants are prepared in a form and concentration used by industry and the 
cations in a form of their independent and still comparatively diluted (0.05-
0.1 mol/dm3) salt solutions. The second method has been applied in the presented 
study. 

Experimental 

Extractants and chemicals 
The following solvent extraction reagents were used (main ingredients in parenthesis): 
 LIX 860N-I (5-nonylsalicylaldoxime), 
 Acorga M5640 (5-nonylsalicylaldoxime modified with TXIB /2,2,4-trimethyl-1,3-

pentanediol di-isobutyrate/), 
 LIX 84-I (2-hydroxy-5-nonyl-acetophenone oxime), 
 LIX 54-100 (1-phenyldecane-1,3-dione), 
 LIX 984N (blend of LIX 860N and LIX 84-I), 
 LIX 984 (blend of LIX 860 /= 5-dodecylsalicylaldoxime/ and LIX 84-I). 

Composition and typical properties of the reagents were available from Blue Line 
Technical Bulletins (Tech. Bull. 1996-2000) and/or their Safety Data Sheets, routinely 
provided by producers with the samples. They were used as received after dilution to 
25 vol% with Exxsol D80 AZ dissolvent (Exxon Chemicals). Salts, bases, acids were 
delivered by POCH Gliwice, and were of AR grade. 
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Pregnant leaching solutions (PLS) – feed for copper extraction 
The composition of the solutions from microbiological leaching of copper concentrate 
is shown in Table 1. They were used in extractive continuous and counter-current 
experiments. 

Table 1. Composition of pregnant leach solutions from biological leaching of copper concentrate 

Feed pH H2SO4 Cu Fe(II) Fe(III) Mg Zn Ni Co Ag As Cl SO4  

PLS/1 1.78 15.1 44.91 0.27 5.50 6.00 2.99 0.22 0.42 < 0.0002 0.24 0.46 116.4 

PLS/2 1.68 17.4 28.6 0.29 6.25 4.30 2.09 0.17 0.32 < 0.0002 0.20 0.39 89.5 
g/dm3 

Experimental methods 
The characteristics of the extractants have been examined with reference to copper(II) 
and six other cations of non-ferrous metals, i.e. Cu2+, Co2+, Ni2+, Zn2+, Mn2+, Cd2+, 
Mg2+, and also to both Fe3+ and Fe2+ cations. During these trials individual synthetic 
solutions of metal sulfates of 0.1 mol/dm3 concentrations have been used, except for 
iron, which was used in a form of equimolar (0.1 + 0.1 mol/dm3) Fe(III) and Fe(II) 
solutions. 

Determination of pH50% for extractant/cation couples was performed by reading 
their values from the graphs relating extraction vs. equilibrium pH. The preparation of 
the curves was based on point-by-point collection of data on concentration of ex-
tracted cation in aqueous and organic solutions and corresponding equilibrium pH. 
The experiments consisted of mixing of reacting phases, i.e. the aqueous (A) solution 
of metal salt and the organic (O) solution of the extractant at their volumetric ratio 
A:O = 1:1, for the period of 10 minutes. Then, the phases were separated and sampled 
to analyze concentrations of the extracted cation. Gradual increase of pH of the reac-
tion environment, and thereby progress of the reaction, was forced by a regular addi-
tion of a 5.0 mol/dm3 NaOH solution in small portions. 

More advanced tests 
Beside the described procedures for creation of pH50%, to be used in a quasi-
quantitative assessment of a particular extractant behavior versus copper(II) and 
cations of accompanying metals, in one case (LIX 984) a more advanced tests was 
performed during the pilot trials of copper extraction from the real feed solution. This 
test was conducted with a slightly excessive set of eight extractors of mixer-settler 
type, each of 0.5/1.5 dm3 in capacity, combined into 4/4 (extraction/stripping) counter-
current system and fed by three membrane pumps. At the first stage the extractant 
(25% LIX 984/Exxsol D80) was saturated with copper(II) during the contact with the 
feed solution (PLS/1 or PLS/2) and at the second stage it released copper in favor of 
the sulfuric acid solution of 2.2 mol/dm3 initial concentration (in the first cycle) or in 
favor of depleted electrolyte from copper electrolysis. Operating media were provided 
by pumps and were flowing between particular extractors due to gravity, with some 
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support of sucking operation of the rotors of the mixer. The obtained strip solutions 
were collected and directed to electrolysis, after remaining organic phase removal with 
active carbon. The electrolytes depleted by electrolysis were used again as stripping 
agents. Samples of stripped solutions, taken from particular cycles, were analyzed for 
content of all impurities. 

The extraction system was of 0-4-0-4 type, i.e. no extractant pretreatment, 4 steps 
of counter-current extraction, no scrubbing stage and 4 steps of counter-current 
stripping. Experiments were conducted at room temperature. Other conditions applied 
are listed in Table 2. 

Table 2. Conditions of continuous counter-current copper(II) solvent extraction / stripping process 

Process 
Counter– 

current steps 
Medium Composition 

Flow 
[dm3/h] 

O:A ratio 
[vol./vol.] 

Cycles 

– – Organics 
25 % vol. LIX 984 

/ Exxsol D80 
4.12 – – 

Feed 1 PLS/1 (table 1) 1.20 3.45 1 
Extraction 4 

Feed 2 PLS/2 (table 1) 1.88 2.20 2,3,4 
Strip 1 2.2 M H2SO4 0.92 4.50 1 

Stripping 4 
Strip 2 

Copper electrolyte 
35 g/dm3 Cu 3.10 1.35 2,3,4 

The strip solution obtained in cycle 1 was gathered and directed to copper elec-
trolysis, after removal of the remaining organic phase with active carbon. The depleted 
by electrolysis (to the level of 35 g/dm3 Cu) electrolyte was used again as a stripping 
agent in the second cycle. Four campaigns of such extraction – stripping – electrolysis 
cycles were performed. The circulating extractant performed a role of a copper carrier 
from the feed (PLS) to the strip solutions. A portion of about 70 dm3 of electro-
lyte/stripping solution was circulating as copper carrier from saturated organic extrac-
tant to the metal cathode. Samples of stripped solutions, taken from particular cam-
paigns, were analyzed for content of acid, copper and all impurities. 

Analytical procedures 
All samples and solutions were processed and analyzed by modern instrumental meth-
ods: ASA or AES-ICP (Horizon or Perkin-Elmer Optima 5300 V) for determination of 
complex mixed solutions, and by more traditional titration methods for determination 
of pure single components. 

Results and discussion 

The studied extractants consisted of 25 vol% organic solutions of the following re-
agents: LIX 860N, LIX 984, LIX 984N, Acorga M5640, LIX 84-I and LIX 54-100 in 
Exxsol D80 AZ dissolvent. The results are presented in a graphical form as sets of 
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curves showing dependency of the degree of extraction and equilibrium pH curves (% 
of extraction − pH) for particular cations and each investigated extractant (Fig. 1 a−f), 
and also in a form of collected data in Table 3 with pH50% values, as well as in Table 4 
with characteristic differences between those values for particular cation and Cu(II) 
values. 

    

    

    
 

Fig. 1. Extraction of different cations with selected extractants intended for selective extraction of 
copper(II) 
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Table 3. pH50% values for cations extraction with 25 vol% organic solutions (Exxsol D80 AZ)  
of selected industrial copper(II) extractants obtained during extractant contact with 0.1 mol/dm3  

aqueous solutions of metal sulfates 

Extractant→ LIX LIX Acorga LIX LIX LIX 

Cation 860N-I 984 M5640 984N 84-I 54-100 

Cu(II) 0.30 0.43 0.47 0.55 0.76 2.20 

Fe(III) 1.66 1.64 2.22 1.53 1.62 1.75 

Fe(II) 1.90 - 3.45 2.30 - - 

Co(II) 4.00 4.78 4.82 4.60 4.90 4.87 

Ni(II) 3.60 4.10 4.74 4.80 4.00 5.35 

Zn(II) 5.70 6.00 5.93 5.78 6.67 6.31 

Mn(II) 6.84 7.24 7.05 6.60 7.21 7.34 

Cd(II) 6.85 - 6.90 7.28 7.60 7.45 

Mg(II) 9.72 10.27 10.50 10.5 - 8.65 

 pH50% of cation extraction 

Table 4. Values of ΔpH50% = pH50%(Me) - pH50%(Cu) for cation extraction with 25 vol% organic solutions 
(Exxsol D80 AZ) of industrial copper(II) extractants, obtained during extractant contact with 0.1 mol/dm3 

aqueous solutions of metal sulfates 

Extractant→ LIX LIX Acorga LIX LIX LIX 
Cation 860N-I 984 M5640 984N 84-I 54-100 
Cu(II) 0.00 0.00 0.00 0.00 0.00 0.00 

Fe(III) 1.36 1.21 1.75 0.98 0.86 -0.45 

Fe(II) 1.60 – 2.98 1.75 – – 

Co(II) 3.70 4.35 4.35 4.05 4.14 2.67 

Ni(II) 3.30 3.67 4.27 4.25 3.24 3.15 

Zn(II) 5.40 5.57 5.46 5.23 5.91 4.11 

Mn(II) 6.54 6.81 6.58 6.05 6.45 5.14 

Cd(II) 6.55 – 6.43 6.73 6.84 5.25 

Mg(II) 9.42 9.97 10.03 9.95 – 6.45 

 ΔpH50% = pH50%(Me) – pH50%(Cu) 

Table 5 shows composition of a few strip solution samples produced during pilot 
trials of copper extraction with 25 vol% LIX 984/Exxsol D80 and, for comparison, 
composition of a typical electrolyte from industrial copper electrorefining process. 
These data confirm the general effectiveness of ion-exchange solvent extraction tech-
nique in providing a barrier for iron(II/III) and the cations of non-ferrous metals other 
than copper(II) as well as prove the meaning of the data in Tables 3 and 4. Indirectly 
they demonstrate a sequence of minimal co-extractions of some elements – especially 



 Contaminants of post-leaching copper solutions and their behavior during extraction… 141 

Fe and Zn, which are present in the feed solutions in slightly bigger amounts, but also 
Ni, Co or Mn, and that sequence is similar to the that of extractions on the pH scale. 
These elements find their way to the strip solutions at relatively low level of several 
dozen (Fe − about 100, Zn − about 20−30) and in further cases (Ni, Co, Mn) of merely 
a few milligrams per liter and per cycle, while the other components of the feed solu-
tion (As, Sb, Se, Te, Bi, Pb and especially Sn, Cd, Cr, Ag) are practically absent in the 
strip solutions. Additionally, regardless of cationic ingredients, small amounts of chlo-
rides, phosphates and silica are observed in the strip solutions. 

Essential cationic (Fe, Zn, Ni, Co) as well as some anionic (chlorides, phosphates) 
components increase their concentrations during subsequent cycles of copper(II) ex-
traction, gradually accumulating in strip solution which circulates between systems of 
stripping and electrolysis. 

Table 5. Composition of copper strip solutions, obtained during pilot trials of copper extraction  
from post-leaching solutions with 25 % LIX 984/Exxsol D80 AZ 

Component > H2SO4 Cu Ni Co Fe As Sb Se Cl Zn  

Electrolyte*) 172 43.2 7.56 0.10 0.13 4.0 0.37 0.095 0.046 0.029 
Strip 1 135 55.5 < 0.001 0.002 0.090 < 0.001 < 0.001 < 0.001 0.020 0.030 
Strip 2 140 50.2 0.0030 0.003 0.10 < 0.001 < 0.001 < 0.001 0.035 0.020 
Strip 3 148 53.7 0.0064 0.007 0.169 < 0.001 < 0.001 < 0.001 0.028 0.082 
Strip 4 145 57.6 0.0054 0.010 0.267 – – – 0.014 0.098 

g/dm3 

 

continued Si P Sn Cd Cr Te Bi Mn Pb Ag  

Electrolyte*) 16 9 2.9 1 0.6 < 0.5 < 0.5 0.4 – – 
Strip 1 6 26 < 0.1 < 0.1 < 0.1 < 1 < 1 3 < 2.5 < 0.1 
Strip 2 3 30 < 0.1 < 0.1 < 0.1 < 1 < 1 3 0.5 < 0.1 
Strip 3 5.9 50 < 0.1 < 0.1 < 0.1 < 1 < 1 5.9 2.6 < 0.1 
Strip 4 3.5 41 – – – – – 7.7 1.0 – 

mg/dm3 

*) composition of typical electrolyte of copper electrolytic refining; the other solutions are strip liquors, 
obtained during pilot plant trials from feed solution PLS/2 (Strip 1) or PLS/1 (Strip 2, 3 & 4) 

Conclusions 

Six solvent extraction reagents – five of Cognis’ LIX family: 860N-I, 84-I, 984N, 984 
(hydroxyoximes), 54-100 (diketone) and Avecia’s M5640 (modified salicylaldoxime 
of Acorga family), capable of selective extraction of copper(II), were characterized, 
with special attention paid to the selectivity of Cu(II) extraction against typical con-
taminants such as iron (Fe3+, Fe2+) and cations of other non-ferrous metals (Co2+, Ni2+, 
Zn2+, Mn2+, Cd2+, Mg2+). For the studies their 25 vol% solutions in hydrocarbon dis-
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solvent Exxsol D80 AZ (ExxonMobil Chemical) were prepared. The most important 
our observations are: 
 in most of the examined cases (except for LIX 54-100) copper(II) is the most 

strongly extracted cation (pH50% from 0.30 to 0.76), 
 extractants, claimed as highly selective against iron, proved to be effective within 

a very narrow pH range of acidic solutions; extraction of Fe(III) begins at pH ≥ 
1.0–1.5, even with Acorga M5640, which was the best agent with pH50%

Fe(III) = 2.22  
 the distance between extraction of copper(II) and iron(III) ΔpH50%

Fe(III)/Cu(II) is broad 
enough (≥ 1.0) with the four reagents (M5640, 860N-I, 984N, 984); in that respect 
Acorga M 5640 (1.75) is definitely the best one; the rest (/LIX 84-I (0.86) and LIX 
54-100 (-0.45)/ should rather be applied to extraction of copper(II) from ammonia 
solutions, 

 iron(II) is the third to be extracted with respect to its position on pH scale, but in all 
cases the extraction is naturally strongly hampered and raises to merely 20−40% in 
the conditions under which other cations reach close to 100 % extraction, 

 next, the pair of cobalt/nickel is extracted with a great distance to copper(II) at 
pH50% levels of 3.5-4.5 and 4.5-5.5 for Co(II) and Ni(II), respectively, 

 cobalt(II) extraction is related to its partial oxidation and fractional permanent 
presence in organic phase (showing partial resistance to Co stripping), what was 
demonstrated by its permanent dark coloring; it seems that a similar situation takes 
place with all extractants, 

 Mn(II) and Cd(II) form a similar ‘pair’ because they are extracted relatively close 
to each other and far from copper(II), at the level of 6.6-7.6 on the pH scale, 

 zinc(II) extraction takes place earlier, between groups of Co(II)/Ni(II) and 
Mn(II)/Cd(II), at pH level about 5.5–6.0; slightly higher for LIX 54-100 and LIX 
84-I. 
Small co-extraction of some cations, in particular iron(III) and zinc(II), has a cu-

mulative character. Therefore, when they are present in feed solutions in considerable 
amounts in the applied system of copper(II) extraction, a stage of organic phase scrub-
bing should be predicted. 
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Abstract: Flotation of smithsonite coming from a cerussite flotation circuit was investigated using Armac 
C and Armac T as cationic collectors and their mixtures with potassium amyl xanthate (KAX) as an 
anionic collector. Under optimum condition using Armac T with sodium hexamethaphosphate as a de-
pressant, a smithsonite concentrate with 42% Zn and 89.6% recovery is obtained while in the presence of 
sodium silicate depressant Armac C produces a concentrate containing 40.8% Zn with 92.5% recovery. 
However, Armac T acts a little more selectively than Armac C but their mixture with KAX act inversely. 
The KAX-Armac C mixed collector improves the Zn grade and recovery of the flotation concentrate 
while KAX-Armac T does not. At the mixture ratio of KAX - Armac C 2:1, the amine collector consump-
tion is decreased and an optimal concentrate with 94% recovery and 43% Zn grade is obtained without 
any gangue depressant reagents. 

Keywords: flotation, smithsonite, collector, mixed collector, zinc 

Introduction 

Nowadays, new technologies to produce zinc metal from oxidized zinc ores are being 
developed as it is becoming more difficult to find new sphalerite mines. Oxidized ores 
contain zinc in various carbonate and silicates minerals, such as smithsonite (ZnCO3), 
hydrozincite (2ZnCO3·3Zn(OH)2), zincite (ZnO), willemite (Zn2SiO4) and hemimorphite 
(Zn4Si2O7(OH)2·H2O) and so on (Chen et al., 2009). In practice, the commonly used 
method for the recovery of oxidized lead and zinc minerals from ores at present is flota-
tion (Onal G. et al., 2005). The flotation of oxidized lead and zinc minerals, particularly 
zinc minerals, is much more difficult than the flotation of corresponding sulfide miner-
als. Hexyl and amyl xanthates are capable of collecting smithsonite. However, the proc-
ess is not selective enough in practice (Gaudin, 1957; Billi and Quai, 1963; Nagano et 
al., 1975; Yamada et al., 1976; Yamazaki et al., 1978; Herrera Urbina et al., 1999; 
Hosseini and Forssberg, 2006; Hosseini and Forssberg, 2007). The fatty acids are also 

http://www.minproc.pwr.wroc.pl/journal/
mailto:iranajad@aut.ac.ir
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used to recover the zinc oxide minerals such as smithsonite, hemimorphite and calamine 
via froth flotation method (Rey, 1953; Nagano et al., 1974; Kiersznicki et al., 1981; 
Hosseini and Forssberg, 2006; Irannajad et al, 2009; Ejtemaei et al, 2011). Flotation 
using chelating agents is another alternative for beneficiation of zinc oxide minerals 
(Rinelli and Marabini, 1973; Fuerstenau and Palmer, 1976; Barbery et al., 1977; 
Marabini et al., 2007). The most common flotation technique used commercially for the 
treatment of zinc oxide minerals is sulfidization with Na2S, followed by treatment with 
conventional cationic collectors, namely amine (Mckenna et al., 1949; Rey, 1979; 
Abramov, 1961; Onal et al., 2005; Pereira and Peres, 2005; Keqing et al., 2005; 
Hosseini and Forssberg, 2006; Irannajad et al., 2009). The amount of sulfidizing reagent 
and pH of the pulp must be carefully controlled in amine flotation (Hosseini and Forss-
berg, 2007; Salum et al, 1992). Either sodium sulfide or sodium hydrosulfide is used as 
a sulfidizing agent (Onal G. et al., 2005). When the pH value decreases, there is a drop 
in recovery (Hosseini and Forssberg, 2007; Salum et al, 1992). A mixture of amines and 
xanthates can be used as a collector. A system that contains two surfactants of different 
charge is called a catanionic system (Herrington et al., 1993; Hosseini and Forssberg, 
2006; Hosseini and Forssberg, 2007; Ejtemaei et al, 2011). 

The Angooran mine, located 100 km south west of Zanjan, is one of the largest 
lead and zinc oxide deposit in Iran. The major zinc mineral is smithsonite with hemi-
morphite and hydrozincite as minor minerals while the major lead mineral is cerrusite 
with mimetite as a minor one. Generally, the associated minerals are mainly calcite 
and quartz which are accompanied with minor amount of mica, hematite, goethite, 
kaolonite, and montmorolinite. The exploited ore is concentrated in Dandy Processing 
Plant which is located 20 km far from the mine with approximately 1 Gg (gigagram or 
1000 ton) daily feed. The schematic flowsheet of present concentration process is 
shown in Fig. 1. The tailing of cerrusite flotation is the zinc concentrate containing 20-
25% Zn, which is leached by sulfuric acid to extraction the zinc metal (Irannajad 
2007; Mehdilo et al, 2010; Ejtemaei and Irannajad, 2008). In recent years by decreas-
ing the Zn content of the ore, upgrading of tailing by froth flotation before acid leach-
ing has been attracted considerably. In this work the cationic/anionic flotation of 
smithsonite from the tailing of cerrusite flotation circuit is studied. 

Flotation 

Lead Concentrate  
(Containing about 60% Pb)

Tailing  
(Zinc concentrate) 

Leaching process 

Feed 

 Conditioner 

 

Fig. 1. Schematic flow diagram of Dandy Mineral Processing Plant 
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Materials and Methods 

Materials 
A representative sample containing 21.7% Zn was taken from tailing of the cerrusite 
flotation circuit. The chemical composition of the ore sample and pure smithsonite 
determined by XRF is presented in Table 1. The XRD (X-ray diffraction) pattern of 
the sample indicated that the associated minerals of smithsonite are calcite, quartz and 
minor amount of goethite, kaolinite, and montmorolinite. The reagents used in the 
study are shown in Table 2. 

Table 1. Chemical composition of representative sample 

Composition (wt. %) 
Sample 

ZnO pbO SiO2 CaO Al2O3 Fe2O3 MgO K2O CdO NiO SO3 L.O.I 

ore sample 27.0 4.8 16.9 17.5 2.6 2.62 0.65 0.36 0.19 0.09 0.22 25.64 

pure smithsonite 63.5 3.11 0.13 0.51 – 2.45 – – – – – 29.4 

Table 2. Reagents used in flotation tests 

Chemical Concentration Supplier Role 
Armac C (Cocoalkylamine) acetate) 99 Akzo Nobel Collector 
Armac T (Tallowalkylamine) 99 Akzo Nobel Collector 
Potassium amyl xanthate (KAX) 90 Cheminova Collector 
Sodium sulfide (Na2S) 75 Merck Sulfidizing reagent 
Sodium silicate (SS) 97 Merck Depressant  
Sodium hexa methaphosphate (SH) 96 Scharlau Depressant  
NaOH – Merck pH adjuster 
Pine oil 99 Penn Chemical Frother 

Methods 
Microflotation test 
The samples were ground and then sieved to collect the –150 + 75 µm fraction for the 
microflotation tests. Single mineral microflotation tests were performed in a 300 cm3 
Hallimond tube at a constant air flow rate. Experiments were carried out at varying pH 
and reagent concentrations. Sulphuric acid and sodium hydroxide solution were used 
for pH adjustment. For each test, 3 g of –150 + 75 µm fractions were separately condi-
tioned using reagents at the desired pH in a 400 cm3 volumetric flask for a predeter-
mined time (3 min). The collector was then added to the slurry and flotation was car-
ried out in the Hallimond tube. After the flotation tests, the concentrate and tailings 
were filtered, dried and weighed. 
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Flotation tests 
In the flotation tests carried out in 1 dm3 Denver cell according Fig. 2, the desired 
amount of sodium sulfide was added to the pulp and was conditioned for 10 min by 
adjusting the pH at 11. A depressant was then added and conditioned for 5 min, after 
which the slurry was conditioned with collectors for 5 min (conditioning time for 
mixed collectors was 10 min). Finally, pine oil was used as a frother (120 g/Mg) with 
a conditioning time of 2 min. The froth collection was performed for 10 min. The flo-
tation concentrate and tailing were filtered, dried, weighed, and analyzed by atomic 
absorption technique. 

Desliming  

Zinc Concentrate 

Feed Flotation
Reagents

Tailing 

Slime 

 

Fig. 2. Schematic diagram of flotation tests 

Results and discussion 

Microflotation tests 
The microflotation tests were carried out in order to select the optimum amount of 
sulfidizer agent and pH value. The recovery of smithsonite flotation using 500 g/Mg 
Armac C and KAX as a function of pH value are shown in Fig. 3. The maximum re-
covery of smithsonite flotation occurred at pH = 9 and pH = 10.5–11 using KAX and 
Armac C, respectively. In the next experiments pH=11 was selected for cationic flota-
tion by Armac C and Armac T. The effects of sodium sulfide on smithsonite flotation 
using 500 g/Mg Armac C, Armac T and KAX are shown in Fig. 4. The recovery of 
smithsonite was increased by increasing sodium sulfide concentration. The optimum 
dosage of sodium sulfide is 500 g/Mg which results in 82.6% and 83.7% recoveries 
using Armac C and Armac T, respectively, while its optimum amount is 1.25 kg/Mg 
for KAX with 73.4% recovery. The recovery of smithsonite decreases with the in-
creasing sodium sulfide concentration. This is due to over-sulfidization of the pulp and 
a high content of HS- ion in the flotation system (Malghan, 1986; Onal et al., 2005; Fa 
et al., 2005).  
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Fig. 3. Recovery of smithsonite flotation as a function of pH value  
(500 g/Mg Armac C, 500 g/Mg KAX, 500 g/Mg Na2S) 

 

Fig. 4. Recovery of smithsonite as a function of Na2S concentration  
(500 g/Mg Armac C, 500 g/Mg Armac T, 500 g/Mg KAX) 
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Ore sample flotation  
Cationic flotation 
Figure 5 shows smithsonite flotation from the ore sample as a function of the sodium 
sulfide dosage using Armac C. The results revealed that the smithsonite particle sur-
face was not sufficiently sulfidized. The optimal dosage of sodium sulfide is up to 
about 7500 g/Mg. At a high dosage, the adsorption of S2– ions increases with the in-
crease of sodium sulfide, and the flotation of smithsonite is hence depressed. Marabini 
et al., 1984, found that the smithsonite recovery is not sensitive to the Na2S concentra-
tion when the concentration of sodium sulfide is high. The reason for this observation 
is that at high concentration of Na2S, the ZnCO3 component disappears totally and 
a dense coating of ZnS is formed on the mineral surfaces. Essentially, the full forma-
tion of ZnS on the surface of ZnO minerals results in the amine adsorption less sensi-
tive to the effects of concentration of Na2S. However, the Na2S dosage is relatively 
high but it also has the role of a pH adjuster, and no other pH adjusting reagent is re-
quired (Marabini et al., 1984). 

 

Fig. 5. Grade and recovery of zinc in smithsonite flotation concentrate as a function  
of sodium sulfide dosage using Armac C (Armac C 200 g/Mg, pH=11) 

The flotation response of smithsonite as a function of Armac C or Armac T dosage 
in the presence of SS and SH as depressant reagents is shown in Figs 6 and 7. It is 
clear that the Zn grade of the concentrate obtained by Armac T is higher than that by 
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Armac C. The increase of both collectors dosage increases Zn recovery and decreases 
Zn grade in the smithsonite flotation concentrate. The reduction of Zn grade is attrib-
uted to the flotation of more gangue minerals due to high collector concentration.  

 

Fig. 6. Grade and recovery of zinc in smithsonite flotation concentrate as a function  
of collector dosage (7500 g/Mg Na2S, 600 g/Mg SS, pH = 11) 

 

Fig. 7. Grade and recovery of zinc in smithsonite flotation concentrate as a function  
of collector dosage (7.5 kg/Mg Na2S, 250 g/Mg SH, pH = 11)  
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In the presence of SS, the optimal dosage of Armac C is 200 g/Mg, which results in 
a smithsonite concentrate with 40.8% Zn and 92.5% recovery, while the optimum Zn 
grade and recovery in the concentrate produced by Armac T are about 42.0% and 
89.6%, respectively which is obtained at dosage of 800 g/Mg. Using SH as depressant 
reagent increases the optimal dosage of Armac C to 300 g/Mg which results in a con-
centrate containing 39.8% Zn with 83.5% recovery. In the presence of SH, using 800 
g/Mg as an optimal dosage of Armac T a concentrate with 42.8% Zn and 92.5% re-
covery is obtained.  
Anionic–Cationic flotation 

KAX–Armac C 

The Zn grade – recovery curves of the bench flotation using mixed collectors depend 
on the mixture ratio and are shown in Fig. 8. At a fixed concentration of Armc C (50 
g/Mg), the KAX concentration was increased from 150 to 900 g/Mg and the mixed 
collector ratio of KAX:Armac C was varied from 3:1, 6:1, 10:1, 14:1, to 18:1. The 
results (Fig. 8a) show that the increasing of KAX dosage or mixture ratio improves the 
Zn grade significantly but it decreases the Zn recovery from 92.5% (using Armc C 
only) to about 70%. The optimum mixture ratio of the mixed collector is KAX: Armac 
C, 6:1 (300 g/Mg KAX and 50 g/Mg Armac C) which results in a concentrate with 
72.6% recovery and 47.5% Zn grade. For improving the recovery, at the optimum 
dosage of KAX (300 g/Mg) the dosage of Armac C was increased gradually according 
Fig. 8b. With increasing the concentration of Armac C, the Zn grade is decreased but 
the Zn recovery is improved significantly. The optimal ratio of collectors is 
KAX:Armac C, 2:1 (300 g/t KAX and 150 g/t Armac C) which results in a smithsonite 
concentrate with about 43% Zn and 94% recovery. At the optimal conditions the Zn 
grade and recovery of the concentrate obtained by mixed collector are 2.15% and 
1.5% respectively higher than that obtained using Armac C alon. Furthermore, by 
using mixed collectors without any depressant reagents, the optimum consumption of 
amine collector is also decreased.  
KAX–Armac T 

The Zn grade – recovery curves of the bench flotation using the mixture of KAX and 
Armc T at the different mixture ratios are shown in Figure 9. At a fixed concentration 
of Armc T (300 g/Mg), the KAX concentration was increased from 90 to 1000 g/Mg 
and the mixed collector ratio of KAX:Armac T was varied from 0.3:1, 0.6:1, 1.2:1, 
1.8:1, 2.3:1 to 3.3:1. As seen from Fig. 9a the increasing KAX concentration or mix-
ture ratio improves the Zn grade and recovery and the optimum concentrate containing 
43.3% Zn grade and 65.1% recovery are obtained at a mixture ratio of 1.2 : 1 
(360 g/Mg KAX and 300 g/Mg Armac T). A further increase of the KAX concentra-
tion decreases the selectivity of the amine collector and Zn content of the concentrate 
but it does not have significant effect on the Zn recovery. At the KAX concentrations  
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Fig. 8. Grade and recovery of Zn in smithsonite flotation concentrate as a function  
of mixed collectors ratio (Na2S 7500 g/Mg, without deprassant, pH = 11): 

(a) variation of KAX concentration, (b) variation of Armac C concentration 

higher than 700 g/Mg with decreasing the Zn grade, the recovery is increased signifi-
cantly. For improving the Zn grade and recovery of the concentrate, at the optimum 
fixed concentration of KAX (360 g/Mg) the concentration of Armc T is increased 
according Fig. 9b. The results show that the increasing of Armc T consumption in-
creases the Zn recovery of the concentrate significantly but it decreases the Zn grade 
of the concentrate. The optimum mixture ratio of the mixed collector is KAX:Armac T 
as 0.6:1 (360 g/Mg KAX and 600 g/Mg Armac T) which results in a concentrate with  
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Fig. 9. Grade and recovery of Zn in smithsonite flotation concentrate as a function  
of mixed collectors ratio (Na2S 7500 g/Mg, without deprassant, pH = 11):  

(a) variation of KAX concentration, (b) variation of Armac T concentration 

41.5% Zn grade and about 82% recovery. A comparison of results presented in Figs 6, 
7 and 9 shows that the Zn grade and recovery of the concentrate obtained using mixed 
collector (KAX and Armac T) are lower than those produced by Armac T alone. How-
ever, more experiments indicated that using SH as a depressant reagent the Zn grade 
and recovery of the concentrate produced with mixed collector are improved a little 
but the results are not as good as obtained with Armac T alone. 
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Conclusion 

From two amine collectors used in this study, Armac T acts a little more selectively 
than Armac C and results in smithsonite concentrate with higher Zn grade while Ar-
mac C is effective in enhancing the recovery of Zn. The KAX–Armac C mixed collec-
tor improves Zn grade and recovery of the smithsonite concentrate while the KAX-
Armac T one does not. The best concentrate with 43% Zn and 94% recovery is ob-
tained using the KAX–Armac C mixed collector at a mixture ratio of KAX:Armac C 
as 2:1 (300 g/Mg KAX and 150 g/Mg Armac C). The improvement of Zn grade and 
recovery is probably related to the co-absorption of KAX and Armac C when they are 
used as a mixed collector. The presence of KAX increases the Armac C adsorption 
due to the decrease in the electrostatic head–head repulsion between the surface and 
ammonium ions and increase in the lateral tail–tail hydrophobic bonds (Hosseini and 
Forssberg, 2007). The reason why the mixture of KAX with Armac T does not have 
positive effect on the smithsonite flotation concentrate should be investigated compre-
hensively. The decrease of collectors consumption and also no requirement of any 
depressant reagents are other advantages of the studied xanthate-amine (KAX-Armac 
C) mixed collector. 
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Abstract: Many mineral processing data can be monitored by a time series model. This research presents 
results of analysis and simulations of a chromite processing plant data determined by time series model. 
The plant data obtained by shift to shift include feed grade, concentrate grade, tailing grade, Cr/Fe ratio in 
concentrate. All the chromite processing data were found stationary over time. The autocorrelation was 
high for feed grade and Cr/Fe ratio. Weaker autocorrelation was observed for concentrate grade and 
tailing grade. Autoregressive integrated moving average (ARIMA, 1,0,0) or first order autoregressive 
(AR, 1) model, was found to fit all data very well. The models obtained have been also shown to be used 
for the near future estimation of these data. The time constant which is an indicator of sampling frequency 
of the data sets were determined. It was found that sampling frequency was enough for concentrate and 
tailing grade and their original values can be used in process control charts for monitoring. On the other 
hand, the sampling frequency should be reduced for feeding grade and Cr/Fe ratio for the same aims 
hence ARIMA residual charts were more suitable to monitor their values.  

Keywords: time series, autoregressive model, time constant, process control, chromite processing 

Introduction 

Although process data at any time are determined by process conditions, there are 
random or probabilistic data which can only be characterized by statistical methods 
(Gleit 1985). In mineral processing plants, many data are obtained over time. The 
performance of a mineral processing plant can be evaluated by analyzing these data. 
The analysis of the resulting data properly is a very important step in understanding 
plant’s performance (Ketata and Rockwell, 2008). A set of observations in time se-
quence is defined as a time series (Ganguli and Tingling, 2001). The data from min-
eral processing plants may be evaluated by applying times series models since the data 
structure is identical to the time series form. In some processes, these observations are 
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correlated. Many quality characteristic values are a good example of a time series that 
is correlated in time domain (Ganguli and Tingling, 2001). 

Time series analysis models are very useful in modeling dynamic systems in sci-
ence and engineering applications (Capodaglio, et al., 1992). This class of models is in 
fact able to represent the dynamic features of physical systems that are subject to often 
uncontrollable inputs with random components. Mineral processing plants can also be 
considered as examples of dynamic systems, with inputs (ore characteristics, feeding 
and flow, organic loads, etc.) that vary stochastically within more or less wide ranges. 
The use of stochastic models allows a more detailed representation of the dynamic 
nature of these systems, while retaining the degree of information contained in most 
deterministic models (Capodaglio, et al., 1992). A fundamental utility of these models 
is their ability to forecast the level of the process into the future, accounting for its 
recent history and the underlying stochastic nature (Ganguli and Tingling, 2001). 

In quality control, the production achieved can be collected under two headings by 
taking into consideration the type and nature of it. If production can be measurable, 
can be weighted and can be expressed in a unit with one or more of these feature, it 
can be mentioned that the production is continuous. Otherwise, there is a discrete 
manufacturing process. However, continuous and discrete concepts in time series are 
determined according to whether the observation values are obtained from equal time 
intervals or not. In other words, if the observation values making time series are ob-
tained from unequal time intervals, the series occurred are defined as continuous time 
series. If the observations are obtained at equal or certain time intervals, they are 
known as discrete time series (Kaya, 1995). Even where the observations carried out 
continuously, the observation for the specific time intervals or based on the total value 
or can be converted by means of sampling to discrete continuous series. 

Trybalski and Cieply (2000) stated that most mineral processing unit operations are 
in principle continuous processes but the majority of continuous processes such as 
mineral processing plants can be regarded as discrete. Therefore, the processes of 
mineral processing can be regarded as discrete processes which can be described with 
time series (Trybalski and Cieply, 2000). Some applications of time series models for 
mineral/metal processing plants have been reported in the literature for different aims. 
Examples can be given such as the investigation of dynamic characteristics of the flo-
tation circuits (O’Keefe et al., 1981), the coal data from preparation plants (Cheng at 
al., 1982), the SO2 stack emissions from coal boilers (Gleit, 1985), modeling of daily 
data of metal grade or recovery (Napier-Munn and Meyer, 1999), estimation of world 
copper production (Kutlar and Elevli, 1999), the copper ore flotation (Trybalski and 
Cieply, 2000), analyzing and modeling the behavior of operators of ilmenite reduction 
furnaces (Bazin et al., 2000), the coal segregation control (Ganguli and Tingling, 
2001) and the variables of stream materials and sampling errors (Ketata and Rockwell, 
2008). The time series models have been also used for the statistical process control 
charts of autocorrelated data of mineral processing/mining applications (Samanta and 
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Bhattacherjee, 2001; Bhattacherjee and Samanta, 2002; Samanta, 2002; Elevli et al., 
2009; Taşdemir, 2012) 

The autoregressive integrated moving average, called as ARIMA time series mod-
els in short, are perhaps the most popular methods to evaluate a process variable and 
to make estimation for the future. The ARIMA time series models capture the stochas-
tic characteristics of the fluctuations in a quality levels over time (Ganguli, and Tin-
gling, 2001). 

The purpose of this study was threefold. First aim was to determine if the first or-
der autoregressive time series model, ARIMA(1,0,0) or AR(1), can be used an appro-
priate time series model in monitoring and analyzing the four types of data obtained 
from a chromite processing plant and to test the performance of models in the near 
future forecasting. The next purpose was to determine the time constants of data sets 
obtained from AR(1) models to test adequacy of sampling frequencies of data. The 
last aim was to show how weak and moderate autocorrelation of datasets affect the 
Shewhart charts of individual observations for the process control of these data sets. 

Autoregressive (AR) time series models 

Autoregressive (AR) time series models are called according to referring to the past 
period by the number of observations containing the value in the AR models. If AR 
model contains one observation values  in the past period it is called as first order AR 
model. If it contains two value of the past period of observation, it is called the second 
order AR model. In general, p-order AR model contains p historical value of the ob-
servation period in question. Let X1, X2….Xt be stationary time series (such as feeding 
Cr2O3 grade, tailing Cr2O3 grade, concentrate Cr2O3 grade etc.) The object of this 
modeling approach is to derive an expression for Xt, the value of the series at time t, in 
terms of values of the series from the past, i.e at times t–1, t–2, etc. (Cheng at al., 
1982). There must be some totally random shocks at entering the model at time t due 
to the random fluctuations in the series. General expressions of the AR (p) model are 
as follows (Montgomery et al., 2008): 

 Xt = δ + φ1 Xt–1 + φ2Xt–2 + ...+ φpXt–p + εt (1) 

Xt , Xt–1 , Xt–2,... , Xt–p are the observation values. The φ1, φ2, ...,φp are the model pa-

rameters which are termed the autoregressive constants 
1

1
p

i
i

δ φ μ
=

⎛ ⎞
= −⎜ ⎟⎜ ⎟

⎝ ⎠
∑ with µ denot-

ing the process mean, p is the order of model, εt is a random shock which is independ-
ent error term which reflects the amount of variation in the data which is not explained 
by the AR model and is assumed to follow a normal distribution with mean zero and 
variance, σe

2, which is termed white noise variance (WNV). A random shock is a ran-
dom variable that is independent of all past history (Gleit, 1985). It accounts for any 
inherent variance in the data. 
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In practice, the first and second-order AR models commonly used as models and 
they are shown as AR (1) and AR (2) in short respectively. In AR (1) model, an ob-
servation value at t period of a time series is explained by observation value of Xt–1 at 
t–1 period of time series and an error term. The variability associated with a chromite 
property, X, is subject to correlated and random elements. This stochastic process is 
modeled by autoregressive model of order one (i.e., an AR(1) process) with the equa-
tion: 

 Xt = δ + φXt–1 + εt (2) 

where: Xt − measurement at time t,   
Xt–1 − measurement at time t–1,  
δ − (1 − φ) µ, µ is the process mean 
φ − autocorrelation coefficient (–1 < φ < 1),  
εt − error term, normal random shock at time t.  

The AR (1) model implies that each observation depends on the previous one to an 
extent defined by φ (Napier-Munn and Meyer, 1999). The autoregressive parameter, φ, 
is a measure of the autocorrelation between the past data point Xt–1 and the current data 
point of Xt.  

Autocorrelation  
Autocorrelation in a time series, meaning the correlation between current observations 
(Xt) and observation from p periods before the current one (Xt–p) (Montgomery et al., 
2008). In a given series, the autocorrelation at lag p which ranges from –1 to +1 is the 
correlation between the Xt, and Xt–p pairs and is given by: 
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Theoretical autocorrelation functions (ACFs) and partial autocorrelation functions 
(PACFs) (autocorrelations versus lags) are available for the various models chosen.  
Many important conclusions about a time series can be made according to the correlo-
grams which a plot of sample ACFs/PACFs versus lags obtained for a data set when 
choosing an appropriate time series model. More details can be found in Montgomery 
et al (2008). For example, ACF of a characteristic AR model slowly approaches zero 
and its PACF spikes at lag p. Therefore, the model is most probably characterized by 
ARIMA (1,0,0) or AR(1) when there is a significant spike only at lag 1 of the PACF 
(partial autocorrelation between Xt and Xt–1) and the ACF slowly declines.  
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The Time Constant (T) 
Rius and Callao (2001) and Callao and Rius (2003) used the time constant (T) that is 
related to the behavior of AR(1). The T parameter is calculated by the following equa-
tion for the AR(1) model: 

 
1

1
ln

T
φ

= − . (4) 

The time constant is an indicator which controls the appropriateness of sampling 
frequency. It provides a time constant for eliminating autocorrelation if the frequency 
of analysis can be decreased. When it equals to 1, we can conclude that the sampling 
frequency might be enough. If T is equal to two, the sampling frequency can probably 
be cut by half. In case of its value 3, it means that it can probably be cut by a third. 
The data autocorrelation disappears when the sampling frequency decreases (Rius and 
Callao, 2001; Callao and Rius, 2003). The time constant of the system indicates the 
sampling frequency that must be reduced to apply control charts to the original data. In 
other words, the time constant of time series obtained by Eq. 4 is used to determine 
whether sampling frequency is correct (Rius and Callao, 2001).  

Methodologies 

The data sets were obtained from a chromite processing plant in Turkey to monitor 
chances shift by shift, in four dataset characteristics in 30 days time period. These are 
Cr2O3 per cent of feeding ore, concentrate Cr2O3 content, tailing Cr2O3 content and 
Cr/Fe ratio of concentrate. Three shifts in a day are applied at the plant. Therefore, 93 
observations in total for each data set which was collected from December 1 to De-
cember 31, 2011 were obtained and used in the study.  

Since the observation values obtained from chromite production process have oc-
curred from the measurements in each shift, these observations have been obtained at 
equal time intervals. Therefore, the time series obtained was a series of discrete time 
series. However, the observation values that the continuous observation characteristic 
features carry measurable. The ARIMA model data sets can be used. 

For each data set, the model parameters of time series were estimated by applying 
ARIMA time series model (known as Box-Jenkins model). Software of Minitab 16 
and trial version of Statgraphics Centurion XVI were used for the statistical analyses 
of data sets. The time series models which have the lowest AIC (Akaike Information 
Criterion) values are selected for representing the best model for each data set. The 
residuals of the models were evaluated by residual analysis. The near future forecast-
ing performances of the models were also performed by comparing the real data with 
estimated data. In addition, effect of Shewhart charts of individual observations were 
compared with the X control charts based on ARIMA residuals to examine the effect 
of autocorrelation on the performance of the Shewhart chart. The time constants of 
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data sets required for the estimation of sampling frequency to reduce the autocorrela-
tion for the usage of original data with control charts were also determined.  

Results and discussions 

Autocorrelation and Time Series Models  
The time series of four data sets are shown in Fig. 1. Mineral processing plant produc-
tion data often exhibit great variability with time (Napier-Munn and Meyer, 1999). 
Napier-Munn and Meyer (1999) stated that most mineral processing data moves 
around, both from day to day in an apparently random fashion and in short or long-
term trends or cycles, even if over a long period the mean remains approximately con-
stant. We can see all these statements on the time series plots presented in Fig. 1. 
There are two major kinds of time series. The one is the stationary time series which 
both the mean and variance of the values remain stable over time. The other one is the 
non-stationary time series which the mean or variance, or both, change with time. By 
applying a difference process, a non-stationary series can make a stationary series 
(Huang et al., 2002). As it can be seen clearly, all chromite data sets exhibit a station-
ary behavior over time and there is no trend and no need to a difference process to the 
data.  
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Fig. 1. Time series plots of four data sets of chromite processing plant 
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For the stationary control of the time series of four chromite data, their ACF plots 
are also generated and presented in Fig. 2. It is seen that these ACF patterns of data 
sets show typical stationary time series, because they are cutting off or tailing off near 
zero after a few lags. There are significant autocorrelations at first lag for feeding  
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Fig. 2. Autocorrelation (ACF) and partial autocorrelation (PACF) functions  
for four chromite data sets with 5% significance limits 
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grade (rp = 0.728) and Cr/Fe ratio (rp = 0.493). The tailing grade (rp = 0.327) and con-
centrate grade (rp = 0.178) exhibited weaker autocorrelation compared to other two 
datasets. Moreover, ACF values of data sets decrease or decay very quickly (Fig. 2). 
In contrary, a non-stationary time series decay very slowly and exhibits sample auto-
correlations that are still father large even at long lags (Montgomery et al., 2008). 
Therefore, it can be concluded that they are all may be considered as stationary time 
series. There exists serial autocorrelation of chromite processing data over one shift 
time intervals.  

According to the PACF plots of datasets in Fig. 2, they all followed the AR(1) 
model since they all, except concentrate grade, show a significant spike (significant 
autocorrelation) at lag 1 followed by no apparent pattern meaning that all the higher-
order autocorrelations are effectively explained by the lag 1 autocorrelation. When the 
PACF displays a sharp cutoff while the ACF decays more slowly as in the Fig. 2, the 
series displays an AR signature and the autocorrelation can be explained more easily 
by AR terms (Montgomery et al., 2008). The statistical test results also confirmed that 
the data sets except concentrate grade data, are best described by the AR(1) model 
according to the automatic time series model selection module of Statgraphics soft-
ware taking into lowest AIC (Akaike Information Criterion) value. 

The AIC is a function of the variance of the model residuals, penalized by the 
number of estimated parameters. In general, the model that minimizes the mean 
squared error without using too many coefficients is selected. As seen in Fig. 2, the 
concentrate grade data has little autocorrelation value which can be ignored. It is 
found to be best described by constant mean or ARIMA (0,0,0) time series model 
having an AIC value of –0.3942. On the other hand, the AR (1) model which has an 
AIC value of –0.3936 was found the second best model for this data set. Considering 
the very small differences between the two AIC values, the AR(1) model which was 
the best for other data sets was also used in this study for the concentrate grade data. 
The parameters of the AR(1) models for the four datasets are summarized in Table 1. 
According to the t values and corresponding p values, all data sets have p-values 
smaller than 0.05 indicating the suitability of model parameters. Only p value of auto-
correlation for concentrate grade was 0.089 but it was also accepted to use the AR(1) 
model to evaluate the results according to the reasons explained above.  

We obtained the following AR(1) models for the four data sets in the form: 

 Xt = 0.726Xt–1 + 1.669 (feed grade), 

 Xt = 0.176Xt–1 + 38.131 (concentrate grade), 

 Xt = 0.325Xt–1 + 1.981 (tailing grade), 

 Xt = 0.485Xt–1 + 1.175 (Cr/Fe ratio). 
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Table 1. Parameters in AR(1) models for four datasets 

Feed grade,  Cr2O3 % 
Parameter Estimate Stnd. Error t p-value 

AR(1) 0.726 0.072 10.105 0.000 
Mean, µ 6.101 0.145 42.109 0.000 

Variance, σ 0.329    
WNV, σe

2 0.158    
Constant, δ 1.669    

Time constant, T 3.123    
Box-Pierce Test based on first 36 autocorrelations 0.949 

Concentrate grade, Cr2O3 % 
Parameter Estimate Stnd. Error t p-value 

AR(1) 0.176 0.102 1.719 0.089 
Mean, µ 46.297 0.100 460.308 0.000 

Variance, σ 0.659    
WNV, σe

2 0.647    
Constant, δ 38.131    

Time constant, T 0.576    
Box-Pierce Test based on first 36 autocorrelations 0.609 

Tailing grade,  Cr2O3 % 
Parameter Estimate Stnd. Error t p-value 

AR(1) 0.325 0.105 3.097 0.003 
Mean, µ 2.933 0.044 67.255 0.000 

Variance, σ 0.092    
WNV, σe

2 0.084    
Constant, δ 1.981    

Time constant, T 0.889    
Box-Pierce Test based on first 36 autocorrelations 0.114 

Cr/Fe ratio 
Parameter Estimate Stnd. Error t p-value 

AR(1) 0.485 0.093 5.234 0.000 
Mean, µ 2.282 0.010 221.911 0.000 

Variance, σ 0.004    
WNV, σe

2 0.003    
Constant, δ 1.175    

Time constant, T 1.382    
Box-Pierce Test based on first 36 autocorrelations 0.930 

WNV – White noise variance 

Residual Analysis of AR(1) Models 
Diagnostic checks of the residuals of four data sets through sample ACF plots and 
residuals plots are presented in Fig. 3 and in Fig. 4, respectively. Plots imply that we 
have a good fit for all the data sets. The Box-Pierce (Q-statistics) of the residuals for 
the data sets in Table 1 is based on the sum of squares of the first lag 36 autocorrela-
tion coefficients. Since the p-values for this test are greater than 0.05 for all data sets, 
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we can conclude that the residual series are random at the 95% level. These results are 
confirmed by the ACF graphs of residuals for four data sets as shown in Fig. 3 since 
the examinations of ACF graphs of the residuals did not differ from the conclusions of 
Box-Pierce tests.  
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Fig. 3. Autocorrelation functions (ACF) for the residual values  
obtained from AR(1) models with 5% significance limits 

Figure 4 plots the residuals for the time series models that fit the four chromite 
data. In these plots, four types of residual presentation format obtained by Minitab 
software are given. The plots in the upper left-hand portion of the display are a normal 
probability plot of the residuals. The residuals of data sets lie generally along a 
straight line, so the normality assumptions are satisfied properly. According to the 
histograms of the residuals presented in the lower left plots in Fig. 4, they do not give 
any serious indication of nonnormality. The upper right plots are the residuals versus 
the fitted values. These plots indicate the ideal patterns with essentially random scatter 
in the residuals. If these plots had exhibited a funnel shape, it could be indicate prob-
lems with the equality of variance assumption (Montgomery et al., 2008). The lower 
right plots are the plots of the observations in the order of the datasets. If these were of 
the order in which the data were collected, or if the data were a time series, this plot 
could reveal information about how the data may be changing over time.  

