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Ammonia pressure leaching has been investigated as an alternative for hydrometallurgical processing 
of Lubin middlings – a shale-enriched flotation by-product. The effect of primary parameters: tem-
perature, oxygen partial pressure, ammonia and ammonium sulfate concentration and stirring rate on 
leaching recovery of Cu, Ag, Zn, Ni, and Co were examined. 
 

key words: hydrometalurgia, ammonia leachng, black shales 

INTRODUCTION 

Ammonia has been widely applied as an effective leaching agent in numerous hy-
drometallurgical processes for many years. Ammonia can be effectively used for 
leaching of base metals (Cu, Ni, Co, Zn) as well as for precious metals (Ag, Au) be-
cause of formation of soluble, very strong ammonia complexes. Moreover, ammonia 
has been considered as an attractive leaching agent due to its low toxicity, low costs 
and ease of regeneration by evaporation from alkaline solutions. An important advan-
tage of ammonia environment in hydrometallurgy is its selectivity in terms of solubi-
lization of desired metals and precipitation of undesirable iron in one unit operation 
(Meng and Han, 1996).  

Ammonia leaching can be used in non-oxidative, oxidative and reductive leaching. 
It was first applied and developed for recovery of copper from its metallic and oxide 
raw materials. Copper forms well soluble and very stable complexes ([Cu(NH3)4]

2+) 
and can be leached at ambient conditions due to the excellent solubility of ammonia 
in water. 
_________  

*  Wroclaw University of Technology, Faculty of Chemistry, Division of Chemical Metallurgy 
WybrzeŜe Wyspiańskiego 27, 50-370 Wrocław, Poland, tomasz.chmielewski@pwr.wroc.pl 
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In industrial scale ammonia leaching with oxygen as oxidant was applied since 
1954 for treatment of copper, nickel and cobalt sulfide ores and concentrates at Fort 
Saskatchewan by Sherritt Gordon (Forward, 1953). The Arbiter ammonia leaching 
process for sulfide flotation concentrates was developed in 1970’s in Anaconda 
(Kuhn et al., 1974). The process used ammonia leaching at 34.5 kPa with oxygen as 
oxidant. Copper in PLS was purified by means of solvent extraction and electrowon to 
marketable cathodes. The Arbiter ammonia process was also considered as an alterna-
tive for hydrometallurgical processing of Polish copper concentrates (KGHM Polish 
Copper).  

Escondida (Chile) applied oxygenated ammonia solutions for partial leaching of 
copper from chalcocite concentrates at atmospheric pressure (Duyvetseyn and Sa-
backy, 1995). Solid residue after leaching, containing CuS, was subsequently floated 
to produce concentrate for smelter. It was successfully applied for several years to 
elevate the plant capacity at Escondida. The plant was closed after smelter expansion. 

Decreasing copper recovery and concentrates grade observed at KGHM concentra-
tors (particularly at Lubin) is a result of increasing concentration of shale fraction in 
Polish copper ores. Black shale is a lithological fraction exhibiting remarkably ele-
vated concentration of base (Cu, Ni, Co, Zn) and precious metals (Ag, Au, PGE) with 
regard to dolomitic and sandstone fractions. Simultaneously, the growing presence of 
shale material is a primary reason for observed technical problems in flotation plans. 
Separation of black shale from the flotation circuit and application of hydrometallurgy 
for its processing was an idea presented by authors as a result of three years (2004–
2007) laboratory investigations performed within the frame of BIOSHALE research 
project (d’Hugues et al., 2007, d’Hugues et al., 2008, Groudev et al., 2007, 
Chmielewski et al., 2007).   

Selection of black shale feed and experimental determination of conditions for ef-
fective recovering of copper and other valuable metals (Fe, Ni, Co, Pb, Au, PGM…) 
from shale containing materials (ore, middlings, shale concentrates) was the general 
task at the starting point of the BIOSHALE project. The research program was ini-
tially focused on the geological shale samples collected for preliminary laboratory 
examinations (chemical and mineralogical analyses, non-oxidative, atmospheric and 
acid pressure leaching). After the extended period of experimental work, the shale 
middlings – tailings from the 1st cleaning flotation at Lubin Concentrator (ZWR 
Lubin) - were finally selected and accepted by a technical and engineering staff 
at KGHM as an only shale containing solid for hydrometallurgical laboratory tests 
and for future full scale alternative processing. Simultaneously, this material was 
unanimously recognized as the most troublesome solid in existing flotation circuit 
at Lubin Concentrator due to the high content of shale fraction (organic matter) and 
sulfide minerals fine dissemination. It is fully considered as a shale concentrate, 
which can be separated from the flotation circuit for hydrometallurgical treatment. 
Initial samples were collected of numerous shale ore fractions from various LGOM 
(Poland) deposits.  
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Chemical analyses exhibited varying metal content in the shale. For further labora-
tory studies the process alternatives were selected including chemical pretreatment 
with H2SO4 for flotation, non-oxidative leaching, atmospheric leaching and pressure 
leaching investigations as BIOSHALE project WP4 tasks. The laboratory tests un-
doubtedly confirmed that the assumptions made in the first stage of the work program 
were correct. 