According to the all results regarding to the residuals of the AR(1) models, the 
models can be used for the forecasting and process control charts. 
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Fig. 4. Residual plots from AR(1) models for four chromite datasets 

AR(1) Model Fits to Datasets and Forecasting Performances 
The AR(1) time series models to capture the stochastic characteristics of the fluctua-
tions in the four chromite data sets over time and their forecast values using these 
models are given in Fig. 5. As it can be seen in the actual versus fits plots, the selected 
AR(1) models of datasets follow the actual data closely. As a result, the plots do not 
reveal any problems with AR(1) model fits to the original data of chromite data sets. 
These results are consistent with literature. Some mineral and mineral processing data 
have been shown to be modeled by simple a AR(1) model. For example, Napier-Munn 
and Meyer (1999) showed that mineral processing plant performance data of daily 
metal recovery or concentrate grade followed a first order autoregressive time series 
model, AR(1), for a zinc flotation plant. Meyer and Napier-Munn (1999) have shown 
that dependence in the daily gold feed grade and gold recovery data can be described 
by the AR(1) model. Elevli et al (2009) has also found recently that the AR(1) model 
was a suitable model for the contents of B2O3% at the two colemanite concentrator 
plants in Turkey. Similarly, Bhattacherjee and Samanta (2002) have shown that 
Al2O3% and SiO2% constituents of a bauxite ore can be estimated by a simple AR(1) 
model. However, it does not mean that all mineral processing data can only be mod-
eled by an universal AR(1) model since other time series models such as ARMA for 
flotation (Trybalski and Cieply, 2000), ARMA for SO2 emissions (Gleit, 1985) and 
ARMA and ARIMA models for coal data (Taşdemir, 2012) have been also reported 
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depending on the nature of the data.  Several coal data sets were found to fit often 
AR(1) models but not always (Cheng et al., 1982). 
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Fig. 5. Actual values versus fits plots by AR(1) models  
with four days estimation within 95% confidence limit 

To test the performances of AR(1) models, the real data of last twelve shifts data 
values (observation values from 82 to 93 shifts) were estimated by the models for each 
data set and these results were compared to real data values. Shown in the plots of 
Fig. 6 are the results obtained within 95% confidence limits. As seen clearly from 
these plots, the results are very good for feed grade and tailing grade since most esti-
mated data points are near to real values and all estimated points are within the 95% 
limits. The results can be also considered well for the other data sets. However, there 
is an unusual point in these plots exceeding the 95% limits. The unusual point at shift 
87 is below the control limit for concentrate grade and Cr/Fe ratio. Since the variabil-
ity of the chromite feeding grade does not change and within the confidence limits in 
the twelve shifts, this unusual point may be attributed to the measurement/analysis 
errors or unusual plant working conditions of plant at 87th shift rather than variability 
of the chromite.  

In the plots in Fig. 5, we can also see the forecasting lines drawn from estimation 
points with their 95% confidence intervals for future 4 days (12 shifts) after 30 days 
(after shift 93). According to the above results, the estimation of near future values of 
four variables can be made conveniently by applying their AR(1) models. Therefore, it 
is possible to make any preventive and corrective actions for the quality characteristics 
of chromite by using AR(1) models since these models can also forecast for the near 
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future of any data using past data of the processes. Estimation for the future values of 
data sets can reduce the operating costs. 
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Fig. 6. Estimation of dataset values by AR(1) models versus actual values for the 82–93 shifts 

Time Constant and Individual Control Charts of Original Data and ARIMA   
Residuals 
The time constant (T) was found to be 3.123 for the feed grade implying that the fre-
quency of measurements need to be reduced by dividing it by 3 to eliminate the auto-
correlation. Other T values were found as 1.38, 0.889 and 0.576 for the Cr/Fe ratio 
(Table 1), tailing grade and concentrate grade respectively. These results revealed that 
sampling frequency needs to be reduced by dividing approximately by 1.5 for the 
Cr/Fe ratio. Since the T values are smaller than 1, there is no need to reduce sampling 
frequency for tailing grade and concentrate grade. For fast fluctuating processes as in 
the concentrate grade and tailing grade, T is small and simple ACF decays quickly to 
zero (Callao and Rius, 2003). However, fast fluctuations are more common in the 
concentrate grade data which has the smallest time constant.  

The effect of autocorrelation may cause wrong decisions for the monitoring of data 
by statistical process control charts (SPCs). Its effect has been shown also important 
for many mineral processing/mining applications of SPCs (Samanta and Bhattacher-
jee, 2001; Bhattacherjee and Samanta, 2002; Samanta, 2002; Elevli et al., 2009; Taş-
demir, 2012). Figure 7 compares the individual charts of Shewhart and ARIMA re-
siduals (special cause charts) with additional Western Electric rules which are applied 
to improve the efficiency of control charts for small shifts. The number of Western 
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Electric rules applied was four as the same in our previous study (Taşdemir, 2012). 
The details of the method can be found elsewhere (Montgomery and Runger, 2011). 
The values of data sets were presented as normalized on the y axes these plots to make 
the comparisons easily. Since our data sets had different autocorrelation degree, this 
analysis showed the efficiency of the Shewhart charts of individual observations on 
the four data sets of chromite processing plant having from weak to moderate autocor-
relations.  
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Fig. 7. Comparison of individual and ARIMA residual control charts  

of four chromite data sets 
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The Shewhart individual chart performs better when the datasets exhibit weak 
autocorrelation as in the case of concentrate grade and tailing grade. It shows almost 
the same results with ARIMA residual charts of individuals for these two data. How-
ever, when the autocorrelation increases, the number of wrong out of control points 
increases in the charts of original data compared to their ARIMA residual charts. 
These effects can be seen clearly on comparative charts of Cr/Fe ratio and feed grade 
variables. The Shewhart individual chart also performed weaker for Cr/Fe ratio data 
which has moderately autocorrelated data to catch the right out of control points. It 
showed the worst performance for the feed grade data which has the highest autocorre-
lation between the data sets when it is compared with its ARIMA residual chart. Only 
one point was out of control according to the residual chart while this number in origi-
nal data was 39 points with Western Electric rules applied. This would cause wrong 
decisions about the homogeneity of chromite ore feed to plant. Almost the same 
wrong conclusion can be given when the Cr/Fe ratio with original data was evaluated 
by the Shewhart individual chart. The number of out of control points was 3 in the 
ARIMA residual chart of individual although it was 21 in the individual chart. The 
performance of the Shewhart individual chart has been shown better for weak positive 
and negative autocorrelation and got worse with increasing autocorrelation (Karaoğlan 
and Bayhan, 2011). These results clearly indicate and reconfirm that autocorrelation 
must be taken into account when applying Shewhart individual chart whether the 
process is under control or not since wrong decisions can be given for the process 
control applications.  

Meyer and Napier-Munn (1999) confirmed that the data dependence or autocor-
relation can be reduced in mineral processing plants by increasing sampling frequency 
or sampling intervals. Reversely, the autocorrelation between the data obtained can be 
increased by decreasing the sampling frequency or sampling intervals. In this situa-
tion, time constants which are obtained by the AR(1) models may provide a tool for 
eliminating autocorrelation which is something that must be considered if we can de-
crease the frequency of the analysis (Rius and Callao, 2001). It has been suggested by 
the Rius and Callao (2001) and Callao and Rius (2003) that time constants can be used 
to reduce the autocorrelation for applying the Shewhart individual chart to the original 
data. It is seen that the original data of concentrate grade and tailing grade can be used 
for control charts. It was determined that sampling frequencies needs to be reduced for 
feed grade and Cr/Fe ratio variables by cutting 3 and 1.5, respectively, to use their 
original values with control chart. Rius and Callao (2001) concluded that sampling 
frequency is decreased in order to apply control charts to the original data. They also 
stated that the decrease in the sampling frequency has the advantage since there may 
not need to use time series models once the optimum frequency has been established. 
However, they also took attention that a drawback would be detected later. This find-
ing is especially right for the mineral processing systems since there are many causes 
of the data variability including the error in sampling and grade and real variation in 
performance due to changes in ore mineralogy. Small changes in ore mineralogy of 
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feed material may not be determined by using long sampling intervals. As a result, 
reducing the sampling frequency may cause a drawback due to the inefficiency in 
homogeneity control of the feed grade properly since the feeding is made as a mixture 
of ores from different chromite mines. In conclusion, usage of autocorrelated data and 
AR(1) residuals seem to be a more suitable approach to control the homogeneity in 
the feed grade with control charts. 

Conclusions 

In this study, an analytical technique, time series, was used to quantify the correlated 
and random components of the variability in four variables of chromite data. The data 
of feed grade and Cr/Fe ratio values were found more moderately autocorrelated than 
the other data sets over time. The data from the concentrate grade exhibited weakest 
autocorrelation than the other data sets. The ARIMA (1,0,0) or AR (1) models were 
found to fit well for all data sets obtained from a chromite processing plant. The sam-
ple ACF plots as well as further residual plots of the AR(1) models of data sets re-
vealed that no autocorrelation was left in the data and the models give reasonable fits 
for all data sets. AR(1) is the first order model indicating that their values are strongly 
dependent on their previous measurements. The model considers the autocorrelation 
between measurements and random shock error term that cannot be explained by the 
model.  

The AR (1) time series models can accommodate the autocorrelated nature of chro-
mite dataset levels when estimating parameters to characterize the process. It is shown 
that the AR(1) models can be used to forecast the near future estimation of data sets 
investigated. Only one point was out of 95% confidence limits on the actual and esti-
mated plots for concentrate grade and Cr/Fe ratio. The reasons may be attributed to the 
operating conditions and to the measurement errors since the homogeneity of feed 
grade was supplied by the plant for this point. Moreover, they also provide forecasting 
capability to take preventive actions that will be useful in process control.  

The AR(1) model have been also shown a potential applications to be used for ho-
mogeneity control of feed grade, concentrate grade, tailing grade and Cr/Fe ratio in a 
chromite processing plant. Whether original data can be used or not may be deter-
mined by the degree of autocorrelation during the application of the Shewhart charts 
of individual to detect the right out of control points. The number of out of control 
points increases with increasing autocorrelation and this causes no suitability usage of 
original values with Shewhart charts. Consistent with literature, when time constant 
obtained by the autocorrelation of AR(1) model is smaller than 1, we can use original 
data, otherwise it is suitable to use the ARIMA residual charts to detect right out of 
control points for the data sets having higher time constants.  
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STATISTICAL ANALYSIS OF THE RELATIONSHIP  
BETWEEN PARTICLE SIZE AND PARTICLE DENSITY  

OF RAW COAL 

Tomasz NIEDOBA 

AGH University of Science and Technology, al. Mickiewicza 30, 30–059 Kraków,  
e-mail: tniedoba@agh.edu.pl. 

Abstract: The paper presents a multidimensional analysis of mineral processing feeds consisting of  
different amounts of different size and density fractions. The considered feed was coal which was 
screened into size fractions which were subsequently separated into density fractions and their weights 
determined. The feed material was characterized with commonly used size and density frequency and 
cumulative distribution plots and next approximated with the Weibull (size) and logistic (density) mathe-
matical functions. Having the contribution of each particle size and density fraction in the feed a two–
dimensional analysis of the feed size/density properties was performed using two methods. The first one 
is based on the best chosen cumulative frequency function for two random variables and the second uses 
the so–called Morgenstern family functions. In the paper the undependability of the particles size and 
density was investigated using statistical approach based on the so–called χ2 test, and the correlation 
between these parameters using the so–called F–Snedecor statistical test. In both cases it was found that 
particles size and density of the investigated coal particles were dependent what means that with growth 
of particle size its density grew too and there was correlation between them regardless of significance 
level assumed for the analysis. 

Keywords: approximation, coal, multidimensional analysis, statistical tests, particle size, density 

Introduction 

In mineral processing operations particle properties influence separation results (Kelly 
and Spottiswood, 1989). In the case of coal the most important parameters are size and 
density. However, it is not easy to describe precisely properties of coal taking into 
account both properties simultaneously. Traditional methods of multidimensional sta-
tistical analysis are not always sufficient to describe well the material. Also, the data 
are not always complete and any kind of forecast is not precise. There is also a ques-
tion regarding significance of the relation between coal particle size and density. In 

http://www.minproc.pwr.wroc.pl/journal/
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this work an attempt was undertaken to answer this question, taking  coal, type 31 in 
Polish classification system, as an example. 

Experimental 

Coal, type 31 in Polish classification, called also energetic coal, contained 66% C.  It 
originated from one of the Polish coal mines and was screened on a set of sieves of 
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 fur-
ther consideration. 

Coal characteristics 
The size fractions of investigated coal are presented in Table 1 while frequency and 
cumulative size distributions are presented in Figs 1a and 1b.  

Table 1. Sieve analysis of investigated coal 

Table 1 and Fig. 1b also show approximation of the cumulative particle size distri-
bution with the Weibull formulae: 

 ( )
0.978

1 1 exp
4.33

idΦ d
⎛ ⎞⎛ ⎞⎜ ⎟= − −⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

 (1) 

where Φ1(d) denotes cumulative percent of material weight passing a given mesh and 
di is the particle size expressed by the upper limit of size fraction. The contents 0.978 

Sieve 
number 

i 

Size fraction 
di–1 – di, mm

Average  
particle size 

dav, mm 

Percentage  
retained 
f1(dav) 

Cumulative percent 
retained 
F1(di) 

Calculated from 
Eq. (1)  
Φ1(di) 

 
1 0–1.00 0.500 16.43 16.43 16.47 
2 1.00–3.15 2.075 27.80 44.23 38.56 
3 3.15–6.30 4.725 28.05 72.28 66.35 
4 6.30–8.00 7.150 6.76 79.04 80.46 
5 8.00–10.00 9.000 4.52 83.56 87.06 
6 10.00–12.50 11.250 6.42 89.98 92.14 
7 12.50–14.00 13.250 2.83 92.81 94.85 
8 14.00–16.00 15.000 3.54 96.35 96.56 
9 16.00–20.00 18.000 3.65 100 98.22 
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and 4.33 were found by least squared method. Figure 1a clearly shows that the distri-
bution is asymmetrical. 
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Fig. 1. Coal size distribution, a) frequency plot , b) cumulative plot  

Each size fraction of coal was subjected to density analysis to determine content of 
different density fractions in each size fraction. The results are shown in Table 2 in the 
form of a matrix.  

Table 2. Distribution (in weight %) of size and density fractions. The sum of all contributions is 100%  

 Density fraction 
ρj–1 – ρj, g/cm3 

Size fraction 
di–1 – di,  mm 0–1.3 1.3–1.4 1.4–1.5 1.5–1.6 1.6–1.7 1.7–1.8 1.8–1.9 

0–1.00 12.32 2.93 0.47 0.12 0.05 0.40 0.13 

1.00–3.15 20.15 4.84 1.25 0.42 0.45 0.39 0.30 

3.15–6.30 16.47 8.53 1.38 0.46 0.44 0.42 0.35 

6.30–8.00 4.19 1.74 0.32 0.12 0.11 0.12 0.16 

8.00–10.00 2.14 1.48 0.34 0.20 0.12 0.07 0.17 

10.00–12.50 3.06 1.89 0.64 0.27 0.22 0.18 0.16 

12.50–14.00 1.25 1.18 0.14 0.04 0.10 0.06 0.06 

14.00–16.00 1.66 0.48 0.84 0.39 0.09 0.03 0.05 

16.00–20.00 1.23 0.92 0.79 0.27 0.08 0.10 0.26 

Having contributions of all size/density fractions it becomes possible to plot parti-
cle density distribution of the coal feed by summing up the contributions, for a given 
density fraction, different size fraction. The results of summation are shown in Fig. 2 
and Table 3.  
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Table 3. Density analysis of investigated coal 

ρj–1 – ρj  
[g/cm3] 

Average particle 
density  
ρav, mm 

Fraction mass per-
centage  
f2(ρav) 

Cumulative mass 
percent  
F2(ρj) 

Calculated from Eq. 
(2) 
( )2 jΦ ρ  

0–1.3 0.65 62.47 62.47 65.85 
1.3–1.4 1.35 23.99 86.46 82.68 
1.4–1.5 1.45 6.18 92.64 87.25 
1.5–1.6 1.55 2.29 94.93 92.33 
1.6–1.7 1.65 1.66 96.59 97.08 
1.7–1.8 1.75 1.75 98.34 99.72 
1.8–1.9 1.85 1.66 100 100 
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Fig. 2. Coal density fractions distribution, a) frequency plot , b) cumulative plot 

The following logistic cumulative frequency function was used for approximation 
of the density cumulative distribution curve of investigated coal. 

 ( )2
1

1 0.6616exp 0.4687
1.9

j
j

j

Φ ρ
ρ
ρ

⎛ ⎞= ⎜ ⎟⎛ ⎞⎛ ⎞⎜ ⎟⎜ ⎟+ − ⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟−⎝ ⎠⎝ ⎠⎝ ⎠

 (2) 

where Φ 2(ρj) stands for cumulative percent of material mass and ρj denotes upper 
limit of a density fraction. The results of approximation are also shown in Table 3.   

Two-dimensional cumulative frequency function 
To find a relationship between particle size and particle density of investigated coal a 
two-dimensional cumulative frequency analysis is necessary. For this purpose it is 
convenient to modify Table 2 with the distribution of size and density fractions into 
cumulative form (Table 4).  
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Table 4. Cumulative contribution  (content in weight %) of different size di and  density ρj fractions in the 
coal feed (in statistics terms random variable of cumulative frequency function F0(di, ρj) describing the 

cumulative percent of fraction of size lower or equal di and density lower or equal ρj) 

 ρj–1 
ρj 

di–1 – di 
0–1.3 1.3–1.4 1.4–1.5 1.5–1.6 1.6–1.7 1.7–1.8 1.8–1.9 

0–1.00 12.32 15.25 15.72 15.84 15.89 16.30 16.42 
1.00–3.15 32.47 40.24 41.90 42.49 42.99 43.77 44.23 
3.15–6.30 48.94 62.54 68.34 69.34 70.27 71.47 72.28 
6.30–8.00 53.13 71.15 74.57 75.69 76.73 78.04 79.05 
8.00–10.00 55.26 74.77 78.53 79.85 81.02 82.41 83.55 

10.00–12.50 58.32 79.72 84.12 85.70 87.09 88.66 89.98 
12.50–14.00 59.57 82.15 86.70 88.33 89.92 91.45 92.80 
14.00–16.00 61.23 84.29 89.68 91.71 93.29 94.95 96.32 
16.00–20.00 62.46 86.46 92.64 94.93 96.59 98.34 100 

The simplest way of approximation of two-dimensional cumulative frequency 
function F0(d, ρ) is its presentation as the product of two cumulative frequency func-
tions for random variables d and ρ, what means that (Fisz, 1969; Hahn and Shapiro, 
1994) 

 ( ) ( ) ( )1 2
3 ,

100
F d F

F d
ρ

ρ =   (3) 

The results of distribution function F3(d, ρ) are presented in Table 5. 

Table 5. Results of cumulative frequency function ( ) ( ) ( )3 1 2,F d F d Fρ ρ=  

 ρj–1 
ρj 

di–1 – di 
0–1.3 1.3–1.4 1.4–1.5 1.5–1.6 1.6–1.7 1.7–1.8 1.8–1.9 

0–1.00 10.26 14.20 15.22 15.60 15.87 16.15 16.43 
1.00–3.15 27.63 38.24 40.97 41.98 42.72 43.50 44.23 
3.15–6.30 45.15 62.49 66.96 68.62 69.81 71.08 72.28 
6.30–8.00 49.38 68.33 73.22 75.03 76.34 77.72 79.04 
8.00–10.00 52.19 72.24 77.40 79.31 80.70 82.16 83.55 

10.00–12.50 56.21 77.80 83.36 85.42 86.91 88.49 89.98 
12.50–14.00 57.96 80.22 85.96 88.08 89.62 91.25 92.79 
14.00–16.00 60.17 83.28 89.06 91.43 93.03 94.72 96.32 
16.00–20.00 62.47 86.46 92.64 94.93 96.59 98.34 100 
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To find the error of approximation the mean squared error was calculated using Eq. 
4 (Dobosz, 2001) 

 
( ) ( )( )2

3 0
1 1

, ,
2

2

k l

i j i j
i j

r

F d F d
s

N

ρ ρ
= =

−

=
−

∑∑
  (4) 

where N is number of fractions (N = 63), F3 are values of calculated cumulative fre-
quency function based on empirical values and F0 are values of empirical cumulative 
frequency function. In this case the value of sr was equal to 1,37. The small value of 
the error suggests that particle size d and density ρ  may be independent, but as it oc-
curred in the further part of the paper it is not true. When instead of empirical cumula-
tive frequency functions F1(d) and F2(ρ) the approximations Φ1(d) and Φ2(ρ) will be 
used, given by equations (1) and (2) the function Φ3(d, ρ) will be given by 

 ( ) ( ) ( )3 1 2,i j i jd dΦ ρ Φ Φ ρ=   (5) 

and 

 ( )
0.978

3
1, 1 exp

4.33
1 0.6616exp 0.4687

1,9

i j
dd ρ

ρ
ρ

⎛ ⎞⎛ ⎞⎛ ⎞ ⎛ ⎞⎜ ⎟Φ = − −⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟ ⎛ ⎞⎛ ⎞⎝ ⎠⎝ ⎠ ⎜ ⎟⎝ ⎠ + −⎜ ⎟⎜ ⎟⎜ ⎟−⎝ ⎠⎝ ⎠⎝ ⎠

  (6) 

The results of distribution function Φ3(d, ρ) are presented in Table 6. 

Table 6. Results of cumulative frequency function ( ) ( ) ( )jiji d,d ρΦΦρΦ 213 =  
 

 ρj–1 
ρj 

di–1 – di 
0–1.3 1.3–1.4 1.4–1.5 1.5–1.6 1.6–1.7 1.7–1.8 1.8–1.9 

0–1.00 10.85 13.61 14.37 15.20 15.99 16.42 16.47 
1.00–3.15 25.38 31.87 33.63 35.39 37.42 38.44 38.55 
3.15–6.30 43.69 54.86 57.89 61.26 64.41 66.16 66.35 
6.30–8.00 52.98 66.43 70.20 74.29 78.11 80.23 80.46 
8.00–10.00 57.32 71.98 75.96 80.38 84.51 86.82 87.06 

10.00–12.50 60.67 76.80 80.39 85.07 89.45 91.88 92.14 
12.50–14.00 62.25 78.50 82.84 87.67 92.18 94.68 94.90 
14.00–16.00 63.58 79.83 84.25 89.15 93.74 96.22 96.56 
16.00–20.00 64.68 81.20 85.70 90.69 95.35 97.74 98.22 
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Comparing the results of empirical cumulative distribution function F0(di, ρj) and 
distribution function Φ3(di, ρj) obtained by approximation, the mean standard error sr 
value was equal to 4.18. A higher value of sr  is obvious because the errors of ap-
proximations of Φ1(d) and Φ2(ρ) influence the final result.  

Application of the Morgenstern family of distribution functions 
Another way to approximate cumulative frequency function F0 is by using the so–
called Morgenstern family functions, which are presented by equation (Balasubrama-
nian and Beg, 1997; Firkowicz et al., 1977; Johnson and Kotz, 1972; Niedoba, 2009; 
2011a; Niedoba and Tumidajski, 2008; Scaria and Nair, 1999; Tumidajski, 1997) 

 ( ) ( ) ( ) ( )( ) ( )( )( )4 1 2 1 2, 1 1 1F d F d F F d Fρ ρ μ ρ= + − −    (7) 

where μ is a fixing parameter, μ ∈ [–1, 1]. 
By using the least squared method (Firkowicz et al., 1977), by minimizing function 

( ) 2
4 0

1 1
[ ( , ) ( , )]

n k

i j i j
i j

L F d F dμ ρ ρ
= =

= −∑∑ , under condition that μ∈[–1, 1] it is possible 

to calculate the value of μ  

 
( ) ( ) ( )( ) ( ) ( ) ( )( ) ( )( )

( ) ( ) ( )( ) ( )( )

0 1 2 1 2 1 2
1 1

222 2
1 2 1 2

1 1

, 1 1

, , 1 1

l k

i j i j i j i j
i j

l k

i j i j i j
i j

F d F d F F d F F d F

F d F d F d F

ρ ρ ρ ρ
μ

ρ ρ ρ

= =

= =

− − −

=
⎛ ⎞− −⎜ ⎟
⎝ ⎠

∑∑

∑∑
. (8) 

Table 7. Results of cumulative distribution function F4(d, ρ) based on Eq. 7  

 ρj–1 
ρj 

di–1 – di 
0–1.3 1.3–1.4 1.4–1.5 1.5–1.6 1.6–1.7 1.7–1.8 1.8–1.9 

0–1.00 13.48 15.81 16.15 16.26 16.32 16.39 16.43 
1.00–3.15 33.41 41.12 42.65 43.16 43.53 43.89 44.23 
3.15–6.30 49.85 64.83 68.32 69.57 70.96 71.40 72.28 
6.30–8.00 53.26 70.27 74.20 75.83 76.89 78.00 79.04 
8.00–10.00 55.41 73.84 78.34 79.97 81.15 82.39 83.55 

10.00–12.50 58.32 78.85 83.97 85.85 87.20 88.63 89.98 
12.50–14.00 59.53 81.00 86.42 88.40 89.84 91.35 92.79 
14.00–16.00 61.00 83.69 89.47 91.61 93.15 94.78 96.32 
16.00–20.00 62.43 86.46 92.64 94.93 96.59 99.35 100 
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On the basis of the empirical data the value μ = 1 was obtained what means that the 
cumulative frequency function is  

 ( ) ( ) ( ) ( )( ) ( )( )( )4 1 2 1 2, 1 1 1F d F d F F d Fρ ρ ρ= + − − . (9) 

The results of approximation with F4(d, ρ) are presented in Table 7. 
The error of approximation with F4(di, ρj) using the Morgenstern function was 

equal to 0.52. The application of the Morgenstern distribution function gave better 
results of approximation in comparison with the previous method. It suggests that 
there is a significant relation between particle size di and density ρj.  When instead of 
empirical values the approximations functions Φ1(d) and Φ2(ρ) are applied the value 
of parameter μ is also equal to 1. The equation of function Φ4(d, ρ) is given then by 
the following formulae 

 ( ) ( ) ( ) ( )( ) ( )( )( )4 1 2 1 2, 1 1 1i j i j i jd d dΦ ρ Φ Φ ρ Φ Φ ρ= + − − .  (10) 

The values of cumulated frequency function Φ4(di, ρj) are presented in Table 8. 

Table 8. Results of cumulative frequency function Φ4(di, ρj) 

 ρj–1 
ρj 

di–1 – di 
0–1.3 1.3–1.4 1.4–1.5 1.5–1.6 1.6–1.7 1.7–1.8 1.8–1.9 

0–1.00 13.94 15.58 15.90 16.18 16.38 16.46 16.47 
1.00–3.15 30.71 32.27 36.27 37.27 38.09 38.51 38.55 
3.15–6.30 48.71 58.06 60.37 62.84 65.05 66.23 66.35 
6.30–8.00 56.52 68.77 71.95 75.40 78.56 80.28 80.46 
8.00–10.00 59.86 73.59 77.21 81.18 84.84 86.85 87.06 

10.00–12.50 62.30 77.21 81.19 85.59 89.65 91.90 92.14 
12.50–14.00 63.53 79.11 83.29 87.91 92.91 94.59 94.85 
14.00–16.00 64.33 80.31 84.61 89.39 93.83 96.30 96.56 
16.00–20.00 65.07 81.45 86.31 90.81 95.40 97.95 98.22 

 
In this case the value of sr is equal to 3.5. It is also smaller when compared to the 

approximation with function Φ3(di, ρj). It also suggests that the particle size and 
density depend on each other. A comparison of all approximations is presented on 
Fig. 3. 
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a) b)  

c) d)  

e)  

Fig. 3. A comparison of cumulative functions, a) empirical cumulative frequency function F0(di, ρj);  
b) cumulative frequency function F3(di, ρj); c) approximated function Φ3(di, ρj); d) cumulative  

frequency function F4(di, ρj); e) approximated function Φ4(di, ρj). 

Verification of statistical hypotheses 
By comparing the results of approximations it can be seen that they are quite similar. 
It is also proved by small values of sr. There is a question regarding a potential relation 
between particle size and its density. It is not possible to apply directly known statisti-
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cal undependability tests to answer this question. Usually it must be assumed that all 
particles are cubic of length d. In this case the number of such particles Nij in weight 
fraction ij, by density ρi is given by equation (11) (Saramak and Tumidajski, 2006). 

 3
ij

ij
i j

w
N

d ρ
=    (11) 

where wij is the mass yield of fraction of size d∈(di–1, di) and density ρ∈(ρj–1, ρj). 
The quantitative particle frequency for accepted assumptions and without the frac-

tion of the finest particles is given by Table 9. 

Table 9. Quantitative particle frequency without finest particles fraction 

 di–1, di

 ρj–1, ρj 
3.15–6.30 6.30–8.00 8.00–10.00 10.00–

12.50 
12.50–
14.00 

14.00–
16.00 

16.00–
20.00 

5

.
1

j ij
i

n N
=

=∑  

1.4–1.5 910 160 79 56 11 36 16 1268 
1.5–1.6 303 54 45 22 4 15 5 448 
1.6–1.7 254 46 26 17 7 4 1 355 
1.7–1.8 231 48 14 13 3 1 2 312 
1.8–1.9 185 69 28 11 3 1 4 301 

∑
=

=
7

1j
ij.i Nn  1883 377 192 119 28 57 28 2684 

where ni. is number of particles from ith density fraction and n.j is number of particles from jth size frac-
tion.  

To check the dependability of the random variables d and ρ the undependability 
test χ2 was used (Sobczyk, 2001), where 
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⋅
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where n is number of all particles and nij is number of particles in fraction (i, j) (ac-
cording to Table 9), pij is theoretical probability for particles to be in certain fraction 
(i, j). The statistics is based on 2χ distribution function with (j – 1)(i – 1) degrees of 
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freedom (Sobczyk, 2001), where j is a number of density fractions and i number of 
particle size fractions. 

Due to the fact that the sample is large the statistics ( )( )22 2 1 1 1U i jχ= − − − −  
can be applied, which is described by normal cumulative frequency function N(0, 1) 
(Sobczyk, 2001).  

On the basis of the empirical data U = 3.7 and the array values, given in normal 
cumulative frequency table (Sobczyk, 2001), 

2

1.96uα =  for α=0.05 and 582
2

.u =α  

for α = 0.01. In both cases the inequality
2

U uα>  is fulfilled what means that the hy-

pothesis about undependability between random variables d and ρ  should be rejected. 
Let’s check this conclusion on the basis of correlative relations between these vari-
ables, by means of equations (14) and (15) (Sobczyk, 2001). 
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where 2
d ρη  and 2

dρη ∈[0, 1] are correlative relations. In case when the relation be-
tween investigated features is strong these values are close to 1, in case of lack of rela-
tion the values are close to 0;  ρ  – mean value of random variable Ρ; d  – mean value 
of random variable D; ( )jdρ  – mean value of random variable Ρ  by condition that 

jd d= ; ( )id ρ  – mean value of random variable D by condition that iρ ρ= . 
The values of ( )jdρ  and ( )id ρ  were presented in Tables 10 and 11. 

Table 10. The conditional mean values of particle density ρ (for chosen ith particle size fraction) 

jd  6.30 8.00 10.00 12.50 14.00 16.00 20.00 

( )jdρ  1.62 1.65 1.63 1.61 1.64 1.55 1.6 

Table 11. The conditional mean values of particle size d (for chosen jth particle density fraction) 

iρ  1.5 1.6 1.7 1.8 1.9 

( )id ρ  7.53 7.72 7.39 7.18 7.55 
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The mean values of random variables are 7.5d = and 1.62ρ =  and the values of 
correlative relations are 2 0.0056d ρη =  and 2 0.0135dρη = . To verify if there is cor-
relation between random variables D and Ρ the following statistical hypotheses can be 
checked: 

 H0: 2 0d ρη =  and H0:

 

2 0dρη =  

The tests for these hypotheses are (Sobczyk, 2001), respectively: 
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  (16) 

and are called the Snedecor tests (Sobczyk, 2011) which are described by the  
F-Snedecor cumulative frequency function with, respectively, (i – 1, n – i) and (j – 1, 
n – j) statistical degrees of freedom, where i is number of fractions for random vari-
able d and j is number of fractions of random variable ρ. The values of calculated sta-
tistics and their respective array values are presented in Table 12. 

Table 12. Values of F statistics compared with array values Gα 

GI GII GIα, α = 0.05 GIIα, α = 0.05 GIα, α = 0.01 GIIα, α = 0.01 
6.10 3.77 2.10 2.37 2.80 3.32 

  
Because for both levels of significance level α the inequalities GI > GIα and 

GII > GIIα occurred, the statistical hypotheses H0 should be rejected so there is basis to 
state that between random variables ρ and d there is correlation. It can be then as-
sumed that there is relation between these variables. In quantitative methods only the 
fractions of larger density were taken into consideration because for smaller fractions 
the number of particles would be too high (in millions) what would cause the use of 
the tests impossible. To take them into account in such investigation as our the frac-
tions of small sizes and densities should be numerous and of small range. Similar cu-
mulative frequency functions were obtained assuming that the particles have cubic 
shape. On the basis of the results of applied statistical methods it can concluded that 
for particles of larger sizes and densities there is a correlation between their density 
and size. 

Conclusions 

On the basis of investigation results the following conclusions can be made: 
1. Only multidimensional statistical analysis of coal characteristics may give suffi-

ciently full information about relations and influences caused by its certain fea-
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tures. Apart from classical approach to this issue it is proposed to use many tech-
niques to perform such analyzes, like applications of the Morgenstern family func-
tions. The results of approximation proved that this is good way to get good de-
scription of the investigated material. 

2. Apart from particle size and density taken into consideration in this paper as ran-
dom variables also other coal features may be considered as ash contents or sulfur 
contents which are also very important from the coal quality point of view. 

3. The obtained results may suggest that there is correlation between particle size and 
density of coal. The application of commonly used statistical tests proved that this 
hypothesis can be accepted. 

4. Author suggests also to apply other multidimensional techniques as kriging method 
which was already applied to these purposes in other publications (Niedoba, 2010; 
2011b).   
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Abstract: This paper describes possibilities of organic carbon matter separation during a pre-flotation 
stage in KGHM Polska Miedz, Division of Concentrators. The paper contains a survey of organic carbon 
removal technologies in worldwide plants as well as KGHM achievements in this field. Laboratory flota-
tion testing results have also been described. Next, an industrial scale trial at Polkowice Concentrator has 
been conducted to confirm the previous laboratory results. The results have been discussed. They indicate 
a positive role of the pre-flotation stage on organic carbon removal using only frother as the flotation 
reagent. 

Keywords: flotation, carbonaceous matter, copper ore 

Introduction 

The copper ore located in the for-Sudetic monocline, besides copper and silver, con-
tains many other valuable chemical elements. The polymetallic character of the ore 
and produced by KGHM Polska Miedz SA flotation concentrates influences effective-
ness of pyrometallurgical processes, mainly due to the presence of harmful impurities, 
for example lead and organic carbon (Corg).  

The presence of shale, the source of carbonaceous matter in the ore, has also 
a negative effect on flotation and pyrometallurgical processes. The presence of clay 
minerals and organic carbon in shale makes the production of high quality flotation 
concentrates, without excessive loss of copper and other metals in the flotation tailing, 
difficult. The reason for the diminished concentrate quality is reporting of the shale 
particles into the concentrate leading to an increased yield and reduced concentrate 
quality. Therefore, the concentrate quality, represented by the copper content, is of 
great significance.  

http://www.minproc.pwr.wroc.pl/journal/
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On the basis of technological indices it is possible to show that the increased 
amount of shale in the flotation concentrate leads to a decrease of beneficiation effi-
ciency. This also leads to an increase of unwanted elements such as arsenic, lead, or-
ganic matter in the concentrate. Greater amounts of shale complicate copper ore con-
centration process and cause lower copper recovery at the assumed concentrate grade 
(Skorupska et al., 2011). 

The increasing content of Corg, observed in the flotation concentrate throughout the 
years, is also of significant importance for effectiveness of subsequent pyrometallurgi-
cal processes. An increased organic carbon in the final flotation concentrate does not 
cause much problem for the copper production in the shaft furnace located in Legnica 
and Glogow, since its presence, due to energy release, is to some degree beneficial, 
while the Corg content exceeding 8% for the one-stage flash furnace disrupts the ther-
mal balance of concentrate melting, effectively decreasing the flash furnace efficiency 
and increased production cost (Kijewski et al., 2010). 

According to KGHM Polska Miedz S.A. strategy, the goal of copper production is 
a complete replacement of the shaft furnace with the flash smelting technology. Cur-
rently, there are two different, shaft furnace and flash smelting technologies, which 
complement each other, making concentrate management possible. However, due to 
the target implementation of only flash smelting furnaces in the plant, actions have 
been taken in order to match the chemical composition of the concentrate for the flash 
furnace with a focus on appropriate contents of Corg, Pb, and S, because the amount of 
concentrate processed is determined by its calorific value. This requires the furnace 
feed to have an appropriate composition. It is possible to increase the feed load to the 
furnace by using cooling aids, but such a technique has limitations. The amount of 
cooling additives is limited by the process economy, because the cooling additives 
increase the mass of the slag and generate copper losses in the slag. 

Organic carbon removal technologies used throughout the world 

Organic carbon removal in the Red Dog mine (Smith et al., 2008) 
The Red Dog mine, located in the north part of Alaska near the Arctic Circle, is one of 
the greatest zinc-lead ore processing plants in North America. The Red Dog ore de-
posit features, other than its prime chemical elements (Pb, Zn), a great content of or-
ganic carbon (Corg = 0.67%) which has an adverse effect on its lead and zinc recovery. 
The problem of organic carbon being present in the Red Dog mine ore was solved by 
using the so-called “carbon pre-float” process. 

The idea behind the process is channeling the material, after grinding and classifi-
cation in hydrocyclones, to pre-flotation, which results in two products: rich in organic 
carbon concentrate and poor in carbon waste material, which is the feed for further 
concentration processes. The pre-flotation process is conducted only in the presence of 
frother, which makes separation of naturally hydrophobic particles possible. Until 
2006 carbon pre-flotation was conducted in flotation machines, however, in order to 
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increase the effectiveness of organic carbon separation currently Jameson cells are 
used. The change of the processing system has brought the expected results. The reject 
of about 70% organic carbon was accomplished. 

Organic carbon removal in the Zinifex Century mine (Gredelj et al., 2009) 
In the Zinifex Century mine, the main ore mineralization includes galena and 
sphalerite, while the gangue consists of a large amount of organic matter, which is the 
main carrier (~3%). The presence of organic carbon is not without consequences in the 
flotation separation of galena and sphalerite. Due to this, a pre-flotation process has 
been used in the aforementioned mine for its separation. The effectiveness of the proc-
ess is conditioned by the application ofthe MIBC (methyl isobutyl carbinol) frother. 

Organic carbon removal in the Kittila mine (Doucet et al., 2010) 
The Kittila mine is an open-pit and underground gold mine and also a processing-
hydrometallurgical complex. Gold is concentrated by flotation due to the fact that it 
occurs mainly in arsenopiryte in the processed material. The acquired concentrate is 
leached via a pressure filtering method in POX (Pressure Oxidation) autoclaves, and 
gold is separated from the solution by using active carbon through the CIL (carbon in 
leach) technology. There were significant losses of gold following the implementation 
of this technology caused by its absorption on the organic carbon surface. Its cause 
was the presence of Corg. The technical parameters were improved by separating or-
ganic carbon from the feed stream during the pre-flotation stage. In 2009 the separa-
tion of 30% Corg was accomplished, which translated into gold output increase in the 
CIL process by 1.5%. 

Organic carbon removal in the Mt. Isa mine (Grano et al., 1991) 
The Mount Isa mine, located in north-west part of Queensland, is one of the biggest 
underground copper, zinc and lead mines in the world. Copper and lead-zinc ores are 
mined and processed separately. The final concentrate produced in Mt. Isa mine's ore 
concentrator plants during standard flotation would have been heavily contaminated 
by naturally floating carbonate pyrite, talk and carbon shale. Due to this fact a pre-
flotation in the Jameson cell has been applied, in which 2% of the feed mass is sepa-
rated from the feed stream, of which 50% is actually a naturally hydrophobic material 
(containing organic carbon), with minimal losses of copper (~0.8%). 

Organic carbon removal in KGHM POLSKA MIEDZ SA  
The constantly increasing requirements, within the scope of the flash smelting furnace 
effectiveness in relation to the organic carbon content, were the impulse for undertak-
ing appropriate steps during the processing stage within the framework of the KGHM 
Polska Miedź S.A. research and development activity. The aforementioned issue has 
been the subject of a complex research with the goal of developing a method that 
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would allow for economically and technologically effective production of concentrates 
featuring stable parameters, in light of present and future metallurgical requirements. 

The segregation of the final concentrate into poor and rich in organic carbon via 
classification in hydrocyclones was performed in Rudna Concentrator Plantin in years 
2003–2007. This method of classification was causing problems with thickening and 
filter pressing of the concentrate rich in organic carbon. The product was causing dif-
ficulties in the gravity thickening process, resulting in the finest size fraction leaking 
into the thickeners' overflow, which in turn was causing significant disruptions in the 
technological process. The results of the conducted research were not satisfactory for 
the metallurgical industry. That was why the segregation of concentrate into “poor” 
and “rich” in organic carbon via classification in hydrocyclones was discontinued in 
2007. 

Due to the lack of possibility to increase the effectiveness of separating the concen-
trate into products featuring appropriate organic carbon contents and stable quality-
quantity parameters in hydrocyclones, especially in the low-carbon concentrate, re-
search has been started in order to develop alternative methods of their production. 

Next works utilized differences in flotation kinetics between organic carbon and 
copper compounds. Due to these features it has been proved, that there is a possibility 
of segregating the concentrate using the flotation method. This issue became the basis 
for conducting tests of segregating the concentrate into poor and rich in organic car-
bon. Positive results allowed to justify the feasibility of conducting a full research 
cycle, in which research on an industrial scale regarding the diversification of calorific 
value of the concentrate in flotation process within the framework of a research and 
development (Trybalski et al., 2010) was conducted. The main goal of their research 
was to determine the technological possibilities of enhancing the concentrates quality 
through the reduction of Corg content to a level required by the flash smelting technol-
ogy employed in Glogow Smelter. It has been proved, based upon the results of the 
research, that by using only the differences in the flotation kinetics of copper sulfides 
and organic substance a satisfying diversification of two concentrates in terms of the 
content of these components can be achieved, which satisfy the current needs of the 
flash furnace and Glogow shaft smelter technology. However, taking into account the 
continuing modernization of Glogow Smelter, consisting of replacing the shaft tech-
nology with the flash smelting technology, additional laboratory and industrial re-
search has been conducted by using chemical reagents. Low-saccharification malto-
dextrin was used, among others, as an organic carbon depressor (Drzymala, et al., 
2011). This test indicated great effectiveness of the reagent in the production of two 
kinds of concentrate with significant diversification of these components: one rich in 
Cu and poor in organic carbon and one poor in copper and rich in Corg (Foszcz and 
Drzymala, 2011). Further works in this matter were aimed at the improvement of the 
final concentrate in Rudna Concentrator Plant (Skorupska et al., 2011). The results 
ofRudna Concentrator Plant final concentrate flotation tests have confirmed the possi-
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bility of producing concentrates featuring diversified chemical compositions, optimal 
for metallurgical processes (Skorupska et al., 2011). 

The results of the mentioned papers, especially the performed economic analysis, 
has given the authorization to conduct industrial tests of segregating the concentrate 
with the application of maltodextrine as in the Wroclaw University of Technology 
patent (Drzymala, et al., 2007). The goal of these tests was to optimize the parameters 
of the process of increasing segregation in terms of Cu and Corg contents in the segre-
gating flotation process and consumption of the reagent and to specify its effect on 
concentrate dewatering. While it is true that the conducted tests have resulted in hav-
ing access to the appropriate technology, the broad range of feed variability makes it 
impossible to produce the concentrate of a stable composition. That is why Rudna 
Concentrator Plant has taken the different measures in this matter. In order to design 
the right technology, which would be appropriate from the point of view of processing 
capabilities and metallurgical requirements, research has begun on developing an op-
timal concentration variant in order to ensure the production of concentrate featuring 
reduced Corg content, based upon the results and experience of other world producers. 

Therefore, the main objective of this paper is to determine the possibility of Corg 
separation during the pre-flotation stage, which may directly cause the reduction of 
Corg content in the scavenger flotation feed and indirectly cause the reduction of Corg 
content in the final concentrate to a level which is acceptable for the flash smelting 
process. 

Experimental 

A complex analysis of processing technologies used throughout the world has indi-
cated that KGHM Polska Miedz S.A. is not the only plant struggling with unwanted 
occurrence of organic carbon in the ore, and consequently, in the concentrate. The 
technologies of Corg removal outlined already of this paper have become the impulse 
to undertake appropriate actions in this matter in KGHM Polska Miedz S.A. Division 
of Concentrators. Several trials and tests were conducted and the results are presented 
below. 

Laboratory flotation 
Material from the Polkowice concentrator plant, line II (Fig. 1), was used. The first of 
the samples was extracted from the φ 500 mm hydrocyclone overflow which is nor-
mally fed to the rougher flotation machine MF-222. To this research, the rougher flo-
tation machine was the addition pre-flotation machine (and all required parameters 
like the collectors and no returned materials from the scavenger and cleaner flotation 
machines which contain collectors) were met.  
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Fig. 1. Schematic block of line II of Polkowice concentrator plant 

The scope of the experiments covered two stages: in the first one (experiment I) a 
comparative laboratory flotation was performed: Flotation A (pre-flotation feed) using 
Corflot frother (100 g/Mg) and Flotation B (pre-flotation feed) using Corflot frother 
(60 g/Mg) and collector (a mixture of ethyl and isobutyl sodium xanthate, 120 g/Mg). 

The second material used in experiment II was the concentrate from rougher flota-
tion machine MF-222 (obtained only with the application of Corflot frother (100g/Mg, 
reagent without collectors). The goal of the experiment were to determine the possibil-
ity of improved material separation in terms of Corg content, and to ensure the possibil-
ity of returning as great amount of Cu as possible from pre-flotation concentrate to 
traditional flotation circuit, thus reducing Cu losses. 

The preliminary material extracted from pre-flotation was ground (15 min to 90% 
>100 µm) and a laboratory flotation was performed by adding only Corflot frother 
(100 g/Mg). 

Both experiments were conducted using a Mechanbor laboratory flotation machine 
equipped with a 1 dm3 cell. The time of fractional flotation in the experiments was 
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constant (5 min), while the concentrate was collected after k1 = 30 s, k2 = 90 s, k3 = 
3 min, and k4 = 5 min. 

The flotation products were dried, weighed and samples were taken for chemical 
analysis. The determination of Cu and Corg content was performed in Quality Control 
Laboratory, Lubin. Copper was analyzed by using the iodiometric titration method, 
while the organic carbon was analyzed by using a spectrometric method. The results 
are compiled in Tables 1 and 2 and in Figs 2 to 4. 
Research results 
The results of conducted laboratory flotation are presented in the form of tables and 
the Mayer curves in Figs 2, 3 and 4 due to the fact, that the recovery (ε) and the yield 
(γ) play a significant role in the evaluation of the executed experiments. Because the 
Mayer curve is sensitive to the feed composition, the location of the upgrading curve 
depends on the feed. However, a similar content of both Cu and Corg in the feed allows 
a direct comparison of the flotation results of Cu and Corg on the same Mayer plot.  

A comparison of the results shown in Figs 2 and 3 indicates that the addition of 
collector has a minimal effect on Corg flotation. The reverse situation is observed in 
case of copper. The addition of collector has a beneficial effect on flotation since it 
improves flotation selectivity, that is both concentrate recovery and yield. The differ-
ence in Cu and Corg floatability while using only frother during the pre-flotation stage 
may, by maintaining proper technological conditions, create a possibility for a satisfy-
ing separation of Corgfrom the feed directed for scavenger flotation. 

 

Fig. 2. Results of experiment I – flotation A and B, copper concentration curves 
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Fig. 3. Results of experiment I – flotation A and B, organic carbon concentration curves 

 

Fig. 4. Results of experiment II – laboratory flotation (Mayer’s upgrading curve).  
Pre-flotation concentrate with Corflot frother (100 g/Mg)  

Figure 4 shows that regrinding and cleaner flotation of the pre-flotation concentrate 
is justified. Cleaner flotation allows to achieve greater Corg content compared to the 
feed and makes it possible to return about 27% of Cu to the traditional concentration 
circuit. 

The results from experiment I and II confirm the differences in surface characteris-
tics of carbon and copper sulfides, which is directly reflected in their flotation kinetics. 
Naturally hydrophobic carbon does not require surface modification with a collector, 
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therefore it floats by using only the frother in the process. Without collector, sulfides 
exhibit far worse flotation characteristics. 

Table 1. Results of experiment I. Flotation A − laboratory flotation without collector. 
Frother addition (100 g/Mg). λ − content, ε − recovery, γ − yield 

Product Time γ 
[%] 

Σγ  
[%] 

λCu 
[%] 

εCu  
[%] 

ΣεCu  
[%] 

λCorg  
[%] 

ε Corg  
[%] 

Σε Corg  
[%] 

   0   0   0 

A/k1 30" 7.72 7.72 3.02 12.21 12.21 4.99 22.01 22.01 

A/k2 1'30" 7.81 15.53 3.78 15.46 27.67 4.12 18.38 40.39 

A/k3 3' 5.65 21.18 3.94 11.66 39.33 3.68 11.88 52.27 

A/k4 5' 4.69 25.87 3.52 8.64 47.97 3.27 8.76 61.03 

A/c.  74.13 100.00 1.34 52.03 100.00 0.92 38.97 100.00 

Σ  100.00  1.91 100.00  1.75 100.00  

Table 2. Results of experiment I. Flotation B – laboratory flotation with collector (120 g/Mg)  
and frother (60 g/Mg) addition). λ − content, ε − recovery, γ − yield 

Product Time γ 
[%] 

Σγ  
[%] 

λCu 
[%] 

εCu  
[%] 

ΣεCu  
[%] 

λCorg  
[%] 

ε Corg  
[%] 

Σε Corg  
[%] 

   0   0   0 

B/k1 30" 10.58 10.58 8.36 55.31 55.31 4.27 27.69 27.69 

B/k2 1'30" 9.02 19.60 2.53 14.28 69.59 4.26 23.57 51.26 

B/k3 3' 6.12 25.72 3.35 12.82 82.41 3.29 12.34 63.59 

B/k4 5' 4.78 30.50 2.10 6.28 88.69 2.68 7.86 71.45 

B/c.   69.50 100.00 0.26 11.31 100.00 0.67 28.55 100.00 

Σ   100.00   1.60 100.00  1.63 100.00  

Table 3. Results of experiment II. Laboratory flotation ofconcentrate from pre-flotation machines  
MF-222 (with Corflot 100 g/Mg). λ − content, ε − recovery, γ − yield 

Product Time γ 
[%] 

Σγ  
[%] 

λCu 
[%] 

εCu  
[%] 

ΣεCu  
[%] 

λCorg 
[%] 

ε Corg  
[%] 

Σε Corg  
[%] 

   0   0   0 

II/k1 30'' 18.23 18.23 12.63 20.64 20.63 16.76 24.01 24.01 

II/k2 1' 30'' 18.67 36.90 13.02 21.78 42.40 17.31 25.38 49.39 

II/k3 3' 13.72 50.62 14.48 17.81 60.20 17.52 18.89 68.27 

IIk4 5' 10.17 60.80 14.74 13.44 73.63 16.31 13.03 81.31 

II/c.   39.20 100.00 7.51 26.38 100.00 6.07 18.69 100.00 

 Σ   100.00  11.16 100.00  12.73 100.00  
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Industrial trials 
The positive results of the experiments conducted on a laboratory scale have decided 
in favor of conducting the test on a technical scale. In order to determine the validity 
of the assumed thesis that there is a possibility of organic carbon separation during 
pre-flotation stage under KGHM Polska Miedz SA Division of Concentrators indus-
trial conditions comparative tests of pre-flotation stage process effectiveness were 
conducted (Polkowice Concentrator Plant, line II, Fig.1). 

The basis of the test is the comparison of the processes run under industrial condi-
tions. The tests were conducted on three-cell flotation machine with an overall capac-
ity of144 m3 under comparable conditions. Analogous settings of froth level and air 
flows were used for both test stages, which were respectively 15 cm and 6 m3/min. 

The effectiveness of the process while adding the reagents in normal way and 
while performing current production was analyzed in the first test – (Corflot, ~40 
g/Mg) and collector (a mixture of ethyl and isobutyl sodium xanthate, ~60 g/Mg). The 
second stage of the experiment took place only in the presence of a frother (Corflot, 
~80g/Mg). 
Trial results 
The analysis of product produced while conducting the experiments (feed α, concen-
trate β, tailings ν) is presented in from Figs 5 to 7.  

Cu [%] 2.06 Corg [%] 1.72
ε= 100%
γ= 100%

CONCENTRATE Cu [%] 11.98 Corg [%] 11.69
ε= 20.37% ε= 21.14%

TAILINGS

Cu [%] 1.7 Corg [%] 1.4
ε= 79.6% ε= 78.9%

γ= 3.50 %

γ=  96.5%

β

ν

FLOTATION MACHINE

α

 

Fig. 5. Trial 1. Results of flotation machine sampling–test included collector  
and Corflot frother, ~40 g/Mg, xanthate, ~60 g/Mg 

Cu [%] 1.90 Corg [%] 1.70
ε= 100%
γ= 100%

CONCENTRATE Cu [%] 11.32 Corg [%] 12.28
ε= 8.11% ε= 28.22%

TAILINGS

Cu [%] 1.77 Corg [%] 1.27
ε= 91.9% ε= 71.8%

γ= 1.36%

γ= 98.64%

ν

FLOTATION MACHINE

β

α

 

Fig. 6. Trial 2. Results of flotation machine sampling–test. Corflot frother only, ~80g/Mg 
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Fig. 7. The Fuerstenau curve for industrial trial of pre-flotation of Cu and Corg 

Based upon the approximate results of the trials (Figs 5 and 6) also presented in 
Fig. 7, a comparison of Corg and Cu concentration performance under industrial condi-
tions indicates noticeable differences in recovery and yields of the concentration proc-
ess products (concentrate, tailings) in relation to the conditions of the conducted ex-
periment i.e. the application of a collector reagent and its absence during the process. 

Results and discussion 

The analysis of the obtained results shows, that there is a possibility of separating sig-
nificant amounts of organic carbon on the pre-flotation stage by applying only the 
frother. In comparison to flotation with collector, flotation in which a frother was used 
about 28% of organic carbon contained within the feed was successfully separated, 
thus reducing its content from 1.7 to 1.27% with minimal copper losses of 8.1%. The 
insubstantial yield of the concentrate and the organic carbon content of 12.26% has a 
beneficial effect on this process, which results from the further processing of the pro-
duced concentrate i.e. regrinding and purification in order to return as great amount of 
copper back to the process as it is possible. 

The results of the conducted research allow for the following conclusion: 
 flotation kinetics of the organic matter without application of collector is much 

better than the flotation kinetics of copper sulfides 
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 separation of organic carbon during the pre-flotation stage under KGHM Polska 
Miedz S.A. Division of Concentrators conditions is possible 

 produced concentrate, featuring greater content of organic substance, can be made 
a subject to regrinding and cleaning flotation in order to return significant amounts 
of copper to the conventional concentration process 

  Corflot frother used during the tests was applied in order to ensure the appropriate 
run of the process. Other frother, used for instance in coal flotation, will be tested. 
Division of Concentrators is where solutions to the most important problems occur-

ring in concentration technologies are being sought within the framework of research 
and development activity. However, the problem of organic carbon extends beyond 
the framework of processing technologies due to the fact, that it is a global problem, 
because it has an influence on the economic-technological effectiveness of the entire 
company. That is why this subject is researched in such a complex way and analyzed 
by the concentrator staff. In order to meet the expectations of present and future metal-
lurgical requirements many possibilities of adapting the concentrate quality to metal-
lurgical requirements were researched and tested, some of which are not possible to 
implement in current production. That is why the described here actions, which were 
initiated by the employees may be the turning point in the production of concentrate 
featuring appropriate quality both for the target technology in the form of flash smelt-
ing furnace technology. however, it requires further research due to the fact, that the 
results presented within this paper are of diagnostic nature. 
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Abstract: In this study beneficiation of a sulphide ore from the Gümüşhane-Black Sea Region of Turkey 
was investigated. Detailed flotation studies were carried out with the ore sample which contained 2.95% 
Pb, 6.72% Zn and 0.32% Cu. Mineralogical analyses showed that the sample includes pyrite, galena, 
sphalerite, chalcopyrite, tennantite, cerussite, anglesite and smithsonite. On the other hand, hematite, 
goethite, limonite, calcite and quartz were determined as gangue minerals. Selective sulphide concentrates 
with low arsenic content were tried to be produced by froth flotation. Individual concentrates of Pb, Zn 
and Cu assayed 67.54% Pb, and 61.49% Zn and 23.31% Cu where corresponding recoveries were 73.0% 
and 77.1% and 38.7%, respectively. Arsenic contents were less than 2000 ppm in the lead and zinc con-
centrates. Copper concentrate assayed 5.03% As since the major copper minerals were in tennantite form 
(copper arsenic sulphide mineral). In flotation tests, non-toxic reagents such as metabisulphite, caustified 
starch, and activated carbon were used to depress minerals in relevant circuits. 

Key words: arsenic, non-toxic depressants, sulphide minerals, flotation 

Introduction 

The treatment processes for the beneficiation of copper-lead-zinc ores are generally 
complex. The methods used in the processing of copper-lead-zinc ore could be classi-
fied as follows (Bulatovic, 2007): a) sequential copper, lead, zinc flotation method 
where the copper, lead, and zinc are sequentially floated to produce separate copper, 
lead and zinc concentrates, b) bulk flotation of copper and lead followed by zinc flota-
tion from the bulk tailings. The copper–lead separation is performed on the upgraded 
bulk concentrate. This is the most commonly used method in the treatment of copper-
lead-zinc ores, c) bulk flotation of copper-lead-zinc minerals followed by a selective 
flotation of copper, lead and zinc from the bulk concentrate. This method is rarely 
used and is effective on the ores where the principal copper minerals are bornite, 
covellite and other secondary copper sulphides.  

http://www.minproc.pwr.wroc.pl/journal/
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There is no general rule that can be prescribed as to which method is selected for 
the treatment of copper-lead-zinc ores. 

Arsenic is one of the most hazardous inorganic pollutants for both the environment 
and human health. Therefore, discharge to the environment must be strictly controlled 
(Mandal et al., 2002). Minerals of copper with arsenic, which are enargite (Cu3AsS4), 
tennantite (3Cu2S·S0.5·As2S3), tetrahedrite (3Cu2S·Sb2S3), do not have significant eco-
nomic values. Furthermore, the existence of As in the concentrates requires payment 
of a penalty to the smelter. It is of economic and environmental interest to remove 
arsenic bearing minerals at an early stage of the process such as flotation (Ma and 
Bruckard, 2009).  

Enargite, tennantite and tetrahedrite are usually secondary minerals to other copper 
sulphides. Flotation mechanisms of these minerals are not well understood since there 
are limited studies involved (Fornasiero et al., 2001; Smith and Brucard, 2007; Sasaki 
et al., 2010; Benzaazooua et al., 2002). Laboratory and plant practices showed that the 
flotation behaviour of enargite is similar to that of chalcocite. Tennantite and tetra-
hedrite do not respond well to flotation using xanthate as a collector. Tetrahedrite 
floats well with aerophine and mercaptan type of collectors at a pH value between 8 
and 10 (Bulatovic, 2007).  

Selective separation of sulphide minerals can be achieved using a variety of collec-
tors and modifiers to adjust surface properties (Finkelstein, 1997; Yamamoto, 1980; 
Shen et al., 2001; Chandra and Gerson, 2009; Laskowski et al., 1991; 2007). In prac-
tice, when treating complex sulphide ores, the use of two or more depressants is com-
mon, especially when a selectivity problem is present or separation of several valuable 
minerals is required (Bulatovic and Wyslouzil, 1995). 

Sulphur-oxy depressants are added to the flotation pulp in the form of sodium sul-
phite, sodium bi-sulphite, sodium metabisulphite or sulphur dioxide for the depression 
of pyrite, sphalerite and galena (Grano et al., 1997; 1997a; 1997b; Khmeleva et al.; 
2003; 2005; 2006). Gül (2007) studied the effects of sodium meta bisulphite and acti-
vated carbon on the selective flotation of chalcopyrite from pyrite and successfully 
depressed pyrite while producing a high grade copper concentrate. Gül et al. (2008) 
used non-toxic reagents such as zinc sulphate, sodium meta bisulphite, caustic starch 
and activated carbon instead of highly toxic reagents like potassium bichromate and 
sodium cyanide, they obtained successful results for the separation of chalcopyrite, 
galena and sphalerite selectively.  

This investigation focuses on producing individual concentrates of Pb and Zn with 
low arsenic contents from a complex sulphide ore employing non-toxic depressants to 
achieve selectivity. 

Materials and methods 

The ore sample was taken from Gümüşhane in Black Sea Region of Turkey. Minera-
logical analyses show that the ore contains sphalerite (ZnS), galena (PbS), tennantite 
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(Cu12As4S13), chalcopyrite (CuFeS2), cerussite (PbCO3), anglesite (PbSO4) and smith-
sonite (ZnCO3). On the other hand pyrite, hematite, goethite, limonite, calcite and 
quartz were determined as gangue minerals. Figure 1 shows the mineralogical struc-
ture of the ore sample. Pyrite is generally seen as free and to some extend as locked 
particles whose average size is around 60 μm. In some cases pyrite has transformed to 
limonite. Sphalerite particles are generally seen to form irregular shapes and rarely 
replaced by pyrite. Sphalerite is the most abundant mineral in the ore after pyrite and it 
has an average particle size of 70 µm. Galena has irregular particle shapes with an 
average size of 60 µm. In the advanced cases of the replacement tennantite particles 
were locked in galena. Galena itself, on the other hand, was replaced by pyrite. 
Tennantite is generally observed as irregular particles and in some cases forms aggre-
gates with other minerals. It usually fills the voids between pyrite particles though 
may enclose fine pyrite grains. Particle size of tennantite may vary between 10 and 
300 μm. In Table 1 the results of chemical analysis of the ore sample are given. 

Selective flotation experiments were carried out to obtain lead, zinc, copper and 
pyrite concentrates. Tests were conducted with samples ground below 0.1 mm em-
ploying a laboratory size ball mill. The final flotation flowsheet is presented in Fig. 2.  

 
Fig. 1. Irregular shaped pyrite, sphalerite, galena  

and tennantite particles seen in the ore body 
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Table 1. Chemical analysis of the ore sample 

Component Assay, % 
Pb 2.95 
Zn 6.72 
Cu 0.32 
Fe 16.95 
S 26.00 

As 0.20 
CaO 9.97 

Al2O3 2.38 
 

It can be seen from Table 1 that the ore contains 2.95% Pb, 6.72% Zn, 0.32% Cu, 
and 0.20% As.  

Cu Concentrate

Pb Concentrate

Cu-Pb Middlings-1

Ore

Tailings Pyrite Concentrate Zn Concentrate Zn Middlings

Cu-Pb Separation

Cu Cleaning

Cu Middlings

Collective Cu-Pb 
Flotation Cu-Pb Cleaning Cu-Pb Cleaning

Zn Flotation

Pyrite Flotation

Zn Cleaning

Cu-Pb Middlings-2

 

Fig. 2. Flotation flowsheet of experimental studies  

Aerophine 3418-A was used as a collector in the Pb-Cu circuit whereas potassium 
amyl xanthate was the collector in the sphalerite-pyrite circuit. Sodium metabi-
sulphite (Na2S2O5) and ZnSO4 were employed for the depression of sphalerite. Pyrite 
was deactivated by increasing pH by lime addition. Furthermore, Na2S2O5 was added 
for the depression of pyrite. Sphalerite was later activated by CuSO4 addition. In the 
selective flotation of copper minerals from galena the pulp was treated with activated 
carbon first and than sodium meta bi-sulphite and caustified starch were added to de-
press galena where copper was floated by the addition of small amounts of Aero 208. 
On the other hand, depressants like quebracho and S7260, that is a synthetic polymeric 
depressant were used in the Pb-Cu circuit to obtain selective concentrates (Cytec, 
2002). Lime and sulfuric acid were the reagents to control the pulp pH. In this investi-
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gation the effect of pH, collector dosage, the number of flotation stages, depressant 
type and dosage were studied on the selective concentration of Cu, Pb and Zn minerals 
in the ore sample. 

Results and discussions 

Flotation tests were carried out to obtain selective concentrates of Pb, Zn, and Cu. The 
procedure adopted was to float Pb-Cu collectively first leaving Zn in the sink and then 
to activate Zn using conventional methods. Pb-Cu separation from the bulk concen-
trate was achieved by depressing Cu and floating Pb minerals. The flotation conditions 
and test results are presented in Tables 2 and 3, respectively.  

Table 2. Flotation test conditions 

Collective Cu-Pb Flotation Zn Flotation 

Na2S2O5, g/Mg 1500 CuSO4, g/Mg 300 

ZnSO4, g/Mg 2250 KAX, g/Mg 50 

Aerophine 3418 A, g/Mg 35 MIBC, g/Mg 70 

MIBC, g/Mg 80 pH 11.0 

pH 9.0 Zn Cleaning 

Cu-Pb Separation KAX, g/Mg 2.5 

Quebracho, g/Mg 50 MIBC, g/Mg 10 

S7260, g/Mg 25 pH 11.0 

Aerophine 3418 A, g/Mg 5 Pyrite Flotation 

MIBC, g/Mg 2.5 KAX, g/Mg 200 

pH 9.0 MIBC, g/Mg 60 

  pH 4.5-5.0 

Table 3. The results of selective flotation using Quebracho and S7260 

Pb, % Zn, % Cu, % Products Weight 
% Assay Recovery Assay Recovery Assay Recovery 

Pb Concentrate 3.0 52.44 51.7 7.08 3.3 5.05 43.1 
Cu-Pb Middlings 1 0.9 44.03 13.0 8.34 1.2 2.40 6.1 
Cu-Pb Middlings 2 2.4 19.30 15.2 7.39 2.7 1.88 12.8 
Zn Concentrate 9.4 1.02 3.2 60.77 88.2 0.38 10.2 
Zn Middlings 1.2 2.85 1.1 6.20 1.2 0.83 2.8 
Pyrite Concentrate 36.5 0.57 6.9 0.36 2.0 0.19 19.7 
Tailings  46.6 0.58 8.9 0.20 1.4 0.04 5.3 
Total 100.0 3.04 100.0 6.48 100.0 0.35 100.0 
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S7260 and Quebracho were used to depress copper minerals and pyrite in the bulk 
Pb-Cu concentrate. However, the attempt to depress Cu minerals was not a success 
and consequently Pb concentrate assayed 5.05% Cu. Zinc concentrate, on the other 
hand, was obtained with 60.77% Zn content and 88.2% recovery. Since zinc was suc-
cessfully concentrated with relatively high recoveries and grades, in the proceeding 
tests attention was given to the separation of Pb from Cu and As and conditions in the 
zinc circuit were not further studied. 

In the following experiments alternative procedures were studied to obtain a clean 
Pb concentrate. The rougher Pb-Cu bulk concentrate was cleaned twice employing 
ZnSO4 and Na2S2O5 as depressants. In the separation of Pb from Cu, all minerals were 
depressed first using activated carbon, Na2S2O5 and caustified starch and Cu was 
floated by the addition of small amounts of Aero 208 which is particularly synthesized 
for Cu. Flotation conditions and results of selective flotation for the Pb-Cu separation 
are given in Tables 4 and 5, respectively.  

Table 4. Flotation conditions for separation of Pb from Cu 

Collective Cu-Pb Flotation Cu-Pb Separation 
Na2S2O5, g/Mg 1500 Activated Carbon, g/Mg 250 
ZnSO4, g/Mg 2250 Na2S2O5, g/Mg 500 
Aerophine 3418 A, g/Mg 50 Caustified Starch, g/Mg 100 
MIBC, g/Mg 60 Aero 208, g/Mg 6 
pH 9.0 MIBC, g/Mg 6 

Cu-Pb Cleaning pH 6.0 
Na2S2O5, g/Mg 375   
ZnSO4, g/Mg 750   
MIBC, g/Mg 2.5   
pH 9.0   

Table 5. Results of flotation for Pb-Cu separation 

Pb, % Zn, % Cu, % Products Weight
% Assay Recovery Assay Recovery Assay Recovery 

Pb Concentrate 3.7 65.52 76.0 7.16 4.7 0.77 9.1 
Cu-Pb Middlings 0.9 19.29 5.4 3.50 0.6 15.73 44.9 
Cu-Pb-Zn Middlings 1 0.8 3.87 1.0 18.40 2.6 2.97 7.5 
Cu-Pb-Zn Middlings 2 2.6 3.23 2.6 16.50 7.7 1.13 9.3 
Tailings  92.0 0.52 15.0 5.14 84.4 0.10 29.2 
Total 100.0 3.19 100.0 5.60 100.0 0.32 100.0 

 
The lead concentrate produced meets the specifications of smelters in terms of Pb 

and Cu contents. Furthermore, Pb recovery is at an acceptable level. Therefore, the 
results in Table 5 prove that separation is successful between lead and copper. In order 
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to check the reproducibility of the experiment and to produce a copper concentrate 
another test was conducted under the experimental conditions seen in Table 6 and the 
results are presented in Table 7. 

Table 6. Experimental conditions to produce selective Pb and Cu concentrates  

Collective Cu-Pb Flotation Cu-Pb Cleaning 
Na2S2O5, g/Mg 1500 Na2S2O5, g/Mg 375 
ZnSO4, g/Mg 2250 ZnSO4, g/Mg 750 
Aerophine 3418 A, g/Mg 50 MIBC, g/Mg 2.5 
MIBC, g/Mg 60 pH 9.0 
pH 9.0 Cu Cleaning 

Cu-Pb Separation Without any reagents 
Activated Carbon, g/Mg 250 Zn Flotation 
Na2S2O5, g/Mg 500 CuSO4, g/Mg 300 
Caustified Starch, g/Mg 100 KAX, g/Mg 40 
Aero 208, g/Mg 6 MIBC, g/Mg 50 
MIBC, g/Mg 6 pH 11.0 
pH 6.0 Zn Cleaning 

Pyrite Flotation KAX, g/Mg 2.5 
KAX, g/Mg 200 MIBC, g/Mg 10 
MIBC, g/Mg 60 pH 11.0 
pH 4.5-5.0   

 
Copper was floated using Aero 208 from the bulk Pb-Cu concentrates and then 

cleaned without any reagents addition. 

Table 7. Results of selective flotation 

Pb, % Zn, % Cu, % As, % Products Weight 
% Assay Rec. Assay Rec. Assay Rec. Assay Rec. 

Pb Concentrate 3.7 67.54 73.0 8.72 5.3 0.59 6.0 0.16 2.9 
Cu Concentrate 0.6 12.65 2.2 3.18 0.3 23.31 38.7 5.03 14.9 
Cu Middlings 0.5 46.26 6.8 5.51 0.4 2.78 3.8 0.54 1.3 
Cu-Pb Middlings 1 0.8 6.03 1.4 21.30 2.8 2.86 6.3 0.55 2.2 
Cu-Pb Middlings 2 2.5 4.65 3.4 20.31 8.3 1.73 12.0 0.99 12.3 
Zn Concentrate 7.7 0.58 1.3 61.49 77.1 0.28 6.0 0.05 1.9 
Zn Middlings 1.6 1.97 0.9 10.89 2.8 1.39 6.2 0.49 3.9 
Pyrite Concentrate 36.5 0.52 5.5 0.27 1.6 0.17 17.2 0.31 56.0 
Tailings  46.1 0.41 5.5 0.19 1.4 0.03 3.8 0.02 4.6 
Total 100.0 3.43 100.0 6.14 100.0 0.36 100.0 0.20 100.0 
Rec.: Recovery 
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It can be seen from Table 7 that a Pb concentrate could be obtained with 67.54% 
content and 73.0% recovery. The relationship between Cu and As contents are seen in 
Table 7 hence As assay in the Pb concentrate is closely related to the Cu content. Zinc 
concentrate was produced with 61.49% content and 77.1% recovery. Copper content 
in Zn concentrate is 0.28%, and As is 0.05%. Copper minerals are seen to be de-
pressed effectively, consequently arsenic content decreases in Pb and Zn concentrates. 
Furthermore a copper concentrate is obtained with 23.31% Cu content and 38.7% 
recovery while As content is 5.03% as expected. It is suggested that high As content 
copper concentrates could be heat treated to get rid of As. Therefore, the concentrate is 
roasted at low temperatures, so that the arsenic is selectively fumed off into a low-
volume stream product leaving a calcined product rich in copper and sulphur. In the 
final stage, arsenic in the fumes is immobilised in a low temperature ceramic such that 
safe disposal back into the soil is possible (Jahanshahi et al., 2006; Bruckard et al.; 
2010). 

Some depressants used in the conventional selective flotation of sulphide ores are 
extremely toxic and must be avoided as much as possible. In this study the use of non-
toxic reagents such as ZnSO4, sodium metabisulphite (Na2S2O5), caustified starch and 
activated carbon instead of highly toxic conventional reagents such as K2Cr2O7 and 
NaCN provided successful results for the selective flotation of galena, sphalerite, ten-
natite and pyrite.  

The mechanism of ZnSO4 to depress sphalerite is well known. Possible deactiva-
tion mechanisms regarding sodium metabisulphite and caustified starch are presented 
in the introduction yet the usage of starch must be clearly monitored since excess 
amounts will depress all minerals. Starch deactivates minerals through reactions with 
metal oxides or hydroxides on the surface. It is also reported that it can attach to the 
surface by hydrophobic forces (Liu et al.; 2000; Bıcak and Ekmekci; 2005). Activated 
carbon, however, is not a direct depressant for sulphide minerals; it actually adsorbs 
excess amounts of collector species. Activated carbon in this study was used for the 
selective flotation of chalcopyrite from galena. When it was added to the flotation 
pulp, excess amount of collector was adsorbed thus reducing the concentration of col-
lector in the solution. On decreasing the collector concentration in the solution by 
adding activated carbon, the collector desorbs off the surface of galena and hence de-
pression is facilitated. 

Conclusions 

1. This investigation conducted with a Pb-Cu-Zn ore sample collected from 
Gümüşhane (Turkey) has proven that it is possible to selectively separate As con-
taining copper minerals from galena and sphalerite using non-toxic reagents. 

2. Separate lead and zinc concentrates were produced assaying 67.54% Pb, 61.49% 
Zn with 0.16% and 0.05% As, respectively, that are much lower than the smelter 
requirement of 2000 ppm. 
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3. As a result of this investigation As being an environmental pollutant was elimi-
nated to acceptable levels in Pb and Zn concentrates employing non-toxic reagents 
as an alternative to high toxic conventional chemicals.  
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Abstract: A novel tetracarboxylresorcin[4]arene was synthesized and its selective complexing ability 
towards Pb(II) ions was examined. The influence of several parameters such as pH of aqueous phase, 
agitation time, extractant and modifier concentrations on solvent extraction of Pb(II) ions from the aque-
ous nitrate phase into chloroform organic phase was studied. The stoichiometry of the formed metal-
ligand complexes was established by slope analysis. Pb(II) ions were quantitatively extracted in the form 
of 2:1 Pb(II)-resorcin[4]arene complex from aqueous solutions of pH 5.5 to the solution of ligand in 
chloroform. Competitive solvent extraction experiments in the presence of Zn(II) and Cd(II) ions were 
also carried out and high selectivity of the extractant towards Pb(II) over Zn(II) and Cd(II) was found. 
The selectivity order was: Pb(II) >> Cd(II) > Zn(II). 

Keywords: solvent extraction, lead(II), zinc(II), cadmium(II), resorcinarene 

Introduction  

For many years solvent extraction has been one of the most used techniques for the 
removal and separation of heavy metal ions in the industrial scale processes. The gen-
eral advantage of solvent extraction over traditional methods used for wastewaters 
treatment (chemical precipitation, coagulation-flocculation, ion exchange, adsorption, 
membrane filtration) is highly selective metal recovery from aqueous solutions 
(> 500 mg/dm3) during continuous operations. The efficiency of metal ion extraction 
depends on many parameters such as ligand structure, solution pH, type of solvent, 
temperature and time of process, however the extractant ability to form a metal-ligand 
complex has a crucial effect on the process selectivity. Therefore, results of wide stud-
ies dealing with extractive removal and separation of Pb(II) ions with the use of  

http://www.minproc.pwr.wroc.pl/journal/
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commercially available chemicals e.g. di(2-ethylhexyl)phosphoric acid – D2EHPA 
(Holdich and Lawson, 1985; Gherasim et al., 2011), CYANEX (Menoyo et al., 2001; 
Kozlowska et al. 2007), tributyl phosphate – TBP (Arous et al., 2010), aromatic hy-
droxyoximes – LIX (Rodriguez et al., 1997) and newly synthesized macrocycles such 
as lariat and crown ethers (Kalmykov et al., 1998; Walkowiak and Kozlowski, 2009), 
calixarenes and calixcrowns (Roundhill et al., 2009) as extractants carried out in vari-
ous extraction systems were reported. 

Calix[n]arene-based compounds with different groups such as carboxylic, ester, 
amide, thioamide and acetylhydrazide moieties functionalizing phenolic oxygen atoms 
of calixarene or thiacalixarene platform were applied for Pb(II) extraction. It was 
noted that calixarenes functionalized with proton-ionizable groups such as carboxylic 
acids have a better complexing ability towards lead ions than their analogs with non-
ionizable (e.g. ester) groups or non substituted hydroxyl groups (Toumi et al., 2008). 
Many researchers have found that carboxyl derivatives of calix[n]arenes are efficient 
extractants of lead ions and that the number of attached carboxylic groups, conforma-
tional structure of these ligands and cavity size of basic skeleton play a crucial role in 
a Pb(II) ions complexation. Mono-, di- (Yang et al., 2011; Park et al., 2010), tetra- 
(Ohto et al., 1999) and pentaacids (Adhikari et al., 2010) were used as a Pb(II) com-
plexing agents and it was observed that incorporation of more proton-ionizable groups 
to the calixarene skeleton enhanced its binding affinity and selectivity towards Pb(II) 
ions. Ohto et al. (1999) reported high efficiency and selectivity of Pb(II) extraction 
over Zn(II), Cu(II), Fe(III) and Al(III) by tetracarboxylcalix[4]arene with following 
selectivity  orders: Pb(II) > Fe(III) > Cu(II) > Zn(II).  

The results presented by Park et al. (2010) show that the mixed calix[4]arene pos-
sessing two carboxylic and two butyloxy groups on the narrow rim occurring in 1,3-
alternate, partial cone (with butyl groups up) and cone conformations was an efficient 
extractant of lead ions at equilibrium pH of aqueous phase equal to 5.0, but the change 
of isomeric forms to partial cone with carboxyl groups decreased the complexing abil-
ity of this ligand.  

One of the most promising and intensively studied class of macrocycles related to 
calixarenes are calix[n]resorcinarenes, named also resorcin[n]arenas. They are prod-
ucts of the acid-catalyzed condensation reaction of resorcinol with an aldehyde. Re-
sorcinarenes differ from calixarenes in the spacing of the phenolic hydroxyl groups 
(the upper wide rim) and have more functionalization sites in the molecule (from 2 to 
16 sites for resorcin[4]arenes) than calixarenes, therefore the different extractive prop-
erties of resorcinarenes towards metal ions than those of calixarenes should be ex-
pected. Although many resorcin[n]arenes (usually n = 4, 6) were synthesized 
(Kozlowski et al., 2010), there are only very few examples of their separation proper-
ties towards metal ions, especially transition and post-transition metal ions (Jain and 
Kanaiya, 2011). Podychaev et al. (2009) quantitatively extracted Pb(II) ions from ni-
trate aqueous solution (pH = 6.0) containing 2.5⋅10–4 M picric acid to chloroform 
phase with tetranonylcalix[4]resorcinarene bearing acetylhydrazone groups. Only non-
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ionizable resorcin[4]arenes modified by methylene bridges were applied for Pb(II) 
ions removal in membrane extraction by using polymer inclusion membranes; in this 
process the transport of about 80% Pb(II) ions to nitric acid was observed (Benosmane 
et al., 2009; 2010). In the analogy to calixarenes, resorcinarenes with attached proton-
ionizable carboxylic groups should be more efficient and selective extractants for 
Pb(II) ions in comparison to corresponding non-ionizable compounds.  

We synthesized tetracarboxylresorcin[4]arene and studied its extraction behavior 
towards Pb(II) ions. The influence of parameters such as the agitation time, the ligand 
and modifier concentrations and pH of aqueous phase on process efficiency was dis-
cussed. Selectivity of the ligand towards Pb(II) was also evaluated by a competitive 
extraction with Pb(II), Zn(II) and Cd(II) ions.  

Experimental part 

Reagents 
Tetracarboxylresorcin[4]arene R(COOH)4 was synthesized in two steps. In the first 
step involving the acid catalyzed condensation of resorcinol with dodecanal, the unde-
cylresorcin[4]arene was obtained (Schantwinkel et al., 2008). This compound was 
functionalized by α-bromoacetic acid in the presence of NaH in dry THF, according to 
procedure similar to that described by Demirel et al. (2003). The structure of the com-
pound presented in Fig. 1 was confirmed by 1H NMR spectroscopy (500MHz, DMSO-
d6), δ: 0.825 (t, 12H,  J = 7,5 Hz, CH3), 1.12–1.125 (m, 72H, CH3(CH2)9), 1.824 (m, 
8H, CH2CH), 4.24 (m, 4H, ArCHAr), 4.51 (s, 8H, OCH2COOH), 6.30 (s, 4H, ArH), 
6.38 (s, 4H, ArH), 8.80 (s, 4H, ArOH) 
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OCH2COOH

OH

OHHOOCH2CO

OCH2COOHHO
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Fig. 1. Structure of R(COOH)4 

The HPLC grade chloroform (CHCl3) used as the ligand solvent was provided from 
POCH (Gliwice, Poland). The other organic chemicals were of commercially available 
reagent grade and were used without further purification. 
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All aqueous solutions were prepared using analytical reagent grade chemicals 
(POCH, Across) and deionized water (conductivity – 0.10 µS/cm). Solutions of Pb(II), 
Zn(II) and Cd(II) were prepared by dissolving appropriate amounts of Pb(NO3)2, 
Zn(NO3)2⋅6 H2O and Cd(NO3)2⋅4 H2O  in water.  

Solvent extraction procedure 
The solvent extraction experiments were carried out at room temperature in a stopped 
glass flask at 1:1 volume ratio of aqueous and organic phases. The chloroform phase 
of R(COOH)4  and aqueous phase containing metal nitrate were agitated by mechani-
cal shaker with a constant stirring rate 600 rpm. The phases were separated after the 
mixture was settled for 12 h and the metal ion concentrations were determined in 
aqueous phase using flame atomic absorption spectrometer (Solar 939, Unicam). 
Metal ion concentrations in the organic phase [M2+]org were calculated from the differ-
ence of the metal ion concentrations in the aqueous phase before [M2+]aq,0 and after 
extraction [M2+]aq and the following equations for the percent extraction %E (Eq. 1) 
and the metal distribution ratio between organic and aqueous phases D (Eq. 2) calcula-
tion were applied: 
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The pH of aqueous phase was adjusted by adding a small amount of HNO3 and 
measured with Elmetron CX-731 pH-meter. The pH value of aqueous solutions after 
solvent extraction was taken as the equilibrium pH.  

Results and discussion 

Effect of n-decanol 

During preliminary experiments of solvent extraction  from 5⋅10–4 M Pb(II) (pH = 5.0) 
aqueous nitrate solution by R(COOH)4 dissolved in CHCl3 at 5⋅10–4 M concentration, 
the formation of emulsion at the interface of aqueous and organic phases was ob-
served. This phenomenon in extraction systems is known and described in the litera-
ture, especially for alkali metal ions extraction from nitrate aqueous solutions with 
macrocycles (Delmau et al., 2005). Most of the available evidence on third phase for-
mation suggests that it may be due to limited dissolution of extractant after its protona-
tion when contacted with acidic aqueous phase and that the addition of a modifier, e.g. 
a long chain alcohol usually prevented the third phase appearance, therefore n-decanol 
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was added to organic phase. Our investigations revealed that the third phase can be 
removed after addition of 20% of n-decanol, but such modification resulted in a de-
crease of the extraction efficiency of Pb(II) ions. The effect of n-decanol content in 
organic phase on extractability of tetracarboxylresorcinarene was studied. Results are 
shown in Fig. 2. 
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Fig. 2. Effect of n-decanol on percentage extraction of Pb(II) by R(COOH)4 ([Pb(II)] = 5⋅10-4  M,  

pH = 5.0; [R(COOH)4] = 5⋅10-4 M; contact time: 1 h) 

Effect of agitation time 

The solvent extraction experiments were carried out for 1⋅10–3 M R(COOH)4 solution 
in CHCl3/n-decanol (4/1) and aqueous phase containing 5⋅10–4 M Pb2+

 (pH 5.5) at agi-
tation times ranging from 5 to 180 min. The Pb(II) extraction percentage increased 
with the contact time and reached the plateau of 55% within 50–70 min. The further 
agitation of solutions caused the slight decrease of the extraction efficiency, neverthe-
less, these changes are within the range of the experimental error estimated to be ap-
proximately ± 2%. To ensure equilibrium, 1 h contact time was maintained during the 
extraction studies. 

Effect of pH 
The efficiency of extraction of metal cations by acidic-type extractants depends on the 
deprotonation of extractant molecules and the formation of metal-ligand complex. 
Extraction process for divalent metal ions with tetracarboxylresorcin[4]arenes at the 
aqueous/organic interface can be written as follows: 

 a [M2+]aq  + R(COOH)4 ↔ [R(COO)4H4-2a]Ma + 2a H+ (3) 
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where R(COOH)4 and [R(COO)4H4-2a]Ma denote extractant and metal-ligand com-
plex, respectively. This equation shows that the acidity of aqueous phase plays a sig-
nificant role in extraction process, therefore the effect of initial pH of aqueous phase 
containing 5⋅10–4 M Pb(II) in the range 1.5–6.0 was determined. The extraction of 
Pb(II) ions in the higher pH may not be precise because of the metal ions hydrolysis 
and the hydroxide precipitation that can interfere with the metal-ligand complex for-
mation and cause decline of process efficiency. As shown in Fig. 3, the increase of pH 
to 5.5 caused the enhancement of process efficiency to ca. 60%, however with the 
further increase in pH efficiency slightly declines. Pb(II) extraction at low pH seems 
to be caused by the occurrence of strong intermolecular hydrogen bonding and proto-
nation of most hydroxyl groups in the R(COOH)4 molecule. When there is sufficient 
excess of H+ ions in the strongly acidic solution in comparison to metal ion, most of 
oxygen pair electrons coordinate rather with H+ than with metal cations. In the case of 
the high pH of aqueous solution, where limited amount of H+ ions is present, the inter-
action between oxygen lone pair electrons of R(COOH)4 and vacant orbital of Pb(II) is 
possible. Similar profile of percent Pb(II) loading to the organic phase versus pH of 
aqueous phase was found for dimetoxycalix[4]arene di(carboxylic acid) with cone 
conformation (Park et al., 2010). However, these results differ from those obtained by 
Ohto et al. (1999) for methylbutylcalix[4]arene with four acetic acid groups and Adik-
hari et al. (2010) for t-butylcalix[5]arene with five acetic acid moieties, where a quan-
titative removal of Pb(II) ions from acidic solutions of pH above 2.0 was observed. It 
is probably caused  by the differences in the geometrical arrangement of carboxyl 
groups in calixarene and resorcinarene molecules and  their dissociation. 
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Fig. 3. Effect of pH on the Pb(II) extraction ([Pb(II)] = 5⋅10–4  M;  

[R(COOH)4] = 1⋅10-3 M; the contact time: 1 h) 
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Effect of extractant concentration 

The solvent extraction of Pb(II) with extractant concentration in the range from 5⋅10–4  
to 1⋅10–2 M under the best conditions of agitation time and aqueous phase pH was 
investigated. It was observed that the Pb(II) extraction efficiency increased with the 
resorcinarene concentration increase and reached maximum values of 99% for 
R(COOH)4 in CHCl3/n-decanol (4/1 vol.) mixture at the 1⋅10–2 M concentration. Fig. 4 
shows the logarithmic relation of the Pb(II) distribution ratio between aqueous and 
organic phases vs. extractant concentration. The slope of obtained straight line was 
determined to be 1.66±0.04 what can indicate that two metal ions are extracted by one 
ligand molecule, and complexes R(COO)4Pb2 are formed.  
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Fig. 4. Effect of extractant concentration on the distribution coefficient  

([Pb(II)] = 5⋅10-4  M, pH = 5.5) 

The extraction ability of macrocyclic carrier is optimized by the structural modifi-
cations both within the ring and terminal groups, that can be either hydrophobic alkyl 
chains or ionizable, hydrophilic units. The complexation ability with metal ion may 
proceed by electrostatic interaction with aromatic rings (size-recognition) as well as by 
the cation-π interaction. For the explanation of Pb(II) complexation mechanism by 
R(COOH)4, a further evidence, e.g. by determination of crystallographic structure of 
the ligand and its complex with Pb ions is required. 

Competitive solvent extraction of Pb(II), Zn(II) and Cd(II)  
The competitive solvent extraction of Pb(II), Zn(II) and Cd(II) ions from 5·10–4 M 
aqueous nitrate solutions into chloroform/n-decanol (4/1 vol.) phase containing 1·10–3 

M resorcinarene R(COOH)4 as an extractant was also carried out. The obtained values 
of percent extraction show that R(COOH)4 can be used for selective removal of Pb(II) 
over Cd(II) and Zn(II) ions. The relatively high separation of Pb(II) ions was observed 
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in the competitive solvent extraction from aqueous solution in pH range 4.0–6.0 (Fig. 
5).  

The efficiency and selectivity of metal ions extraction decreased in the order Pb(II) 
>> Cd(II) > Zn(II). The selectivity coefficients S calculated as Pb(II) Cd(II) or Zn(II)D D  at 
different pH’s of aqueous phase are presented in Table 1.  
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Fig. 5. Competitive solvent extraction of Pb(II), Cd(II) and Zn(II) ions,  

([M(II)] = 5⋅10–4  M; [R(COOH)4] = 1⋅10–3 M; the contact time: 1 h) 

Table 1. Selectivity coefficients at different pH’s of aqueous phase (process conditions in Fig. 5)  

pH S 
1.5 2.5 3.5 4.5 5.0 5.5 6.0 

SPb/Cd 1.38 1.39 5.56 17.41 20.20 23.44 22.40 
SPb/Zn 2.97 6.01 6.81 32.30 36.68 51.53 49.24 

The increase of pH resulted in higher selectivity coefficients. The highest S values 
were obtained for a pair Pb(II) / Zn(II) ions at pH 5.5. The successful separation Pb(II) 
by R(COOH)4 was achieved. The excellent extraction behavior of applied extractant 
towards Pb(II) ions results probably from better fitting of large Pb(II) cations to cavity 
size of resorcinarenes than in the case of smaller cations, i.e. Cd(II) and Zn(II). 

Conclusions  

The tetracarboxylresorcin[4]arene was found to be an efficient and selective extractant 
for lead(II) solvent extraction from nitrate aqueous solutions. The best efficiency of 
the solvent extraction was obtained for one-hour agitation time of aqueous phase at pH 
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5.5 and organic phase containing R(COOH)4 as the extractant (5⋅10–4 M), n-decanol 
(20% vol.) as the organic phase modifier and chloroform as the diluent. Under these 
conditions the separation of Pb(II) over Cd(II) and Zn(II) ions with high selectivity 
coefficients equal to 23.4 and 51.5, respectively, was achieved.  
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Abstract: The presented article describes the role of community of indigenous microorganisms occurring 
in the Kupferschiefer black shale in elements mobilization from fossil organic matter of the deposit. The 
short description of metalloorganic compounds and metalloporphyrins extracted from black shale was 
presented as well as the characterization of indigenous microorganisms. The processes of fossil organic 
matter colonization, biofilm development and elements  mobilization accompanying bacterial growth was 
summarized. 
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Metalloorganic compounds and metalloporphyrins occurring   
in Kupferschiefer black shale 

The ~256-million-year-old polymetallic Kupferschiefer black shale located in Fore-
Sudetic Monocline is a sedimentary rock containing large accumulation of organic 
carbon. The concentration of organic carbon is between 7–16% and it is typically of 
marine origin. It represents kerogen type II and contains a mixture of three maceral 
groups: liptinite, vitrinite and inertinite, as well as other organic components such as 
amorphous sapropelic mass and solid bitumens (Oszczepalski, 1999). The organic 
carbon of the Kupferschiefer is mainly comprised of long-chain saturated and unsatu-
rated aliphatic hydrocarbons and polycyclic aromatic hydrocarbons (Sklodowska et 
al., 2005). 

http://www.minproc.pwr.wroc.pl/journal/
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A major part of metals present in black shale occur in organic compounds (Saw-
lowicz, 1985; 1989; 1991; Szubert et al., 2006). Two types of organic compounds 
containing metals were identified in black shale – metalloporphyrins and metalloor-
ganic compounds. The first group is represented among other by: tetraphenyl porphy-
rin, tetramethoxyphenyl porphyrin, tetramethyl porphyrin and metalloporphyrins de-
rivatives such as copro-porphyrin permethyl ester and azoporphynates (Table 1). 
Among metalloorganic compounds determined in black shale organic matter were: 
sandwich type compounds, carbonyl and carbamate compounds (Table 1). 

Table 1. The list of organic compounds containing metals detected in Kupferschiefer shale 

Chemical compounds Chemical formula 
Metallorphyrines and metalloporphyrins derivatives 

α,β,γ,δ-tetraphenylporphyrin (nickel, lead cobalt copper) C44H28N4Ni (or Pb, Co, Cu) 
Magnesium 5, 10, 15, 20 – tetrakis chlorophenyl porphyrin C44H24Cl4N4Mg 
[Tetramethyl 3,8,13,18-tetramethyl-21H,23H-porphine-2,7,12,17-
tetrapropnoato[2-]-N21,N22,N23,N24]-(zinc, copper) C40H44N4O8Zn (or Cu) 

Tetra[1,2-(4-t- butyl)-benzo]-tetra-azaporhinato-oxyvanadium C48H48N8OV 
Tetra[1,2-(4-t- butyl)-benzo]-tetra-azaporhinato-chloroaluminium C48H48N8AlCl 
Chloro-(5,10,15,20) -tetramesitylporphinato chromium (III) C56H52N4ClCr 

Metalloorganic compounds 
Methyltriisopropyltine C10H24Sn 
Ditelluride, bis(2,4,6trimethylphenyl C18H22Te2 
Tungsten,(2,3- eta)-bicyclo[2.2.1]hepta-2,5-diene]pentacarbonyl C12H8O5W 
Platinum, dichloro[(1,1',2,2'-eta.)-3,3'-oxybis[propene]] C6H10Cl2OPt 
Tungsten, phenyltricarbonyl-pi-cyclopentadienyl C14 H10O3W 
Zirconium,bis(1,2,3,4,5-eta)-1-(1,1-dimethyl)-2,4-cyclopentadien-1-yl C23H34Zr 

Indigenous community of microorganisms isolated   
from Kupferschiefer black shale 

A community containing eight bacterial strains were isolated form black shale in the 
Lubin copper mine using cultivation based methods (Matlakowska and Sklodowska, 
2009). Phylogenetic analysis based on 16S rRNA gene homology showed that five 
strains belonged to the γ-Proteobacteria (Pseudomonas sp., Acinetobacter sp.), one to 
the Firmicutes (Bacillus sp.) and two to the Actinobacteria (Microbacterium sp.). 

Detailed analysis of these isolates revealed the adaptation of indigenous bacteria to 
geochemical conditions of the examined environment. They exhibited such properties as: 
 ability to transform black shale ore and use it as a carbon and energy source, 
 extremely high-level resistance to metals and metalloids (As, Co, Cu, Ni and Zn), 
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 proficiency in assimilation of organic acids (capric, adipic malic acids, pyruvic 
acid, galacturonic acid, itaconic acid), 

 the activity of esterase, lipase and dioxygenase, 
 the ability to degrade some aliphatic and aromatic hydrocarbons, 
 the production of siderophores and organic acids which showed the ability to 

complex elements from black shale, 
 the transformation of synthetic metalloporphyrins. 

Organic matter colonization and biofilm development 

It was demonstrated that an enriched community of indigenous heterotrophic microor-
ganisms isolated from black shale grown under aerobic conditions could utilize shale 
organic matter as the sole carbon and energy source. 