Acidic leaching of shale middlings appeared to be very effective from mineralogi-
cal and technical point of view. Favorable mineralogical composition of Lubin mid-
dlings (dominating content of copper in the form of chalcocite and bornite) and easy 
access to sulfuric acid, being, in fact, a waste material from copper smelters, makes 
this approach very attractive for future technological alterations(Chmielewski, 2007, 
Konopaca et al., 2007, Wódka et al., 2007).    

One of the main reason, that black shale fraction became a serious problem in flo-
tation of Polish copper ores is a very fine mineralization of metal-bearing sulfides and 
their dissemination in hydrophilic carbonate and organic matter. It is impossible to 
liberate these minerals only by means of mechanical grinding. Consequently, a great 
amount of metal values remain in flotation tailings and leads to hardly accepted met-
als loses. Very complex and expensive alteration in flotation and grinding circuits ap-
peared to be ineffective in terms of declining flotation indexes. Both the recovery and 
concentrate grade have been decreasing remarkably, particularly at Lubin Concentra-
tor. 

An additional unfavorable effect has been lately observed during the flash smelting 
at Głogów II smelter. The growing content of shale fraction (Table 1) and, conse-
quently, increase in organic carbon content - exceeding 9 % for Lubin and Polkowice 
- in the concentrate smelter feed, results in a notable diminishing efficiency of the 
process (Kubacz and Skorupska, 2007). Therefore, separation of shale fraction from 
the flotation circuits (e.g. Lubin middlings) and its individual, hydrometallurgical 
processing, postulated within the frame of BIOSHALE project, can be accepted as a 
key alternative for existing technologies. Such alteration can result in the following 
advantages: 
• Integration of new technology with existing processes. 
• Simplification of existing flotation circuits and enhancement of flotation effi-

ciency. 
• Increase of metals recovery in total (flotation concentrate + hydrometallurgy) – 

remarkable decrease of metals loses and environmental impact. 
• Stabilization of organic carbon content in concentrates on the proper level, ac-

cepted for flash smelting process. 
• Effective utilization of an excess of sulfuric acid – a byproduct or waste from 

smelting. 
It seems rather to be obvious that due to observed apparent decline of copper ores 

quality and upgradeability, particularly from Lubin and Polkowice deposits (Table 1), 
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present beneficiation technologies are not able to guarantee the acceptable metals re-
covery and concentrate grade without significant technology alteration and urgent in-
struction of new alternative concepts. Ammonia leaching can be considered as an al-
ternative process. This appeared to be urgent for Polish copper industry. 

Table 1. Content of shale fraction in Polish copper ores mined from various LGOM deposits (Kubacz and 
Skorupska, 2007) 

Year 
Mine 

2002 2004 2006 

Lubin 18.8 15.0 27.0 
Polkowice-Sieroszowice 11.3 13.3 11.2 
Rudna 2.2 3.9 4.0 

 
The objectives of this paper was to evaluate the effect of key parameters (oxygen 

pressure, temperature, ammonia concentration, ammonium sulfate concentration, solid 
to liquid ratio and stirring rate) on the recovery of Cu, Ni, Co, Zn and Ag during am-
monia pressure leaching of Lubin shale middlings - tailings from 1st cleaning at Lubin 
Concentrator. 

Ammonia pressure leaching of Lubin shale middlings was selected as an alterna-
tive to acidic - atmospheric and pressure leaching. Ammonia leaching was expected to 
be applied without a need of carbonates acidic decomposition, as it was necessary for 
leaching in acidic media. Major advantage of ammonia solutions is confirmed leach-
ability of most metals which are being recovered from shale enriched Lubin middlings 
(Cu, Co, Ni, Zn, Ag, Au…). 

EXPERIMENTAL 

LUBIN MIDDLINGS CHARACTERIZATION 

Shale middlings from Lubin Concentrator were collected and characterized in de-
tails in D.4.2. Deliverables within BIOSHALE European project, on the basis of 1st 
sampling campaign in 2006 and 2nd sampling campaign in 2007. Middlings from 2nd 
sampling campaign were used as a feed for ammonia leaching. It is well seen from 
Table 2, that chemical composition of material examined in 2007 was very similar to 
those used in previous investigations. Copper content was about 2.60 %, organic car-
bon was 6.30 % - lower than in 2006 campaign. The content of accompanying metals 
was observed to be almost identical, except of zinc. The comparison of chemical 
analyses of Lubin middlings samples from 2006 and 2007 evidently shows, that exam-
ined feed is fairly stable in terms of its chemical composition. 
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Table 2. Chemical characterization of Lubin shale middlings (1st and 2nd sampling campaigns – 2006 and 
2007). 