 

Fig. 1. (A) Epifluorescence micrograph of black shale sections showing the distribution of DAPI-stained 
microorganisms on the organic-rich laminae on the surface of black shale; (B) scanning electron 

microscopy (SEM) photomicrographs of bacterial colony-like form grown on a solid mineral medium 
covered with organic matter extracted from black shale as sole energy and carbon source. (C, D) Ultrathin 

section TEM photomicrographs of bacterial cells cultivated on mineral medium with organic matter 
extracted from black shale. The arrows indicate organic matter 
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Indigenous bacteria directly interact with black shale organic matter to produce 
a widespread biofilm on the Kupferschiefer shale surface (Matlakowska et al., 2012). 
They exhibit a specific affinity to fine laminae within the black shale that are rich in 
organic matter (Fig. 1A). The selective affinity was demonstrated by the localization 
of the biofilm along these strips oriented parallel to the lamination of the black shale.  

Bacteria were able to grow in aerobic conditions on liquid mineral medium sup-
plemented with organic matter extracted from black shale as the sole carbon and en-
ergy source. Figure 1B shows photomicrograph of a colony-like form from a mixed 
culture of bacteria growing on solid mineral medium overlaid with organic matter as 
the sole carbon and energy source. Colonization of shale extract is apparent and it is 
a direct evidence of capability of indigenous bacteria to use organic matter as energy 
and carbon source (Matlakowska and Sklodowska, 2011). Ultrathin cross and longitu-
dinal sections of bacteria grown on solid mineral medium supplemented with organic 
matter were examined using transmission electron microscopy (TEM) (Figs 1C, D). 
A direct attachment of cells to organic matter is visible. Intracellular reserve material 
was also detected in bacterial cells. This material was identified as phosphorus by  
X-ray microprobe analysis (Matlakowska and Sklodowska, 2011). 

Fossil organic matter biodegradation and elements mobilization 

The study of biodegradation of black shale organic matter was based on the simulta-
neous analysis of the concentration of released organic carbon and the analysis of 
metal concentration mobilized to aqueous phase of cultures and chloroform extracts of 
this phase. The chemical analysis of biodegradation products was also performed. 

Degradation of the black shale organic matter was clearly demonstrated by the re-
lease of organic carbon (DOC) into the aqueous phase of the cultures (Fig. 2). The 
level of DOC in the liquid phase reached a maximal concentration of 16 mg/dm3 after 
25 days of cultivation. 

It was confirmed that about 70% of organic matter was degraded after 30 days of 
experiment. The main biodegradation intermediates and products were identified as 
phosphonic acid dioctadecyl ester, cyclopropene butanoic acid, phthalic acid 
bis(methyl nony) ester, hexadecanoic acid, octadecanoic acid, hexadecanol and 
chloropropionic acid. At the end of the cultivation a part of these compounds com-
pletely disappeared indicating that they were metabolized and isoindole-1,3 was de-
tected which is a well-known metabolite of i.e. pyrene, fluoranthene and phenanthrene 
produced by bacterial degradation (Matlakowska and Skłodowska, 2011). 

Simultaneous analysis of metals in aqueous phase and chloroform extracts allowed 
comparing the total concentration of metals released from organic matter and their 
content in organic compounds. The concentration of cobalt, copper and nickel directly  
 



Microbial transformations of fossil organic matter of Kupferschiefer black shale… 227 

 

Fig. 2. Organic carbon mobilization from shale organic matter – the changes of the dissolved organic 
carbon (DOC) concentration in the aqueous phase of bacterial cultures during growth of microorganisms. 

released from organic matter extracted from black shale to the aqueous phase of cul-
tures and control as well as chloroform extract of this phase and are presented on Figs 
3A, B, C. It was clearly showed that the biodegradation of organic matter cause the 
release of metals into the culture solution. 

The concentration of cobalt, copper and nickel in organic fraction (chloroform ex-
tract) reached the highest value in bacterial cultures between 20 and 25 days what is in 
correlation with the concentration of organic carbon in the aqueous phase. At the end 
of experiment the concentration of these elements in chloroform extracts decreased. 
Simultaneously the increase of the concentration of cobalt and copper in the aqueous 
phase was observed (Figs 3 A, B).  

Obtained results support the hypothesis that the biodegradation of organic com-
pound leads to the release of chemical elements to the aqueous phase.  

The most interesting results were obtained for copper. About 74% of copper pre-
sent in black shale substrate was released to aqueous phase of bacterial culture after 30 
days of cultivation. In the case of control copper extraction was about 10%. Interest-
ingly, the percent of copper occurring in the form of organic compounds decreased 
from 19% to 0.15% in bacterial culture in the course of experiment, what confirmed 
the biodegradation of organic compounds containing this metal. In the case of control, 
the concentration of copper in chloroform extract was stable and represented the dis-
solved compounds. The concentration of cobalt and nickel release to aqueous phase of 
culture from black shale organic matter was 1.4% and 8.9% respectively, while in 
control 3.4% and 13.8%. The concentration of these metals in bacterial culture was 
lower than in control and indicated specific fluctuations during experiment. It was 
calculated that approximately 10% of cobalt and 20 % of nickel were accumulated by 
bacterial cells during experiment. 
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Fig. 3. Concentration of cobalt (A), copper (B) and nickel (C) in the aqueous phase  
and chloroform extracts of bacterial cultures and sterile controls over the 30 days of cultivation 
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The biodegradation of organic compounds containing metals were also confirmed 
by the analysis of UV-Vis spectra of chloroform extracts of aqueous phase. It revealed 
the significant differences between the bacterial cultures and the sterile control cul-
tures as well as between the bacterial cultures at different days of cultivation (Fig. 4).  
 

 

Fig. 4. UV-Vis spectra of chloroform extracts of the aqueous phase of bacterial cultures (A)  
and sterile control (B) containing organic matter extracted from black shale at the beginning  

of the experiment (T0), and after 25 (T25) and 30 days (T30) of cultivation 

415 nm 

670 
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The spectrum of the sample after 20 and 25 days of bacterial treatment exhibited ab-
sorption bands typical for metalloporphyrins which is a Soret band (390–425 nm) and 
Q band (480–700 nm) (Kadish et al., 2000). An intense Soret band with maximum 
absorption at 415 nm and Q bands with maximum absorption peaks at 602 and 670 nm 
were apparent and they were considerably stronger than in the control samples. All of 
these peaks had decreased after 30 days of bacterial cultivation, indicating the de-
graation of these compounds. Similar results were obtained in earlier experiment in 
which the biodegradation of whole black shale and synthetic metalloporphyrins were 
studied (Matlakowska and Sklodowska, 2010, 2010a). The first step in synthetic met-
alloporphyrin biotransformation was identified as the highly efficient uptake of these 
compounds by bacterial cells and further degradation of them in bacterial cells (Mat-
lakowska and Sklodowska, 2010a). The changes of UV-VIS spectra observed in this 
study also reflected the metalloporphyrins uptake and biodegradation. 

Conclusions 
 The results of this study confirm that indigenous bacteria play a role in the bio-

transformation of black shale and can influence the geochemical cycles of ancient 
organic carbon in the deep terrestrial subsurface. 

 The biodegradation of organic matter was accompanied by the metal mobilization 
and release of organic compounds.  

 Biodegradation of resistant compounds such as geoporphyrins was confirmed. 
 The presence of phosphonic acid dioctadecyl ester in bacterial culture and intracel-

lular reserve material containing phosphorus confirm the role of indigenous micro-
organisms in phosphorus mobilization from organic matter and simultaneous im-
mobilization in cells. 

 The capability of indigenous bacteria to degrade black shale organic matter may 
strongly influence carbon mobilization from deposit as well as shale fraction of 
tailings. This phenomenon may also cause the mobilization of potentially toxic 
compounds to the soil and groundwater. 
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Abstract: Solvent extraction was used to recover nickel and zinc from synthetic acidic solution. Many 
leaching solution and waste waters contain both zinc and nickel at the same time. Bis (2,4,4-
trimethylpentyl) phosphinic acid (Cyanex 272) and  Di(2-ethylhexyl) phosphoric acid (D2EHPA) were 
used to separate nickel and zinc. In the D2EHPA system, at equilibrium pH of 2, zinc extraction was 
more than 98% whereas nickel extraction was only 0.36%. The extraction of metals was found to increase 
with an increase of pH of the aqueous phase. At equilibrium pH 3.5, zinc extraction was completed and 
higher than 99% zinc was extracted using Cyanex 272. The maximum nickel extractions using D2EHPA 
and Cyanex 272 were achieved at equilibrium pH 4.5 and 7.5, respectively. Both extractants showed the 
relatively good separation levels between nickel and zinc. D2EHPA and Cyanex 272 isotherms for single 
metal solutions showed that the extraction order was Zn2+>Ni2+. ΔpH1/2 value showed that the separation 
of nickel and zinc using Cyanex 272 was simpler than D2EHPA system. The stripping study was per-
formed using sulphuric acid and it was shown that above 98% zinc and nickel could be extracted. These 
results demonstrated separation of zinc and nickel from sulphate solutions to be favorable.  

Keywords: D2EHPA; Cyanex 272; nickel extraction; zinc extraction 

Introduction 

In hydrometallurgical and environmental processing, selective recovery and removal 
of metals from industrial and waste solutions are very important and has been exten-
sively studied (Gupta, 1990; Rotuska, 2008). Solvent extraction is a popular method 
for separation of metal ions from aqueous solutions which has been widely used in 
hydrometallurgical engineering for selective metals recovery from low-grade ores, 
complex ores and metallic wastes. This technology has been proposed as an efficient 



 M. Gharabaghi, M. Irannajad, A.R. Azadmehr 234

separation method for waste treatment and metal recycling from industrial wastes 
(Sole et al., 2005).  

Many solvents have been proposed for metals extraction in hydrometallurgical 
processes. Among these, organophosphorus-based extractants, oxime extractants and 
Cyanex extractants has been used for nickel extraction from acidic and alkaline solu-
tions (CYANEX, 2007; Gotfryd, 2005; Grigorieva et al., 2010; Tanaka and Alam, 
2010; Tsakiridis and Agatzini, 2004). Jakovljevic et al. (2004) used Cyanex 301 for 
nickel extraction from chloride medium. Tanaka and Alam (2010) have used LIX84-I 
for nickel extraction from ammoniacal–sulphate leach liquors.  

Several researchers used di-2-ethylhexyl phosphoric acid (D2EHPA) for nickel 
and/or cobalt extraction from solutions. Separation of nickel from associated ions like 
Co is a major problem specially when choosing a single extracting agent like 
D2EHPA (Bhaskara Sarma and Reddy, 2002; Zhang et al., 2001). Versatic 10 acid 
and LIX 63 synergistic system was used to separate Ni and Co from the Zn, Cu, Mn, 
Mg and Ca in the synthetic laterite leach solution. However, the synergist was not 
commercially available (Cheng, 2006). Organophosphorus and its thio-analogs have 
used for the extraction of Ni and Co from a variety of synthetic solutions/leach liquors 
by Reddy and co-workers (Reddy et al., 2006, 2008). 

Dithiophosphinic acid base extractants such as cyanex 301 are efficient solvents for 
nickel hydrometallurgy (CYANEX, 2007 ; Grigorieva et al., 2010). The possibility of 
nickel recovery from pregnant solutions using Cyanex extractant has been demon-
strated in published papers (Agrawal, 2008; Gotfryd, 2005; Jakovljevic et al., 2004; 
Tsakiridis and Agatzini, 2004). 

The separation of nickel form zinc has been encountered in materials such as hy-
drometallurgical zinc production, copper converter slag leaching, nickel laterite, etc. 
As seen from the above, in the most of reported studies, the main objective was to 
removal of these metals from the solution and limited amounts of data on the separa-
tion of nickel from zinc are available systematic investigation about nickel and zinc 
separation by solvent extraction is not abundant. Considering the importance of nickel 
and zinc mixtures, it is necessary to perform systematic investigations to search for 
effective extraction systems for nickel separation from zinc.  

This paper presents the results of an investigation on the separation and recovery of 
nickel and zinc with different extractants (bis (2,4,4-trimethylpentyl) phosphinic acid 
(Cyanex 272) and di(2-ethylhexyl) phosphoric acid (D2EHPA)) diluted in hexane. 
The results focused on the determination of pH isotherms for metals separation. We 
systematically monitored the effects of important process parameters on nickel and 
zinc extraction and separation. The extracted ions were removed from the organic 
phase using sulphuric acid as an effective stripping agent. 
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Experimental 

The stock solutions of zinc(II) and nickel(II) sulphate (0.5 M each) were prepared by 
dissolving analytical grade chemicals (Merck, Germany) in distilled water. Analytical 
grade Cyanex 272 (Cytec, Canada) and D2EHPA (Merck, Germany) were used as 
organic solvents without further purification whereas hexane was the diluent. Dilute 
H2SO4 and NaOH (Merck, Germany) solutions were used to adjust the pH of the 
aqueous solutions.  

Perkin-Elmer atomic absorption spectroscopy was used to measure the nickel and 
zinc concentration in the solutions. The pH of the aqueous phase was measured using 
a pH meter (Fisher Scientific pH meter). The organic/aqueous mixture was agitated 
with a mechanical shaker. 

Solvent extraction experiments were performed in flasks containing equal 50 cm3 
volumes of aqueous and organic solutions. The pHs of aqueous solutions were kept 
constant by buffer solutions. The mixtures were agitated by mechanical shaker for 
30 minutes, although the equilibrium conditions may have been reached in a few min-
utes. In each experiment, the organic phase contained 1M of the extractant (either 
D2EHPA or Cyanex 277) in hexane. Aqueous to organic phase ratio was 1:1 in all 
tests. After mixing the aqueous and organic solutions were separated by a separatory 
funnel. After phase separation for each test, about 10-cm3 aqueous solution was taken 
for chemical analysis. 40 cm3 of organic solution was taken for stripping using sulfuric 
acid solution. After stripping, the strip solution was taken for chemical analysis.  

Results and discussion 

Solvent extraction with D2EHPA 
Distribution coefficient (D) is the ratio of metal concentration in organic phase to that 
in the aqueous phase at equilibrium. The extraction efficiency is commonly defined by 
equation 1: 

 Extraction (%) = 
[ ] 100100
[ ]

org

aqaq

ord

M D
VM d
V

=
+

.  (1) 

In the above equation, Vaq is the volume of aqueous phase and Vorg is the volume of 
organic phase. In the solvent extraction process, the nickel and zinc solutes from the 
feed solution diffuse onto the interface of the emulsion globules and react with the 
carrier (reaction 1). The extraction of nickel and zinc by chelating extractants, can be 
represented by general equation 2 and 3 respectively: 

 2Niaq
+  + 2HRorg ↔ NiR2 org + 2Haq

+ , (2) 
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 2Znaq
+  + 2HRorg ↔ ZnR2 org + 2Haq

+ . (3) 

Preliminary experiments showed that 1 M D2EHPA diluted with hexane was suit-
able for the extraction of copper from the concentrated aqueous feed solutions. The 
effects of equilibrium pH on the extraction of nickel and zinc from simulated acidic 
leaching solutions using D2EHPA is shown in Figs 1a and 1b respectively. In these 
experiments, aqueous solution containing different concentrations of nickel and cad-
mium shaken with 1 M D2EHPA at O:A ratio of 1:1 for 30 minutes at various equilib-
rium pH as shown in Fig. 1. The metals extraction increased with increasing aqueous 
pH for both extractant systems, particularly for nickel. At equilibrium pH of 2 zinc 
extractions was more than 98%, whereas nickel extraction was only 0.36%. 

a)  

b)  

Fig. 1. Effects of aqueous phase pH on the extraction of nickel and zinc,  
1 M D2EHPA, t = 30 minutes, T = 25, O/A phase ratio = 1:1: a) nickel, b) zinc 
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Solvent extraction with Cyanex 272 
Nickel and zinc extraction from leaching solutions in different equilibrium pH was 
studied using Cyanex 272 as the extractant (figure 2). The results indicated that the 
nickel and zinc were extracted according to this sequence: Zn2+ > Ni2+. The extraction 
equilibrium was as follows (Eqs 4 and 5): 

 Ni2++ 2(HR)2 ↔ NiR2(RH)2 +2 H+,  (4) 

 Zn2++ 2(HR)2 ↔ ZnR2(RH)2 +2 H+.  (5) 

The zinc and nickel extraction was found to increase with the increase in pH of the 
aqueous solution in the pH range 1–3 for zinc and 5–7.5 for nickel. This behavior is 
similar to results of pH effect of on the zinc extraction from aqueous waste solution 
using Cyanex (Ali et al., 2006). The same trend was obtained in the extraction of zinc 
from alloy electroplating wastewater using Cyanex 272 (Sze and Xue, 2003). 

 

Fig. 2. Extraction percentages of nickel and zinc with 1 M Cyanex 272,  
as a function of the pH; initial aqueous solution: 1 g/l Ni, 1 g/l Zn; O/A = 1 

Extraction mechanism 
Plots of log D vs equilibrium pH for nickel and zinc extraction using D2EHPA are 
shown in Fig. 3. This figure gives a slope of 1.45 and 1.72 for nickel and zinc extrac-
tion respectively. These slopes indicated the release of 2H+ leading to the extraction of 
nickel and zinc as NiHA2 and ZnHA2 in the organic phase as shown in Eqs 2 and 3 
(Agrawal, 2008). 
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Fig. 3. log D for vs equilibrium pH for nickel and zinc extraction using D2EHPA 

Figure 4 shows the plots of log distribution coefficient vs equilibrium pH for nickel 
and zinc extraction by Cyanex 272. The slope for nickel extraction was 1.4, and for 
zinc extraction was 1.79. Similar to D2EHPA, these amounts of slopes showed that 
the release of 2H+ leading to the extraction of nickel and zinc in the organic phase as 
shown in the equations 4 and 5. 

 

Fig. 4. log D for vs equilibrium pH for nickel and zinc extraction using Cyanex 272 

Screening of extractants 
In order to check the extractant capability for separation of nickel and zinc, the ex-
periments were performed with a diluted solution containing 1 g/dm3 of each metal 
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(Ni and zinc) using 1 M D2EHPA and 1 M Cyanex 272 as extractants. The effects of 
pH on the extraction efficiency are shown in the Fig. 5. The order of extraction for 
both solvents was Zn > Ni. The results showed that the D2EHPA was capable of ex-
tracting both metals at lower pH values. Regarding the selectivity, both extractants 
were selective for both metal but Cyanex 272 was more selective. In the metals sepa-
ration by D2EHPA, Ni and Zn curves were closer. As it can be seen in Fig. 5a, by 
increasing pH from 0.5 to 2.5, zinc extraction using D2EHPA increased from about 
11% to above 99%. In the Cyanex 272 extraction system, at equilibrium pH 3.5, zinc 
extraction was completed and was higher than 99%. In the case of nickel extraction by 
D2EHPA, 63.8% of nickel was extracted at pH 3.5. Using Cyanex 272, zinc ions had 
no effects on the nickel extraction. Similar behavior by Cyanex 272 was observed in 
zinc extraction(Salgado et al., 2003). 

a)  

b)  

Fig. 5. The effects of pH on nickel and zinc separation; initial aqueous solution:  
1 g/dm3 Ni, 1 g/ dm3 Zn; O/A = 1, a) 1M D2EHPA, b) 1 M Cyanex 272 



 M. Gharabaghi, M. Irannajad, A.R. Azadmehr 240

Extractant selectivity 
The pH1/2 values were used to show the separation selectivity for both extractant and 
Table 1 the pH1/2 values for metals and respective differences. The difference in pH1/2 
values for nickel and zinc was used to identify the separation degree between nickel 
and zinc. If two metals have a greater ΔpH1/2 value, then they will have higher selec-
tivity and better separation efficiency will be obtained. In our experiments, the pH1/2 
values obtained were 1.3 and 3.35 for zinc and nickel using D2EHPA extractant and 
1.85 and 6.2 for zinc and nickel by Cyanex 272. The ΔpH1/2 value for the D2EHPA 
system was 2.05 and this difference shows that nickel separation from zinc can be 
performed 2 pH units higher than zinc. This amount indicated a relatively good sepa-
ration level between nickel and zinc. In the Cyanex 272 extraction system, the ΔpH1/2 
value was higher which showed that the separation of nickel and zinc using Cyanex 
272 was simpler than D2EHPA system. Although Cyanex 272 exhibited simpler proc-
ess and offered good separation of nickel and zinc, it is relatively expensive to be used 
commercially. D2EHPA is much less expensive, so D2EHPA was selected for further 
studies from the economical viewpoint, because D2EHPA is cheaper than Cyanex 
272. 

Table 1. pH1/2 and respective differences (ΔpH1/2) for two solvent solutions 

Extractant  pH1/2 ΔpH1/2 
 Zn Ni Zn–Ni 

D2EHPA 1.3 3.35 2.05 
1 M Cyanex 272 1.85 6.2 4.35 

Comparison of extractant separation factor 
The selectivity of extractant for desired metal separation can be quantified using sepa-
ration factor β. The highest value of the separation factor corresponds to the highest 
selectivity in metals separation. Separation factor β is defined as follows (Reddy et al., 
2008): 

 Ni

Zn

D
D

β = . (6) 

The separation factors β for both extractants were calculated and are plotted against 
pH (Fig. 6). It was shown that the both extractant had relatively good separation factor 
and the capacity of these extractants to separate nickel from zinc was apparent. Sepa-
ration factor for D2EHPA was more dependent on pH. In D2EHPA system in the 
range pH of 2 to 2.5 the separation factor of nickel reached its maximum. In nickel 
and zinc separation using Cyanex 272, the separation factor of nickel reached its 
maximum in the pH range of 3.5–4. 
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Fig. 6. Separation factors against equilibrium pH (1 M DEHPA and 1 M Cyanex 272,  
O/A = 1, 1 g/dm3 zinc and nickel concentration 

Stripping studies 
The stripping investigations were performed using H2SO4 to for the stripping of zinc 
and Ni ions from the loaded D2EHPA solution. The stripping efficiencies of zinc with 
2 and 5 M H2SO4 from a 1M DEHPA were 98.8 and 99.7% respectively. Nickel strip-
ping from the loaded organic phase was studied using sulphuric acid. The results ob-
tained indicated that the stripping percent nickel reached 98% using 2M sulphuric 
acid. 

Conclusions 

Nickel and zinc extraction and separation from sulphate solutions were carried out 
using D2EHPA and Cyanex 272 diluted with hexane. Using both extractants, the per-
centage extraction of both metals increased with the increase in pH of the aqueous 
phase. The observed ΔpH1/2 showed that the separation of nickel and zinc using both 
extractant was possible. The slope analysis studies of log D vs. pH plot gave a straight 
line, and its slope indicated that the releasing of 2H+ was the controlling mechanism in 
metal extraction. Separation factors obtained with combinations of two extractants 
showed that under experimental conditions, both extractants were capable of extract-
ing nickel and zinc. 

References 
AGRAWAL A., MANOJ M.K., KUMARI S., BAGCHI D., KUMAR V., PANDEY B.D., 2008. 

Extractive separation of copper and nickel from copper bleed stream by solvent extraction route. 
Minerals Engineering 21, 1126–1130. 



 M. Gharabaghi, M. Irannajad, A.R. Azadmehr 242

ALI A.M.I., AHMAD I.M., DAOUD J.A., 2006. CYANEX 272 for the extraction and recovery of zinc 
from aqueous waste solution using a mixer-settler unit. Separation and Purification Technology 47, 
135–140. 

BHASKARA SARMA P.V.R., REDDY B.R., 2002. Liquid-liquid extraction of nickel at macro-level 
concentration from sulphate/chloride solutions using phosphoric acid based extractants. Minerals 
Engineering 15, 461–464. 

CHENG C.Y., 2006. Solvent extraction of nickel and cobalt with synergistic systems consisting of 
carboxylic acid and aliphatic hydroxyoxime. Hydrometallurgy 84, 109–117. 

CYANEX, 2007, ® Extractant, CYANEX® Extractant, Technical Brochure, Cytec Canada, Inc. 
GOTFRYD L., 2005. Solvent extraction of nickel(II) sulphate contaminants. Physicochemical Problems 

of Mineral Processing 39 117–128. 
GRIGORIEVA N.A., PASHKOV G.L., FLEITLIKH I.Y., NIKIFOROVA L.K., PLESHKOV M.A., 

2010. Nickel extraction from sulfate media with Cyanex 301 in the presence of electron donor 
additives. Hydrometallurgy 105, 82–88. 

GUPTA C.K., MUKHERJEE T.K, 1990. Hydrometallurgy in Extraction Processes. CRC Press. 
JAKOVLJEVIC B., BOURGET C., NUCCIARONE D., 2004. CYANEX® 301 binary extractant systems 

in cobalt/nickel recovery from acidic chloride solutions. Hydrometallurgy 75, 25–36. 
REDDY B.R., PRIYA D.N., 2006. Chloride leaching and solvent extraction of cadmium, cobalt and 

nickel from spent nickel-cadmium, batteries using Cyanex 923 and 272. Journal of Power Sources 
161, 1428–1434. 

REDDY B.R., RAO S.V., PRIYA D.N., 2008. Selective separation and recovery of divalent Cd and Ni 
from sulphate solutions with mixtures of TOPS 99 and Cyanex 471 X. Separation and Purification 
Technology 59, 214–220. 

ROTUSKA K., CHMIELEWSKI T., 2008. Growing role of solvent extraction in copper ores processing. 
Physicochemical Problems of Mineral Processing 42, 29–36. 

SALGADO A.L., VELOSO A.M.O., PEREIRA D.D., GONTIJO G.S., SALUM A., MANSUR M.B., 
2003. Recovery of zinc and manganese from spent alkaline batteries by liquid–liquid extraction with 
Cyanex 272. Journal of Power Sources 115, 367–373. 

SOLE K.C., FEATHER A.M., COLE P.M., 2005. Solvent extraction in southern Africa: An update of 
some recent hydrometallurgical developments. Hydrometallurgy 78, 52–78. 

SZE Y.K.P., XUE L., 2003. Extraction of Zinc and Chromium(III) and Its Application to Treatment of 
Alloy Electroplating Wastewater. Separation Science and Technology 38, 405–425. 

TANAKA M., ALAM S., 2010. Solvent extraction equilibria of nickel from ammonium nitrate solution 
with LIX84I. Hydrometallurgy 105, 134–139. 

TSAKIRIDIS P.E., AGATZINI S.L., 2004. Simultaneous solvent extraction of cobalt and nickel in the 
presence of manganese and magnesium from sulfate solutions by Cyanex 301. Hydrometallurgy 72, 
269–278. 

ZHANG P., YOKOYAMA T., SUZUKI T.M., INOUE K., 2001. The synergistic extraction of nickel and 
cobalt with a mixture of di(2-ethylhexyl) phosphoric acid and 5-dodecylsalicylaldoxime. 
Hydrometallurgy 61, 223–227. 



http://dx.doi.org/10.5277/ppmp130122 

Physicochem. Probl. Miner. Process. 49(1), 2013, 243−253 
Physicochemical Problems 
of Mineral Processing  

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

Received June 15, 2012; reviewed; accepted July 15, 2012 

DETERMINATION OF THE NIP ZONE ANGLE  
IN HIGH-PRESSURE GRINDING ROLLS 

Daniel SARAMAK1, Zdzisław NAZIEMIEC2 

1 AGH University of Science and Technology, Faculty of Mining and Geoengineering, Department of Envi-
ronmental Engineering and Mineral Processing, Mickiewicza 30 Av., 30-059 Krakow, Poland, Fax: 
+48 12 617 21 98, Mobile: +48 692 597 032, Email:dsaramak@agh.edu.pl 

2 Institute of Glass, Ceramics, Refractory and Building Materials, Department of Mineral Building Materials, 
Krakow, znaziemiec@immb.com.pl 

Abstract: A proposal of the nip zone angle determination in high-pressure grinding rolls (HPGR) crush-
ing process is presented in the paper. Knowledge of the nip zone angle value makes it possible to deter-
mine the real maximum pressing force in the high-pressure comminution. Two methods of determination 
of this maximum pressure were proposed and verified. The first method is based on the roll’s geometry 
and the change of the HPGR chamber’s volume together with the roll rotation, while the second one 
considers the outlet gap width. Results of the nip zone angle calculations according to both methods are 
similar and show that the nip zone angle is around 3o. The verification was carried out in a piston-die 
press and experimental results show that the product size distributions from HPGR and piston-die press 
are similar. The methodology of the nip zone angle determination presented in the paper has then its 
practical confirmation. A proper determination of the nip zone border makes it possible to calculate the 
comminution probability of given type of material and is a basis for the HPGR crushing process modeling 
and optimization. 

Keywords: HPGR, comminution, nip zone, ore processing 

Introduction 

High-pressure comminution becomes more and more popular technology in industrial 
mineral processing operations, which can be applied both at secondary or tertiary 
crushing operations, and during the coarse grinding stage (Morell, 2008; Bearman, 
2006; Morley, 2006). The HPGR devices are usually implemented into industry as 
a replacement of conventional tumble and semi-autogenous mills (SAG) due to con-
siderable reduction of energy consumption and size reduction ratio improvement. 
HPGR presses find applications in many mining  and mineral processing industry 

http://www.minproc.pwr.wroc.pl/journal/
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areas like ore processing, cement clinker grinding or limestone flour and fine aggre-
gates production.  

The HPGR technology was introduced in the mid-eighties and originally applied in 
the cement industry (Schoenert, 1988; Maxton et al., 2003). In hard ore processing it 
was applied in diamond mines for kimberlite crushing. Constant investigations over 
the HPGR performance benefited in further modernization of technology (Daniel and 
Morell, 2004; Daniel, 2008; Gruendken et al., 2008; Bailey et al., 2009; Saramak et 
al., 2010) and since then presses have been gradually applied to harder and more abra-
sive materials like iron or non-ferrous metal.  

The application of HPGR technology results in following advantages: 
  lower energy consumption (Fuerstenau et al., 1991; Rule et al., 2008), 
 reduced grinding media consumption, 
 lower operating costs, 
 finer product, 
 low dust and noise pollution, 
 faster equipment delivery schedules. 

The main benefit results from the method of the feed material size reduction: 
a slow application and the gradual increase of the pressing forces. It causes the dam-
age of the grain structure together with micro-crack formation, and the unfavourable 
phenomenon of the particle over-grinding is practically eliminated (Fuerstenau et al., 
1991; Tromans and Meech, 2002; Morell, 2008; Saramak, 2011a) 

The HPGR technology has also some limitations and still need investigations head-
ing towards better understanding of the issue through the development of different 
HPGR-based flow-sheets (Powell 2010). An introduction of new research programmes 
significantly increases possibilities of the HPGR-based flow-sheet performance mod-
eling (Daniel, 2004; Morell, 2008; Tumidajski and Saramak, 2009) and optimization 
(Gruedken et al. 2008; Saramak 2012; 2011b)). Considering the above, an extensive 
investigation of the wear of linings can be beneficial. Also issues connected with the 
bath-tub effect (an extensive wear of the central area of rolls) or the edge effect (at 
very sides of rolls the material breakage is lower than in the central area) are signifi-
cant. 

Principles of high-pressure comminution 

The main part of the high-pressure grinding rolls press is a set of two counter-rotating 
rolls running in bearings and enclosed in the frame. One roll is settled in the frame in 
the fixed position (fixed roll), while the position of the second one (floating roll) is 
dynamic allowing the horizontal movement according to the variations in the feed and 
hydraulic pressure. Both rolls are separated with shims on ends, preventing the contact 
of the fixed and floating roll. The rolls are driven by two separate motors connected to 
the roll shafts with the use of gear reducers. 
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The crushing process in the HPGR crushing chamber is evoked by the pressing 
force from two rotating rollers. The ore is choke-fed and the material is dragged into 
the nip zone of working chamber and as the distance between the rolls is decreasing, 
the pressing force from the floating roller significantly increases, causing the failure of 
the individual particles structure and formation of micro-cracks. This results in a large 
reduction of the product particle size, which comes out during the next processes, usu-
ally the tertiary grinding in mills. Two zones can be distinguished in the working 
HPGR chamber: pre-compacting zone and the nip zone (Figure 1) 

α

R
Nip zone 

Pre-compacting 
zone 

Feed 

Product 
 

Fig. 1. HPGR crushing scheme 

In the first zone the initial thickening of the material can be observed. The pressing 
force causes that most of inter-particle spaces are eliminated or at least minimized. 
The proper comminution takes place in the nip zone, because here the maximum 
pressing force is obtained. The product is usually in a solid sheet form, also referred 
asflake. The thickness of the flake generally depends on the feed properties and HPGR 
operating conditions. The micro-crack formation in single particles causes easier size 
reduction in downstream grinding processes. The Bond work index value in this case 
is reduced from 20 to 30% for limestone and 15 to 20% for harder minerals. 

Methods of pressing force and pressure calculation 

The pressing force (F) in HPGR can be calculated from equation (1): 
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2

4 h
DF n Pπ

=  (1) 

where: F – pressing force, kN, 
D – roll’s diameter, 
n – number of pistons, 
Ph – hydraulic pressure, kPa. 

The pressure P is the most significant operating parameter, measured in MPa or 
N/mm2: 

 
1000

FP
Dl

=  (2) 

where: D – roll diameter, m, 
l – roll length, m. 

The value of P is calculated per total working surface of rolls, but the feed material 
is comminuted only on certain section of rolls in working chamber, marked in Fig. 1. 
The real P value calculated from Eq. (2) is then only an approximate. The main crush-
ing process takes part only in the nip zone (Fig. 1) where Pmax (a maximum pressure 
value) occurs. Several different formulas can be applied. In order to calculate the 
maximum operating pressure in press (Pmax) Schoenert (1988) proposed the following 
formula: 

 max
PP

kα
=  (3) 

where: k – constant, 
α – nip zone angle (6–10 degrees). 

Neumann (2006), in turn, proposed the following formula for the maximum press-
ing force: 

 max
FF c
s

=   (4) 

where: c – constant related to the device and the feed material properties, 
F – pressing force, kN, 
s – gap width, mm. 

Formula (4) does not consider the diameter–gap relationship in press. For the vari-
ous relationship between the gap and roll diameter, the changeable degree of feed 
material compression is observed. The compression degree is higher for narrow gap s 

(Fig. 2a) because values of 1

12
s

R s+
 are smaller than 2

22
s

R s+
 (Fig. 2). The feed mate-
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rial bed is then more compressed and greater values of pressing force are also ex-
pected. 

 

s1 

a) 

s2 > s1 

b) 

2R 2R

2R 2R

 

Fig. 2. Influence of relationship between gap s and the roller’s diameter 2R  
on material’s compression level in HPGR 

Unland and Kleeberg (2006) proposed an empirical formula for Pmax:  

 max

2 1p

n

FP
sDl c
D

ρ
ρ

=
⎛ ⎞

−⎜ ⎟
⎝ ⎠

 (5) 

where: F – pressing force, 
s – gap width, mm, 
ρn – feed density, kg/dm3, 
ρp – density of compressed product, kg/dm3, 
c – constant, 
D – roll diameter, 
l – roll length. 

Formula (5) allows for determination of the maximum pressure value as a function 
of the gap width, roll’s pressing force and the feed and product densities. For the given 
type of material the feed density is constant, and only the product density will be a 
variable. 
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Other authors (Schwechten, 1987; Smitz, 1993) introduced into the formula for 
Pmax, a φ parameter, which describes the feed compression ability: 

 max
FP

sDl
D

ϕ
=  (6) 

where: F – pressing force, 
s – gap width, 
φ– feed compression ability, 
D – roll diameter, 
l – roll length. 

Feige (1989) run an investigations over the pressing forces in roller crushers. As a 
result of the above, he proposed the owing formula for calculation the value of maxi-
mum pressure: 

 ( )max

2 ( )
2

2
r

D P d
FF

l L d D d
α

α α
= ≅

+

∫
 (7) 

where: Fr – pressing force, 
L – a depth of the pressing force penetration into the feed material bed be-

tween the rolls, ( )1 2
2

L d D d≅ + , 

d – particle size. 

Experimental 

The real value of maximum pressure can be precisely calculated from the following 
formula: 

 max
1000

360 360

F PP
Dl α απ π

= =  (8) 

where: Pmax – maximum pressure, MPa 
P – pressure, MPa,  
α – nip zone angle, [o], which, from the scope of the press geometry, is con-

stant regardless the rolls diameter. 
The value of pressure is increasing significantly in the nip zone, and rapidly de-

creased when the compressed material leaves the press working chamber (α < 0). The 
pressure in nip zone is exerted by the floating roll tighten towards the fixed one with 
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four pistons, and through decreasing the volume of the space between the rolls as the 
feed material is dragged deeper into the crushing zone. The maximum pressure is ex-
pected to occur in the area, where the volume decreases are minimal. In order to find 
the border value of α, below which these minimal changes in the volume are observed, 
the nip zone volume should be determined as a function of α. 

Considering the situation in the opposite direction to the process run, the lowest 
value of the space gap between the rolls is on the level zero, for α = 0. Together with 
the increasing of α value, the volume of nip zone increases, but these changes are not 
large and approximately constant at the beginning. Together with the further increas-
ing of α, the h value and distance between the rolls (see Fig. 2) increase as well and, 
as a result, the horizontal component of the pressing force Fx (Fig. 4) decreases too. 
The nip zone border is placed on the height h, where the working chamber volume 
starts to increase more rapidly. All necessary notations were given in Figure 3, and 
after suitable calculations, the nip zone value V as a function of α, can be described by 
the formula (9): 

 ( ) 2 1sin sin 2
4 360

V l R παα α α⎛ ⎞= − −⎜ ⎟
⎝ ⎠

  (9) 

where: l – rolls length, m, 
R – rolls diameter, m, 
α – angle determining the nip zone border, degrees. 

The pressing force value reaches maximum if the first derivative of V(α) heads to-
wards zero: 

 ( )max, when 0VF α
α

∂
→ →

∂
.  (10) 

 

Fig. 3. The press working chamber volume course in relationship to α value 



 D. Saramak, Z. Naziemiec 250

The V(α) function is presented in Fig. 3. 
Analyzing Fig. 3, one can notice, that for α < 3, chamber volume increases are in-

significant. For α > 4, in turn, the volume increases more rapidly, what results in de-
creasing the pressing force on the feed material bed and, in a consequence, the lower 
comminution intensity. The horizontal component xF  of the force F decreases as well 
(Fig. 4). The curve presented in Fig. 3 can be very well approximated by using the 
exponential function: 

 3ˆ ( ) 0.03V α α= . (11) 

α 

α 

 

 
Single particle 

 

 
Fig. 4. Forces affecting the feed material between the rolls 

The nip zone can be also alternatively determined, taking an advantage of the rela-
tionship between the gap and roll diameter. The above relationship is considered as 
constant, and according to various sources, is determined with following equation for 
ore processing: 

 0.025s R= . (12) 

On the basis of the above, the nip zone is proposed to be described as a space be-
tween the rolls, limited by the height equal to s (Fig. 5). 

It is possible to calculate theα value for the above nip zone from the formula:  

 arcsin s
R

α ⎛ ⎞= ⎜ ⎟
⎝ ⎠

. (13) 

Accepting formula (13)  α = 2.87o≈ 3o. 
Results of calculations are convergent to those, obtained in the previous paragraph. 
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α

R

s

s

 

Fig. 5. The nip zone determined by using the gap width s 

Verification and discussion 

A verification covered an experimental programme of limestone crushing in pilot plant 
press (test 1) and in a laboratory piston-die press (test 2). Test 1 was run for following 
operating parameters: 
 operating pressure P = 3,16 N/mm2, 
 operating gap width s = 22 mm. 

The real operating pressure Pmax for the above parameters was calculated by using 
formula (9). For accepted angle of the nip zone α = 3° (14), Pmax = 120.7 MPa. For 
such a pressure value a laboratory test in piston-die press was run. Results of both 
experiments are presented in Fig. 6. 

 

Fig. 6. A comparison of crushing results in plant HPGR (test 1) and piston-die press (test 2) 
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Average (d50) and maximum (d95) product particle size values were also deter-
mined, together with the weight recovery of the fine (i.e. below 0.3 mm) particle frac-
tion  γ-0.3. Results are presented in Table 1. 

Table 1. Average and maximum particle size of crushing products from test 1 and test 2 

Index Test 1 Test 2 
d50 [mm] 0.85 0.83 
d95 [mm] 10.1 12.7 
γ–0.3 [%] 30.9 36.9 

where: d50 – average product’s particle size, d95 – maximum product’s 
particle size, γ-0.3 – weight recovery of -0.3 mm size fraction 

Analyzing the crushing results one can see that an average graining obtained in 
both tests (d50) is the same for both products, while the maximum particle size of 
product d95 and finest particle contents are quite similar. The greater differences were 
observed for the product size fractions between 5 and 10 mm, but they do not exceed 
10%. This difference can be a result of various dynamics of a product breakage in both 
devices. In HPGR the particles move together with the rolls’ revolution, and may set-
tle down a position which makes easier the breakage. The particle movement in the 
piston-die test, in turn, occurs only to a limited degree. The content of particles over 
3–4 mm is a rather of minor importance, however, because this fraction is anyway 
recycled to the crushing device. 

Comparing the results of both tests, it can be stated, that the reduction ratio value 
obtained in piston-die test, corresponds to the real high-pressure comminution process. 
It is also convergent with the methodology of the nip zone angle determination, pre-
sented in “Experimental” section. The production of the finest particles is practically 
identical for both devices. The additional gain of the above verification is the possibil-
ity of application the piston-die press as a replacement of laboratory HPGR device, 
which is more favorable from economic scope. 

Conclusions 

Apart from the pressure, the high-pressure comminution efficiency is tied with other 
indices and process parameters, like the roll’s surface profile, feeding system, recycle 
stream volume, device capacity, feed and product particle size and others. However, 
the real values of pressing force significantly influence not only the feed size reduction 
ratio, but also the material grindability in downstream grinding processes in ball mills.  
A determination of real operating pressure value can be helpful for selecting the opti-
mal operating conditions of HPGR and is convergent with the main principle of me-
chanical processing: do not grind unnecessarily. The excessive pressure values pro-
duce more concised flakes, which need to be additionally de-agglomerated. Results 
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presented in the paper have their practical implementation in the optimization investi-
gations, heading towards the improvement of the high-pressure grinding rolls opera-
tion efficiency. 
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Abstract: Artificial neural networks are relatively new computational tools which their inherent ability to 
learn and recognize highly non-linear and complex relationships makes them ideally suited in solving 
a wide range of complex real-world problems. In this research, different techniques (Linear regression, 
Non-linear regression, Back propagation neural network, Radial Basis Function for the estimation of Cu 
grade and recovery values in flotation column concentrate are studied. Modeling is performed based on 
90 datasets at different operating conditions at Sarcheshmeh pilot plant, a copper concentrator in Iran, 
which include chemical reagents dosage, froth height, air and wash water flow rates, gas holdup and Cu 
grade in the rougher feed and flotation column feed, column tail and final concentrate streams. The results 
of models were also expressed and analyzed by intuitive graphics. The results indicated that a four-layer 
BP network gave the most accurate metallurgical performance prediction and all of the neural network 
models outperformed non-linear regression in the estimation process for the same set of data. 

Keywords: metallurgical performance; separation; neural networks; non-linear regression; prediction; 
flotation column 

Introduction 

The flotation column was invented by the Canadian Pierre Boutin in the 1960s. The 
flotation column has continued to attract more and more attention with its wide use in 
the metal and non-metal mineral processing fields. It has many advantages including 
high separation efficiency, large production capacity, and low cost. The ability to op-
erate columns with deep froth beds and to wash the froth was the main reasons cited 
for the improved metallurgical performance. Concentrate grade and recovery model-
ing is usually commenced at the mineral processing stage of a mining project and is 
continued throughout the life of a mine. The major focus of this task lies in recovery 

http://www.minproc.pwr.wroc.pl/journal/
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and grade estimations, which are useful for mine investment decisions, plant design 
and control planning. 

In recent years, many researchers have focused on the relationship between metal-
lurgical performance and operation properties. These research results show that effi-
ciency of process depends on its operation conditions and most effective parameters 
are feed grade, grain size, froth height and wash water and air rates and etc. Thus, 
some researchers by using classic statistical methods and recently by developing intel-
ligent techniques have established models based on experimental conditions to esti-
mate grade and recovery. 

Zhang et al. (2007) implemented artificial neural networks (ANNs) for coal mining 
information fusion. They studied the parameters affecting the volume of a gas burst in 
Chinese coal mines. A total of 20 gas bursts and six different factors (working depth, 
seam thickness, gas content, mining intensity, adjacent layer spacing and adjacent 
layer gas content) were used to train and validate the network. Al Thyabat (2008) used 
neural networks (NN) for the optimization of froth flotation. A multi-layered feed-
forward NN was used to study the effect of feed mean size, collector dosage and im-
peller speed on flotation recovery and grade. Gupta et al. (1999) also worked on this 
topic, focusing on phosphate flotation. In order to find some relationships between rate 
constants and operating variables, they suggested a hybrid model combining first prin-
ciples and NNs. Once calibrated, the prediction of the effect of frother concentration, 
particle size, air flow rate and bubble diameter on phosphate recovery was made pos-
sible. Ozbayoglu et al. (2008) applied different techniques for the estimation of coal 
Hardgrove Grindability Index (HGI) values. Nonlinear regression and NN techniques 
are used for predicting the HGI values for the specified coal parameters. Results indi-
cate that a hybrid network which is a combination of four separate NNs gave the most 
accurate HGI prediction and all of the NN models outperformed non-linear regression 
in the estimation process. Jorjani et al. (2007) investigated the application of NNs in 
organic and inorganic sulfur reduction from coal. This work is an attempt to solve the 
important question: with the use of experimental data resulted from laboratory level, 
can we predict directly the organic and inorganic sulfur reduction by means of NNs? 
In this context the present study, ANN and multivariate statistical models are pre-
sented which have potential of predicting with acceptable accuracy using some simple 
parameters. The aim of this work is to evaluate two models described in the literature 
to estimate Cu grade and recovery in the column flotation concentrate, and to identify 
which models and method give the best predictions. 

The remainder of the paper is organized as follows. Section 2 provides a brief de-
scription of the pilot plant and the selection of data. Sections 3 introduce the architec-
ture and learning algorithm of BPNN and RBFNN. Section 4 describes the result and 
discussion and section 5 concludes the presentation. 
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Pilot plant description 

The Sarcheshmeh pilot plant has an identical circuit configuration compared to the 
plant and can process 1.6 Mg/h (tone/h) of ore. The rougher flotation bank consists of 
14 cells (35 dm3 each) in three units (6cell–4cell–4cell) and the regrind mill is a 76.2 
cm by 137.2 cm ball mill. The scavenger banks have 6 cells (30 dm3). The single stage 
flotation column operation which is employed in the cleaner circuit is composed of a 
column with 26 cm internal diameter and 540 cm height. Figure 1 shows the flotation 
circuit of the pilot plant. The column is fed by the mixture of rougher stage and scav-
enger stage concentrates, previously classified in cyclones. Column tailing is used as 
scavenger feed, and column concentrate is the plant final product. 

The pilot flotation column is instrumented with flow meters for feed, wash water 
and air as well as with a conductivity profile. Local control loops are implemented to 
regulate feed, tails, wash water and air flow rates. Two 23 cm long spargers are used, 
made of PVC tubes. The holes of 1.5 mm in diameter in a grid with dimensions of 2.5 
cm × 2 cm were drilled. 

 

Fig. 1. The flow sheet of flotation circuit of the Sarcheshmeh pilot plant 

The pulp–froth interface position is measured using a semi-analytical method based 
on the conductivity profile along the column. The non-floated flow rate is also con-
trolled by a variable speed peristaltic pump driven by a frequency inverter. The pres-
sure measurements are used to calculate the values of the air holdup and of the froth 
layer height. The data acquisition system is also connected via a port to a microcom-
puter. 
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Collecting data 
The basic idea behind the current research is statement of ANN (artificial neural net-
work) and MNLR (multi non-linear regression) capability to estimate the Cu grade 
and recovery in flotation column concentrate. The most important step in developing 
an ANN and MNLR is to assemble data that can be used for training and testing the 
model. Therefore, a series of reliable experimental data was collected in 4 tests. A 
total of 90 data pairs have been selected from the experimental database. Pilot plant 
data was collected, over a period of 13 min based on RTD (residence time distribu-
tion), in order to cover fluctuations in all the measured variables related to the concen-
trate grade prediction (Nakhaei, et al. 2012). 

The simultaneous measured variables are chemical reagents dosage, froth height, 
air and wash water flow rates, gas holdup, Cu and grade in the rougher feed, flotation 
column feed, column tail and final concentrate streams. The sampling period was cho-
sen as 13 min. The maximum, minimum, mean and standard deviation of variables are 
given in Table 1. 

The pH was adjusted to 11.8 with lime. In all tests, the rougher feed flow rate was 
kept 1.6 tone/h. The particle size characterization and solid percent data are given in 
Table 2. The chemical reagents used for the flotation process include collector and 
frother. Frother and collector were added in rougher cells and ball mill (before flota-
tion circuit), respectively. The reagent type and dosage (collector and frother) used in 
the flotation circuit are presented in Table 3. The chemical analysis and mineralogical 
composition of the samples show that in all samples, the ore consists of mainly 1.78% 
CuFeS2, 0.27% Cu2S and 0.083% MoS2. 

Table 1. The maximum, minimum, mean and standard deviation of variables 
 in different operating conditions 

Variable Index Maximum Minimum Mean Standard 
deviation 

Froth height (cm) HF 120 35 83.61 20.52 

Air holdup (%) ɛg 92 71 82.36 4.1 

Cu grade in the rougher feed (%) RF 0.93 0.77 0.82 0.04 
Cu recovery in the flotation column (%) Re  91.27 83.34 87.33 1.75 
Cu grade in the flotation column feed (%) CoF 11.96 6.95 8.89 1.22 
Cu grade in the flotation column tail (%) CoT  2.68 1.05 1.81 0.45 
Cu grade in the flotation column concentrate (%) FC  25.21 15.93 21.13 2.12 
Frother dosage (g/Mg) Fr 36 32 34 1.64 
Collector dosage (g/Mg) C 40 36 38 1.64 
Wash water flow rate (cm/s) Qw 0.34 0.11 0.27 0.08 
Air flow rate (cm/s) Qa 1.72 0.63 1.1 0.25 
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Table 2. Flotation conditions used in the experiments (pH=11.8) 

Parameter Rougher feed Column feed Final concentrate Final tail 
Solid (%) 27 14 14.5 28 
# -325 (%) 48 85 74 54 

Table 3. Reagents type was used in the flotation circuit 

Reagents Type and commercial name 
Collectors Z11, Nascol 451 
Frothers MIBC, Dowfroth 250 

Methods 

Back propagation neural network architectures 
Back propagation is the most commonly used neural network type due to its simplicity 
in implementation and its successful generalization capabilities for complex data sets. 
Back propagation neural network is a three-layered feed forward architecture. The 
three layers are input layer, hidden layer and output layer. Functioning of back propa-
gation proceeds in three stages, namely learning or training, testing or inferences and 
validation. Figure 2 shows the p–q–1 (p input neurons, q hidden neurons, and 1 output 
neuron) architecture of a back propagation neural network model. Input layer receives 
information from the external sources and passes this information to the network for 
processing. Hidden layer receives information from the input layer, and does all the 
information processing, and output layer receives processed information from the net-
work, and sends the results out to an external receptor. The input signals are modified  
 

 

Fig. 2. A schematic diagram of multilayer feed forward neural network 
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by interconnection weight, known as weight factor wji, which represents the intercon-
nection of ith node of the first layer to jth node of the second layer. The sum of modi-
fied signals (total activation) is then modified by a sigmoid transfer function (ϕ). Simi-
larly, outputs signal of hidden layer are modified by interconnection weight (wki) of kth 

node of output layer to jth node of hidden layer. The sum of the modified signal is then 
modified by sigmoid transfer function and output is collected at output layer (Mosavi, 
2011). 
Output from a neuron in the input layer is 

 
pi piO x= ,   1,2,...,i p= . (1) 

Output from a neuron in the hidden layer is 

 0( )p
pi ji pi jiO w oϕ θ= +∑= ,   1,2,...,j q= .  (2) 

Output from a neuron in the output layer is 

 0( )q
pk ki pjiO w o yϕ θ= +∑= = ,    1,2,...,k n= .  (3) 

Learning or training in back propagation neural network 
Batch model type of supervised learning has been used in the present case, where in-
terconnection weights are adjusted using delta rule algorithm after sending the entire 
training sample to the network. During training, the predicted output is compared with 
the desired output, and the mean square error is calculated. If the mean square error is 
more than a prescribed limiting value, it is back propagated from output to input, and 
weights are further modified till the error or number of iterations is within a prescribed 
limit. Mean square error, Ep for pattern p is defined as (Samanta et al., 2009): 

 2

1

1 ( )
2

n
p pi pi

i
E D O

=
= −∑    (4) 

where Dpi is the target output, and Opi is the computed output for the ith pattern. Weight 
change at any time t, is given by: 

 ( ) ( ) ( 1)pw t E t w tη αΔ = − + Δ −  (5) 

η = learning rate (0 < η < 1); α = momentum coefficient (0 < α < 1). 

Radial basis function network 
Architecture of radial basis function network 
Basically radial basis function network is composed of large number of simple and 
highly interconnected artificial neurons and can be organized into several layer, i.e. 
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input layer, hidden layer, and output layer by Haykin (2004). These inputs are the non-
linearly transformed by a set of RBFs, creating a new space, j, in the hidden layer. 
Through this non-linear transformation only, the network acquires the capability of 
non-linear function al mapping. The most commonly used non-linear RBF is the 
Gaussian function. Other types of non- linear functions such as multi quadratic and the 
thin-plate spline are alternately used (Haykin, 2004). The general consensus is that the 
type of the basis function does not have much impact on the general performance of 
the RBF network. The Gaussian RBFs of the network are characterized by two sets of 
parameters: radial basis centers, μ , and widths, σ . Hence, the different basis func-
tions in the hidden layer are recognized by these parameters. The ith basis function of 
the network can be expressed by the following mathematical formula 

 ( ) exp i
i

i

x
x

μ
Φ

σ
=

−
−    (6) 

where ( )i xΦ is the output from the ith basis function, μi the center of the ith basis func-
tion, σi the width of the ith basis function and . the Euclidian distance of the input 
from the center. The outputs from the hidden layer are then linearly combined to pro-
duce the final output (y) of the network, which in the study is the Cu grade and recov-
ery in flotation column concentration. This can be expressed as: 

 1 ( )n
i iiy w xΦ= ⋅∑=    (7) 

where y is the output of the network, wi the weight associated with the ith basis func-
tion and n the number of the basis functions. While the weight parameters of a feed-
forward network are determined using a complex non-linear optimization algorithm, 
demanding expensive computational time, the weight parameters of a RBF network 
can be fixed by using a least square algorithm. This is the point where a RBF network 
gains substantial computational advantage over a feed-forward network. 

Preparation of data sets 
The normalized data sets are used for training the network. In the present case, the 
data are normalized between 0 and 1 to ensure that each input is represented in the 
network training as well as different kinds of input quantities are normalized in the 
same scale. The data sets are normalized in the range of 0 and 1 using (Nakhaei et al., 
2010): 

 p ps
p

p

A maenA
N

stdA
−

=   (8) 

where, Ap is actual parameter, psmeanA  is mean of actual parameters, pstdA  is stan-
dard deviation of actual parameter and Np is normalized parameter. 
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Testing and validation of neural network 
Entire experimental data set is divided into training set, testing set. The error on the 
testing set is monitored during the training process. The testing error will normally 
decrease during the initial phase of training, as does the training set error. However, 
when the network begins to overfit the data, the error on the testing set will typically 
begin to rise. When the testing error starts increasing for a specified number of itera-
tions, the training is stopped; and the weights at the minimum value of the testing error 
are returned. 

Results and discussion 

All data analysis methods used 60 training and 30 testing data points. Different combi-
nations of the data set are used during the process, so all the data points have eventually 
been tested. Eight input parameters were setup as network inputs to the input layer. 
These parameters are chemical reagents dosage (frother and collector), froth height, air 
and wash water flow rates, gas holdup, Cu grade in the rougher feed, flotation column 
feed streams are considered as input  which have the influence on cu grade and recovery 
in flotation column concentrate are considered as output parameter. 

Multi linear regression 
The same approach is used in linear and non-linear regressions as it was used in the 
neural network system training and testing. A statistical model of regression, the data 
of which is similar to that of NNs, had been employed to predict Cu grade and recov-
ery. It should be mentioned that 60 sets of data were selected for simulating the re-
gression model. Also, the 30 data were used to test the performance of the model 
where inputs are referred to independent variables which are the same as inputs used 
in NN. The MLR equations forecasted the Cu grade and recovery with correlation 
coefficients of 0.87 and 0.85 in testing stage respectively. The MSE between the esti-
mated Cu grade and recovery and the desired data was 1 and 0.96 respectively. Results 
show that the average error for linear regression was considerably higher than the 
other models. 

Multi non-linear regression 
Two multivariable regression equations were developed for the prediction of the Cu 
grade and recovery, which were deduced for these results as the follows: 

 

4 2 2

2 2

2 2 2

147.2951 0.0047 3.448 10 0.0009 0.1235

1.7435 0.01087 10.3393 4.328 8.1804

6.434 184.757 109.8199 1.3818 0.0596

f f

g g a a w

w

Fc H H C Fr

Q Q Q

Q RF RF CoF CoF

ε ε

−= − + ⋅ − +

− + + − +

+ − + + −

 (9) 
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2 2

2 2 2

Re 25.3116 0.0267 3.05 10 0.0524 0.0027

0.6013 0.0028 11.2774 3.3297 5.9272

17.171 106.0232 64.9079 2.3751 0.1408

f f

g g a a w

w

H H C Fr

Q Q Q

Q RF RF CoF CoF

ε ε

−= − − ⋅ − −

+ − + − −

+ + − − +

 (10)  

All symbols used in equations were explained in Table 1. 
The statistical significance of the regression coefficient is a test which indicates 

whether there is a relationship between independent variables effect and the dependent 
variable. To assess the significance of regression coefficients, one needs to set a risk 
level (called the P-value level). As the rule of thumb, in most cases the P-value is set 
at level 0.05 (for 95% confidence). 

The regression coefficient obtained from equations 9 and 10 showed that the ma-
jority of independent variables and their interactions had a significant effect on the 
grades and recoveries in a way that the P-values were less than 0.05. The MNLR equa-
tions forecasted the Cu grade and recovery with correlation coefficients of 0.9 and 
0.86, respectively 

BP neural network 
Best network architecture (i.e. number of hidden layers, number of neurons in the 
hidden layers, learning rate and momentum coefficient) has been obtained by trial and 
error based on mean square error MSE in training, MSE in testing, and the number of 
iterations. A feed-forward ANN was trained with the BP algorithm, the model of 
which was designed by software package MATLAB 2009. The best results were ob-
tained with Feed-forward NN with 8-12-8-2 arrangement that was capable to estimate  
 

 
Fig. 3. Optimum structures of the proposed BPNN for estimating metallurgical  

performance of Cu in flotation column  
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metallurgical performance of Cu in flotation column (Fig. 3). Log-sigmoidal and lin-
ear were used as transfer functions in hidden layers and output layer, respectively. In 
NN modeling approach, a Levenberg-Marquardt training algorithm was used as 
a learning rule. The training process was stopped after 500 epochs for metallurgical 
performance of Cu. In this study, the associated ANNs analyses were carried out 
withan optimal value of learning rate of 0.2 and the momentum of 0.8. The R (correla-
tion coefficient) values of testing set for Cu grade and recovery are 0.92 and 0.92, 
respectively.  

RBF neural network 
In this section an attempt has been made in selecting the methodology of the network. 
The present methodology is used with an advantage that hidden layer weights or cen-
tre vectors are optimized first then it forward the processes to the output layer. Hid-
den-output layer weights are further optimized using gradient descent technique. So 
there was no backflow at the input-hidden layer which reduces the simulation time of 
the code. Best network architecture (i.e. number of centre vectors in the hidden layers, 
learning rate and momentum coefficient) has been obtained by trial and error based on 
mean square error in training, testing, and the number of iterations. 

Best network architecture (i.e. number of centre vectors in the hidden layers, learn-
ing rate and momentum coefficient) has been obtained by trial and error based on 
mean square error in training, testing, and the number of iterations. Number of centre 
vectors varies from 10 to 30 and range of η and α varies from 0.1 to 0.9. The best 
results were obtained with 8-30-2 arrangement that was capable to estimate metallur-
gical performance of Cu in flotation column. Also, the associated ANNs analyses were 
carried out with an optimal value of learning rate of 0.7 and the momentum of 0.9 with 
1000 iterations. 

Table 4. Metallurgical performance estimation results by various models 
Model Index R MSE MAX error MIN error Std error 

FC 0.87 1.00 1.63 –2.07 0.99 MLR 
Re 0.85 0.96 2.09 –2.44 0.92 
FC 0.9 0.98 2.31 –1.37 0.84 

MNLR 
Re 0.86 1.09 1.26 –2.41 0.91 

FC 0.92 0.71 1.56 –1.07 0.73 BPNN 
Re 0.92 0.48 0.82 –1.3 0.66 
FC 0.91 0.75 1.82 –1.36 0.83 RBFNN 
Re 0.90 0.66 1.38 –1.7 0.73 
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Comparison of Cu grade and recovery prediction by NN and statistical methods 
Apparently, it has been observed from Table 4 as well as Figs 4 and 5 that Cu grade 
and recovery predicted by both BPNN and RBFNN is within a very good tolerance 
limit compared with the traditional regression method. Both the networks are well 
fitted with the data collected and show the least variation error in predicting the Cu 
grade and recovery. It has also been observed that BPNN shows better prediction ac-
curacy compared to RBFNN but RBFNN converges faster compared to BPNN. 

 

Fig. 4. NN values and regression values against observed (experimental) values in testing stage 

 

Fig. 5. NN values and regression values against observed (experimental) values in testing stage 

Conclusion 

This paper uses two techniques – ANN and statistical methods – to estimate Cu grade 
and recovery values in flotation column concentrate. This study has shown that BPNN 
is effective for predicting metallurgical performance of flotation column. Significant 
advantage of this model is that it can provide satisfactory predictions with short as 
well as large data. The experimental results suggest that BPNN models can offer reli-
able frameworks for modeling Cu grade and recovery in flotation column. Similarly it 
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has also been observed that RBFNN (radial basis function neural network) based pre-
diction systems achieve faster convergence compared to BPNN (back propagation 
neural network) based system but with higher levels of prediction errors. Therefore, it 
can be a very powerful tool for treating the experimental data in other similar proc-
esses. Also, the model performance may be improved by considering additional pro-
gram such as genetic algorithms (GA) and fuzzy systems. 
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Abstract: Investigation of selective removal of Pb(II) and Cu(II) from acidic nitrate aqueous solutions 
using transport across polymer inclusion membranes PIMs was performed. The sulphur analogus of 
phosphinic acids, i.e. bis(2,4,4-trimethylpentyl)monothiophosphinic acid (1) and tert-butyl(phenyl)- 
phosphinothioic acid (2) as well as their mixture were incorporated into polymer inclusion membranes 
composed of cellulose triacetate as a support and o-nitrophenyl octyl ether as a plasticizer. In the experi-
ments the transport of Cu(II)  across PIM with 1 was rapid and complete, however the lead(II) removal 
increased with increased membrane saturation. Selective transport of Cu(II) over Pb(II) through PIMs 
with binary carrier system (1 + 2) was observed; the selectivity order was: Cu(II) >> Pb(II). At  tempera-
ture of 50°C the selectivity coefficient Cu(II)/Pb(II) for membrane with binary carriers was the highest 
and was equal to 758. 

Keywords: plasticizer membranes, organophosphorous acids,  lead(II), copper(II) 

Introduction  

Recently polymer inclusion membranes (PIMs) represent an attractive alternative to 
liquid-liquid extraction for the selective removal and concentration of divalent metals 
ions from aqueous solutions. Transport of metal ions across PIM can be described as 
simultaneous extraction and back-extraction operations combined in a single stage. 
PIMs are formed by casting cellulose triacetate (CTA) from an organic solution to 
form a thin, stable film. The casting solution also contains an ion exchange carrier and 
a membrane plasticizer (Kislik, 2010, Nghiem et al., 2006).  

As metal ion carriers in the liquid membrane processes very often the 
phosphoroorganic compounds are used. The separation of Co(II) and Ni(II) by sup-

http://www.minproc.pwr.wroc.pl/journal/
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ported and hybrid liquid membranes with Cyanex 301, Cyanex 302, Cyanex 272, and 
D2EHPA, was presented by Gega et al. (2001), whereas Ulewicz and Walkowiak 
(Ulewicz, 2004, 2007; Ulewicz and Walkowiak, 2003) studied separation of Zn(II), 
Cd(II), Cu(II), Co(II), and Ni(II) by polymer liquid membranes with D2EHPA, 
Cyanex 301 and Cyanex 272. Zinc(II) ions can be effectively separated from aqueous 
chloride solutions containing another metal ions, i.e. Cd(II), Cu(II), Co(II), and Ni(II), 
due to the transport across polymer inclusion membrane with D2EHPA or Cyanex 272 
as the ion carrier, whereas Cyanex 301 used as ion carrier allowed much further  trans-
port of Cu(II) ions from mixture of metal ions solutions. Although the extraction of 
lead(II) using PIMs with tailor made carriers (Kozlowski et al., 2008) and commercial 
carriers (Salazar-Alvarez et al., 2005) has been reported previously, to our knowledge 
there are no experimental reports on the selective transport of Pb(II) with organophos-
phorous acids using PIMs. 

The influence of natural extractants on cation transport selectivity and efficiency 
has been also explored by Kozlowski (2006) as well as Kozlowska at al. (2007). 
Cyanex 301 and 302 used as ionic carriers for competitive transport of Zn(II), Cd(II), 
and Pb(II) gave preferential selectivity order: Pb(II) > Cd(II) > Zn(II). They also 
proved that the addition of 3,7–dinonylnaphthalenene-1-sulfonic acid into PIM with 
Cyanex 302 causes a synergetic effect on separation of Pb(II) and Cd(II) ions from 
Zn(II). From transport across PIM with mixture of carriers, the selectivity coefficient 
Pb(II)/Zn(II) and Cd(II)/Zn(II) was 3.5 whereas from transport across PIM containing 
only Cyanex 302 the selectivity coefficients Pb(II)/Cd(II) and Pb(II)/Zn(II) were 1.3 
and 2.2, respectively. The synergistic membrane transport of Pb(II) across PIMs con-
taining different crown ethers in the presence of dialkylnaphthalenesulphonic acids 
was also reported by Nazarenko and Lamb (1997). A synergistic effect between the 
calixarenes and dinonylnaphthalenesulfonic acids, used as the counter-ions, was ob-
served in transport of Cs(I) and Sr(II) ions across PIMs by Arena et al. (1998). 

In this work the authors present the results for competitive transport of copper(II) 
and lead(II) ions from dilute aqueous solutions across polymer inclusion membranes 
with sulphur analogus of phosphinic acids. Also effects of temperature upon the effi-
ciency and selectivity of ions transport with binary carriers is now reported. 

Experimental part 

Reagents 
The inorganic chemicals, i.e. copper(II) and lead(II) nitrates were of analytical grade 
and were purchased from POCh (Gliwice, Poland). The organic reagents, i.e. cellulose 
triacetate (CTA), o-nitrophenyloctyl ether (o-NPOE) and dichloromethane were also 
of analytical grade and were purchased from Fluka and used without further purifica-
tion. The ion carrier, i.e. bis(2,4,4-trimethylpentyl)monothiophosphinic acid (1) was 
obtained from Fluka. The sample of optically active tert-butyl(phenyl)phosphinothioic 
acid (2) having [α]589 = +5.3 (MeOH) was prepared in the Centre of Molecular and 
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Macromolecular Studies in Lodz by the addition of elemental sulfur to secondary  
t-butylphenylphosphine oxide; unpublished results (Wang et al., 2001 cited in litera-
ture data). It should be noted here that both thiophosphinic acids  exist as tautomeric 
mixtures (1a and 1b or 2a and 2b respectively). For tert-butyl(phenyl)phosphinothioic 
acid the tautomeric form 2b was found to predominate – Fig. 1. Extraction of Pb(II) 
and Cu(II) by phosphinothioic acid tautomeric form used in this study depends not 
only on the acidity strength, but also on the ion–dipole interaction between the hy-
droxyl and sulfur groups and the cations, steric (depth) effect of the substituent. 
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Fig. 1. Tautomeric structures of sulphur analogus of phosphinic acids  

Polymer membrane preparation and characterization 
The polymer membranes were prepared according to the procedure reported in the 
previous paper (Kozlowski, 2007). A solution of cellulose triacetate as the support, 
plasticizer and sulfur analogues of phosphinic acid as ion carrier in dichloromethane 
was prepared. A specified portion of this solution was poured into a membrane mould 
comprised of a 9.0 cm diameter glass ring placed on a glass plate with cellulose triace-
tate - dichloromethane glue. After slow solvent evaporation overnight the resulting 
membrane was peeled off from the glass plate by immersion in cold water. Then the 
membrane was soaked for 12 hours in distilled water to achieve their homogeneity.  

The thickness of the PIM samples was measured using a digital micrometer (Mitu-
toy) 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 stan-
dard deviation below 1%. The thickness of membrane before and after the transport 
was the same. The prepared membranes had thickness equal to 27 µm. 



 M. Kolodziejska, C. Kozlowski, M. Ulewicz 270

The each experiential point was repeated 4 times, i.e. formed membrane by immo-
bilization, thickness measured and transport parameters calculated. Experimental re-
producibility was high with standard deviation below 1% measured values. 

Transport studies 
Transport experiments were carried out in a permeation module cell described in our 
earlier paper (Ulewicz et al., 2007). The membrane film (at surface area of 4.9 cm3) 
was tightly clamped between two cell compartments. Both, i.e. the source and receiv-
ing aqueous phases (45 cm3 each) were mechanically stirred at 600 rpm. As the receiv-
ing phase the deionized water was used. The transport experiments were carried out at 
the 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 atomic absorption spectroscopy method (AAS Spectrometer, Solaar 
939, Unicam). The source phase pH was kept constant (pH = 5.0) and controlled by 
pH meter (pH meter, CX-731 Elmetron, with combine pH electrode, ERH-126, Hy-
dromet, Poland). The permeability coefficient (P, m/s) of metal ions across mem-
branes was described by the following equation (Danesi, 1984-85): 

 ln
i

c A Pt
c V

⎛ ⎞
= −⎜ ⎟

⎝ ⎠
 (1) 

where c is the metal ions concentration (M) in the source aqueous phase at some given 
time, ci is the initial metal ions concentration in the source phase, t is the time of 
transport (s), V is 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: 

 i iJ Pc= . (2) 

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

 , 1

, 2

i M

i M

J
S

J
= .  (3) 

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

 100%i

i

c cRF
c
−

= ⋅ . (4) 



 Separation of lead(II) and copper(II) by plasticizer membranes with sulphur analogus… 271 

The reported values correspond to the average values of three replicates, with the 
standard deviation within 5%. 

Results and discussion 

The most important factors influencing the transport of metal ions through polymer 
inclusion membranes are the acidity of the ion carrier, kind of solvent (plasticizer) as 
well as the maximal concentration of carrier playing also an important role in satura-
tion of membranes. In the first series of experiments, competitive transport of Cu(II)  
and Pb(II) from aqueous nitrate solutions containing the metal ion species at concen-
trations of 0.0010 M through PIM with organophosphorous acid (1)  as the ionic car-
rier and o-NPOE as the plasticizer into 0.50 M HNO3 aqueous solution was investi-
gated. Membrane composition was: 80% o-NPPE, 15% CTA, and 5% ion carrier. The 
blanc experiments for the transport when the ion carrier was absent, i.e. with mem-
branes containing the support (CTA) and plasticizer (o-NPPE) only, show no signifi-
cant flux across PIM. 

Effect of carrier 1 concentration 
The effect of the concentration of ion carrier 1 in the organic membrane phase on the 
copper(II) and lead(II) transport is given in Fig. 2. Showing the removal curves of 
metal ions transport through PIM with 1 at concentrations range from 0.10 to 1.0 M. 
The copper(II) ions were transported with a very high rate, and the selectivity order 
was as follows: Cu(II) > Pb(II). The process efficiency increased with the ionic carrier 
saturation of liquid phase membrane, especially for copper ions.  
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Fig. 2. The recovery factors of lead(II) and copper(II) vs. time of competitive transport across PIM  
with carrier 1. Source phase: 0.0010 M for Pb(II) and Cu(II); receiving phase: 0.50 M HNO3;  

membrane: 4.0 cm3 o-NPOE/1.0 g CTA, a) 0.10 M, b) 0.50 M, c) 1.0 M carrier 1 (based on plasticizer) 
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The aqueous source phase acidity constantly increases by protons and metal ions 
exchange during counter-transport in the membrane system, and is a significant factor 
determining the selectivity transport. We found that the source phase pH value in the 
process of transport through PIM containing 1 became stable on the level of 3.5 after 
30 min of transport.  

For copper(II) removal the optimum concentration range of the carrier was 0.1–
1.0 M; in the experiments the transport of Cu(II) was rapid and complete. However the 
lead(II) removal increased with increase of membrane saturation. When the concentra-
tion of ion carrier 1 was 0.1 M, the best recovery factors for  copper(II) and lead(II) 
were 99% and 65%, respectively. The examined cation permeation of PIM with 1 was 
found to be very efficient, also the permeation selectivity for this membrane was very 
poor. For this reason for next experiments the phosphinothioic acid  derivative as a 
carrier of a lower acidity was applied. 

Effect of binary carriers 
The next series of experiments dealt with competitive transport of Pb2+ and Cu2+ 
cations from aqueous solutions containing the metal ions at concentrations of 1.0–10–3 
M through PIM with organophosphoric acids 1 and 2 as well as the binary mixture as 
the ion carriers, and o-NPOE as the plasticizer into 0.5 M HNO3. Figure 3 presents the 
recovery factor values of investigated metal ions from the source phase, determined 
after 2 hours of transport through  PIM with carriers  1 and 2 and binary carrier system 
at the concentration of 0.10 M. The Cu(II) and Pb(II) ions were extracted more effi-
ciently, since their RF values for the transport through PIM containing 1 were 98% 
and 55%. 
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Fig. 3. The recovery factors of lead(II) and copper(II) vs. time of competitive transport across PIM  

with carriers 1, 2, and binary carrier 1 + 2. Source phase: 0.0010 M for Pb(II) and Cu(II); receiving phase: 
0.50 M HNO3; membrane: 0.40 cm3 o-NPOE/1.0 g CTA, 0.10 M each carrier (based on plasticizer) 
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However carrier 2, used for the Cu(II) and Pb(II) ions transport is a less acidic or-
ganic acid. The both metal ions were transported with a small rate and the selectivity 
order was as follows: Cu(II) > Pb(II); the process efficiency was determined by ten-
dency to tautomeric reagouping ionic carrier 2 in liquid phase membrane as well as 
namely spherical hindrance t-butyl group. These factors interfere with ion 
exchange (deprotonation), resulting in a low affinity to form metal complexes. 

After that time, metal ions were still transported due to the protonation and depro-
tonation reactions of the carrier which occurred because of the difference between the 
source phase pH and the receiving phase pH and because of the low protonation con-
stant of the acidic carrier.  

For membranes with 0.10 M of 2 the maximum value of the RF for Cu(II) ions was 
equal to 1.46% which practically suggests that carrier structure is not able to 
metal ion complexation.  

In the case of transport by PIM with binary mixture of carriers 1 + 2 the separation 
of Cu(II) over Pb(II) was higher, compared to the membranes with alone 1 or 2, the 
recovery factor values of investigated metal ions from the source phase determined 
after 2 hours transport through PIM with 1 + 2 were more efficient only for copper(II), 
since their RF values  for Cu(II) and Pb(II) were 98% and 11%, respectively. Under 
conditions, the transport through the membrane with binary carrier shows a relatively 
high selectivity of Cu(II) over Pb(II) ions for 0.10 M 1 + 2; the SCu/Pb value was 11.4. 
The use of a mixture of carriers does not favor lead(II) complexation due to 
tendency of thiophosphinic acid  and phosphinothioic acid  to form hydrogen bonds, 
and the presence of the sterically hindered structures, i.e. tert-butyl group. 

These large separation factors among Cu(II) over Pb(II) cations rival those reported 
by Hiratani et al. (1997). The separation of Pb(II) from Cu(II) in a liquid membrane 
transport system, as well as those reported by Molinari et al. (2005) and Sabry et al. 
(2007). Although these papers deal with the separation of some metal ions, they do not 
report on the selective separation of Cu(II) over Pb(II) from mixtures using organo-
phosphoric acid as ion carriers. 

The RF values recorded in this paper agree well with those reported by us for the 
removal of Pb(II), Zn(II) and Cu(II) (Ranpreet et. al., 2011) and are lower than those 
reported by Salazar-Alvarez et al. (2005). 

Effect of temperature on transport with binary carriers 
The complexing behavior towards copper and lead of binary organophosphorus acid 
was examined at  temperature of 50°C. The influence of temperature on the selective 
transport of metal ions across PIM with 1+2 were determined. The competitive trans-
port of copper(II) and lead(II) through PIM containing binary carriers showed  higher 
selectivity than membranes with single carrier. Combination of 1 with 2 in the mem-
brane also significantly improved  selective  removal of copper(II) when the PIM sys-
tem at temperature 50°C was used. Initial fluxes, selectivity orders for PIM with carri-
ers 1 and  2 and mixture 1+2 are shown in Table 1.  
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Table 1. Kinetics and selectivity parameters for competitive transport of copper(II) and lead(II) through 
PIM with organophosphorous acids as the ion carriers. Source phase: 1.0·10-3 M Cu2+ and 0.10 M Pb2+, 
pH = 3.0; Receiving phase: 0.5 M NaNO3; Membrane: 75% o-NPPE, 15% CTA, and 10% carrier (4.0 

cm3 o-NPOE/1.0 g CTA, 0.10 M carrier based on plasticizer volume) 

Ion carriers Metal ions Initial fluxes  
µmol/m2⋅s  

Selectivity orders and selectivity  
coefficients 

Cu(II) 85.2 ± 0.05* 
1 

Pb(II) 2.4 ± 0.03 
Cu(II) > Pb(II) 

36 

Cu(II) 8.1 ± 0.04 
2 

Pb(II) 0.80 ± 0.06 
Cu(II) > Pb(II) 

10 

Cu(II) 83.4 ± 0.07 
1+2 

Pb(II) 0.11 ± 0.02 
Cu(II) >> Pb(II) 

758 

* Standard deviation values for 4 experiments 

The initial fluxes for copper(II) are much higher for PIM with 1 and PIM with 1 + 
2 than for membranes with 2, but the selectivity of binary carriers is very high. Selec-
tivity coefficients Cu(II)/Pb(II) for membrane with binary carriers was the highest and 
was equal to 758. On the other hand the highest value separation coefficient was found 
in the case in which  practically negligible removal of Pb(II) was observed. In both 
experiments under temperatures  25 and 50°C the controllable factor of selectivity for 
binary carrier system was proton migration in each of tautomeric forms; as a conse-
quence the best selectivity of copper(II) ions removal. High recoveries of copper(II) 
from dilute aqueous solution containing lead(II) were obtained by applying thio-
phosphinic and phosphinothioic acids as carriers in transport across  polymer inclusion 
membranes at relatively shorter times when comparing to other separation methods. 

Conclusion 

Polymer inclusion membranes containing organophosphorous acid, i.e. bis(2,4,4-
trimethylpentyl)monothiophosphinic acid  transfer   Cu(II) and Pb(II)  ions efficiently, 
at concentration of ion carrier in membrane equal to 0.5 M. With the use of the 
bis(2,4,4-trimethylpentyl)monothiophosphinic acid  and tert-butyl(phenyl)phosphino-
thioic acid as an mixture of ionic carriers, the competitive transport of metal ions 
shows the preferential selectivity order: Cu(II) >> Pb(II). 

The addition of tert-butyl(phenyl)phosphinothioic acid into PIM with bis(2,4,4-
trimethylpentyl)monothiophosphinic acid  plays a role of the factor which increases 
the selectivity in the membrane process. Competitive transport through polymer in-
clusion membranes containing above mixture of carriers was found to be an effective 
method for separation and recovery of copper(II) from solutions containing lead(II) 
ion,  the selectivity factor Cu(II)/Pb(II) being over 750. The application of the pro-
posed methods for the selective removal of ions from spent solutions, generated after 
the galvanizing process or hydrometallurgical ore process, has also been examined. 
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Abstract: The paper focuses on assessing wettability of surfaces modified with ionic liquid solutions. 
Dialkylimidazolium chlorides have been selected as the test group, because of their immediate availabil-
ity and limited previous research. Contact angle of selected ionic liquid solutions have been measured 
with two methods: capillary rise test and simplified sitting droplet analysis, performed by means of digital 
camera. During tests the extremely high viscosity of dialkylimidazolium chlorides has been observed to 
drop rapidly with prolonged exposition to atmospheric moisture and measured experimentally with Karl-
Fischer titration and viscosity measurements. Contact angles of selected ionic liquids have been pre-
sented. 

Keywords: ionic liquid, wettability, contact angle, capillary rise, surface interactions 

Introduction 

Ionic liquids are a branch of novel, organic chemicals, distinguished by their unique 
properties. From a chemical point of view, ionic liquids are salts, composed most 
commonly of a large, organic cation and smaller, inorganic anion. However, unlike 
most of the salts, ionic liquids are, as the name suggests, liquid at low temperatures. 
They are most often defined as liquid salts with a melting point lower then 100°C, but 
remain liquid over a broad range of temperatures (Yang and Pan, 2005). 

Ionic liquids (ILs) have been already utilized in many unit operations and processes 
and it was found out that may serve as substitutes for traditional solvents. However, 
the reason why ionic liquids find application in so many fields of research and indus-
try is their extraordinary customization potential. Dialkylimidazolium cation-based 
ILs possess two alkyl chains that can be shortened, extended and branched with ease, 
and substitution of one anion with another can completely change physicochemical 
properties of the substance. Thousands of possible and useful configurations just wait 
to be discovered and implemented in new ways and they all differ in physicochemical 
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characteristics, like melting point, viscosity, surface tension, conductivity, reactivity or 
wettability.  

The potential applications of ILs are numerous including usage as reaction media, 
extraction and separation technologies, electrochemistry and many others. For the 
applications involving heterogeneous systems and transport of ILs in capillary, fi-
brous, or porous environments, interfacial properties such as wettability has to be 
known. 

Wettability is a tendency of a liquid to spread on a solid surface (Kumar and 
Prabhu, 2007). Measurement of the contact angle is the way to estimate wettability 
when the tested fluids are pure and the contact surface (solid or liquid) is perfectly flat, 
mainly because the surface tension of the interfaces is constant when no surfactants or 
other compounds are present to alter the wetting (Anderson, 1986). When using 
Young’s equation it was assumed that the surface is rigid, homogeneous and perfectly 
flat – in such a case a single, specified contact angle for each three-phase system could 
be obtained. Estimation of contact angles for ionic liquids are, so far, very poorly in-
vestigated (Batchelor et al., 2009; Restolho et al., 2009), even though knowledge on 
their wettability is needed to select IL for many applications. 

The surface tension is dependant on slight changes of temperature, surface charac-
teristics or viscosity of the liquid, the equilibrium maintained by the interfacial ten-
sions can be disrupted. The estimation of contact angles for given systems becomes 
useful only when the interaction potentials of two of those phases can be treated as 
constant or described numerically. Many simplistic models of wetting of solid materi-
als, for example, have been developed for this purpose and when different surface 
types are used they are commonly described with their respective critical surface ten-
sions (CST) (Zisman 1964). 

The critical surface tension (CST) can be defined as a relative descriptor of wet-
tability of solid surface (Zisman 1964). The test consists of plotting the cosine of the 
contact angles between several different liquids with defined, decreasing surface ten-
sions on their interface with solid phase. CST is then defined by extrapolation of the 
line to cos 1θ =  (Ulosoy and Yekeler, 2004). However, this test can be applied only 
to low-energy solid surfaces (Sömnez and Cebeci, 2004), with CST values of the same 
magnitude as of the surface tensions measured in the tests.  

Three common imidazolium-based species has been selected for this study, varying 
in alkyl chain length. This test group of chemicals has been chosen in a way that will 
permit correlation of obtained results with their molecular structure. All selected ionic 
liquids are dialkylimidazolium chlorides, which are also very hygroscopic and obtain-
ing purified samples without detectable amounts of water is nearly impossible 
(Wassercheid and Welton, 2003). Therefore the influence of moisture has also been 
determined during this study.  
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Experimental 

Reagents  
All 1-alkyl-3-methylimidazolium chlorides were obtained from Merck KGaA, Darm-
stadt, Germany, with a purity of ≥ 98%. All samples were degassed and dried at 70oC 
under vacuum prior to use. Glass beads (Interminglass; Poland) with diameter 150–
250 μm were used. Prior to use, the beads were thoroughly cleaned and degreased, 
with methanol:acetone:chloroform (1:1:1 by volume) and dried at 130˚C. 

Direct contact angle measurement. Sessile drop method 
Ionic liquid has been placed inside the Hamilton syringe, which was then placed inside 
the grip of the component with micrometric screw. The droplet was placed on the mi-
croscopic cover glass surface placed atop the glass pedestal and its image has been 
taken with digital camera. For the contact angle was calculated from equation, assum-
ing a non gravitationally distorted spherical cap formed by a liquid drop (Woodward, 
1999) 

 
1 22 tan h

d
θ −=  (1) 

where: h – height of the droplet profile [pixel], d – diameter of the droplet base [pixel] 
Precision of this method was significantly high, obtained angles differ no more 

than 1˚. However, the authors are aware that a number of other numerical solutions 
exist, which also take the gravitational effects into account (Allen 2003). 

Capillary rise method 
Wettability of glass beds was determined by capillary rise methods based on the 
Washborn equation described elsewhere (Washburn, 1921; Siebold, 2000; Wolfrom, 
2002; Trong, 2006; Joskowska, 2012). The glass capillary filled with a bed of sorbent 
was attached to a movable grip, which could be lowered and raised smoothly. When 
the experiment was started, the capillary was slowly lowered to touch the surface of 
tested liquid. Readings of the scale were taken in regular intervals and the change of 
mass of liquid could be observed when the sorbent bed was penetrated. As reference 
liquids dichloromethane has been for hydrophilic glass beads and 1-hexanol for hy-
drophobic glass beads (Hołownia and Kwiatkowska et al., 2008). The references liq-
uids were chosen (from 30 available), that are ideal wetting liquids (contact angle 
zero) by suspending the beads on the surface of each liquid. The various controversies 
regarding the reference liquids in capillary rise methods are discussed by Kowalczuk 
et al. (2012). 
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Viscosity 
Viscosity of the samples has been measured by cone-plate method with Brookfield 
LV-III Rheometer with a CPE-40 type spindle. Tests were performed under the tem-
perature of 25ºC.  

Karl-Fisher titration 
Water content in ionic liquid samples was determined by coulometric titration method 
using 831 Karl-Fischer Coulometr, Metrohm. 

Results and discussion 

Ionic liquid hygroscopicity and its influence on the contact angle sessile drop 
method 

The values of contact angle of three ionic liquids with different chain length on 
glass plate was presented in Table 1. The contact angle of microscopic glass cover was 
determined by the sessile drop method. 

Table 1. Results and statistical analysis of contact angle measurements performed  
by means of photographical method on microscopic cover glass.  

Values of log Kow taken from literature (Thöming, Cho et al., 2011) 

Abbreviation Θ, degree Standard deviation log Kow 

[HMIM][Cl] 14.592 ± 0.539 0.507 –1.730 

[OMIM][Cl] 10.815 ± 0.301 0.293 –0.600 

[DMIM][Cl] 105.951 ± 1.295 0.949 0.311 

 
Contact angle values of [HMIM][Cl] and [OMIM][Cl] were similarly low and both 

of these substances were found to almost wet microscopic cover glass effectively. 
However, contact angles for [DMIM][Cl] were extremely high, due to the inability of 
the molecule to interact with the glass surface. This was most probably caused by the 
alkyl chain, which at chain length 10 blocks the columbic interaction of the headgroup 
with the surface.  

It was later assumed that the difference between observed contact angles for these 
samples may also related with different effects of moisture absorption into their struc-
ture. To compare the affinity of these ionic liquids towards water octanol water parti-
tion coefficient log Kow (as shown in Table 1) may be used. For both [HMIM][Cl] and 
[OMIM][Cl], the log Kow was found to be negative, proving their affinity towards wa-
ter. Positive value found for [DMIM][Cl] is one of the reasons behind the extremely 
high contact angle observed in described procedure. 
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Ionic liquid hygroscopicity and its influence on the Washburn method  
Contact angle values evaluated in the capillary rise test is dependant on the surface 
tension and viscosity of the tested liquid and the relation of these parameters with 
those exhibited by the reference wetting substance. The results are shown in Table 2. 
A number of researchers measured both viscosity and surface tension for a broad 
group of ionic liquids, determining them with different tools. Ghatee and Zolghadr 
(2008) measured surface tensions of several ionic liquids with modified capillary rise 
method utilizing digital cathetometer. Gomez et al., 2006) determined dynamic vis-
cosities of few pure ionic liquids and their water solutions in various temperatures, by 
means of several commercially available viscosimeters. During the procedure it was 
observed that a small sample of tested ionic liquid becomes perceptibly less viscous 
after an hour of exposure to air, which proved that moisture is absorbed by these sam-
ples at a very high rate.  

Table 2. Surface tension and viscosity values for pure ionic liquids used in this study 

Abbreviation Surface tension, mJ/m2, 25ºC, Viscosity, cP, 25ºC 

[HMIM][Cl] 41.8a 18089b 

[OMIM][Cl] 31.9a 20883b 

a – (Ghatee and Zolghadr 2008), b – (Gómez, González et al. 2006) 
 
An effort has been put into further investigation of surface tension and viscosity 

changes related with increasing water content within the tested liquids. Literature con-
cerning surface tension variation in ionic liquids and absorbed moisture has been re-
viewed. Freire et al. (2007) measured surface tensions of two species of saturated 1-
alkyl-3-methylimidazolium ionic liquids at 30ºC and for water content up to 15% mo-
lar ratio. For more hydrophilic [BMIM][PF6] non-linear surface tension variation of 
6% was noted. For [OMIM][PF6] such a variation was insignificantly smaller, less 
then 1% (Freire et al., 2007). They concluded that the influence of water content on 
surface tension of ionic liquids is significant only for hydrophilic ionic liquids, with 
shorter alkyl chain. Klomfar et al. (2010) obtained similar results and found no appar-
ent correlation between water content and surface tension of ionic liquid samples.  

 
Fig. 1. Figure describing basis for networking of water molecules and ionic liquid. Both 

dialkylimidazolium cation and water form hydrogen bond with a given anion 
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Fig. 2. Graph describing the relationship between increasing water content  
and viscosity of tested dialkylimidazolium chlorides 

Viscosity of typical room-temperature ionic liquids rarely exceeds 200 cP. All 
dialkylimidazolium chlorides are exception to this rule and their extremely high vis-
cosity is a result of hydrogen bonding between Cl– anions and the hydrogen atoms (as 
shown in Fig. 1) on the imidazolium cation ring (Wassercheid and Welton, 2003). 
When water is introduced into such a structure, chloride anions bond with hydrogen in 
the water molecules, which, due to their smaller size when compared to dialkyimida-
zolium cation, are much more mobile. With the increase of water content, the process 
responsible for high viscosity in ionic liquids is disrupted and a rapid decrease of this 
parameter is observed. New bonding is strong enough to significantly hamper any 
procedures dedicated to removal of water content – even with prolonged vacuum dry-
ing used for samples tested in this paper, the water was still present in a quantity as 
high as 1% molar fraction. 

As shown in Fig. 2 it was initially suspected, the viscosity was found to decrease 
rapidly with the increase of water content, giving us a strong, logarithmic correlation 
with the coefficient of determination as high as 98%. Data obtained for [HMIM][Cl] 
appears to further prove the validity of this correlation. Unfortunately, measurements 
for [DMIM][Cl] after more then 15 minutes were rendered impossible to performed 
due to gelation, whereby the liquid turned into a semi-solid matter.  

This process has been observed and even induced earlier by many researchers, who 
investigated the nature of this and similar structures (Firestone et al., 2004; Kaper and 
Smarsly 2006; Inoue et al., 2007). This spontaneous self-organization is based upon 
formation of robust H-bonded network between dialkylimidazolium cation, chloride 
anion and water molecules (Fig. 1). Hydrophobic and hydrophilic segments of such a 
structure are segregated, which leads to formation of regions of confined water. Such a 
structure is one of the simplest forms of “ionogels”, physical gels based on ionic liq-
uids (Firestone et al., 2004).   
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Uncertainty concerning the actual amount of water in samples during contact angle 
measurements is the source of greatest discrepancies in results presented in this paper. 
Viscosity data obtained for [HMIM][Cl] and [OMIM][Cl] after a three hour period 
was assumed to be the closest available estimation of viscosity observed during the 
capillary rise experiments. Although the capillary rise experiments took much less 
time then this, but the volume of liquids used in that procedure was approximately ten 
times smaller, while the area of exposure to moisture was the same in both cases.  

The observed time of penetration indicate that the exact viscosity of [OMIM][Cl] 
during the test was significantly lower then the one estimated earlier. Moisture ad-
sorbed on hydrophilic glass could have been the reason of such an occurrence. It 
should be noted, however, that the time of bead penetration for [OMIM][Cl] was 
slightly higher then the one for [HMIM][Cl] for the same beads, while this tendency is 
reversed in case of hydrophobic sorbent. This observation proves initial assumptions 
concerning hydrophobicity of both. Contact angle for [HMIM][Cl] on hydrophilic 
glass (Table 3) is close to the one observed during the photographic procedure. Very 
high contact angles exhibited by both ionic liquids on the hydrophobic glass prove that 
this type of sorbent is not wetted well by tested liquids, as shown in Table 4. 

Table 3. Final results of contact angle measurements by means of capillary rise procedure  
for hydrophilic sorbent. Average times of penetration of bed by referential solvent (t0)  

and tested liquid (t1) have been used to calculate the final values, while highest  
and lowest values were used to estimate the margin of error 

 [HMIM] [Cl] [OMIM] [Cl] 
Series t0 [s] t1 [s] t0 [s] t1 [s] 

1 2 360.5 2.5 388.5 
2 2 365 3 392.5 
3 1.5 327.5 2.5 379 

Mean value 1.833 351 2.667 386.667 
t0/t1 0.00522 0.00690 

K · t0/t1 0.955 4.070 
θ 17.222 ± 8.862 – 

Table 4. Final results of contact angle measurements by means of capillary rise procedure for 
hydrophobic sorbent. Data analyzed analogically to Table 5 

 [HMIM] [Cl] [OMIM] [Cl] 
Series t0 [s] t1 [s] t0 [s] t1 [s] 

1 1.5 665.5 3 503 
2 3.5 701.5 2.5 411 
3 5 635 2.5 395 

Mean value 3.333 667.333 2.667 436.333 
t0/t1 0.00500 0.00611 

K · t0/t1 0.077 0.305 
θ 85.573 ± 1.441 72.254 ± 0.322 
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Determination of contact angles 
Results obtained with both photographic and capillary rise method have been summa-
rized in the table below (Table 5). Values obtained for microscopic cover glass are 
difficult to compare to those relying on capillary rise measurements, as the two meth-
ods used are completely different, based on different principles. The quantity of water 
present in the samples played a significant role in determination of measured contact 
angles and no data have been obtained concerning its change during the actual ex-
periments. Increasing length of the alkyl chain on the 1-alkyl-3-methylimidazolium 
cation increases the hydrophobic character of given ionic liquid. The extent of water-
repelling properties of ionic liquids are less in the formation of stable contact angle 
then its type – [HMIM][Cl] and [OMIM][Cl] behave almost identically in all per-
formed tests. Even only slightly hydrophilic ionic liquid, like [OMIM][Cl] will form a 
low contact angle on only slightly hydrophilic surface, like the microscopic cover 
glass. [DMIM][Cl] is barely hydrophobic and its contact angle observed on the identi-
cal surface is extremely high. 

Table 5. Summary of contact angle results obtained for tested systems 

Solid phase [HMIM] [Cl] (degrees) [OMIM] [Cl] (degrees) [DMIM] [Cl] (degrees) 
Microscopic cover glass 14.592 ± 0.539 10.815 ± 0.301 105.951 ± 1.295 
Hydrophilic beads 17.222 ± 8.862 – – 
Hydrophobic beads 85.573 ± 1.441 72.254 ± 0.322 – 

Conclusions 

Wetting potential of ionic liquid group being the subject of this paper is related with 
many independent factors. Hydrophobicity of 1-alkyl-3-methylimidazolium ionic liq-
uids is based on the length of an alkyl chain and has been described previously by log 
Kow. The water content is crucial factor concerning wetting process of all ionic liquids 
with chloride anion, especially when their extremely hygroscopic character is taken 
into account. Completely water-free samples of ionic liquid are extremely viscous and 
could not be used to wet any kind of surface efficiently. Water molecules disrupt the 
hydrogen bonding between chloride anion and hydrogen atoms of imidazolium ring, 
rapidly decreasing the viscosity of ionic liquids (Wassercheid and Welton, 2003). This 
process influence contact angle values differently for hydrophilic and hydrophobic 
specimen. Water molecules diffuse in hydrophilic samples and decrease of viscosity 
result in an exceptionally good wetting observed for hydrophilic surfaces and increase 
contact angle for hydrophobic solids. In case of hydrophobic dialkylimidazolium ionic 
liquids, water molecules are trapped in liquid crystalline structure of an ionogel, which 
is a semisolid matter, unable to wet any surface. If an ionogel structure cannot be 
formed for given species of ionic liquid, it can be assumed that its viscosity will de-
crease after addition of water or after moisture absorption. 
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Abstract: Supported liquids membranes are very promising products. They have been intensively inves-
tigated in last two decades and widely used in many technologies especially in gas separation and purifi-
cation processes. A key aspect in obtaining satisfying effectiveness and long membrane lifetime is 
a proper choice of ionic liquid and polymeric or ceramic support. Properties of both affect the processes 
of obtaining useful supported ionic liquid membranes. In comparison to polymeric membranes, ceramic 
ones are slightly thicker, however they are thermally and mechanically more stable. Our research was 
aimed at sintering fine glass particles of 500 to 45 µm in size in order to prepare porous membranes 
which can be used as supports for liquid membranes. Dextrin and borax were used as pore-making agents. 
The membranes, as disks 35 mm in diameter and 3 mm of thickness, were prepared. The porosity was 
determined using absorption method. It was found, that the porosity could be controlled by changing the 
applied pressure from 1 to 5 MPa, particle size distribution, sintering temperature, type and amount of 
pore-enhancing agents. 