CONTENT 

 Cu, % Fe, % Ni, g/Mg Co, g/Mg Pb, % As, % 

1st campaign 2,72 1,76 374 572 1,51 0,090 
2nd  campaign 2,60 1,89 328 613 - 0,085 

CONTENT 
 Ag, g/Mg Zn, g/Mg Sc, % Sso4,  % Ctotal,  % Corg,  % 

1st campaign 190 1 200 2,95 1,45 14,30 8,96 
2nd  campaign 168 740 2,62 2,47 10,4 6,30 

 
Figure 1 exhibits the mineralogical composition of Lubin middlings and compares 

with composition of Lubin final concentrate currently produced as a feed for smelting. 
This analysis was made by BRGM laboratories and became a very important justifica-
tion in discussion on considered technology alterations. The mineralogical composi-
tion of concentrate appeared to be very similar to the composition of the ore. Chal-
cocite (Cu2S) and bornite (Cu5FeS4), easiest to leach copper sulfides, are dominating 
in the material. The content of chalcopyrite (CuFeS2), most refractory copper sulfide, 
is only about 20.6 %.  

In contrary to concentrate, mineralogical composition of shale middlings appeared 
to be extremely favorable for hydrometallurgical treatment. Chalcocite was reported 
to be dominating (90.5 %) with some content of bornite (9 %). Chalcopyrite is a neg-
ligible component in this by-product. Such a mineralogical composition can be con-
sidered as an ideal for hydrometallurgical or biometallurgical treatment. The observed 
mineralogical composition of shale middlings exhibits evidently, that beneficial min-
eralogical segregation of minerals takes place during flotation process at Lubin Con-
centrator.  

 
Fig. 1.  Mineralogical composition of Lubin final concentrate and Lubin shale middlings (BRGM data). 
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Metals value breakdown for 1 ton of Lubin shale middlings, presented in Table 3, 
indicates that the value of copper (217,3 US$) is even somewhat lower than the value 
of accompanying metals (Ag, Ni, Co, Zn, Pb) (250,9 US$), taking into account metals 
prices from 21 February 2008.  

Table 3. Metals value in 1 ton of Lubin shale middlings (metal prices from 21 February 2008) 

Metal Content 
Metal price, US$ 

(21 February 2008) 
Value, US$ 

Cu 2,7 % 8 050 US$/Mg 217,3 
Ni 373 g/Mg 27 900 US$/Mg 10,4 
Co 569 g/Mg 50 US$/lb 62,3 
Pb 1,52 % 3 170 US$/Mg 48,2 
Ag 180 g/Mg 17,5 US$/oz 127,2 
Zn 1200 g/Mg 2 350 US$/Mg 2,8 

Value of Cu – 217,3 US$, Value of accompanying metals – 250,9 US$ 

 
It is very obvious that shale fraction has to be processed not only as a copper-

bearing raw material but mainly as a polymetallic one. Separation of this fraction 
from flotation circuit and its processing for recovering of Cu and other metals is 
therefore fully justified. 
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Fig. 2. Particle size analyses of Lubin middlings raw and subjected to the non-oxidative acidic leaching at 

various degree of carbonate decomposition (within 30 – 90 %). 
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Particle size analyses for Lubin middlings (Figure 2.) indicate that applied material 
was rather coarse from the point of view of hydrometallurgy. Parameter d80 exceeded 
100 µm even after non-oxidative leaching with H2SO4. Additional microscopic SEM 
(Figure 3) observations lead to the conclusion that most coarse particles are formed by 
shale material, which can not be decomposed during chemical treatment, even in 
the presence of oxygen (Figure 3D). Therefore, separation of particle fraction above 
70–80 µm and their additional regrinding seem to be very desirable to facilitate fur-
ther leaching. During ammonia leaching Lubin middlings were applied using neither 
chemical pretreatment nor mechanical grinding. This was in order to compare 
the ammonia leaching results with previous atmospheric and pressure leaching, where 
same feed was applied. 

 

A 

 
 

 
B

 

 
C

 

 
D 

 
 

Fig. 3. SEM mineralogical analyses of Lubin shale middlings before leaching (A,B,C)  and after atmos-
pheric leaching in acidic consitions (D). 
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AMMONIA LEACHING PROCEDURE 

All ammonia leaching experiments were performed in 1 liter Parr autoclave. 
Leaching solution was composed of ammonia, ammonium sulfate and oxygen under 
pressure as an oxidizing agent (NH3 + NH4

+ + O2). 
Ammonia solutions as a leaching medium for Lubin middlings can be considered 

as an excellent alternative for acidic oxidative solutions. The reason for that are very 
high stability constants of ammonia complexes for silver, gold, cobalt, copper, nickel 
and zinc (Table 4). 