Keywords: glass cullet, recycling, porous material, membranes 

Introduction 

Supported liquids membranes (SLMs) are very promising for separation and purifica-
tion of gaseous streams because of their very small demand for the membrane phase. 
This feature is very important particularly in supported ionic liquid membranes 
(SILMs) due to a high cost of ionic liquids (ILs). The SLM is a two phase system of 
porous support and liquid phase kept in the membrane pores by capillary forces 
(Walczyk, 2006). However, one of the major obstacles to industrial applications is 
a limited lifetime (poor stability) of the membrane due to the loss of the organic sol-
vent from the support pores. 
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The most popular materials for supported liquid membrane supports preparation 
are polymer and ceramic membranes. The latter are widely used in filtration and sepa-
ration technologies. Microstructure, porosity, pore size and wettability have a great 
influence on their permeability (Weixing, 2006). Moreover, inorganic membranes 
gained a significant attention due to their high stability in organic solvents and high 
temperatures (Kuraoka, 2000). In comparison to polymeric membranes, ceramic sup-
ports have higher mechanical, chemical and thermal stability. Operational temperature 
for polymeric supports cannot exceed 100ºC, whereas for ceramic ones it is nearly 
700ºC. They are also resistant for concentrated acids and can be used in contact with 
a broad spectrum of organic solvents without any changes in their structure and me-
chanical properties. Ceramic supports reveal the ability of long-term work and the cost 
of their preparation is relatively low. Usually, they are made of waste glass cullet. 
Glass has been also widely used to produce hollow fiber membranes (Kuraoka, 1998) 
and some of them present high selectivity for different gases (Sehelekhin, 1992; Way, 
1992). 

This work has been focused on the use of glass cullet to produce porous mem-
branes, that can be applied in the supported ionic liquid membrane technology 
(SILMs). However, such application requires determination of products properties. 
The aim of this study was to investigate the factors influencing sinterability to im-
prove the mechanical properties of ceramic bodies made from soda-lime glass cullet. 
Furthermore, the effect of the amount of pore-making organic and inorganic compo-
nents was examined. 

Properties mentioned above, give the SILMs predominance over traditional SLMs 
(Gamer, 2008, Hernandez-Fernandez, 2009, Letcher, 2007), as ionic liquids (ILs) have 
negligible vapor pressure, are non-flammable, liquid in a wide range of temperatures 
and solubilize many organic and inorganic species (Kittel, 2009, Pernak, 2000, 
Schaffer, 2011). 

Experimental 

Materials 
Silicate-soda-lime colorless glass was used in this investigation. Pure dextrin and borax 
were obtained from POCH, Poland, with a purity of ≥ 95%. Five ionic liquids were used 
in this study: 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
[EMIM][Tf2N], 1-ethyl-3 methylimidazolium trifluoromethanesulfone [EMIM][TfO],  
1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [BMIM][Tf2N], 1-bu-
tyl-3-methylimidazolium trifluoromethanesulfone [BMIM][TfO], 1-hexyl-3-methyl-
imida-zolium bis(trifluoromethylsulfonyl)imide [HMIM][Tf2N]. All chemicals were 
supplied by Merck Chemicals Company, Darmstadt, Germany, with purity higher than 
99%. The molecular structures of ILs cations and anions used in this study are shown in 
Figs 1 and 2. 
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1-ethyl-3-
methylimidazolium 

[EMIM] 

1-butyl-3-methylimidazolium  
[BMIM] 

 
1-hexyl-3-methylimidazolium 

[HMIM] 

Fig. 1. Structure of ionic liquids cations used in the experiments 

 
bis(trifluoromethylsulfonyl)imide [Tf2N] 

 
trifluoromethanesulfone [TfO] 

Fig. 2. Structure of ionic liquids anions used in the experiments 

Preparation of glass matrix 
The technology of producing glass porous materials requires the use of glass in the 
form of powder (Ciecińska, 2007). Glass samples were crushed in a jaw crusher and 
then ground using a disc mill and ball mill, for 2 hours, respectively. The maximum 
particle size of 500 µm was obtained. Particle-size distributions were determined with 
standard sieve analysis and the orbiting laboratory shaker (OS 10 basic, IKA) with 
frequency vibration of 450 rpm. Glass particles with the grain size distribution of: 
250–500; 106–250; 63–106; 45–63 µm were used for preparation of porous discs, by 
sintering with pore-enhancing compound. The chemical composition of glass cullet 
used in the experiments was determined using an X-ray fluorescence spectrophotome-
ter, according to the procedure described in PN-EN ISO 12677:2005 and is presented 
in Table 1. Into a disc shaped form, ceramic powder was pressed using a hydraulic  
 

Table 1. Chemical composition of glass used for sintering 

Compound Weight percent [%] 
SiO2 73.20 
Na2O 12.50 
CaO 9.87 

Al2O3 2.62 
MgO 0.96 
K2O 0.59 

Fe2O3 0.10 
TiO2 0.07 
SO3 0.06 
MnO 0.02 
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press under pressure of 1 MPa to 5 MPa. The discs were then sintered at 700oC for 60 
minutes in air atmosphere. A linear increase of temperature with 10oC/min rate was 
applied to obtain 700oC. Selected properties of membranes (specific density, apparent 
density, total porosity) were examined according to standard test method PN-EN 
1389:2005 (Komitet, 2005). The structures of obtained porous membranes were ob-
served with a scanning electron microscope (SEM).  

Morphological characterization 
Philips-FEI XL 30 ESEM (Environmental Scanning Electron Microscope) was used to 
determine morphological properties and the average pore size of ceramic supports. 
Before SEM observation, obtained samples of supports were coated with ultrathin 
gold layer. 

Wetting of ceramic supports with ionic liquids 
In order to determine the effect of chemical structure of the ionic liquids on ceramic 
supports wetting, cations differing in alkyl chain lengths and different anions were 
selected. In order to determine the wettability of various supports by ionic liquids, 
capillary rise method based on Washburn equation was used (Joskowska, 2012, 
Siebold, 2000, Studenbacker, 1955, Trong, 2006, Washburn, 1921, Wolfrom, 2002). 
Ceramic membrane samples sized 5×3×10 mm were used in the experiments. The 
time of penetration, increase in height of liquid penetrating into ceramic membrane 
and the decrease in mass of the liquid in a container was recorded every second using 
an electronic balance, attached to a computer. The time t = 0 approximately corre-
sponded to the moment of membrane submersion in the wetting liquid. The experi-
ments were repeated eight times and the mean value was calculated. On the basis of 
the Washburn equation, angle values were calculated. The results are shown in Ta-
ble 7.  

Results and discussion 

Granular composition of glass powder obtained by milling is presented in Table 2. 

Table 2. Granular composition of glass powder 

Size of glass grains 
[µm] 

Sifting 
[%] 

>500 90.20 
250–500 7.57 
106–250 1.06 
63–106 0.23 
45–63 0.07 
<45 0.88 
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During thermal analysis, the glass powder becomes soft at 700ºC and melts at 
810ºC, whereas at 1020ºC the samples flow. On the basis of thermal analysis, the op-
timal temperature of sintering was selected. It was found that addition of dextrin and 
borax slightly decreases the softening temperature, to 698ºC and 695ºC, respectively. 
However it can be roughly assumed that such amounts of compounds do not affect the 
softening temperature. To obtain the highest possible porosity, the samples were sin-
tered at 700ºC. 

Tables 3–5 present the results obtained using different types of binder: 50% aque-
ous solution of dextrin, dry dextrin, 50% aqueous solution of borax and using various 
glass powder granulation, different amounts of binder and pressures in a range from 1 
to 5 MPa. 

Table 3. Properties of ceramic supports obtained using 50% aqueous solution  
of dextrin (15% m/m), at 700ºC 

Granulation 
[µm] 

Pressure 
[MPa] 

Bulk density 
[g/cm3] 

Effective porosity 
[%] 

Total porosity 
[%] 

250–500 1 1.75 23.2 30.3 
250–500 3 1.81 23.7 27.9 
106–250 1 1.85 20.6 26.3 
106–250 3 1.89 21.0 24.7 
63–106 1 1.96 14.8 21.6 
63–106 3 1.97 17.4 21.3 
45–63 1 2.06 15.9 17.8 
45–63 3 2.07 14.7 17.3 
<45 1 2.07 13.7 17.5 
<45 3 2.07 13.3 17.1 

 
Supports prepared using 50% aqueous solution of dextrin had a total porosity of 

30.3% (granulation 250–500 µm). Still, the lower granulation of glass powder, the 
lower porosity of supports. Glass powder granulation of size less than 45 µm (in com-
parison to 250–500 µm grain size) decreases the total porosity from 30.3% to 17.5%. 
An increase in press pressure from 1 to 3 MPa decreases the total porosity from 30.3% 
to 27.9% (for grain size 250–500 µm). However, when using 5% m/m and 10% m/m 
of 50% aqueous solution of dextrin the total porosity is lower than for 15% m/m for 
each granulation used. For 250–500 µm granulation, the porosity is reduced from 
30.3% (15% m/m of binder) to 27.8% (10% m/m of binder) and 25.3% (5% m/m of 
binder). Formulation of ceramic support occurred to be impossible when adding 50% 
aqueous solution of dextrin above 15% m/m. However, the porosity obtained using 
aqueous solutions of dextrin was not sufficient to obtain satisfying support for the 
liquid membrane. In order to increase the total porosity, the solution was substituted 
with dry dextrin in amounts of 10, 15 and 20% m/m. However, preliminary experi-
ments revealed that 10 and 15% m/m is not enough for obtaining satisfying porosity. 
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Moreover, using more than 20% m/m prevented from obtaining stable discs. Table 4 
presents characteristics of supports obtained using 20% m/m of dry dextrin. 

Table 4. Properties of ceramic supports obtained using 20% m/m of dry dextrin 

Granulation 
[µm] 

Pressure 
[MPa] 

Sintering temperature 
[ºC] 

Bulk density
[g/cm3] 

Effective porosity
[%] 

Total porosity 
[%] 

250–500 1 700 0.86 65.4 65.7 
250–500 3 700 0.87 64.6 65.2 
250–500 5 700 1.32 45.6 47.3 
250–500 1 810 1.28 44.8 48.5 
106–250 1 700 0.92 62.7 63.2 
106–250 3 700 0.94 61.8 62.6 
63–106 1 700 0.95 61.1 61.9 
63–106 3 700 1.02 58.3 59.4 
45–63 1 700 0.99 59.3 60.6 
45–63 3 700 1.06 56.1 57.6 
<45 1 700 1.12 56.7 58.4 
<45 3 700 1.20 50.2 52.9 

For granulation of 250–500 µm usage of dry dextrin gives supports with 65.7% total 
porosity. As mentioned in the case of dextrin water solution, the porosity is lower when 
using fine glass powder. An increase in press pressure from 1 to 3 MPa slightly de-
creases the porosity for the 250–500 µm grain size. It decreases from 65.7% to 65.2%. 
Further pressure increase to 5 MPa reduces porosity to 47.3%.Moreover sintering at 
810ºC also reduces the total pores volume to 48.5% (for granulation of 250–500 µm).  

Experiments have been also conducted using borax as a binder. Table 5 presents 
characteristics of ceramic supports obtained using 10% m/m of 50% aqueous solution 
of borax for different grain sizes at 700ºC. 

Table 5. Characteristics of ceramic supports obtained using 50% aqueous solution of borax (10% m/m) 

Granulation 
[µm] 

Pressure 
[MPa] 

Bulk density 
[g/cm3] 

Effective porosity 
[%] 

Total porosity 
[%] 

250–500 1 1.82 22.0 27.4 
250–500 3 2.01 16.3 19.6 
106–250 1 1.88 20.3 24.8 
106–250 3 2.03 15.5 19.1 
63–106 1 2.78 11.3 13.1 
63–106 3 1.97 10.2 12.5 
45–63 1 2.19 11.2 14.7 
45–63 3 2.14 10.4 12.7 
<45 1 2.18 11.8 13.6 
<45 3 1.97 10.7 12.5 
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The 50% aqueous solution of borax gives 27.4% porosity (granulation of 250–
500 µm). Still, the lower grain size is, the lower porosity is obtained. Using powder 
granulation of size less than 45 µm leads to 50% lower porosity in comparison to the 
250–500 µm grain size. Again, an increase in press pressure reduces the porosity. Ap-
plication of 5% m/m of 50% aqueous solution of borax reduces porosity from 27.4% 
to 18.3% (granulation of 250–500 µm). 

Dry borax has been also used in the experiments. However, 10% m/m and 5% m/m 
occurred to be too much to obtain stable supports. Application of dry borax is not pos-
sible for such purposes. Figure 3 shows the dependence of granulation on porosity 
using different binder types at 700ºC and press pressure of 1 MPa. It is clearly visible 
that the decrease in granulation causes the decrease in porosity for all the binders used 
in this study.  
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Fig. 3. Total porosity vs. granulation of glass powder  

Press pressure of 1 MPa, sintering temperature of 700°C and addition of dextrin of 
20% m/m gives the highest porosity for different grain sizes. Application of 50% 
aqueous solution of dextrin gives lower porosity than application of dry dextrin. More-
over, addition of dextrin water solution above 15% m/m prevents from obtaining sta-
ble support. The increase in pressure and sintering temperature also reduces the sup-
port porosity. Application of borax as binder does not improve properties of supports. 
Moreover, it is not possible to obtain any support using dry borax. 

To summarize, the best properties of supports are obtained when using glass pow-
der with granulation of 250–500 µm, 20% m/m of dextrin as binder and sintering tem-
perature of 700°C. Porosity obtained using press pressure of 1 MPa and 3 MPa does 
not differ significantly, however, membranes prepared with 3 MPa of press pressure 
show higher mechanical stability. 
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The total porosity of obtained supports is at the level of 60% and it stays in correla-
tion with values obtained by other authors that utilized saccharose as binder, sintering 
temperature of 1000oC and granulation of 45–100 µm (Ciecińska, 2007).  

Kosmulski et al. (2009) used quartz sand, cryolite, glass cullet of 18% m/m and 
40% water solution of dextrin to obtain 42% porosity (Kosmulskiet al., 2009). Poros-
ity of 65% can be also obtained using water as a pore-forming agent. At 700oC water 
evaporates forming pores (Yanagisawa, 2006). Figure 4 presents the surface of ce-
ramic supports obtained using glass powder with granulation of 250–500 µm, press 
pressure of 1 MPa and either 10% m/m addition of borax or 20% m/m addition of 
dextrin. 

 

Fig. 4. Structure of ceramic supports obtained with a) 10% m/m of dry borax,  
b) 20% m/m of dry dextrin 

Depending on the type of pore-forming agent used, supports demonstrate different 
textures. Surface of supports obtained using dextrin shows higher roughness. Figures 
5-10 present SEM micrographs of ceramics formed using 500–250 µm glass particles. 

 

 
Fig. 5. SEM micrograph, 500–250 µm,  

20% dry dextrin, 1 MPa, 700ºC 
Fig. 6. SEM micrograph, 500–250 µm,  

20% dry dextrin, MPa, 700ºC 
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Fig. 7. SEM micrograph, 500–250 µm,  
15% aqueous solution of dextrin, 1 MPa, 700ºC 

Fig. 8. SEM micrograph, 500–250 µm,  
15% aqueous solution of dextrin, 1 MPa, 700ºC 

Fig. 9. SEM micrograph, 500–250 µm,  
10% solution of borax, 1 MPa, 700ºC 

Fig. 10. SEM micrograph, 500–250 µm,  
10% solution of borax, 1 MPa, 700ºC 

In both cases, using dextrin or borax, support structure is irregular and pores are 
heterogeneous. However, supports obtained using borax (Figs 9 and 10) are slightly 
more homogenousand the pores are rather closed. The matrix obtained using dextrin 
has larger amount of pores opened. This is confirmed by porosity experiments (Tables 
3 and 4). The SEM micrographs allowed to calculate the average pores size which is 
72 ± 27 µm using 20% of dry dextrin. 

The method using dextrin as a pore-making agent occurred to be suitable to prepare 
ceramic supports with porosity over 60%. Both substrates are easily available, not 
expensive and the supports obtained have repetitive properties.  

Wetting experiments have been based on the mass increase measurements. A graph 
of square of mass increase vs. time is presented in Fig. 11.  
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Fig. 11. Membrane wetting with reference liquids 

Liquids wet ceramic materials in two steps. At first, liquid fills the pores rapidly, 
and afterward it moves in horizontal direction subsequently until the mass is constant. 
The rapidity of wetting is affected by liquid viscosity, density and surface tension. 
Table 6 presents physicochemical properties of reference liquids.  

Table 6. Physicochemical properties, penetration time for reference liquids at 298K 

Reference liquid Density 
[kg/m3] 

Viscosity 
[mPa·s] 

Surface tension 
[mN/m] 

Penetration time 
[s] 

Water 997 0.895 72.6 4 
Methanol 793 0.584 23.0 1 
Ethanol 789 1.190 22.0 10 

Methylene chloride 1320 0.423 27.2 4 
 
Among the examined liquids, methanol wets the ceramic matrix best, whereas 

ethanol penetrates the matrix the most slowly. In practice, the best wetting liquid is 
chosen on the basis of the highest value of rcos θ, so the ratio 2 2( )m tη ρ γ  should be 
the highest among the examined liquids (Ayala, 1987). 

Methanol has been chosen as the reference liquid for further experiments, and the 
contact angle was assumed as 0 degree (cos θ = 1). On this basis contact angles for 
ionic liquids were calculated (Table 7). 
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Table 7. Physicochemical properties and contact angles of ionic liquids at 298 K 

Liquid Viscosity 
[mPa·s] 

Surface tension 
[mN/m] 

Penetration time
[s] K* cosθ θ 

[deg] 

Metanol 0.58 23.0 1 reference 
liquid 1 – 

[EMIM][Tf2N] 32.6 32.6 45 40.1 0.892 27 
[BMIM][Tf2N] 48.1 30.8 70 61.4 0.878 29 
[HMIM][Tf2N] 70.0 32.6 99 84.6 0.854 31 
[EMIM][TfO] 40.4 37.8 45 42.1 0.935 21 
[BMIM][TfO] 74.3 34.7 94 84.3 0.897 26 

* K is the quotient of surface tension of methanol and viscosity of ionic liquid ratio and surface tension 
of ionic liquid and viscosity of methanol ratio. 
 
A graph of ceramic matrix wetting with [Tf2N] based ionic liquids is presented in 

Fig. 12. 
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Fig. 12. Square of mass vs. penetration time for [Tf2N] based ionic  

It can be seen that the time of penetration increases as the numbers of carbon atoms 
in alkyl chain in imidazolium cation increases. It is also confirmed with data obtained 
for ionic liquids with [TfO] as anion (Fig. 13). 

The best wetting is observed for [EMIM][TfO] and [BMIM][TfO] ~ 
[EMIM][Tf2N] > [BMIM][Tf2N] > [HMIM][Tf2N] respectively. Wettability of [Tf2N] 
based ionic liquids is as following: [EMIM] > [BMIM] > [HMIM]. Increasing num-
bers of carbon atoms in hydrocarbon chain of ILs leads to an increase of contact angle 
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Fig. 13. Square of mass vs. penetration time for [TfO] based ionic 

between ionic liquid and ceramic matrix, what is in correlation with the viscosity of 
ILs (the viscosity increases in the following order: [EMIM] < [BMIM] < [HMIM]). 
The dependence is observed for [TfO] based ionic liquids likewise. All of the values 
of contact angles are lower than 90 degree, so it can be concluded that the ceramic 
matrix is well wetted with examined ionic liquids and can be used as a membrane 
phase to obtain stable support for ionic liquid membranes. 

Conclusions 

In the present study, porous materials were prepared from glass powders by sintering 
at 700oC, with dextrin and borax as pore-making agents. The obtained porous materi-
als had different bulk density and total porosity. The porosity could be controlled by 
changing the particle size distribution, kind and amount of pore-forming agents, ap-
plied pressure on preparation stage and sintering temperature. The glass porous mate-
rials obtained with pure dextrin exhibited higher porosity, comparing with sodium 
tetraborate. The maximum total porosity was obtained for the following parameters: 
250–500 µm glass size fraction, the applied pressure 1 MPa, and sintering temperature 
700oC (softening point for this glass cullet). As a result, porous materials of over 60% 
total porosity were obtained. Applying this method allows to prepare porous mem-
branes which can be applied as supports for liquids. Moreover such supports are well 
wetted with commonly used ionic liquids. Due to this fact, formation of SILMs based 
on ceramic supports is reasonable by all means. Such membranes can be used in cata-
lytic processes (where ionic liquids are used as catalysts), biological filtration (due to 
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antiseptic properties of some ILs) or separation and purification processes (for exam-
ple separation of carbon dioxide from biogas).  
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Abstract: Sorption of nickel(II) and cadmium(II) ions from chloride solutions was tested. Three different 
strongly acidic cation exchangers, i.e. Lewatit MonoPlus SP 112, Amberlite 200C and Amberlyst 15, 
were used. Effects of phase contact time, pH and initial concentration of metal ions on equilibrium and 
kinetics of sorption by batch methods were studied. It was showed that sorption of Ni(II) and Cd(II) could 
be described by the pseudo-second order equation. Experimental results data were analyzed using the 
Langmuir and Freundlich isotherms. Sorption of Ni(II) and Cd(II) onto investigated resins followed the 
Langmuir isotherm. 

Keywords: sorption, nickel, cadmium, adsorption kinetics, adsorption isotherm 

Introduction 

Increasing industrialization can lead to several environmental problems. Heavy metals 
like Cd, Ni, Cr, Cu, Pb can contaminate groundwater, surface water or sea. They are 
harmful to life and became a serious public health problem. Heavy metals are non-
degradable substances, long standing, which can accumulate in the environment. 

There are many different methods of removal and recovery of metal ions from wa-
ter and wastewater. These methods include ion-exchange (Pehlivan and Altun, 2006; 
Gega and Otrembska, 2011), electrodepositon (Rudnik and Nikiel, 2007), precipita-
tion (Lewis, 2010; Provazi et al., 2011), flocculation (Dabrowski et al., 2004; 
Kurniawan et al., 2006), sorption (Lazaridis, 2003; Srivastava et al., 2008; Kilyushik 
et al., 2011), solvent extraction (Gega et al., 2010; Rodrigues and Mansur, 2010; 
Clegg et al., 2011), reverse osmosis (Qin et al., 2004), electrodialysis (Marder et al., 
2004) and membrane separation (Walkowiak et al., 2000; Gega et al., 2001; Pospiech 
and Walkowiak, 2007; Chaudhari and Murthy, 2010). Among these methods, the ion-

http://www.minproc.pwr.wroc.pl/journal/
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exchange is very popular and has been widely used for Ni(II) and Cd(II) removal 
(Dizge et al., 2009; Zainol and Nicol, 2009). It is based on replacement of ions be-
tween insoluble substance – ion exchange resin and aqueous phases. Resin releases 
ions like hydrogen or sodium to solution and binds metal ions without any structural 
change. After separation process attached heavy metals are recovered in a more con-
centrated form by elution with appropriate reagents. The physicochemical reaction 
which occur during nickel(II) and cadmium(II) removal can be presented as 
(Kurniawan et al., 2006): 

 2 2
3 32RSO Na M 2RSO M Na− + + − + ++ → +  

where 3RSO−  is the anionic group connected to the ion exchange resin, M2+ is Ni(II) 
or Cd(II) ion. 

In recent years, a number of commercial resins such as Amberlite IRC-748 (Lin et 
al., 2008), Amberlite IR-120 (Demirbas et al., 2005), Lewatit CNP 80 (Demirbas et 
al., 2005), Purolite S930 (Deepatana and Valix, 2008) have been used to remove 
heavy metals from aqueous solutions. In comparison with other common methods, 
ion-exchange provides a lot of advantages. Wide application of this method was 
caused by invention and use of new organic and inorganic exchangers. 

In this paper, the removal of Ni(II) and Cd(II) ions from chloride solutions using 
strongly acidic ion-exchange resins was investigated. The two main objectives of the 
study include: the study of the sorption mechanism of Ni(II) and Cd(II) ions on the 
resins under equilibrium conditions and the investigation of the kinetics characteris-
tics. The effectiveness of sorption was studied as a function of pH, initial nickel(II) 
and cadmium(II) concentration and contact time in a batch system. The experimental 
results were fitted to the Langmuir and Freundlich adsorption isotherm models and 
were analyzed on the basis of Lagergren pseudo-first order and pseudo-second order 
equations. 

Materials and methods 

Ion-exchange resins 
Commercial strongly acidic cation (SAC) exchange resins: Lewatit MonoPlus SP 112 
(Lanxess), Amberlite 200C, Amberlyst 15 (Rohm & Haas) in sodium form were used. 
The physical and chemical characteristic of the resins are given in Table 1. Wet forms 
of resins were used for experimental studies. 

Solution preparation and batch experiments 
Solutions of metal ions were prepared by dissolving an appropriate salt, i.e. nickel(II) 
chloride hexahydrate and cadmium(II) chloride hemipentahydrate in deionized water. 
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The pH was adjusted by the addition of appropriate volume of hydrochloric acid or 
sodium hydroxide solutions.  

Table 1. Characteristics of main properties of strongly cation exchanging resins  
(based on information from manufacturers) 

LewatitMonoPlus SP 112 Amberlite 200C Amberlyst 15 Characteristics 
Value 

Structure Macroporous Macroreticular Macroreticular 
Matrix* PS-DVB S-DVB S-DVB 
Functional group Sulfonic acid Sulfonic acid Sulfonic acid 
Ionic form as shipped Na+ Na+ H+ 
Total exchange capacity 1.7 val/dm3 ≥1.7 val/ dm3 5 val/kg 
Moisture content 53–55% 46–52% 10% 
Particle size 660 μm ±70 μm 600-850 μm 400–500 μm 
Temperature limitations 1–120°C 1–135°C 1–120°C 
* PS-DVB – polystyrene-divinylbenzene, S-DVB – styrene-divinylbenzene 

The sorption of nickel(II) and cadmium(II) onto resins was carried out by means of 
the batch method. The amount of 2.5 g of wet resin was contacted with 25 cm3 of the 
corresponding equimolar Ni(II) and Cd(II) solution for 30 minusing a laboratory 
shaker (WU-4, Premed). A mixture of the metal ions was used. Initial concentration of 
both ions was changed in the range from 0.1 mM to 100 mM. After shaking, the solu-
tion was separated from the resin by filtration, and concentration of ions was deter-
mined by atomic absorption spectrometry (SOLAAR 939) with an air/acetylene flame 
and the appropriate hollow cathode lamps.  

Data analysis 
The sorption ability of resins was estimated by means of recovery R (%), the amount 
of ions sorbed at specific time t, qt (mg/g) and sorption capacity SC (mval/g) which 
were calculated as follows: 

 0

0
100%eqc c

R
c
−

= ⋅  (1) 

 0 t
t

c cq V
w
−

=  (2) 

 0 2eqn n
SC

m
−

= ⋅  (3) 

where c0 and ceq are initial and equilibrium concentrations of nickel(II) and cad-
mium(II) ions, (mg/dm3), V is the volume of the solutions (dm3), w is exchanger 
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weight (g),n0 and neq are initial and equilibrium number of moles of metal ions (mole), 
m is amount of resin (g). Total SC was calculated as summarized sorption capacity for 
Ni(II) and for Cd(II).  

Results and discussion 

Effect of pH and initial metal ions concentration on Ni(II) and Cd(II) sorption 
from aqueous solution 
The pH of solution is a significant factor which controls the surface charge of the ad-
sorbent and ionization of the adsorbate in solution (Dizge et al., 2009). The influence 
of pH on the sorption of nickel(II) and cadmium(II) from chloride solution was inves-
tigated in the range of 0 to 5 and is shown in Fig. 1. The results indicate that very high 
recovery were obtained for all resins. Recovery factor was the lowest at pH = 0 and 
almost 100%, at pH = 2 and higher for both ions, separation of these ions was not 
possible. At pH = 0 some differences between sorption of Ni2+ and Cd2+ were ob-
served, what indicate possibilities of separation of both metal ions. Sorption at pH 
above 5 was not carried out to avoid any possible interference from metal precipitation 
in solution. 

 
Fig. 1. Recovery of Ni(II) and Cd(II) as a function of pH in ion-exchange processes.  

Initial concentration of ions: 10 mM, volume: 25 cm3, pH = 0–5, amount of resin: 2.5 g, time: 30 min 

Ion exchange is an equilibrium reaction that is dependent on the ionic concentra-
tions of various ions both inside and outside of resin bead. Effect of initial concentra-
tion of Ni(II) and Cd(II) ions in aqueous solution on their sorption have been also 
studied. The results are presented in Fig. 2. The amount of adsorbed metal ions is de-
pendent on the initial metal ion concentration. The calculated values of sorption capac-
ity (SC) show that the best results are obtained for Lewatit MonoPlus SP 112: 
(1.70 mval/g), and for Amberlite 200C (1.64 mval/g), the lowest for Amberlyst 15 
(0.97 mval/g). 
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a)                                                                                  b)       

        

 

Fig. 2. Effect of initial concentration of Ni(II) and Cd(II) ions on the sorption effectiveness.  
Ion exchangers: (a) Amberlite 200C, (b) Lewatit MonoPlus SP 112, (c) Amberlyst 15.  

Initial concentration of metal ions: 0.1 mM – 100 mM, volume of solution: 25 cm3,  
pH = 0–5, amount of resin: 2.5 g, time: 30 min 

Effect of agitation time on Ni(II) and Cd(II) sorption from chloride solution 
Effect of agitation time on nickel(II) and cadmium(II) sorption on investigated ion-
exchange resins has been studied. Figure 3 demonstrates that the amount of the ad-
sorbed metal ions onto SAC exchange resins increases with time. The sorption of 
Ni(II) and Cd(II) was rapid for the first 5 min and equilibrium was reached after 
20 min. Therefore, the period of 30 min was considered as the optimum time for all 
experiments presented in the paper. 

(c) 
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a)     b) 

             

 

Fig. 3. Kinetic studies of Ni2+ and Cd2+ sorption process on (a) Amberlite 200C, 
(b) Lewatit MonoPlus SP 112, (c) Amberlyst 15 at pH = 1. Experimental conditions – see Fig. 1. 

Kinetic modeling 
There are two very important factors decisive for resins application in metal ion sorp-
tion: sorbate–sorbent interaction and experimental conditions. In ion exchange, the 
moving of ions is controlled by either intraparticle diffusion or boundary layer diffu-
sion. The process of removing ions with and ion-exchange resin is followed by metal 
ions transfer from the bulk of the solution to a liquid thin layer which surrounds each 
resin particle, followed by diffusion of ions through liquid thin layer to the resin sur-
face, thereafter intraparticle diffusion of ions through resin channels proceed then 
cationic exchange occurs (Hamdaoui, 2009; Plazinski et al., 2009). In some cases the 
first step can be neglected in controlling the overall sorption rate, e.g. in very fast me-
chanical mixing of sorbate–sorbent system. The most popular equations used in analy-
sis of experimental results are the pseudo-first and pseudo-second order kinetic equa-
tions. 
Pseudo-first order model 
At the end of 19th century, Lagergren presented an empirical rate equation for adsorp-
tion of oxalic and malonic acid onto charcoal. It was the pseudo-first order kinetic 
equation which is called also the Lagergren equation and has been one of the most 

(c) 
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often used kinetic equations to date. In the paper published by Lagergren the pseudo-
first order kinetic equation was expressed as: 

 ( )dx k X x
dt

= −  (4) 

where X and x (mg/g) are the adsorption capacity at equilibrium and at time t and 
k(1/min) is the rate constant of the pseudo-first order kinetic equation (Yuh-Shan, 
2004). Today, the most popular form of this kinetic equation is: 

 1lg ( ) lg
2.303e t e

kq q q t− = −  (5) 

where qe is the amount of metal ions adsorbed per unit weight of adsorbent at equilib-
rium (mg/g), qt is the amount of metal ions (mg/g) adsorbed at specific time t and k1 
(1/min) is the rate constant. The value of k1 (1/min) was calculated from the slopes of 
the linear plot of lg(qe – qt) versus t. The higher k1 parameters indicate obtaining the 
equilibrium in shorter time. 
Pseudo-second order model 
The pseudo-second order model was proposed by Blanchard et al. (1984) to describe 
the kinetics of heavy metal ions removal by natural zeolites. This model is usually 
associated with the situation when the rate of direct adsorption/desorption process 
controls the overall sorption kinetics. The most frequently used form of the pseudo-
second order equation is the one presented by Ho (Ho et al., 1996; Ho and McKay, 
1999): 

 2
2

1 1

t ee

t t
q qk q

= +  (6) 

where k2 (g/(mg·min)) is the rate constant and can be determined from the plot of t/qt 
versus t. The initial sorption rate, h (mg/(g·min)), can be calculated by using following 
formula: 

 2
2 eh k q= . (7) 

Kinetic analysis 
The results which were subjected to the kinetic analysis were obtained by batch 
method and presented in Table 2. It was presented that correlation coefficient values 
of the pseudo-second order kinetic equation were higher than those of the pseudo-first 
order kinetic equation. Comparison of qe values from kinetic equations and experimen-
tal results was done. The qe values calculated from the pseudo-first order kinetic equa-
tion were meaningfully different than calculated from experiments as opposed to the 
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qe values calculated from the pseudo-second order kinetic equation. Based on the 
agreement of the calculated qe values with the experimental and high correlation coef-
ficients sorption of nickel(II) and cadmium(II) on the SAC resins presented in this 
work was best described by the pseudo-second order kinetic equation. As it was 
showed in Table 2 the highest initial sorption rate was for Lewatit MonoPlus SP 112. 
It was possible to order the SAC resins with the h value decreasing: Lewatit Mono-
Plus SP 112 > Amberlite 200C > Amberlyst 15.  

Isotherm modeling 
In order to supply information about surface properties, resin affinities for Ni(II) and 
Cd(II) equilibrium isotherm equations are used. In this study the equilibrium isotherms 
are described by the Langmuir and Freundlich equations. Linear regression was used 
to determine the best fitting isotherm.  

The best known and most widely applied adsorption isotherm is the Langmuir 
equation. The linearized Langmuir isotherm equation is: 

 
0 0

1e e

e

c c
q Q b Q

= +  (8) 

where ce is the equilibrium concentration of metal ions (mg/dm3), qe is the amount of 
metal ions adsorbed per unit mass of adsorbent at equilibrium (mg/g), Q0 (mg/g) and b 
(dm3/mg) are the Langmuir constants related with the monolayer sorption capacity and 
the free energy of sorption and can be calculated from the plot ce/qe versus ce. 

Table 2. Kinetic parameters comparison for SAC resins 

Experimental Calculated from kinetic equation 
Pseudo-first order Pseudo-second order Ion Resin 

qe 
qe k1 R2 qe k2 h R2 

Lewatit MonoPlus SP112 5.10 0.72 0.24 0.911 5.15 0.88 23.43 1.000 
Amberlite 200C 4.93 1.13 0.21 0.827 5.03 0.40 10.04 1.000 Ni(II) 
Amberlyst 15 5.06 2.02 0.21 0.950 5.22 0.23 6.33 1.000 

Lewatit MonoPlusSP112 10.26 3.94 0.27 0.992 10.49 0.17 18.54 1.000 
Amberlite 200C 10.17 5.00 0.16 0.945 10.61 0.07 7.83 1.000 Cd(II) 
Amberlyst 15 10.48 5.57 0.15 0.982 10.99 0.06 6.95 1.000 

qe(mg/g); k1(1/min); k2 (g/(mg·min)); h (mg/(g·min)) 

The dimensionless constant separation factor (RL) was also calculated. The RL pa-
rameter is defined as: 

 
0

1
1LR

bc
=

+
 (9) 
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where c0 is the initial concentration of the adsorbate (mg/dm3). The value of RL indi-
cates the shape of the isotherm: RL> 1 – unfavorable, RL = 1 – linear, 0 < RL < 1 – fa-
vorable, RL = 0 – irreversible (Bulut et al., 2008; Wołowicz and Hubicki, 2011). 

The Freundlich isotherm is used to describe the adsorption characteristics of the 
resin used in solutions. It is given in linear form by: 

 1ln ln lne F eq k c
n

= +  (10) 

where kF is the Freundlich constant connected with the sorption capacity of adsorbent 
(mg/g), 1/n is the Freundlich constant connected with the sorbent surface heterogene-
ity: 1/n = 0 – irreversible, 0 < 1/n < 1 – favorable, 1/n > 1 – unfavorable. Freundlich 
constants were calculated from the plot of ln qe versus ln ce. 

The Langmuir and Freundlich isotherm parameters values obtained for all resins 
are shown in Table 3.The values of determination coefficient of the Langmuir iso-
therm are higher than those calculated from Freundlich isotherm. This means that the 
Langmuir isotherm represents a better fit of the experimental data than the other one. 
The sorption data obtained for Lewatit MonoPlus SP 112 was compared with the 
course of the Langmuir and Freundlich isotherms and the results are shown in Fig. 4.  

 

Fig. 4. Fitting of Freundlich and Langmuir isotherms to the experimental data obtained  
for the Lewatit MonoPlus SP 112: a) cadmium(II), b) nickel(II) 

The Freundlich constant 1/n for all three resins was less than unity which means 
that the sorption of Ni(II) and Cd(II) ions is favorable. The Langmuir isotherm was 
found to be fitted with the determination coefficient in rage of 0.992 to 0.999. The 
maximum monolayer capacity Q0 was the highest for Amberlite 200C and it was 
34.20 mg/g for Ni(II) and 39.47 mg/g for Cd(II). The RL values (equilibrium parame-
ter) for both ions were found to be in the range from 0 to 1 for all resins. It confirmed 
that the sorption of nickel(II) and cadmium(II) was favorable. 
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Table 3. Adsorption isotherm parameters for adsorption of Ni(II) and Cd(II) on SAC resins 

Langmuir Freundlich 
Ion Resin 

Q0 b·103 R2 kF 1/n R2 
Lewatit MonoPlus SP112 33.73 1.06 0.997 0.41 0.54 0.933 

Amberlite 200C 34.20 6.56 0.992 0.38 0.66 0.919 Ni(II) 
Amberlyst 15 29.57 9.18 0.994 0.55 0.579 0.946 

Lewatit MonoPlus SP112 35.20 2.83 0.995 0.41 0.61 0.900 
Amberlite 200C 39.47 2.17 0.992 0.38 0.56 0.916 Cd(II) 
Amberlyst 15 28.10 5.50 0.999 0.43 0.52 0.874 

Q0 (mg/g); b (dm3/mg); kF (mg/g) 

Conclusions 

In this study, the potential of SAC exchange resins for nickel(II) and cadmium(II) 
sorption from chloride solutions was investigated. The amount of the adsorbed metal 
ions onto SAC exchange resins increases with time. The sorption process is fast. The 
experimental results show that 30 min is enough to reach the equilibrium. The amount 
of adsorbed ions is dependent on the initial metal ion concentration. The biggest sorp-
tion capacity (SC) was obtained for Lewatit MonoPlus SP 112: (1.70 mval/g), and for 
Amberlite 200C (1.64 mval/g), the lowest for Amberlyst 15 (0.97 mval/g).The main 
factor governing the effectiveness of sorption and separation of Ni(II) and Cd(II) is 
concentration of H+ in solution. To obtain separation of Ni(II) and Cd(II) appropriate 
pH of initial solution should be used (Gega and Otrembska, 2012). The recovery was 
the lowest at pH = 0, higher at pH = 1 and almost 100% at pH = 2 and higher for both 
ions. It was found that Ni(II) and Cd(II) sorption on Lewatit MonoPlus SP 112, Am-
berlite 200C and Amberlyst 15 was very well described by the Langmuir isotherm 
(monolayer model). The kinetics of adsorption of metal ions onto SAC resins was 
studied by using pseudo-first and pseudo-second order equations. For studied system, 
the pseudo-second order kinetic model showed the best correlation with the experi-
mental data. 
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Abstract: Fracturing technologies for shale gas production were developed mainly in the USA and are 
currently being adapted to geological conditions and environmental requirements in other countries. This 
paper presents literature on theoretical and practical aspects of gas production from shale with the empha-
sis placed on alternatives to hydraulic fracturing. Technical and environmental aspects of non-aqueous 
fracturing technologies are also considered. 

Key words: shale gas, hydraulic fracturing, unconventional gas resources, explosive fracturing 

Introduction 

Hydraulic fracturing (HF) is a widely used method for fracturing rock during natural 
gas production. It is based on pumping fracturing fluid which contains proppant and 
other additives in order to stimulate oil and gas formations. Despite of HF advance-
ment and its wide application in many world regions it is burdened with problems 
which need to be solved. Mentioned drawbacks consist of waste fluid management, 
investment costs, environmental costs, risk of surface and ground water contamination 
(USEPA, 2011), emission of methane and social disapproval/misunderstanding. All 
those shortcomings associated with HF resulted in developing new methods of shale 
gas production including fracturing with liquid carbon dioxide, carbon diox-
ide/nitrogen foams, and liquefied petroleum gas (LPG). 

The all listed methods are designed to maintain compatibility of fracturing fluid 
and clay minerals consisting of expanding smectite [Na0.3Al2(Si3.7Al0.3)O10(OH)2] and 
swelling illite [K0.7Al2(Si3.3Al0.7)O10(OH)2] (Ahn and Peacor, 1986). This approach 
allows to eliminate potential fracture closing by smectite and illite, which decides 
about fracturing quality and gas productivity on perforations or created fractures. 

http://www.minproc.pwr.wroc.pl/journal/
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As can be seen in Table 1, smectite has much greater surface area and CEC (cation-
exchange capacity) then illite, and for both of them those properties are more pro-
nounced than for other clay minerals like kaolinite and chlorite. CEC shows ability of 
clays to bond water. Greater CEC means that much more water can be trapped in the 
clay’s structure and clay’s swell or expansion will be greater. Expanding smectite 
(much) and swelling illite (less) cause troubles in shales so, we have an additional 
argument to search for technologies that do not use water as a base fluid (Lal, 1999). 

Table 1. Surface area and CEC of clay minerals  
(Eslinger and Pevear, 1988, after Martin and Dacy, 2004) 

Surface area 
[m2/g] Type of mineral 

Internal External Overall 

CEC 
[meq/100 g] 

Smectite 750 50 800 80–150 
Illite 5 15 30 10–40 

Kaolinite 0 15 15 1–10 
Chlorite 0 15 15 <10 

 
Mentioned above methods are similar to HF since they use fracturing fluids, thus 

arising many technological problems and hazards, both technical and environmental. 
An alternative is explosive/propellant fracturing technology (Snider et al., 1997) not 
requiring any fracturing fluid. Such pre-completion method stimulates the rock forma-
tion using a series of cumulative charges detonations in order to perforate the rock, 
and creates fractures with gases generated by burning high energy fuel – so called 
propellant. The main disadvantage is low range of occurring fractures, limiting per-
formance and permeability of the rock. Technology using explosives became a tool 
allowing low pressure hydraulic fracture opening instead of only perforator being 
used. This method of perforation is used with limited success in some shale in the 
USA and Canada. 

Technologies using non wetting fluid 

Liquid CO2 
Fracturing with carbon dioxide is a method patented in the early 80’s (Bullen and Lil-
lies, 1982). The method is well-established and has been repeatedly modified. Com-
monly used for dry fracturing in water-sensitive formations. It involves injecting sand 
with liquid carbon dioxide (CO2) as the carrier fluid of proppant without the addition 
of water or other auxiliary compounds. Proppant, in addition to naturally occurring 
sand grains is a man-made or specially engineered material, such as resin-coated sand 
or high-strength ceramic materials. CO2 on the surface is a liquid at a pressure of 
1.4 MPa and a temperature of –34.5°C. It uses specialized equipment to enable prop-
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pant added directly to liquid CO2 under these conditions on the surface. Liquid CO2 
viscosity is about 5 cP and therefore allows to increase viscosity to carry proppant in 
propagated fracture. After stabilization of temperature and pressure CO2 partly dis-
solves in residual water and liquid hydrocarbon deposits 

Biggest advantages of liquid CO2 fracturing are: the elimination of potential forma-
tion damage normally associated with fracturing fluids, very rapid clean-up and 
evaluation of the well following the stimulation (Lillies and King, 1982). The technol-
ogy has undergone many tests and improvements (Wright, 1998). By the end of the 
nineties of the twentieth century there were more than 1,200 successful CO2 fractur-
ings in Canada only. The technology was also used in the USA for Devonian shale in 
East Kentucky and West Pennsylvania, Texas and Colorado (Arnold, 1998). The re-
sults indicate, that the average gas production in some wells was as much as five-fold 
greater than the production from conventional HF treatments. If the wellhead pressure 
rapidly drops, CO2 in such conditions may result in ice formation in a form of “X-mas 
tree” and tubing which eventually restricts the gas flow. Therefore, it was decided to 
optimize the process by adding nitrogen to the CO2 gas which not only prevents ice 
build-up, but also reduces the cost of operating the well (Gupta et al, 1998). 

The main problem associated with CO2 or CO2/N2 gas mixture fracturing is their 
transport in the liquid state and storage in pressurized containers. In particular, the loss 
of CO2 to the atmosphere should be avoided because of eventual impact on global 
warming. CO2 fracturing keeps clays (smectite and illite) stabilized and prevents metal 
leaching and chemical interactions. Biggest successes in CO2 fracturing were recorded 
in Canada and in the former Soviet Union in late eighties (Luk and Grisdale, 1994). 

Nitrogen fracturing 
Using nitrogen for oil and gas recovery from deposits of hydrocarbons dates back to 
year 1960 (Petty et al. 1967). At the beginning, nitrogen was commonly used as auxil-
iary fluid in first shale gas production process. Technologies using nitrogen as a frac-
turing fluid were developed in late seventies (Freeman et al. 1983). Previous attempts 
to employ nitrogen focused mainly on foam fracturing (see subpart Foams)). The ini-
tial successes associated with the elimination of large quantities of liquid and replac-
ing them with gas did not eliminate all problems. The remaining amount of water and 
other additives were smaller, nevertheless, difficulties in the production process had 
occurred. 

Solutions using nitrogen for the extraction of gas from Devonian shale in Washing-
ton County, OH, USA, dealt with the part of these problems (Gottschling et al., 1985). 
Applied technologies are based on trucks delivering liquid nitrogen, which after heat-
ing changes into the gaseous state. As a gas, nitrogen is pumped from numerous 
sources and injected under the pressure of 24 MPa (3500 psi) in shallow wells. Ap-
proximately 60% of the volume used for this operation is a pure nitrogen gas without 
proppant, designed to produce fractures in the stimulated formation. The remaining 
40% is carrying 423–625 μm sand and is injected into the wellbore, where the sand 
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particles mixed with nitrogen were propagated into the fracture. During field tests 
270 m3 of nitrogen per hole were used. Further tests followed to determine optimal 
conditions for fracturing various rock formations.  

Another research on the application of nitrogen for rock fracturing using gas under 
high pressure was made by Lokhandwala and Jariwala (2005) who referred to many 
advantages both economical and ecological. Nitrogen as widely available and non 
expensive gas, reduces the cost of reservoir stimulation. It is an inert gas, therefore, it 
does not damage rock formation. Absence of water in the system excludes the possi-
bility of rock swelling. In addition lack of water eliminates the formation W/O emul-
sion which otherwise requires the use of additional chemicals. Ease of removal of gas 
favors the clean-up processes, and thus prepares the well after fracturing into produc-
tion. Gas can be removed easily and the clean-up process is fast. 

All mentioned advantages would promote the gaseous nitrogen fracturing to be 
world's best solution for production of hydrocarbons. However, placing the proppant 
in high velocity gas stream is problematic, as well as resulting erosion. The size and 
geometry of fractures created during initial fracturing caused problems with proppant 
deposition from the carrying gas. This technology is limited to shallow wells as a re-
sult of reduction of hydrostatic pressure that affects bottom hole treating pressure 
(BHTP). 

Foams 
Shale reservoirs fracturing using foams exists for over 30 years (Harris et al., 1988). It 
is a modification of hydraulic fracturing which depends upon exchange of part of liq-
uid with gas, usually nitrogen, rarely carbon dioxide (Chilingarian et al., 1989). The 
fracturing fluid consists of proppant, surfactants, and foam stabilizers. Chemicals are 
mixed with water and dispersed using gaseous nitrogen to create foam with various 
foam ratio (Gaydos and Harris, 1980). The advantage of using foams is less expanding 
smectite and swelling illite in comparison to HF. Unfortunately, it is not possible to 
totally eliminate clay swelling.  

There are also other advantages of using foam fracturing (Phillips et al., 1987): 
 foams have wide range of viscosities  
 high efficiency of return fracturing foam to the surface  
 less damage to the reservoir due to small volume of water remaining in the shales. 

The disadvantages of this technology are: 
 low proppant concentration in fluid  
 very high costs of foam fluid systems 
 less economical as compared to aqueous and oil-based fracturing fluids 
 difficult rheological characterization of foams (Reidenbach, 1986), 
 higher surface pumping pressure. 
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LPG fracturing 
One of the most promising alternatives to HF is LPG fracturing (Loree and Mesher, 
2007). LPG is applied as propane under high pressure in liquid form. LPG before the 
fracturing is gelled to allow the transport of proppant into the fracture. The main ad-
vantage of LPG for fracturing is to increase the productivity of the well. This is due to 
the different behavior of water and LPG in changed reservoir pressure. In the case of 
hydraulic fracturing, residual water in the narrow fracture is being held by closing 
fracture and capillary interactions. This causes a partial water block of the reservoir 
and reduces the gas flow. In the case of LPG, after pressure drop it changes the physi-
cal state from liquid to gas and freely flows through the fractures, without affecting 
smectite and illite (Taylor et al., 2005). Other advantages resulting from the use of 
LPG for fracturing include: 
 lower viscosity, density and surface tension of the fluid, which results in lower 

energy consumption during fracturing 
 full compatibility with reservoirs because LPG and hydrocarbons are mutually 

soluble, 
 smaller volume of chemicals added to the fracturing fluid 
 no fluid loss – possible 100% recover 
 sustainable, recyclable and more environmentally friendly then HF. It is because 

there is no water use in fracturing operation, fracturing fluid is inert to reservoir 
minerals and can be recycled during operations 

 numerous existing government and industry regulations and procedures about us-
ing LPG 

 gaseous LPG is more dense than air, so there is no risk to air contamination and 
impact on global warming. 

The use of LPG has its drawbacks: 
 investment costs are higher than for HF, because LPG is pumped into well at a very 

high pressure, and after each fracturing it has to be liquefied again 
 LPG must be stored in costly pressurize tanks (water in HF is stored in non-

pressure tanks or in natural outdoor pools) 
 LPG is explosive 
 LPG is more dense than air and fills up the ground cavities. 

These drawbacks cause LPG method has many opponents. especially in eco or-
ganizations. A letter to Commissioner of New York Department of Environmental 
Conservation was sent pertaining to LPG fracturing in New York to explore shale gas 
(Steven Russo et al., 2012). The views on the LPG fracturing negative impact on the 
environment were presented, followed by argument that it is against the law of New 
York. Unfortunately the sources refere to articles from newspapers and own specula-
tions having no scientific base. 

The greatest asset of LPG fracturing technology is its smaller environmental im-
pact. This is due to the lack of use of frac water almost no chemicals, and thus lesser 
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risk of environmental pollution due to flowbacks. So far, LPG fracturing has been 
used where it is prohibited to use water-based fracturing fluids, like in New Bruns-
wick, Canada (Le Blanc et al., 2011). However, due to cost and geological conditions, 
this method is not widespread.  

Explosive/propellant system – EPS 

Perforation with cumulative explosives and shale’s reservoir fracturing using explo-
sion gas under high pressure has been known for several decades (Howard, 1971). The 
technology using both explosives and rocket fuel to stimulate shale exists for more 
than 30 years and constantly is being improved (Gilliat et al., 1999). Stimulation using 
high pressure gases received from burning propellant is known for couple of years 
(Page and Miskimins, 2009). In the USA work on developing the system is undergo-
ing. Perforation, however, hardly exceeds 0.3–0.5 m (1.0–1.5 ft), reaching 0.7 m 
(2.3 ft) under some conditions. Such short range of perforation does not allow the 
above mentioned method to fully replace hydraulic fracturing in shale gas production. 
Today, the EPS is used for preliminary fracturing with effectiveness oscillating around 
5–10% due to ineffective flow control of gases generated during perforation. Perfora-
tion technology using propellant (rocket fuel) simultaneously for generating high pres-
sure gas is patent pending by one of the leading oil companies (Snider, 1997). It is 
used for low-range fracturing, mainly in sandstone formations in the vicinity of the 
reservoir water retention. It is commonly used for initiation of fracture in all perfora-
tion for HF. 

Currently used in the field Trade Mark systems are Stimgun, StimTube, Gasgun, 
Pulsefrac etc. and combined perforation/propellant, and propellant only for specific 
applications. Propellant is an explosive used to propel a projectile or missile, or to do 
other work by the expansion of high pressure gas produced by burning, e.g. rocket fuel 
(Bailey and Murray, 1989). The EPS has basic features of Stimgun and Gasgun with 
dramatically improved performance such as: 
 fracture length at given wellbore depth and bottom hole stimulation pressure 
 energized dual cumulated detonation 
 prolonging tip of perforation tunnel into the fracture 
 classic cumulated propellant impact and all direction fracture development  
 a new concept of shock reduction. 

The approach is considered as environmentally friendly for shale gas and oil frac-
turing solution for contributing to return on investment (ROI) at a new level. Fracture 
geometry monitoring will have range to be visible in tomography pictures. The major 
gas flow mechanism is to be from fracture, fracturing slippage and desorption. The 
EPS has no impact on formation fluid compatibility, wetability, formation heavy and 
light metal leaching, smectite expansion, illite swelling, formation frac stress devel-
opment (tilting) that locks up the perforation nor created fractures in HF. When full 
length is perforated with EPS with its limited frac entry compared to HF, the overall 
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gas production is expected to be close to HF performance where induced formation 
stress affects perforation opening for fracture. The EPS is considered as a fraction of 
costs of HF. 

Summary and final comments 

The current fracturing technology is applicable to specific areas with fluid sensitive 
shale. Based on current hydraulic fracturing performances in Poland, shale has certain 
volume of low density smectite clay that has tendency to absorb frac water and to ex-
pand. It may also have impact on observed tilting effect caused by massive frac fluid 
and proppant injection and reorientation of existing formation stress by increasing 
dramatically its value. Increased formation stress and shale expansion in contact with 
water may cause both soft shale layers to move and plug perforation and close some  
 

Table 2. Comparison of fracturing technologies (Krzysiek, 2012) 

Consideration Water 
Based 

N2  
Foam 

CO2 
Liquid 

N2 
Gas 

LPG 
Liquid 

EPS 

Environmentally friendly N N N Y N Y 
Fluid availability ? Y Y Y N - 
Fluid recycling Y Y ? N Y - 
Chemicals used Y Y ? ? ? N 
Reservoir compatibility ? ? Y Y Y Y 
Fracture creation Y Y Y Y Y Y 
Proppant carrying Y Y Y Y Y ? 
Recovery to pipeline N N N N Y N 
Heavy metals flowback Y Y N N N N 
Frac cost 1 >1* >>1* >>1* >>>1* <<1* 
Fluid left in formation Y Y N N N – 
Well clean up Y Y Y N N Instant 

production 
Frac geometry predictability N N N N N Y 
Tilting stress development Y Y Y Y Y N 
Zone water in flux risk 1 >1* >1* >1* >1* >>>1* 
Fracture length 1 >1* >1* >1* >1* >>1* 
Active flow frac perforation ? ? ? ? ? Y 
Fraced well performance 1 <1* <<1* <1* <<1* >1* 
Local road damage risk Y Y Y Y Y N 
Environmental risk Y Y Y Y Y Y 
NOx and CO2 in pumping Y Y Y Y Y N 
Return on investment 1 <1* <1* <1* <1* <<<1* 
Y – yes, N – no 
*Average data from field applied technology by Jan Krzysiek 
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fracture. Frequently, most of the perforation is inactive with extremely high frac initia-
tion pressure, sometimes beyond pump capacity. Production log time (PLT) may pre-
cisely define it, if it is run in hole. 

In non-aqueous fracturing technologies application of the EPS provides most cost-
effective and environmentally-friendly attention despite of lower production perform-
ance. EPS allows to expect that all perforations are productive and with sustained gas 
production level which may reach HF production performance at lower cost. It is pre-
ferred that EPS is being run on tubing conveyed perforator (TCP). 

Unit operations and features associated with discussed featuring technologies are 
summarized in Table 2.  
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Tomasz MARCINISZYN 

Institute of Physics, Wrocław University of Technology, Wybrzeże Wyspiańskiego 27, 50-370 Wrocław,  
Poland; tomasz.marciniszyn@pwr.wroc.pl 

Abstract: Results of dielectric spectroscopy of quartzite slate are presented. New type of a porous matrix 
based on quartzite schist was described. The matrix was filled by a ferroelectric TGS-crystal. The phase 
transition of the TGS bulk was shown to occur and compared with the phase transition of the component 
quartzite schist filled with TGS (QSM-TGS). The resonance phenomena in the QSM were shown and 
described from the point of view filled material.  

Key words: quartzite schist matrix, QSM, resonance 

Introduction  

Quartzite slates samples come from the Jeglowa mine located on the Strzelin Hills 
belonging to the foothills of the Sudety Block. Quartzite schists are situated about 15 
meters below the ground level under the layer of quartzite (Fig. 1). The quartzite 
schist and quartzite occurring in the foothills of the Sudety Block was discovered and 
described in the XIX century (Lehmann, 1885). Properties of quartzite schist were 
described in the paper of Chmura (1967). Quartzite schist contains mainly SiO2 (87–
99%), Al2O3+TiO2 (0.5–7%), Fe2O3 (0.1–2%), K2O (0.2–3%) and Na2O (0.02–1.5%), 
depending on the region of the Sudety Block and depth (Chmura, 1967). Density of 
quartzite schist equals 2.58–2.60 g/cm3. Quartzite schist has a wide range of effective 
porosity (open porosity), 0.5–9.3%, depending on depth (Chmura, 1967). 
Quartzite schist is a material with the temperature of the fire resistance T = 1580–
1710oC. In the twenty century quartzite was used mostly to build O.H. furnaces 
(Piech, 1999). Presently quartzite with quartzite schist is use in the construction in-
dustry (stone interior accessories, roads and so on). 

http://www.minproc.pwr.wroc.pl/journal/
http://en.wikipedia.org/wiki/Effective_porosity
http://en.wikipedia.org/wiki/Effective_porosity
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Fig. 1. Lithological profile of Jegłowa area vs depth 

The aim of this work is to study dielectric spectroscopy of the empty and embed-
ded with crystallites of tryglicine sulfate (TGS) quartzite schist matrix (QSM) and 
investigations of physical properties of this composite. The pores occurring in the 
quartzite schist matrix reduce the size of the introduced material. Embedded crystallite 
size reduction to nanocrystalline level results in surface effects domination which, in 
turns, starts to determine the physical properties of the material. There have been 
many theoretical and experimental studies on the size dependence of lattice dimen-
sions of such compounds (Wang et al., 2011; Sieradzki et al., 2010, 2011; Rysiakie-
wicz-Pasek et al., 2010). To the authors knowledge, there is no previously docu-
mented case describing the possibility to use natural material-quartzite schist as 
a matrix.  

The TGS has second order phase transition with the Curie point at 322 K. The TGS 
is applied to many applications such as infrared detectors, pyroelectric vidicon tubes 
operating at room temperature (Ashok et al., 2003; Balamurugan, et al., 2007). Addi-
tionally the TGS crystals are used in fabrication of capacitors, transducers and sensors.  

Sample preparation and experimental  

From the quartz schist, a cube of side 10 mm was prepared by cutting. Next the 
quartzite schist cube was heated at the high temperatures. After annealed, the matrix 
from the cube schist was developed. Precise chemical compositions of quartzite 
schist was determined using the XRF method and presented in the Table 1.  



 Unusual application of porous matrix made from quartzite schist 325 

Table 1. Chemical composition of quartzite schist 

 Compound Composition  
 [%] 

SiO2 88.8 
Al2O3 7.07 
Fe2O3 1.28 
CaO < 0.01 
MgO 0.26 
Cr2O3 0.04 
MnO 0.02 
K2O 2.27 
P2O5 < 0.01 
SO3 < 0.01 

Na2O < 0.01 
TiO2 0.23 

Spectral analysis 
(XRF) 

ZrO2 0.01 
 
The TGS was introduced into QSM as an aqueous solution. The QSM was soaked 

in the saturated aqueous TGS solution at 320 K for 3 hour. Then the sample was taken 
out and dried. The process was repeated twice. The QSM surfaces were polished 
mechanically to remove small TGS crystals. The quartzite schist matrix filled 
with the TGS was marked as QSM-TGS. 

To describe the properties of the quartzite schist matrix dielectric spectroscopy 
measurements of empty and filled with the TGS crystal matrix were performed. An 
automatic Novocontrol Alpha impedance analyzer in the frequency range from 101 to 
5·107 Hz and temperature from range from 273 to 360 K was used in the measure-
ments. 

Results  

Measurements in wide frequency range were performed at 293 K and 373 K. The fre-
quency dependence of the real part of permittivity for the QSM and QSM-TGS at 
293 K and at 373 K is shown in the Figs 2 a) and b), respectively. It is well visible that 
in both QSM and QSM-TGS at both measurement temperatures about 1.7·107 Hz 
permittivity rapidly increases. It can be explained by resonance phenomena, like in the 
case of quartzite (Marciniszyn et al., in press). The piezoelectric resonance in quartzite 
is caused by vibrations occurring inside SiO2 grains with average size of 0.15 mm. 
The value of the maximum of the real part of permittivity is twentyseven-fold much 
higher then for QSM in comparison to QSM–TGS at 293 K and twice higher than for 
QSM measured at 373 K. The difference in the value of permittivity of the empty ma-
trix at 293 K and 373 K can be caused by absorbed water. Additionally, the peak of 
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the real part of permittivity has become wider for QSM–TGS compared with QSM. 
The value of the peak of the real part of permittivity for QSM–TGS measured at 296 
K exhibits the same value as for measurement at 373 K, which confirmed a good fill-
ing of QSM.  
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Fig. 2. Frequency dependence of the real part of the dielectric permittivity  
for QSM–TGS and QSM at 293 K (a) and 373 K (b) 

To describe the influence of the matrix on the phase transition in TGS material di-
electric spectroscopy test at different temperatures for 1 kHz frequency was performed 
and the result are shown in Fig. 3. From Fig. 3 it is well visible that for the bulk of 
TGS the second phase transition occurs at 321 K. For the QSM–TGS the phase transi-
tion become less sharp and the peak of the real part of permittivity disappears. The 
temperature of the phase transition is difficult to estimate. The matrix also caused 
reduction in the value of permittivity of the filled material.  
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Fig. 3. The temperature dependence of the real part of the dielectric permittivity  

for TGS-bulk and QSM–TGS 

Conclusions 

In this paper dielectric spectroscopy of the empty and filled quartzite schist matrix was 
described. The resonance in QSM was shown. Filling material of QSM was crystalline 
TGS. It was shown that the filling material has significant influence on the resonance 
occurring in QSM. The TGS crystal introduced into matrix decreases the value of the 
maximum ε’(f) and made the resonance peak smooth when compared to the empty 
quartzite schist matrix. QSM has large potential as a basic material in which we can 
control the resonance peak by the filling material. Additionally, is possible to get 
QSM with different size of pores.  
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Abstract: Chalcopyrite concentrate from Hajar Mine, Morocco, was leached with nitro-fluosilicic acid 
leach solution. The pregnant leach solution obtained contained 19.3 g/dm3 Cu, 18.1 g/dm3 Fe, 4.5 g/dm3 
Zn and 0.03 g/dm3 Pb. Copper recovery from this pregnant leach liquor was performed by solvent extrac-
tion using Acorga M5397 diluted in Escaid 110. McCabe–Thiele distribution isotherms showed that at pH 
1.7 complete and selective copper extraction can be achieved with φo/φa =1.5/1 in 3 stages of extraction. 
Stripping of the loaded copper by treating the organic phases by a fresh sulphuric acid solution was easily 
realized. 

Keywords: Copper solvent extraction, solvent extraction selectivity, nitro-fluorosilic acid, AcorgaM5397 

Introduction 

Metal copper production from ores can be performed by two main methods: conven-
tional pyrometallurgical method (smelting/converting) and hydrometallurgical method 
(leaching followed by solvent extraction – electrowinning process, SX-EW) (Padilla et 
al., 2010).  

Since 1900, when the world production was less than 0.5 teragrams (Tg) (500 thou-
sand tonnes) world copper mining production has been growing by around 4% per 
year to reach nearly 16 Tg in 2009. SX‐EW production, virtually non‐existing before 
the 1960’s, reached nearly 3.3 Tg in 2009 according to International Copper Study 
Group (2010). The ore quality is of increasingly lower grade with poor physical rock 
quality and high impurity level (Helle et al., 2010). 

http://www.minproc.pwr.wroc.pl/journal/
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At the present pyrometallurgical route is the most frequently used technique to 
produce copper metal from chalcopyrite concentrates (Padilla et al., 2010; Habashi, 
2007). However, copper production by heap leaching combined with SX-EW has be-
come a gigantic operation (Habashi, 2007). According to Watling (2006), more than 
20% of refined copper is produced via hydrometallurgy. 

Other processes like bacterial leaching, roast-leach, chloride leaching, and pressure 
oxidation especially for dirty or low grade sulphide concentrates receive much more 
attention (Pradham et al., 2008; Dreisinger, 2004; Blazy and Jdid, 2002). However the 
importance of hydrometallurgical techniques involving SX - EW for recovery of cop-
per from oxides and also some sulphide ores is growing rapidly (International Copper 
Study Group, 2010). They had gained wide acceptance as one of the new tools of hy-
drometallurgy, and are becoming the key processes in copper hydrometallurgy.  

Copper solvent extraction from pregnant sulphuric acid leach solutions is wide-
spread commercially with the use of LIX reagents (Suttill, 1989; Arbiter and Fletcher, 
1994). It is also performed from chloride solutions in Cuprex process (Dalton et al., 
1991) and ammoniacal solutions using some LIX reagents as LIX 54, 26, 34, 622N... 
(Arbiter and Fletcher, 1994; Dalton et al., 1991; Yoshinari and Katsutoshi, 1988; Hen-
kel Corporation; Panigrahi et al., 2009).  

Chalcopyrite is the most abundant copper sulphide mineral and most refractory re-
garding chemical leaching as well as bioleaching (Koleini et al., 2010) and the leach-
ing of chalcopyrite remains the most difficult stage of the process. In the case of Hajar 
Mine copper concentrate, Morocco, leaching stage was performed using a complex 
acid leach medium, mixture of nitric acid and fluorosilicic acid (El Amari et al., 2000). 
Previous work performed by El Amari et al. (2006) showed that copper dissolution 
was non selective and the pregnant leach solution was rich in copper, iron, zinc and 
lead. In the case of this complex solution LIX 984 was efficient and selective in sepa-
ration of copper from Zn, Pb and Fe. 

For the purpose of the present study, copper solvent extraction was carried out on 
the same pregnant leach nitro-fluorosilicic acid solution as in previous work (El Amari 
et al., 2006), but using a modified nonylsalicyl aldoxime reagent (Acorga M5397) to 
evaluate its selectivity and loading capacity of copper. The copper loaded organic 
phases were then subjected to a stripping stage using a fresh sulphuric acid solution. 

Experimental 

Pregnant leach solution (PLS) used in this study was obtained by the treatment of a 
sample of copper concentrate from Hajar Mine (Morocco) in HNO3–H2SiF6 mixture. 
Leaching tests were carried out according to El Amari et al. (2000). Principal charac-
teristics of this solution are listed in Table 1. 



 Copper recovery from Chalcopyrite concentrate acid leach solutions by Acorga M5397 331 

Table 1. Characteristics of the feed solution (PLS) 

 pH Eh  
(mV/ENH) Cu (g/dm3) Zn (g/dm3) Fe (g/dm3) Pb (g/dm3) 

PLS 0.6 580 19.3 4.5 18.1 0.03 

Commercial extractant Acorga M5397, provided by ICI Specialty Chemicals, is a 
chelating agent belonging to the oximes family. It is a blend of 2hydroxy-5-nonyl-
salicylaldoxime, a long chain alcohol and a metallurgical grade diluent. Escaid 110 
was used for the dilution of the Acorga solvent in this study with. 

The equilibrium distribution of copper between the organic and aqueous phases 
was determined by mixing equal volumes (50 cm3) of the two phases by rapid stirring 
with magnetic stirrer. After each test both phases were separated and the concentration 
of the elements concerned (Cu, Fe, Pb and Zn) in the aqueous phase before and after 
extraction was determined by Inductive Coupled Plasma – Atomic Emission Spectros-
copy (ICP-AES, to determine the rate of their recovery. Metal content in the organic 
phase was determined from the mass balance. 

Results and discussion 

To determine the effect of the most significant parameters governing the solvent ex-
traction, namely: pH of the solution, the kinetics of the extraction, and extractant con-
centration in the solvent, the experiments were carried out at ambient temperature and 
atmospheric pressure, with organic phase (φo) to aqueous phase (φa) volume ratio of 
1/1 (φo/φa = 1/1). The leach solution was rich in various metals. The concern of the 
study was to recover selectively copper, keeping the other elements in the initial PLS 
solution. The distribution isotherms of copper were established according to McCabe–
Thiele diagrams that permit the determination of the theoretical number of counter-
current stages of extraction.  

The copper re-extraction from the loaded organic phase was carried out by a sul-
phuric acid solution. The studied parameters are the acid concentration of the stripping 
solution, the re-extraction kinetics and the φo/φa volume ratio. 

Copper extraction from PLS 
Effect of extractant concentration  
Varying the concentration of the extractant in Escaid between 5 and 20% by volume, 
and keeping constant the other operational parameters: 15 minutes of contacting 
time, φo/φa = 1/1 and ambient temperature, the dependence of percentage extraction 
of copper on extractant concentration was established (Fig. 1). The results show the 
high extraction capacity of Acorga M5397 and the increases in the recovery of cop-
per with extractant concentration. In spite of this good extraction capacity, the cop-
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per distribution coefficient of 0.63 seems to be less important because of high con-
centration of this element in the initial aqueous solution. In the case of PLS Acorga 
M5397 is also very selective toward separation of copper from iron and zinc. Coex-
traction of lead reached about 17% at this Acorga concentration value. This could be 
due to the small concentration of lead in PLS. Taking into account lead/copper con-
centration ratio in PLS (less than 0.2%) one can neglect this coextraction. Loaded 
organic phase in these conditions contains 7.47g/L Cu and 5 mg/L Pb.  

The rest of the experiments were performed at the extractant concentration of 
20 vol%. 
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Fig. 1. Effect of concentration of Acorga M5397 on the copper extraction  

from PLS (19.3 g/ dm3 Cu) at pH = 0.6 and φo/φa = 1/1 

Kinetics of extraction  
The results presented in Fig. 2 were obtained at the concentration of the extractant of 
20%, ambient temperature, φo/φa of 1/1, and the contact time varying from 2 to 15 
minutes. Extraction reached the equilibrium in 10 minutes. The rate of extraction of 
copper amounted to about 38%. Iron and zinc remained in aqueous phase confirming 
the high selectivity of Acorga M5397 toward these elements. Lead was coextracted at 
the level of 15%.  
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Fig. 2. Kinetics of copper extraction from PLS (19.3 g/L Cu)  
by Acorga M5397 20% at pH = 0.6 and φo/φa = 1/1 

Effect of Organic/Aqueous ratio 
The effect of φo/φa ratio was studied by varying the φo/φa from 1/2 to 10/1, with 20% 
Acorga M5397 (v/v) in Escaid 110, contact time 10 min and pH of 0.6. Results, listed 
in Table 2, suggest a decrease in copper rafinate with increase of φo/φa. Coextraction 
of iron and zinc did not exceed 3%. Coextraction of lead reached 43% for φo/φa of 
10/1. 

Table 2. Concentration of metals in raffinate (φa) and of Cu in the organic phase (φo)  
during extraction of copper with Acorga M5397 (pH 0.6) 

 φa in equilibrium φo in equilibrium 
φo/φa ratio Cu (g/dm3) Fe (g/dm3) Zn (g/dm3) Pb (g/dm3) Cu (g/dm3) 

Feed 19.30 18.10 4.50 0.03  
1/2 14.66 18.02 4.42 0.019 9.22 
1/1 11.80 18.04 4.50 0.025 7.47 
2/1 7.78 18.10 4.33 0.022 5.745 
3/1 5.86 18.10 4.48 0.020 4.47 
5/1 4.02 17.98 4.46 0.026 3.05 
10/1 2.24 17.55 4.37 0.017 1.703 

Based on data of Table 2, the McCabe–Thiele copper distribution isotherm (Fig. 3) 
shows that in such a very acidic solution more than 6 extraction counter-current stages 
with a φo/φa of 2/1 are necessary to recover 88% of copper from the PLS. 
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Fig. 3. The McCabe–Thiele diagram for copper extraction from PLS (19.3 g/dm3 Cu)  
with Acorga M5397 20% at φo/φa = 2/1 and pH = 0.6 

According to the extraction and re-extraction mechanisms by oximes reagents, 
given by Rao et al. (2000) and Kitobo et al. (2010), it appears that pH of the solution 
is one of the most significant parameters controlling the extraction and the re-
extraction of the metal ions. 

 [2R-H]org + [M2+ + SO4
2-]aq = [R2M]org + [2H+ + SO4

2-]aq 

where:  M2+ – metallic ion in aqueous solution, 
[2R-H]org – extractant dissolved in the organic phase, 
[R2M]org – charged metal organic complex dissolved in the organic phase. 

The extraction coefficient can be determined as: 

 log E = log k + 2 log [HR]org + 2 pH 

where k is the equilibrium constant. 
To improve the copper extraction pH of the solution was adjusted to 1.7 by adding 

of NH4OH to 28% by volume. This pH adjustment leads to the composition of the 
solution listed in Table 3. The decrease of Cu, Zn, Fe and Pb in the final solution is 
due to the formation of a white precipitate (El Amari et al., 2006).  

Table 3. Characteristics of aqueous feed solution (PLS) after pH readjustment 

 pH Eh (mV/ENH) Cu (g/dm3) Zn (g/dm3) Fe (g/dm3) Pb (g/dm3L) 

PLS 1.7 506 16.28 3.92 16.15 0.027 
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The effect of φo/φa ratio on this solution is presented in Table 4. Compared with 
those obtained in the case of PLS at pH = 0.6, the distribution coefficient of copper 
was improved, reaching 1.63 with the increase of copper loading capacity of Acorga 
M5397 by a factor of about 1.4 (for φo/φa 1/1). Extraction rates of iron and zinc did not 
change confirming the high selectivity with respect to copper. Extraction of lead 
reached 15%.  

Table 4. Concentration of metals in raffinate (φa) and of Cu in organic phase (φo)  
during extraction of copper with Acorga M5397 (pH 1.7) 

 φa in equilibrium φo in equilibrium 

φo/φa ratio Cu (g/dm3) Fe (g/dm3) Zn (g/dm3) Pb (g/dm3L) Cu (g/dm3) 

Feed 16.28 16.15 3.92 0.027  
1/2 10.47 15.76 3.87 0.027 11.62 
1/1 6.18 16.03 3.92 0.023 10.10 
2/1 1.67 16.15 3.92 0.027 7.31 
3/1 0.69 16.15 3.92 0.024 5.20 
5/1 0.32 16.15 3.92 0.024 3.19 
10/1 0.13 15.90 3.92 0.024 1.62 

The distribution isotherm, measured under the same conditions of the solution but 
at pH = 1.7 (Fig. 4) from data ofTable 4 shows that one can theoretically exhaust the 
solution in three counter-current stages by Acorga M5397 20% v/v using φo/φa of 
1.5/1. In two stages 94% of copper could be recovered, the residual content of copper 
is less than 1 g/dm3. 
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Fig. 4. The McCabe–Thiele diagram for copper extraction from PLS (16.28 g/dm3 Cu)  

with Acorga M5397 20% at φo/φa = 1.5/1 and pH = 1.7 
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Stripping of copper loaded Acorga M5397  
Copper stripping was studied on organic phase charged by contact with the aqueous 
phase at pH of 1.7, φo/φa = 1/1, 15 minutes of contact time, ambient temperature, at-
mospheric pressure and 20% Acorga M5397 (v/v) concentration. The loaded organic 
phase contained 9.74 g/dm3.  

At this stage of the study the stripping solution was made of sulphuric acid which 
is mostly used for the recovery of copper from oximes, and in which the recovery of 
copper by electrolysis is the conventional technique applied in the hydrometallurgy.  

The variable parameters of the study were the concentration of the stripping solu-
tion, the kinetics of copper recovery and the φo/φa volume ratio. The constant parame-
ters were the ambient temperature and the atmospheric pressure. 

Tests were carried out with the variable concentration of the fresh sulphuric acid 
solution (0.5 M to 2 M), φo/φa = 1/1 and the contact time of 20 minutes. From the re-
sults presented in Fig. 5 one can deduce that copper recovery from the organic phase 
charged with 9.74 g/dm3 is complete only when the concentration of sulphuric acid 
reaches 2 M. Then, the kinetics of copper recovery was determined by varying the 
time of contact between 2 and 20 minutes, and fixing φo/φa to 1/1. Figure 6 highlights 
relatively fast kinetics for the copper stripping. For an equilibrium time of approxi-
mately 10 minutes one re-extracts 98% Cu.  
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Fig. 5. Effect of H2SO4 concentration on copper stripping from loaded organic phase 
 of Acorga M5397 (9.74 g/L Cu), φo/φa = 1, contact time 20 min 
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Figure 6. Kinetics of copper stripping from loaded organic phase  
of Acorga M5397 (9.74 g/dm3 Cu) at φo/φa = 1; 2M H2SO4 

The effect of the variation of φo/φa, ranging between 0.5 and 3 was studied by 
working at a contact time of 10 minutes and 2 M H2SO4. Results are presented in Ta-
ble 5. It can be seen that one can extract in only one contact stage all copper, when the 
φo/φa is between 0.5 and 1/1, with the corresponding copper contents in aqueous solu-
tions attaining 4.88 g/dm3 and 9.75 g/dm3, respectively. With a high φo/φa (3/1) one 
can re-extract only 70% Cu in a single contact stage, but aqueous solution is more 
enriched in copper (20.42 g/dm3).  

Table 5. Concentration of copper in the raffinate (φa) and in the organic phase (φo)  
during stripping with Acorga M5397 (pH 1.7) 

 φa in equilibrium φo in Equilibrium 
φo/φa ratio Cu (g/ dm3) Cu (g/ dm3) 

Feed  9.74 
1/2 4.88 0 
1/1 9.74 0 
2/1 15.32 2.08 
3/1 20.42 2.93 

The plot of the Mc Cabe–Thiele diagrams (Fig. 7) from the data of Table 5 shows 
that by operating copper stripping at counter-current with a φo/φa of 3/1, total recovery 
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of copper can theoretically be reached in 3 stages of re-extraction. The obtained aque-
ous phase contains about 29 g/dm3 Cu. 
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Figure 7. The McCabe–Thiele diagram for copper stripping from loaded organic phase  
of Acorga M5397 (9.74 g/L Cu) at φo/φa = 3 

Conclusions  

The complexity of the pregnant leach nitro-fluorosilic acid solution, obtained from the 
Hajar Mine Copper concentrate, is due to the difficulty of dissolving chalcopyrite by 
conventional agents. The good dissolution rates obtained by this leaching agent are 
affected by the weak selectivity toward copper (iron, zinc and lead are also leached). 
Nevertheless, the use of Acorga M5397 to extract selectively copper was effective. 
Coextraction of lead was noted, but can be neglected taking into account the 
lead/copper concentration ratio in the PLS (less than 0.2%). 

Loading extractant capacity was improved by increasing the pH of the PLS. Com-
pared to LIX 984, which belongs to the same solvent family, and used under the same 
conditions by El Amari et al. (2006), loading capacity of Acorga M5397 was higher 
without being less selective.  

With pH 0.6, copper exhaustion of the solution by counter-current extraction re-
quires more than 6 stages, whereas with a solution pH of pH 1.7, 94% of initial copper 
in the PLS could be recovered in only two counter–current extraction stages with 
Acorga M5397. The total extraction could be achieved in three stages. 



 Copper recovery from Chalcopyrite concentrate acid leach solutions by Acorga M5397 339 

The recovery of the copper contained in loaded organic phase Acorga M5397 was 
easily performed by sulphuric acid solution (2M H2SO4), allowing to obtain concen-
trated copper solution for electrowinning.  
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Abstract: This paper presents the analysis of the batch flotation with regard to the size of the floated 
particles with coal as an example. Empirical studies were conducted on samples of bituminous coal from 
the Jankowice coal mine (33 type in Polish classification). Experimental includes fractional flotation of 
coal samples with various particle size, the float and sink analysis of flotation products and determination 
the ash content in each flotation and densimetric fractions. The evaluation of flotational upgrade was 
based on the partition curve and value of heterogeneity index (standard deviation) with the division into 
concentrate and tailings as a measure of flotation efficiency. From the partition curve, partition size, 
which is assumed in flotation as the maximum size of floatable particles under the given physicochemical 
conditions, was calculated. On the basis of float and sink analyses, it was found that floated particles are 
particles with hydrophobic properties corresponding to the density (related to the mineral matter content) 
below 1.6 Mg/m3. In this connection, the probability of detachment of a particle from a given particle size 
fractions, was calculated as a relation between the mass of particles with the density below 1.6 Mg/m3 in 
tailings and the mass of particles with this density in the feed. With the increase in particle size, the de-
gree of heterogeneity increases and reaches the maximum value for particle size fractions 0.315–0.4 mm, 
then decreases for larger particles. The characteristics of the dependence of the degree of heterogeneity on 
particle size is analogous as in many flotation processes – the dependence of the flotation rate constant 
flotation on particle size.  

Key words: flotation, float and sink analysis, probability of detachment, indices flotation processing 

Introduction 

Flotation is the most common and widely accepted method of enrichment of fine coal 
below 0.5 mm and even below 1 mm. This method has been used to enrich several 
million tones of coking and power coal in Poland.  

Coal is a heterogeneous material of two kinds. The petrographic composition and 
content of mineral matter cause changes in particle hydrophobic properties, and actu-

http://www.minproc.pwr.wroc.pl/journal/
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ally generate their distribution. The organic coal matter has hydrophobic properties, 
while the degree of hydrophobicity, measured by the contact angle, varies with the 
maceral composition. The components of the mineral matter, however, are hydro-
philic. With the increase in the coverage rate of the particle by the mineral matter, the 
contact angle, the value of which depends also on the degree of surface roughness and 
the presence of microcracks, decreases. The relation between volume and surface 
properties for coal was proved and described with the use of deterministic and stochas-
tic models of batch flotation (Brożek and Młynarczykowska, 2006, 2007, 2009).  

The flotometric equation is also known which is based on the balances of forces 
acting in the three-phase particle-air bubble-liquid system, solved only numerically at 
the moment of particle detachment. This equation in the form of polynomial of 3rd 
degree has been presented as a trigonometric function with only one solution. The 
team of Drzymala (Watanabe et al., 2011) presented the analytical form of an equa-
tion, connecting the maximum size of floating particle and its hydrophobicity, ex-
pressed as a contact angle. 

A significant aspect in flotation upgrading is constituted by the analysis of elemen-
tary phenomena occurring at phase boundaries, which have a decisive effect upon the 
process effectiveness. These problems have been widely described in the literature 
(Hukki, 1953; Kelsall, 1960; Bogdanov et al., 1964; Laskowski and Iskra, 1970; 
Woodburn et al., 1971; Bartlett and Mular, 1974; Jiang and Holtham, 1986; Flynn, 
1987; Laskowski et al., 1991; Jiang. 1991; Laskowski, 2002; Vianna et al., 2003; 
Honaker and Ozsever, 2003). 

A variable content of useful component, especially in the ores upgraded by flota-
tion, requires deep milling for liberation of the minerals. Flotation comprises very fine 
particles (from a few to several tens microns) which, in given physicochemical and 
hydrodynamic conditions, either are able to make up a stable flotation aggregate or are 
taken by the rotating medium and are mechanically transported into the concentrate. In 
numerous works concerning both ores and coal the authors are still trying to describe 
the effect of the finest particles upon upgrading effectiveness, both theoretically and 
technologically. They are explaining the mechanisms which determine forming of 
flotation aggregates, simultaneously setting the limits of particle sizes which are sub-
jected to classical flotation (De Bruyn and Modi, 1956; Collins and Jameson, 1976; 
Trahar and Warren, 1976; Scheludko et al., 1976; Bustamante and Warren, 1983; 
Crawford and Ralston, 1988; Drzymala, 1994a; 1994b; Malysa, 2000; Miettinen et al., 
2010; Kowalczuk et al., 2011; Chipfunhu et al., 2011).  

The analysis of the effect of particle size on flotation properties of coal in the batch 
flotation process is presented in this article. 

The use of partition curves for the analysis of enrichment results is a common 
method of the separation accuracy evaluation and parameters calculated on the basis 
of those curves are the indicator of separation devices' quality.  

Flotation enrichment in a machine with mechanical agitation of flotation pulp, oc-
curs inherently in turbulent conditions (Mika and Fuerstenau, 1968).  



 An analysis of effect of particle size on batch flotation of coal 343 

Such a regime of separation leads to the phenomenon of particle detachment and 
transition the rules of useful components to tailings. In connection with this, the sepa-
ration process is subject to the probability calculus. The statistical character of the 
separation process is expressed numerically by the partition function and its graphical 
representation – the partition curve (Tromp’s curve), determining the probability of 
finding a particle with specific properties occurring in a given separation product.  

The separation efficiency in industrial practice as said above, is measured by prob-
able error. In flotation conditions the value of probable error depends on factors re-
lated to physical and physicochemical properties of particles, flotation machine char-
acteristics and parameters related to the reagent regime in the flotation chamber.  

The consequence of particle scattering is consist in their transition to improper 
products and this fact depends on the relation between forces acting on each particle. 
These comprise forces facilitating particle detachment from the air bubble and the 
particle adhesion force to an air bubble. 

The partition number (recovery) for particles of the cell product (tailings) is ex-
pressed by the following formula:  

 k

k p

nT
n n

=
+

 (1) 

where: nk – the number of floatable particles of a narrow size fraction with given flota-
tion properties occurring in the cell product, np – the number of particles with given 
flotation properties occurring in the froth product.  

Formula (1) presents a fraction of the total number of floatable particles with given 
flotation properties which remained in a cell science they were subject to detachment. 
It may also determine the probability of a particle to occur in the cell product (tail-
ings). This probability is equivalent to the probability of particle detachment from an 
air bubble, so in the case of flotation the partition number for tailings is the probability 
of particle detachment from the air bubble.  

The analysis of the effect of particle sizes, on flotation properties of coal in the 
batch flotation process is presented in this article.  

Empirical studies were conducted on samples of bituminous coal from the Janko-
wice coal mine (33 type in Polish classification). They include performing fractional 
flotation of the raw material samples with various particle size, the float and sink 
analysis of separation products and determination of the ash content in all density frac-
tions.  

The evaluation of the enrichment process was based on the partition curve and the 
value of heterogeneity index (standard deviation) with the splitting into the concen-
trate and tailings. 
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Experimental 

Method of samples preparation  
The coal sample was crushed in two stages, at first in a jaw crusher and then in a roll 
crusher to the particle size below 0.63 mm. The purpose of such a method of crushing 
was to limit the yield of the finest particles, below 0,1 mm, in the crushing product. 
The obtained crushing product was sieved to obtain the following size fractions: 0.1–
0.2 mm, 0.2–0.315 mm, 0.315–0.4 mm, 0.4–0.5 mm and 0.5–0.63 mm. A sample with 
a wide range of particle sizes of 0.1–0.63 mm was made up from the narrow size frac-
tions and with equal weight yield of respective size fractions in order to determine the 
degree of independence of the narrow particle size flotation process. The ash content 
was determined in all samples. Each sample was washed on a screen 0.063 mm before 
flotation in order to remove fine dust which could have affected the flotation results.  

Fractional flotation  
Flotation tests were carried out in a Denver type mechanical flotation machine with 
flotation cell volume of 1 dm3. n-hexanol was used as a collecting-frothmaking re-
agent. It does not change pulp pH but only reduces the surface tension on the gas–
liquid phases boundary, increasing at the same time air dispersion in the suspension. 
Also the adsorption of alcohol occurs on the surface of air bubbles which ensures their 
stabilization and prevents coalescence (Malysa, 2000; Krzan and Malysa, 2002). 
A solution with concentration of 0.08 g/dm3 of hexanol was prepared. The solids con-
tent of 80 g in 1 dm3 of the flotation suspension, is equivalent to the consumption of 
the reagent in the amount of 1000 g per 1 Mg of dry feed. Low concentration of flota-
tion pulp was kept because of practical reasons because favourable coal flotation re-
sults can be achieved at low pulp density (Sablik, 1998).  

A sample with the mass of 80 g was moistened in 1 dm3 of solution in the flotation 
cell for 15 minutes, with the impeller off. Then the suspension was agitated for 5 min-
utes without the air inflow to the flotation cell, which facilitated better reagent adsorp-
tion on the surface of floated particles. After turning the air inflow on, fractional flota-
tion was conducted, gathering subsequent fractions of the froth product for: 15 s, 15 s, 
30 s, 60 s and 60 s. Total flotation time was equal to 180 s (up to white froth). The 
tailings product comprised the remains in the flotation cell.  

Flotation of all six samples was conducted in the same conditions. The ash content 
was determined in flotation products.  

Float an sink analysis of flotation products  
All products of fraction flotation were subject to the float and sink analysis in carbon 
tetrachloride solutions were performed. The liquid maximum density was equal to the 
density of pure CCl4, that is 1.60 Mg/m3. Lower values of liquid density; 1.35 and 
1.225 Mg/m3, were obtained by dilution with anhydrous ethyl alcohol. The choice of 
liquid density was conditioned by the mass of the obtained densimetric fractions in 
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each flotation product, which should be large enough to enable the ash content deter-
mination. The lowest particle density was equal to 1.20 Mg/m3, because all particles 
a in the liquid to occur such density. In the fraction with density higher than 1.60 
Mg/m3, the average density of particles was determined by the pycnometer method, 
the values of which were given in the brackets. The ash content was determined in all 
densimetric fractions. 

Results and discussion  

Flotation kinetics  
The fractional flotation results are presented in Table 1, in which the cumulative 
yields, the ash contents in the fractions and coordinates of the upgrading curve are 
concentrate grade θ, tailings grade β, recovery combustible and volatile matter in the 
concentrate ε and ash recovery in tailings ε’ (Figs 1–6). 

Flotation kinetic curves of the tested size fractions are illustrated in Fig. 7. Their 
analysis indicates that for all size fractions, apart from the largest size fraction (0.5–
0.63 mm), in the time interval from 0 to about 20 s, the flotation kinetics proceeds 
according to the ½ order kinetics equation (Bogdanov 1959, Brozek and Mly-
narczykowska, 2006). With the increase in flotation time, the order of flotation kinet-
ics increases (Pogorelyj, 1962). It can be the sum of orders of kinetics ½ and 1 or ½ 
and 3/2. For the size fraction 0.5–0.63 mm, most probably it is a sum of orders of ki-
netics ½ and 3/2 in the whole flotation time interval. The ½ order kinetic curve is rep-
resented by a sector of parabola. The limit of the derivative of the function of the con-
centrate yield dependence to time γk(t) = R(t), for the ½ order kinetics is equal to (Bro-
zek and Mlynarczykowska, 2007): 

 
0

lim
t o

dR k
dt C→

=  (2) 

where: R – recovery of flotation, k – flotation rate constant of the ½ order, C0 – the 
initial concentration of particles under flotation in the flotation cell, t – time of flota-
tion. 

The limit of the derivative, given by equation (2), presents the slope of the flotation 
kinetics curve at the point t = 0. As it can be seen from Fig. 7, the slope of the flotation 
kinetics of the initial time of flotation decreases with the increase of particle size. Re-
spectively for the constant value of the solids concentration in suspension Co = const. 
(80 g/dcm3 = 0.074), with a decreasing slope of the function R(t) at the point t = 0, the 
flotation rate constant for the ½ order kinetics decreases with the increase of particle 
size. 

The exact determination of the kinetics equations, including the flotation of order 
changes during the process, will be subject to separate discussions and publication.  
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Table 1. The results of fractional flotation and indices of flotation upgrading  

Particle 
size  

Flotation
time  

Ash 
A  ∑ γ ↓ θ ∑ γ ↑ β  ε'  ε  σ0 σth σ0/σth 

[mm] 

Produkt 
name  

[s] [%] [%] [%] [%]  [%] [%] [%] [–] [–] [–] 
K1 15 12.40 32.06 12.4 100 37.93 100 45.24
K2 30 17.01 41.39 13.44 67.94 49.97 89.52 57.72
K3 60 19.85 49.90 14.53 58.61 55.22 85.33 68.70
K4 120 28.81 57.03 16.32 50.10 61.22 80.88 76.87
K5 180 53.66 59.93 18.13 42.97 66.60 75.46 79.04

Tailings   67.53 100 37.93 40.07 67.53 71.35 100 

0.237 0.604 0.39 

0.
1–

0.
63

 

Feed     100              
K1 15 7.99 11.37 7.99 100 33.51 100 15.73
K2 30 6.91 17.61 7.61 88.63 36.79 97.29 24.47
K3 60 10.71 24.36 8.47 82.39 39.05 96.00 33.53
K4 120 11.08 31.78 9.08 75.64 41.58 93.85 43.46
K5 180 12.22 36.45 9.48 68.22 44.90 91.39 49.62

Tailings   47.3 100 33.51 63.55 47.30 89.69 100 

0.161 0.472 0.34 

0.
5–

0.
63

 

Feed     100              
K1 15 8.17 23.3 8.17 100 42.16 100 36.99
K2 30 13.01 30.93 9.36 76.70 52.48 95.49 48.47
K3 60 16.49 38.97 10.83 69.07 56.84 93.13 60.07
K4 120 22.73 45.33 12.50 61.03 62.16 89.99 68.57
K5 180 36.25 49.20 14.37 54.67 66.74 86.56 72.84

Tailings   69.07 100 42.16 50.80 69.07 83.23 100 

0.273 0.635 0.43 

0.
4–

0.
5 

Feed     100              
K1 15 10.47 32.69 10.47 100 40.14 100 48.89
K2 30 17.67 42.62 12.14 67.31 54.56 91.48 62.55
K3 60 20.00 51.64 13.52 57.38 60.94 87.11 74.62
K4 120 32.08 58.49 15.69 48.36 68.58 82.61 82.39
K5 180 50.58 61.60 17.45 41.51 74.61 77.14 84.96

Tailings   76.55 100 40.14 38.40 76.55 73.22 100 

0.287 0.632 0.45 

0.
31

5–
0.

4 

Feed     100              
K1 15 12.60 45.47 12.60 100 37.36 100 63.43
K2 30 23.84 56.56 14.81 54.53 57.99 84.66 76.92
K3 60 31.92 65.85 17.22 43.44 66.71 77.58 87.02
K4 120 56.59 72.42 20.79 34.15 76.18 69.64 91.57
K5 180 63.86 75.43 22.51 27.58 80.85 59.69 93.30

Tailings   82.93 100 37.36 24.57 82.93 54.55 100 

0.260 0.484 0.54 

0.
2–

0.
31

5 

Feed     100              
K1 15 16.46 50.47 16.46 100 36.89 100 66.80
K2 30 23.38 62.05 17.75 49.53 57.71 77.48 80.87
K3 60 31.39 70.46 19.38 37.95 68.18 70.14 90.01
K4 120 59.60 77.16 22.87 29.54 78.65 62.99 94.30
K5 180 71.51 80.03 24.62 22.84 84.24 52.16 95.59

Tailings   86.07 100 36.89 19.97 86.07 46.60 100 

0.245 0.482 0.51 

0.
1–

0.
2 

Feed     100              

To determine the degree of independence of flotation of particles of different sizes, 
the flotation of the wide size fraction 0.1–0.63 mm was conducted and compared with 
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the kinetic curve for this particle size reproduced from the sum of curves for narrow 
size fractions with the weight of 0.2 for each of them. Figure 8 presents both kinetics 
curves. As it can be seen, the kinetics course is similar and these curves practically 
overlap. On this basis a conclusion can be drawn that particular particle size fractions 
float independently from each other. 

 

Fig. 1. Flotation yield and ash content  
in the concentrate in the function of time  

for particle size 0.5–0.63 mm 

Fig. 2. Flotation yield and ash content  
in the concentrate in the function of time  

for particle size 0.4–0.5 mm 

 

Fig. 3. Flotation yield and ash content  
in the concentrate in the function of time  

for particle size 0.4–0.315 mm 

Fig. 4. Flotation yield and ash content  
in the concentrate in the function of time  

for particle size 0.2–0.315 mm 

 

Fig. 5. Flotation yield and ash content  
in the concentrate in the function of time  

for particle size 0.1–0.2 mm 

Fig. 6. Flotation yield and ash content  
in the concentrate in the function of time  

for particle size 0.1–0.63 mm 
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Fig. 7. Flotation kinetic curves of narrow size fractions 
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Fig. 8. Comparison of flotation kinetics of wide size fraction and sums of flotation  
of all narrow size fractions  

Float and sink analysis of flotation products  
The results of the float and sink analysis of concentrates and tailings of respective size 
fractions, in the liquid of density 1.6 Mg/m3, are presented in Table 2.  

The results given in Table 2 will be used to calculate, the probability of particle de-
tachment from an air bubble in the next section.  

As it results from the experimental data contained in Figures 9-13, in all cases the 
ash content in the flotation concentrate is higher than the ash content in the heavy liq-
uid concentrate at the same yield. Differences in ash contents are generally larger for 
fine grain classes to the disadvantage of flotation. As it will be discussed in the next 
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part of the paper, it is the result of the phenomenon of floating of hydrophilic particles 
with the high mineral substance content to the froth product. 

Table 2. Results of float and sink analysis in the liquid of density of 1.6 Mg/m3 

Size fraction 
[mm] 

Density CCl4 
[Mg/m3] 

Products 
name 

Density fraction 
[Mg/m3] 

Mass 
[g] 

< 1.6 50.95 concentrate 
>1.6 3.60 
< 1.6 38.72 

0.5–0.63 1.6 
tailings 

>1.6 60.93 
< 1.6 66.05 concentrate 
>1.6 7.30 
< 1.6 8.96 

0.4–0.5 1.6 
tailings 

>1.6 70.65 
< 1.6 80.65 concentrate 
>1.6 13.41 
< 1.6 2.09 

0.315–0.4 1.6 
tailings 

>1.6 57.11 
< 1.6 87.49 concentrate 
>1.6 27.12 
< 1.6 0.20 

0.2–0.315 1.6 
tailings 

>1.6 37.27 
< 1.6 99.77 concentrate 
>1.6 18.36 
< 1.6 0.68 

0.1–0.2 1.6 
tailings 

>1.6 29.63 

 

Fig. 9. Ash content in concentrate  
as a function of yield for particle size 0.5–0.63 mm 

Fig. 10. Ash content in concentrate  
as a function of yield for particle size 0.4–0.5 mm 
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Fig. 9. Ash content in concentrate  
as a function of yield for particle size 0.315–0.4 mm

Fig. 10. Ash content in concentrate  
as a function of yield for particle size 0.2–0.315 mm 
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Fig. 13. Ash content in concentrate as a function of yield for particle size 0.1–0.2 mm 

Evaluation of flotation  
Partition curve  
According to the dependence of the flotation rate constant on particle size, the yield of 
K1 product, as shown in Table 1, after flotation time of 15 s, decreases with the in-
crease in size fraction from the value of 50.47% for the size fraction 0.1–0.2 mm to the 
value of 11.37% for the size fraction 0.5–0.63 mm.  

The concentrate yield after flotation time of 180 s (up to empty froth) decreases 
with the increase in particle size from the value of 80.03% for the size fraction 0.1–0.2 
mm to the value of 36.45 % for the size fraction 0.5–0.63 mm. The decrease in the 
concentrate yield with the increase in particle size is equivalent to the increase in the 
tailings yield. The increase in the tailings yield is related to the increase in the prob-
ability of particle detachment.  

As it result from comes out of the data (Table 2), the flotation tailings of the finest 
particle size fraction 0.1–0.2 mm, contain merely 0.68 g of fraction with the density 
below 1.6 Mg/m3, while the concentrate contains 99,77 g. For this reason, it was as-
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sumed that floated particles are these with hydrophobic properties corresponding to 
the density (related to the mineral matter content) below 1.6 Mg/m3. It is coal for 
which the density of particles is connected with the content of mineral matter which 
can be described by means of ash content. The lower the density of particles, the 
higher the content of organic coal matter, low ash content and better floatability. The 
mutual relations of the mentioned features have been described in the following works 
Brozek (1995a, b, c), Brozek and Mlynarczykowska (2005). 

Therefore, the probability of detachment of a particle from a given particle size 
fraction, according to formula (1), was calculated as a relation between the mass of 
particles with the density below 1.6 Mg/m3 in tailings and the mass of particles with 
this density in the feed. Particle size, being the arithmetic mean of lower and upper 
limit of the size fraction, was assigned to the probability calculated in this way. The 
particle size 0.2–0.315 was omitted due to too weak partition for tailings. The detach-
ment probability are as follows:  
 for the size fraction 0.1–0.2 mm  

 0.68 g(0.15 mm) 100% 0.68%
100.45 gdP = ⋅ =   (3a) 

 for the size fraction 0.315–0.4 mm  

 2.09 g(0.357 mm) 100% 2.52%
82.74 gdP = ⋅ =   (3b) 

 for the size fraction 0.4–0.5 mm  

 8.96 g(0.45 mm) 100% 11.94%
75.01gdP = ⋅ =    (3c) 

 for the size fraction 0.5–0.63 mm  

 38.72 g(0.57 mm) 100% 43.17%
89.67 gdP = ⋅ = . (3d) 

In Fig. 14, the dependence of detachment probability on particle size and at the 
same time the partition curve giving the probability for a particle with the density be-
low 1.6 Mg/m3 of getting to tailings was plotted. The partition size approximated from 
the partition curve and simultaneously maximum floatable particle size in the physico-
chemical conditions in the flotation cell, assumed in this paper, is equal to d50 = 
0.58 mm. 
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Fig. 14. Dependence of the detachment probability on particle size 

Qualitative evaluation of flotation effectiveness  
The qualitative data of flotation products are given in Table 1. This is the ash content 
in respective fractions A, concentrate grade θ, the yield of concentrate γ ↓∑ , recovery 
of combustible and volatile matter in the concentrate ε, tailings grade β , the yield of 
tailings γ ↑∑  and recovery of ash in tailings ε’. On the basis of this data, the follow-
ing observations con be found. The ash content in tailings decreases with the increase 
in particle size. It is caused by the fact that particles with the low ash content of the 
density below 1.6 Mg/m3 get to tailings as a result of detachment, intensity of which 
increases with the increase in particle size (as shown in Fig. 14). Also, for this reason 
the yield of tailings increases with the increase in particle size. With the increase of 
particle size, the recovery of ash in tailings increases as well. This happens at the ex-
pense of a significantly greater increase in the yield of tailings (through the phenome-
non of detachment) with the increase of particle size (from 19.97% for the size frac-
tion 0.1–0.2 mm to 63,55% for the size fraction 0.5–0.63 mm, that is the increase by 
3.18 times) than the decrease in the ash content with the increase in particle size (from 
86.07% for the size fraction 0.1–0.2 mm to 47.30 for the size fraction 0.5–0.63 mm, 
that is the decrease by 1.8 times). This is, with the increase in particle size, tailings 
with relatively low, in comparison to the feed, the ash content (upgrade ratio β/α = 1.4 
for the size fraction 0.5–0.63 mm) but with high yield are obtained. On the other hand, 
for the finest particle fraction, tailings with the high ash content (upgrade ratio β/α = 
2.33) and low yield are obtained. Such a situation causes the increase in the combusti-
ble and volatile matter loss in tailings with the increase in particle size from 4.61% for 
the size fraction 0.1–0.2 mm to 50.38% for the size fraction 0.5–0.63 mm. As shown 
in Table 1, with the increase in particle size, the yield of the concentrate decreases as 
well as the ash content decreases in the concentrate. The decrease in the yield is re-
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lated to the phenomenon of low-ash particles' detachment, which get to tailings and 
increase the loss of combustible and volatile matter in tailings. On the other hand, the 
decrease of the concentrate grade with the increase of particle size or, the other way 
round, the increase of the concentrate grade with the decrease of particle size is the 
result of entrainment, called mechanical flotation of gangue particles (hydrophilic 
particles) to the concentrate (Konopacka, 2005). The intensity of this phenomenon 
increases with the decrease in floated particle size as well as with the increase in flota-
tion rate. Mechanical flotation causes deterioration of the concentrate quality and in-
crease in ash remnants in the concentrate at decreasing the floated particle size from 
10.31 % for the size fraction 0.5–0.63 mm to 54.40% for the size fraction 0.1–0.2 mm. 
To sum up, it can be said that the phenomenon of detachment concerns larger particles 
and causes the loss in combustible and volatile matter in tailings; on the other hand, 
the phenomenon of entrainment, characteristic of smaller particles, increases ash rem-
nants in the coal concentrate. Both phenomena decrease the flotation effectiveness.  

For determining the optimum enriched particle size, because of the phenomena of 
large particles detachment and entrainment of fine particles, on the basis of the results 
given in Table 1, the degree of heterogeneity was calculated for flotation of particular 
size fractions with splitting into the concentrate and tailings. The degree of heteroge-
neity can be the measure of differentiation of a certain feature or the component con-
tent (characteristic of a given raw material) in the separation products. With the split-
ting into the concentrate and tailings, the degree of heterogeneity is expressed by the 
following formula (Stepinski 1964):  

 ( ) ( )( )2 21a k kσ γ θ α γ β α= − + − −  (4)  

where: γk – the yield of the concentrate, α – feed grade, θ –the concentrate grade, β – 
the tailings grade.  

From the mathematical point of view, this is the standard deviation of a random 
variable, such as the ash content in the case of coal. The larger value of the heteroge-
neity index, the more diverse the separation products, i.e. the better separation. With 
the accurate separation, the ash content in the concentrate and tailings, respectively, 
are equal to: θ = 0 and β = 1.  

In this case the degree of heterogeneity is as follows: 

 
2 2 22 2a k kσ β α βα γ β βαγ= + − − + . (5) 

On the basis of the balance equation 

 ( )1k kα γ θ γ β= + −  (6) 

for the ideal separation (1 )k oα γ γ= − = and (1 )kγ α= − the degree of heterogeneity 
has the maximum value and is equal to: 
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  2
thσ α α= − . (7)  

With the lack of separation θ = α and β =α and from the formula (4) it follows that 
σa = 0.  

On the basis of flotation results given in Table 1, the real σ0 and theoretical σth de-
gree of heterogeneity and the relation of those values /a thσ σ as a measure of flotation 
efficiency. The calculation results are included in Table 1. With the increase in particle 
size, the degree of heterogeneity increases and reaches the maximum value for particle 
fractions 0.315–0.4 mm, and then it decreases for larger particles. The characteristics 
of the dependence of the degree of heterogeneity on particle size is analogous with 
many flotation processes – the dependence of the flotation rate constant on particle 
size.  

A similar tendency is demonstrated by the dependence of flotation efficiency on 
particle size. The relation /a thσ σ  has the maximum value for particles from the frac-
tion 0.2–0.315 mm. Thus, it can be said that within this particle size interval, because 
of the low probability of detachment, there is low scattering of hydrophobic particles 
to tailings.  

Conclusions 
1. From the comparison of flotation kinetics of wide particle fractions to kinetics ob-

tained from the sum of kinetic curves for narrow size fraction, with appropriate 
weights, it appears that particles with different sizes float independently from each 
other. Knowing the particle size distribution of the feed and flotation kinetics of 
each size fractions, the flotation course of the feed can be forecast.  

2. The ash content in tailings decreases with the increase in particle size. It is caused 
by the fact that particles with the low ash content with the density below 1.6 Mg/m3 
get to tailings as a result of detachment, intensity of which increases with the in-
crease in particle size. This causes the increase in the loss of combustible and vola-
tile matter in tailings with the increase in particle size. 

3. The yield of the concentrate decreases with the increase in particle size. The de-
crease in the yield is related to the phenomenon of detachment of low-ash particles, 
which get to tailings increasing by this the loss of combustible and volatile matter 
in tailings.  

4. The ash content increases in the concentrate with the decrease in particle size. It is 
related to the effect of entrainment of gangue (hydrophilic particles) to the concen-
trate. The intensity of this phenomenon increases with the decrease in floated parti-
cle size as well as with the increase in the flotation rate. This causes the increase in 
ash remnants in the concentrate. 

5. To sum up, it can be said that the phenomenon of detachment concerns larger par-
ticles and causes the increase in the loss of combustible and volatile matter in tail-
ings; nevertheless, the phenomenon of mechanical flotation, characteristic of 
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smaller particles, increases ash remnants in the coal concentrate. Both phenomena 
decrease the flotation effectiveness.  

6. The degree of heterogeneity increases with the increase in particle size and reaches 
the maximum value for particles of the size fraction 0.315 – 0.4 mm, then de-
creases for larger particles. The characteristics of the dependence of the degree of 
heterogeneity on particle size is analogous as in many flotation processes – the de-
pendence of the flotation rate constant on particle size.  
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Abstract: Hydrometallurgical treatment of complex copper sulfidic ores, by-products and concentrates 
requires aggressive, oxidative leaching methods and application of Fe(III) ions and oxygen or bacteria 
assisted environment. Leach liquors generated in the process are usually copper and iron-rich solutions of 
high acidity. Such conditions require the application of suitably strong and selective reagent to extract 
copper in SX operations. This paper discusses the copper extraction behavior of commercial copper re-
agents: LIX 984N, LIX 612N-LV and Acorga M5640. Aqueous feed solutions used in SX studies were 
PLS’ generated in atmospheric leaching of commercial flotation concentrate, produced at Lubin Concen-
trator (KGHM). McCabe-Thiele diagrams were generated and copper net transfer values were compared 
and discussed. It was shown that stronger modified aldoxime reagents (Acorga, LIX 612) are superior 
over non-modified salicylaldoxime/ketoxime mixture (LIX 984N). Particularly, the ester modified 
Acorga M5640 showed advantages in recovery and copper net transfer values. 

Keywords: copper ore, hydrometallurgy, separation, Acorga, LIX 

Introduction 

Solvent extraction (SX) has been recognized as a one of the most important separation 
techniques for metals in solutions.The technology is increasingly being used in hy-
drometallurgy to separate, purify and concentrate metals such as nickel, cobalt, cop-
per, zinc, uranium and rare earths. In the meantime a considerable amount of work has 
been carried out and reported (Szymanowski, 1993; Habashi, 1999; Ritcey, 2006; 
Flett, 2005; Apostoluk et al., 2009).A number of plants have been designed and oper-
ated to extract copper from leach solutions of various composition. Until recently 
typical pregnant leach solutions (PLS) contained from 0.5 to 4 g/dm3 Cu. Such leach 
liquors are usually generated in heap and dump leaching of copper oxide ores or by-
products, which are readily leached under ambient conditions.  

http://www.minproc.pwr.wroc.pl/journal/
mailto:tomasz.chmielewski@pwr.wroc.pl
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In recent years, there has been a considerable development of hydrometallurgical 
processes for copper extraction applying SX combined with electrowinning (EW) for 
the production of high-grade electrolytic copper. As a result, more than 20% of world 
copper production is currently produced from heap leaching–SX operations of oxide 
copper ores. The low capital and operating costs of SX plants together with the easy 
operation and the production of top quality electrolytic metals close to the mine site 
make the economics of the SX processes very attractive, being suitable and feasible in 
the range of small to medium capacities, where conventional smelting process is not 
applicable.  

Copper flotation sulfide concentrates are mainly processed by means of smelting, 
converting and electrorefining, the unit operations that have dominated the World cop-
per industry for technical and economic reasons. Research and development for hy-
drometallurgical alternatives to traditional pyrometallurgical processes has remarkably 
intensified in the recent years. A wide range of chemical and biological processes for 
copper recovery from concentrates has been developed (Dreisinger, 2006; Gupta, 
1990; Habashi, 1999; 2005; 2007; Jansen and Taylor, 2000; Marsden, 2007; Peacey et 
al., 2003; Ramahadran et al., 2007). These processes appeared to be successful in 
leaching of copper from polymineral and chalcopyrite concentrates, purifying the 
leach solutions (PLS) using modern separation processes, mainly solvent extraction, 
and recovering a high value, high purity copper metal product. Chmielewski (2012) 
discussed the possible role of hydrometallurgy in more effective processing of poly-
metallic concentrates or by-products from Polish copper industry.  

In the past ten years, a great deal of attention has been paid to development of hy-
drometallurgical treatment of complex copper sulfidic ores, by-products and concen-
trates (Hyvärinen and Hämäläinen, 2005; Dreisinger, 2006). This type of material 
requires more aggressive, oxidative leaching methodsand application of Fe(III) ions 
and oxygen or bacteria assisted environment. Higher grades of solids are employed in 
the leaching operations resulting in more concentrated leach liquors with higher metal 
content than those produced in heap leaching. Usually leaching of sulfide concentrates 
is realized with the use of iron(III) salts and sulfuric acid as a leaching medium. Leach 
liquors generated in the process can contain from 20 to 80 g Cu/dm3, from 0 to30 g 
Fe/dm3 and other metal values which have to be sequentially recovered (Kordosky, 
2002). Moreover, the acidity of leach liquors changes in the pH range from below 1 to 
around 2. 

According to Eq. (1) 

 Mn+
(a) + nHA(o MAn(o) + nH+

(a)  (1) 

the extraction reaction of metal cations Mn+ by extractant HA is reversible towards 
hydrogen ions. It means that for each mole of copper extracted, the raffinate acidity is 
increased by one mole. In solutions where copper concentrations can be in excess of 
40 g/dm3 a significant amount of acid is generated to the raffinate. This in turn can 
shift the equilibrium towards stripping reaction. A solution is to use a stronger copper 
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extractant, which will be able to extract copper at higher acidity, but which in turn 
requires more acid to be stripped. One can also increase the concentration of extractant 
in order to extract more copper. This can in turn result in more viscous organic phases, 
particularly the loaded organic, leading to poorer phase separation performance with 
increased entrainment losses, and increased impurity transfer to the strip side. One can 
also operate at a higher organic to aqueous phase ratio (O/A). The choice of parame-
ters depends on how high the copper concentration is and what else is in the ore or in 
the feed (Molnar and Verbaan, 2003). 

Presented paper discusses the copper extraction behavior of commercial copper re-
agents with copper sulfide concentrate leach solutions. The performance of LIX 984N, 
LIX 612N-LV and Acorga M5640 in Escaid 100 diluent were investigated. McCabe–
Thiele diagrams were generated, copper net transfer values were compared and dis-
cussed. 

Experimental 

Reagents and solutions 
Aqueous feed solutions used in SX studies were PLS’ generated in atmospheric leach-
ing of commercial flotation concentrate, produced at Lubin Concentrator (KGHM). 
Leaching with sulfuric acid solution resulted in a leach liquors (PLS) containing 25–
27 g/dm3 Cu, ~30 g/dm3 total Fe, 1.4–1.9 g/dm3 Zn, 0.06–0.1g/dm3 Co and 0.02–0.03 
g/dm3 Ni. The solution was highly acidic, H2SO4 concentration varied between 20 and 
30 g/dm3. 

LIX®984N and LIX®612N-LV, applied in SX laboratory tests, were manufactured 
by Cognis and supplied by Cognis Ireland Ltd., Acorga M5640 were manufactured by 
Cytec Canada Inc. and supplied by Cytec Netherdlands. LIX®984N was a mixture of 
oximes: 5-nonylsalicylaldloxime and 2-hydroxy-5-nonylacetophenone oxime. 
LIX®612N-LV was a proprietary mixture of 2-hydroxy-5-nonylbenzaldehide oxime 
and a high flash point hydrocarbon diluents with low viscosity. The active substance 
of Acorga M5640 reagent is 5-nonylsalicylaldoxime and a fatty ester 2,4,4-trimethyl-
1,3-pentanediol diisobutyrate (modifier). 

Escaid®100, used as a diluent, was supplied by Exxon Mobil Chemical. This is 
kerosene type diluent containing 19% of aromatic compounds. In copper extraction 
systems alky-aromatic diluents, containing below 20% of aromatics are preferred be-
cause of better solubility of formed complexes. Moreover, in some cases when such 
diluents are used the modifier content may be reduced or even eliminated. 

Analytical methods 
The aqueous solutions were analyzed for metals concentration by AAS using a Varian 
SpectrAA 20Plus.The free acid content in the leaching solution was determined by the 
titration method with pH control. The concentration of copper in organic phase was 
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calculated from a difference between its initial concentration in PLS and its concentra-
tion in raffinate at fixed O/A phase ratios. Measurements of the pH were carried out 
with Elmetron CX-731 pH-meter using a Hydromet glass electrode.  

Results and discussion 

Aqueous phase pretreatment 
Leaching of sulfide flotation concentrates from Lubin Concentrator with oxygenated 
ferric sulfate solutions acidified with sulfuric acid results in highly acidic pregnant 
leach solutions. Therefore, neutralization of the acid before copper extraction is re-
quired, considering lowering extraction efficiency with increase in acidity of the aque-
ous PLS phase. It is preferable to neutralize feed solution and start extraction at pH 
1.5–2, depending on the applied extractant.  

Table 1. Composition of PLS and SX feed solutions after neutralization  
with dry/wet flotation concentrate 

Feed 
composition 

Cu 
g/dm3 

Fe 
g/dm3 

Zn 
g/dm3 

Co 
mg/dm3 

Ni 
mg/dm3 pH volume 

cm3 
PLS 26.9 30.7 1.81 98.0 21.9 0.3 1000 

PLS I neutr (dry) 35.2 28.4 1.67 95.0 21.9 2.4 750 
PLS 24.8 24.2 1.43 31.5 28.5 0.6 1000 

PLS II neutr (wet) 26.0 23.8 2.04 29.0 26.3 2.2 1030 
 

Flotation concentrates (dry or wet) of known moisture and carbonates (Ca, Mg) 
content were used for initial aqueous phase neutralization. In the first case, material 
was dried in laboratory dryer at 105oC for 24 h. Then, the small portions of dried sol-
ids were added to the pregnant leach solution and pH was measured. After stabiliza-
tion of pH next portion was added until pH 2 was reached. Similarly, the neutraliza-
tion of PLS with wet concentrate was realized. The content of aqueous phases before 
and after neutralization with dry/wet concentrate is given in Table 1. 

After neutralization with dry concentrate one can observe increase in copper con-
centration. This is partially due to Cu leaching taking place during this step and par-
tially because of solution losses in the filtration step. One can also notice the increase 
of copper and zinc concentrations in PLS after neutralization with wet concentrate, 
which was probably due to leaching of the material. The pre-neutralized leach solu-
tions were used as feed solutions in solvent extraction step. 

Extraction 
All extraction agents were used as received by diluting them to the desired concentra-
tion with Escaid100 diluent. The extraction data were obtained by vigorously contact-
ing barren organic and aqueous at various A/O phase ratio in laboratory shaker for 5 
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min at 25oC. After the phases separated, the copper(II) concentration in the aqueous 
phase was determined by AAS using standard methods.  
The effect of extractant type on Cu-SX 
Significant copper(II) concentrations in SX aqueous feed solutions enforce the appli-
cation of organic phases containing high extractant concentrations. For this reason 
30%(v/v) extractant solutions in Escaid 100 were used as an organic phase in all SX 
experiments. In the first place, extraction isotherms were generated for Cognis re-
agents. Based on the obtained results McCabe-Thiele diagrams were constructed and 
are presented in Fig. 1. Data on copper net transfer in organic are plotted as a function 
of overall O/A ratio in Fig. 2 for PLS I. The net transfer per unit of extractant is the 
g/L of solute removed from the aqueous feed per % extractant. 

Fig. 1. The McCabe-Thiele diagram for 30 vol% of LIX 984 N and LIX 612 N-LV  
in Escaid 100, feed: PLS I, pH 2.2, O/A 4.0 

From the results presented in Fig. 1 it is seen that in both cases about 86% of cop-
per was extracted after two extraction steps at O/A ratio exceeding 4. Under virtually 
identical conditions raffinates with copper concentration of 5.5 and 5.2 g/dm3 can be 
obtained for LIX 984N and LIX 612N-LV, respectively. However, the equilibrium 
curve obtained for LIX 984 N is not as smooth as that generated for LIX 612. This is 
probably due to impurity (Fe) that is co-extracted with copper resulting in decreasing 
loading of Cu. Moreover, the organic phase containing LIX 612N-LV can be loaded 
up to 20 g Cu/dm3, whereas the other phase can only reach level of 16 g Cu/dm3. Thus, 
LIX 612 have greater extraction capacity what is an advantage over LIX 984N. Only 
very slight difference in copper net transfer values can be observed between investi-
gated extractants (Fig. 2).The presented comparison of copper net transfer for LIX 612 
and LIX 984 N shows decreasing copper loading capacity with increasing O/A ratios. 
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Better performance of LIX 612 can be explained by the fact that this reagent is modi-
fied with additives ensuring low viscosity of organic phase, thus guaranteeing better 
extraction and stripping efficiency comparing to regular extractants. For this reason, 
LIX 612N-LV was selected for further comparison with Cytec reagent – Acorga 
M5640. 

 
Fig. 2. Copper net transfer in organic phase at 30 vol % of reagent  

as a function of overall extractionO/A ratio, PLS I 

  

Fig. 3. The McCabe–Thiele diagram for 30 vol% of LIX 612 N-LV  
and Acorga M5640 in Escaid 100, feed: PLS II, pH 2.0, O/A 2.0 
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In subsequent experiments the extraction behavior of LIX 612 N-LV was com-
pared with Acorga M5640 reagent. Pregnant leach solution pre-neutralized with wet 
flotation concentrate was contacted with 30% (v/v) solutions of extractants at various 
phase ratios. The obtained extraction isotherms are presented in Fig. 3. Data on copper 
net transfer in organic is plotted as a function of overall O/A ratio for PLS II (Fig. 4). 

The obtained results show that it is possible to remove about 88% and about 92% 
of Cu(II) from PLS with the use of LIX 612 and Acorga M5640, respectively. In both 
cases three extraction stages at an excess of organic phase of 2 are required. However, 
in the case of Cytec extractant lower raffinate can be obtained (2 g/dm3) comparing to 
LIX reagent (3 g/dm3). Both of investigated phases have similar capacity and can be 
loaded up to ~17 g/dm3 Cu. 

A comparison of the net transfer values (Fig. 4) shows a slight advantage of 
Acorga M5640 over LIX 612 N-LV. As before, a decrease in copper net transfer with 
increasing O/A ratio can be observed.  

 
Fig. 4. Copper net transfer in organic at 30 vol % of reagent  

as a function of overall extractionO/A ratio, PLS II 

Both extractants were further compared in terms of their extraction behavior with 
less concentrated and more acidified solutions. Mixed raffinate solutions after single 
extraction with copper concentration level of 10 g/dm3 and pH ~0.75 were used as SX 
feed (marked as Raffinate I). Organic and aqueous phases were contacted at various 
A/O ratios. Extraction isotherms and generated McCabe-Thiele diagrams for Cognis 
and Cytec extractants are presented in Fig. 5. Additional comparison of SX circuit 
recovery vs. pH and copper net transfer values are plotted in Figs 6 and 7. 
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Fig. 5. The McCabe-Thiele diagram for 30vol% of LIX 612 N-LV and Acorga M5640 
 in Escaid 100, feed: raffinate I, pH 0.75, O/A 1.33 

 
Fig. 6. SX circuit recovery comparison (30 vol % extractant, 25 g/dm3 

of copper in PLS)  (Moore et al., 1999) 

The obtained results show that the application of Acorga provides much better 
copper recovery than the use of LIX reagent. The following extraction efficiencies and 
organic phase capacities were found: 73% and 8.5 g/dm3 for LIX, 83% and 11.1 g/dm3 
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for Acorga. Both experiments were performed at a small excess of organic phase 
(O/A = 1.33) and high acidity of aqueous phase. Copper recovery at the indicated level 
with organic phase containing LIX reagent requires three stages of extraction ending 
up with 1.7 g/dm3 Cu raffinate, whereas the other reagent is able to reach lower raffi-
nate (1.5 g/dm3 Cu) after two extraction steps.  

It is clear that Acorga M5640 ensures better copper recovery under identical condi-
tions. This is consistent with the results presented in Fig. 6 (Moore et al.1999). Au-
thors demonstrated that across the whole pH range, the ester modified Acorga M5640 
provided the highest copper recovery of all the reagents tested, compared at the same 
reagent strengths. 

 

Fig. 7. Copper net transfer in organic phase at 30 vol % of reagent  
as a function of overall extraction O/A ratio, raffinate, pH 0.75 

A graphical comparison of the copper net transfer values (Fig. 7) confirms previous 
observations and shows a decrease organic phase capacity with growing O/A ratio. 
Moreover, it reconfirms limited copper loading capacity of LIX 612 N-LV reagent. 

It is also important to note the net transfer changes for reagents under different 
conditions (Table 2).It can be seen that the copper net transfer can be quite high (case 
3, 4) or satisfactory (case 1, 2) at higher O/A ratios and lower acidity of the feed solu-
tion. In such cases reagent can achieve quite good copper recovery. However, when 
a reagent needs to make a comparatively high copper recovery but at higher acidity of 
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the feed solution, the work that reagent is doing is much poorer. It results in lower net 
transfer values, regardless of much beneficial O/A ratio (case 5,6). 

Table 2. Summarized extraction data 

 Feed 
g/dm3 Cu 

Reagent 
30 vol% Advance O/A Recovery 

% 
PLS 
pH 

Copper net transfer 
g/dm3/vol % 

1. 39.1 LIX 984 N 4.0 86.0 2.2 0.280 
2. 39.1 LIX 612 N-LV 4.0 86.7 2.2 0.283 
3. 26.0 LIX 612 N-LV 2.0 88.5 2.0 0.383 
4. 26.0 Acorga M5640 2.0 92.3 2.0 0.400 
5. 9.97 LIX 612 N-LV 1.33 82.9 0.75 0.207 
6. 9.97 Acorga M5640 1.33 84.9 0.75 0.212 

 
Considering all the results presented in this paper the investigated reagents can be 

ranked regarding their suitability for copper extraction from concentrated solutions. 
Starting from the best the order is following: Acorga M5640, LIX 612 N-LV, LIX 
984N.  

Conclusions 

The obtained results demonstrated that investigated copper solvent extraction reagents 
are suitable for application to concentrated feed solutions from atmospheric or 
pressure leaching of copper concentrate. Among the reagent properties examined in 
this paper, the stronger modified aldoxime reagents (Acorga, LIX 612) was shown to 
be superior overnon-modified salicylaldoxime/ketoxime mixture (LIX 984N). In 
particular, the ester modified Acorga M5640 showed advantages in recovery and 
copper net transfer values. 
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Abstract: The kinetics of colour pigment removal from palm oil using acid activated clay from Nteje has 
been investigated. To determine the equilibrium adsorption capacity, the effects of temperature, contact 
time, adsorbent dosage and particle size were studied. The experimental adsorption data were analyzed 
using pseudo-first order, pseudo-second order, and Elovich kinetic models. The pseudo-second order 
model fitted very well to the kinetic experimental data. Equilibrium isotherms were analyzed by Lang-
muir and Freundlich adsorption models. The data was in line with the Freundlich isotherm indicating 
a monolayer adsorption. The activation energy was calculated as 12 kJ/mol, and other thermodynamic 
parameters were determined as ∆S° = 0.063 J/mol, ∆H° = –34.994 J/mol, and ∆G° = –58.606 kJ/mol. 
These values indicate that the adsorption of colour pigment from palm oil onto acid activated clay was 
exothermic and can be attributed to physico-chemical adsorption process. 

Keywords: adsorption, kinetics, isotherm, activation, colour pigment, palm oil, bleaching 

Introduction 

Acid activated clays (bentonite) have been employed as catalysts for a number of reac-
tions of industrial interests (Didi, et al., 2009; Foletto et al., 2003; Breen et al., 1997; 
Mokaya et al., 1995). Activated clays have also been used in the paper industry, in the 
chemical industry, for environmental protection and in the foodstuff industry, for sul-
phur production, forest and water conservation (O’Driscoll, 1988), as well as bleach-
ing of vegetable oils (Kirali and Lacin, 2006; Christidis et al., 1997; Makhoukhi et al., 
2009; Selvaraji et al., 2004; Bakhtyar et al., 2011). Bleaching involves solely the re-
moval of variety of impurities like fatty acids, gums, trace metals, phosphatides etc., 
followed by decolourization. Bentonites are found in nature abundantly. However, 
most of them should undergo appropriate physical or chemical treatments such as acid 
activation, ion exchange and heating in order to promote their surface properties 

http://www.minproc.pwr.wroc.pl/journal/
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(Rossi et al., 2003; Rozic et al., 2010; Foletto et al., 2011; James et al., 2008; Taha et 
al., 2011). Acid activation of clays is one of the most important processes that have 
been performed to achieve structural modifications in the clays for edible oil bleach-
ing. Activated clays show a much higher bleaching capacity when compared to natural 
clays. During acid activation, initially interlayer cations are replaced with H+ ions 
followed by partial destruction of aluminum octahedral sheets with subsequent disso-
lution of structural cations. The desired changes in the physicochemical properties of 
clay occurring as a result of acid activation depend considerably on the condition of 
acid activation such as acid concentration and the duration and temperature of the 
activation process (Motlagh et al., 2008, 2011). 

There are few researches on the kinetics of the bleaching process. Topallar (1998), 
studied the kinetics of sunflower seed oil bleaching and proposed a rate formula of log 
(A/A0) = k t− , according to absorbance measurement. Nwankwere et al. (2012) in-
vestigated the kinetics of B-carotene removal from palm oil using unmodified natural 
clay, and they concluded that the adsorption followed the zero order kinetic equation. 
Al-Zahrani et al. (2000), investigated the kinetics of sulphuric acid activation of Saudi 
bentonite and found out that it followed the zero order kinetic equation. 

In this work, the main objective was to investigate the equilibrium and kinetic pa-
rameters of the application of acid activated Nteje clay in the bleaching of palm oil. 

Materials and methods 

The clay used in this study was mined at Nteje (N: 6° 16′ 00″; E: 6° 55′ 00″; A: 118 
m) in Aniocha local government area, while the palm oil was obtained from a local 
palm oil mill in Isuofia (N: 6° 1′ 60″; E: 7° 2′ 60″; A: 361 m) in Aguata local govern-
ment area, both in Anambra state of Nigeria. All the chemicals used were analytical 
grade reagents. 

Clay preparation and activation 
The mined clay was sun-dried for 24 hours and grinded to smaller particles using mor-
tar and pestle. The ground samples were sieved to remove impurities and then oven 
dried at 105°C. The samples were then put in contact with hydrochloric acid in a 250 
cm3 flask placed in a regulated water bath. The flask was heated while continuously 
being stirred. To study the effect of activation variables, the experiment was repeated 
at various concentrations (0.5–5 mol/dm3), temperatures (50–120°C), for various con-
tact times (2–6 h). At the completion of the heating time, the slurry was removed from 
the bath and allowed to cool. After the cooling, the slurry was filtered via a Buchner 
funnel and the clay residue was washed several times with distilled water, followed by 
filtration until the filtrate was neutral to pH indicator paper. The prepared wet sample 
was then dried in an oven at 120°C over night. The lumps of the prepared clays were 
crushed and sieved again into various particle sizes ranging from 0.045 to 0.408 mm 
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and stored for further use in the bleaching process. The activated clay samples were 
labeled as follows: NT0.5, NT1, NT2, NT3, NT4 and NT5, where the numbers denote 
the acid concentration. The activated clays were then characterized. 

Adsorption Experiment 
A 100 g sample of the refined unbleached palm oil was measured out into a 250 cm3 
conical flask and heated on a magnetically-stirred hot plate to 90°C while stirring con-
tinuously. A 2 g sample of the sized activated clay was then added to the heated oil 
and stirred continuously via a magnetic stirrer carefully inserted into the beaker. The 
whole mixture was heated to a temperature of 130°C for 45 minutes. At the comple-
tion of the time, the hot oil and clay mixture was filtered under gravity using Whatman 
filter paper No. 42 (15 cm diameter), before measuring the absorbance. The bleach-
ing/adsorption efficiency of the activated clay samples was then determined by meas-
uring the colour of the bleached oil using UV-VIS Spectrophotometer (Model WFJ 
525) at 450 nm. The bleaching efficiency is defined by the following expression in 
this study: 

 unbleached bleached

unbleached
(%) 100A ABE

A
−

= ⋅   (1) 

where Aunbleached and Ableached are absorbencies of unbleached and bleached palm oil, 
respectively, at 450 nm, BE is bleaching efficiency. 

To study the effect of process variables on the bleaching efficiency of the activated 
clay samples the above experimental procedure was repeated at different adsorbent 
dosage (0.5, 1, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 g); reaction temperatures (30, 70, 80, 
100, and 120°C); particle size (0.045, 0.075, 0.106, 0.212, and 0.408 mm) and reaction 
time (20, 40, 60, 80, 100, 120, and 150 min). The effect of activation parameters on 
the bleaching efficiency of the clay samples was investigated by using the samples 
activated with different acid concentrations bleach palm oil. 

Results and Discussion 

Physical characterization 
The results of the physical characterization of the raw and activated clays are summa-
rized in Table 1. The results show that the acid activation of the clay caused some 
modifications in the structure of the clays. With an increase in concentration of hydro-
chloric acid, the activated samples showed a gradual increase in surface area until 
treatment with 3 mol/dm3 HCl. In treatment with 4 mol/dm3 HCl, a decrease of surface 
area was observed in comparison with the surface area of sample treated with 3 
mol/dm3 HCl. The increase in the surface area from natural to activated samples is 
related to the elimination of the exchangeable cations, de-lamination of clays, and the 
generation of micro-porosity during the activation process (Dias et al., 2003). The 
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decrease observed at higher acid concentrations could be explained by the process of 
“passivation” (Pesquera et al., 1992). The octahedral sheet destruction passes the 
cations into the solution, while the silica generated by the tetrahedral sheet remains in 
the solids, due to its insolubility. Pesquera et al. (1992) suggest that this free silica 
generated by the initial destruction of the tetrahedral sheet, is polymerized by the ef-
fect of such high acid concentrations and is deposited on the undestroyed silicate frac-
tions, protecting it from further attack and thereby resulting to a decreased surface 
area. The CEC values of the samples also displayed similar behaviour. With the in-
crease of concentration of HCl, the samples showed a gradual decrease in CEC until 
treatment with 3 mol/dm3 HCl. In treatment with 4 mol/dm3 HCl, an increase of the 
CEC was observed in comparison with the CEC of sample treated with 3 mol/dm3 HCl 
and this could also be explained by the process of passivation. 

Table 1. Physical properties of raw and activated clay 

Clay type 
Properties 

NT0 NT0.5 NT1 NT3 NT4 NT5 
Surface area (m2/g) 88.4 127.6 186.7 296.3 207.5 199.5 
Bulk density (kg/m3) 1058.9 987.5 964 721.2 853.6 877.3 
Oil retention (%) 22 27.4 33.6 54.5 41.8 38.7 
Acidity 0.01 0.05 0.09 0.15 0.11 0.08 
pH 8.1 6.8 4.4 2.8 3.9 4.1 
Cation Exchange Capacity CEC (meg/100g) 89 80 71 50 64 67 

Effect of time and acid concentration on the bleaching efficiency 
To study the effect of time on the bleaching efficiency of the activated clay samples, 
the adsorption test was performed at different times ranging from 20–150 minutes. It 
was observed that adsorption efficiency of the samples increased as time increased  
 

 

Fig. 1. Effect of bleaching time and acid concentration on bleaching efficiency 
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with the sample activated with 3 mol/dm3 HCl (NT3) having the highest efficiency as 
shown in Fig. 1. Also, the figure shows the effect of varying the concentration of the 
acid used. It shows that bleaching efficiency increases with increase in acid concentra-
tion up to 3 mol/dm3 above which the efficiency dropped drastically as a result of de-
struction of the clay structure by the excess acid. 

Effect of temperature on bleaching efficiency 
Figure 2 shows that the bleaching efficiency is favoured by an increase in reaction 
temperature. From the figure it is obvious that bleaching does not proceed to any ap-
preciable degree at low temperatures. But as the temperature is increased from 30°C to 
120°C, the bleaching efficiency increased showing that temperature promotes access 
to further adsorption sites in the adsorbent. The bleaching efficiency increased with 
reaction time at high temperature until it reaches a maximum, then it starts to decrease 
with increasing reaction time. 

 

Fig. 2. Variation of bleaching efficiency with time at different temperatures 

Effect of adsorbent dosage 
Figure 3 represents the plot of bleaching efficiency versus adsorbent dosage. The clay 
dosage was varied from 0.5 to 4 g. It was observed that increasing the clay dosage 
increased the bleaching efficiency. The results clearly indicate that the bleaching effi-
ciency increases to an optimum value at adsorbent dosage of 1 g above which further 
increase in adsorbent dosage has no significant effect on it, but the value remains con-
stant. This could be explained by the fact that adsorption equilibrium has been reached 
between the adsorbent/oil mixtures, thereby, preventing further pigment removal by 
the excess adsorbent dosage.  
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Fig. 3. Variation of bleaching efficiency with clay dosage 

Effect of particle size of the adsorbent 
To study the effect of particle size on the bleaching efficiency of the adsorbent, the 
experiment was performed at different particle sizes of 0.408, 0.212, 0.106, 0.075, and 
0.045 mm. The results are shown in Fig. 4. The figure shows that the bleaching effi-
ciency of the activated clay was increased as the particle size decreased; this is as 
a result of increased surface area, pore volume, and pore size of the particles. Reduced 
particle size creates more adsorption sites/cation exchange sites that are exposed to the 
sorbate. But, this positive effect of particle size reduction resulted to difficulty filtra-
tion because the oil retention of the adsorbent increased.  

 

Fig. 4. Variation of bleaching efficiency with time at different particle sizes 
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Kinetics of bleaching 
The effect of temperature on the bleaching efficiency of Nteje clay activated with 3 
mol/dm3 hydrochloric acid as reflected in Fig. 2, were tested with several kinetic mod-
els in order to describe the adsorptive interaction between the colour pigment and the 
activated clay. The kinetic models used in the analysis of the data are as follows: 
Pseudo-first order, pseudo-second order, and Elovich kinetic equations. The respective 
linear forms of the equations are as given below: 

 log (qe – qt) = log qe – k1 t  (pseudo-first order model) (2) 

 2
2

1 1

t ee

t
q qk q

= +   (pseudo-second order model) (3) 

 1 1ln( ) lntq tαβ
β β

= +   (Elovich model). (4) 

Table 2. The kinetic parameters evaluated for colour pigment adsorption onto activated Nteje clay 

Temperature (°C) Kinetic  
models Parameters 

30 70 80 100 120 
K1 1.16 · 10–2 1.38 · 10–2 1.61 · 10–2 1.84 · 10–2 1.15 · 10–2 
qe (mg/g) 6.98 7.23 8.93 8.67 7.53 

Pseudo first 
order 

R2 0.984 0.985 0.960 0.983 0.988 
K2 1.246 · 10–3 1.947 · 10–3 3.300 · 10–3 2.600 · 10–3 2.353 · 10–3 
qe (mg/g) 8.31 9.35 10.75 11.24 9.09 

Pseudo second 
order 

R2 0.999 0.999 0.997 0.998 0.997 
α (mg/g min) 0.3146 0.4235 0.8195 0.7278 0.4565 
β (mg/g min) 0.5842 0.5504 0.4165 0.4083 0.5339 Elovich 
R2 0.987 0.977 0.990 0.991 0.979 

The associated kinetic parameters have been evaluated from the slopes and inter-
cepts of the respective linear plots of the kinetic equations, and the values are shown 
in Table 2. Comparison of the analyzed data based on the linear regression coefficient 
(R2) values as shown in the table, showed that the experimental data is best described 
by the pseudo-second order equation (Eq. 3), which has the most linear fit with corre-
lation coefficient R2 > 0.997. Hence, the plot of the linear form of the pseudo-second 
order kinetic equation is shown in Fig. 5. 

Adsorption isotherm 
It was observed that as the temperature increased the amount adsorbed on the surface 
of the adsorbent increased. This change occurs as a result of increase in kinetic energy 
of the colour pigment particles, which increases the frequency of collisions between 



 R.O. Ajemba, O.D. Onukwuli 376

the adsorbent and the particles and thus enhances adsorption on the surface of the ad-
sorbent. 

 

Fig. 5. Pseudo-second order kinetic fit for colour pigment 
removal from palm oil at different temperatures 

Two main types of adsorption may usually be distinguished on surfaces. In the first 
type, the forces are of a physical nature and the adsorption is relatively weak. The 
forces in this type of adsorption are known as van der Waals forces and this type of 
adsorption is called van der Waals adsorption, physical adsorption or physisorption. 
The heat evolved during van der Waals adsorption is usually small, less than 20 
kJ/mol. In the second type of adsorption, first considered in 1916 by Langmuir, the 
adsorbed molecules are held to the surface by covalent forces of the same general type 
as those occurring between bound atoms in molecules. The heat evolved during this 
type of adsorption, known as chemisorption, is usually comparable to that evolved 
during chemical bonding, namely 300–500 kJ/mol. 

Langmuir considered adsorption to distribute molecules over the surface of the ad-
sorbent in the form of a uni-molecular layer and for the dynamic equilibrium between 
adsorbed and free molecules, he proposed the following relation: 

 1P a P
X m a b

= +  (5) 

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: 
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 nX KC
m
=  (6) 

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 5 and 6: 

 0

0

tA AX
A
−

=  (7) 

 
0

1t
e

AX X
A

= = −  (8) 

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 7 and 8, by writing Xe instead of equilib-
rium pressure P and the residual substance C, Eqs 5 and 6 are rearranged as follows 
(Topallar, 1998): 

 1Xe a Xe
X m a b

= +  (9) 

 log log logX K n Xe
m
= + . (10) 

To evaluate the nature of adsorption, the experimental data of Fig. 2, was analyzed 
by the established isotherm equations viz; Langmuir and Freundlich adsorption mod-
els. 

 

Fig. 6. Freundlich isotherm plot using NT3 for bleaching 
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Linear plots (Freundlich) obtained are shown in Fig. 6. The Freundlich and Lang-
muir model parameters and the statistical fits of the adsorption data to these models as 
calculated from the respective plots are presented in Table 3. It was observed that the 
Freundlich model adequately described the adsorption data with regression coefficient 
values greater than 0.997.  

The values of the constant Kf increased with increasing temperature, indicating in-
creasing access to adsorption sites.  

Table 3. The isotherm parameters obtained from linear analysis of colour pigment  
adsorption onto Nteje clay activated with 3 mol/dm3 HCl 

Temperature (°C) Isotherm  
models Parameters 

70 80 100 120 
Kf 9.886 · 10–3 12.560 · 10–3 18.664 · 10–3 26.002 · 10–3 
n –0.3894 –0.2974 –0.3054 –0.3330 Freundlich 
R2 0.997 0.998 0.998 0.999 
Ka –0.0635 –0.0318 –0.0366 –0.0437 
qm –5.1636 –2.8688 –2.8551 –2.8985 Langmuir 
R2 0.985 0.986 0.980 0.989 

Adsorption thermodynamics 
Thermodynamic considerations of an adsorption process are necessary to conclude 
whether the process is spontaneous or not. The Gibbs free energy change, ∆Go, is an 
indication of spontaneity of a chemical reaction and therefore is an important criterion 
for spontaneity. Both energy and entropy factors must be considered in order to de-
termine the Gibbs free energy of the process. Reactions occur spontaneously at a given 
temperature if ∆Go is a negative quantity. The free energy of an adsorption, consider-
ing the adsorption equilibrium constant Kf is given by the following equation: 

 ∆Go = –RT ln Kf (11) 

where ∆Go is the standard free energy change (J/mol), R the universal gas constant 
(8.314 J/mol K), and T is the absolute temperature (K). Considering the relationship 
between ∆Go and Kf, change in equilibrium constant with temperature can be obtained 
in the differential form, and  

 –RT ln Kf = ∆Ho – T∆So. (12) 

The above equation can then be written in the following forms 

 ∆Go = ∆Ho – T∆So (13) 

or 
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 ln
o o

f
S HK
R RT
Δ Δ

= − . (14) 

The values of ∆Ho and ∆So are calculated from the slope and intercept of the plot of 
ln Kf versus 1/T (not shown). The values of the thermodynamic parameters are shown 
in Table 4. As can be seen from the table, the values of the Gibbs free energy change 
of adsorption, ∆Go, are all negative and show a decrease in the negative value as the 
temperature increases. According to Saha and Chowdhury (2009), a decrease in the 
negative value of ∆Go with an increase in temperature indicates that the adsorption 
process is more favourable at higher temperatures. This is possible because the mobil-
ity of adsorbate ions/molecules in the solution increases with increase in temperature 
and the affinity of adsorbate on the adsorbent is higher at high temperatures. This pos-
tulation was confirmed in this study as can be seen in the effect of temperature on the 
adsorption efficiency. As the temperature of the reaction was increased, the adsorption 
of the colour pigments onto the adsorbent increased. The values of the enthalpy, ∆Ho, 
and entropy, ∆So, as calculated from the plot of ln kf versus 1/T, are also presented in 
Table 4. The value of the enthalpy is negative and this implies that the adsorption 
process of colour pigments from palm oil onto locally activated clay is exothermic. In 
an exothermic process, the total energy absorbed in bond breaking is less than the total 
energy released in bond making between adsorbate and adsorbent, resulting in the 
release of extra energy in the form of heat. The magnitude of ∆Ho gives an idea about 
the type of sorption. The heat evolved during physical adsorption falls in the range of 
2.1–20.9 kJ/mol while that evolved during chemical sorption is in the range of 80–
200 kJ/mol. Therefore, as seen from Table 4, it is deduced that the adsorption of col-
our pigments onto acid activated Nteje clay can be attributed to a physico-chemical 
adsorption process rather than a pure physical or chemical adsorption process (Saha 
and Chowdhury, 2010). The value of ∆So as presented in Table 4 is positive and this 
reflects the affinity of the adsorbent towards the adsorbate species. A positive value of 
∆So suggests increased randomness at the solid/solution interface with some structural 
changes in the adsorbate and the adsorbent. The adsorbed solvent molecules, which 
are displaced by the adsorbate species, gain more translational entropy than is lost by 
the adsorbate ions/molecules, thus allowing for the prevalence of randomness in the 
system. 

Table 4. Adsorption thermodynamic parameters 

Temp. (K) ln Kf ∆Go(kJ/mol) ∆Ho(J/mol) ∆So(J/mol) 
343 –4.61664 –56.707 
353 –4.37724 –57.339 
373 –3.98116 –57.973 
393 –3.64958 –58.606 

–34.994 0.063 
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Conclusion 

The kinetic and equilibrium studies of the adsorptive purification of palm oil using 
acid activated Nteje clay have been successfully investigated. The adsorption of colour 
pigments into the clay surfaces increased with temperature, clay dosage, contact time, 
and decreasing particle size. The kinetic data agree very well with the pseudo-second 
order equation, and the rate is film diffusion controlled. The linear isotherm analyses 
indicated that the equilibrium data describe the Freundlich isotherm model very well. 
The thermodynamic parameters evaluated reveal the spontaneous and exothermic na-
ture of colour pigment adsorption onto acid activated Nteje clay, and the adsorption 
takes place with increase of entropy. 
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