Aqueous ammonia + ammonia salt solutions as complexing medium is an effective 
and selective leaching agent for copper, silver, nickel, cobalt and zinc. Leaching 
of sulfide minerals takes usually place in the presence of oxygen under pressure 
within 1–20 atm. and at temperatures within 110 – 200 ºC. Solubilized metals are in 
the solution in the form of stable ammonia complexes, while sulfidic sulfur is oxi-
dized to sulfate(VI) ion. No formation of elemental sulfur is observed during 
the process. This is an important advantage of the process. 

Table 4. Stability constants of ammonia complexes (data for metals present in Lubin middlings). 

Metal Chemical formula Stability constant 
Ag+ [Ag(NH3)2]

+ 1,7⋅107 
Au+ [Au(NH3)2]

+ 1⋅1027 
Co2+ [Co(NH3)6]

2+ 7,7⋅104 
Co3+ [Co(NH3)6]

3+ 5,0⋅1033 
Cu+ [Cu(NH3)2]

+ 3,8⋅1010 
Cu2+ [Cu(NH3)4]

2+ 4,8⋅1012 
Ni2+ [Ni(NH3)6]

2+ 1,26⋅109 
Zn2+ [Zn(NH3)4]

2+ 3,98⋅109 

 

The following reaction takes place for copper, nickel and cobalt sulfides: 

 2Cu2S + 12NH3 + 4NH4
+ + 5 O2 = 4[Cu(NH3)4]2

+ + 2SO4
2– + 2H2O (1) 

 CuS + 4NH3 + 2 O2  =  2  [Cu(NH3)4]2
+ + SO4

2–  (2) 

 NiS + 6NH3 + 2 O2  =  [Ni(NH3)6]
2+ + SO4

2–  (3) 

 2CoS + 10NH3 + 2NH4
+ 9/2 O2  =  2[Co(NH3)6]

3+ + 2SO4
2– + 2H2O  (4) 

Particularly substantial advantage of ammonia leaching for solids containing cop-
per-iron and iron minerals (chalcopyrite, bornite, pyrite, pyrrhotite) is that iron pre-
sent in the solid can not be dissolved in alkaline ammonia solution. Fe is oxidized to 
insoluble iron(III) oxide and precipitates from the solution. The following reaction 
can be observed for pyrrhotite:  
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 4FeS + 6NH3 + 4 H2O + 9O2  =  2Fe2O3↓ + 2HSO4
– + 2SO4

2– + 6NH4
+  (5) 

Therefore, selective separation of copper and iron takes place in one leaching op-
eration. 

Table 5 exhibits the range of parameters applied during the ammonia leaching in-
vestigations of Lubin middlings presented in this paper. 

Table 5. Ammonia leaching parameters for Lubin middlings. 

Temperature, 
oC 

Ammonia 

Conc., M 

Oxygen partial 

pressure, atm 

(NH4)2SO4 

conc., g/dm3 
s/dm3 

Stirring rate, 

rpm 

120–180 1.5–3.0 5.0–12.5 50–100 1:10 200–500 

 

Aqueous ammonia + ammonia salt solution is an effective and selective complex-
ing leaching agent for copper, silver, nickel, cobalt and zinc. Leaching of metal sul-
fide minerals contained in the Lubin shale middlings (Table 2) takes place in 
the stirred reactor under oxygen pressure at vigorous stirring rate in order to saturate 
the solution with oxygen. Effect of ammonia concentration was initially examined for 
copper leaching from the middlings (Figure 4). It is well seen that within the investi-
gated ammonia concentration range leaching of copper is very efficient and can be, in 
terms of metals recovery, compared with acidic pressure leaching. Copper recovery 
was about 90 % after 90 minutes of leaching. Further increase in copper recovery was 
not observed as a result of copper minerals encapsulation in the shale fraction. 

RESULTS AND DISCUSSION 

Leaching recovery of nickel and zinc was found to be lower than it was observed 
for copper. About 60–70 % of nickel and slightly above 70 % of zinc was leached out. 
Dissemination of Ni and Zn in shale organic and carbonate matter can explain the ob-
served results and hindering the leaching process.  

Stirring rate appeared to be a key parameter for ammonia leaching of copper from 
Lubin middlings (Figure 6). We found that highest reaction rate for applied reactor 
can be observed when stirring rate was kept within the range of 400–500 rpm. Simi-
larly to Figure 4, maximum leaching recovery was about 90 %. 

Silver was observed to leach in ammonia solution (Figure 7) and the highest leach-
ing rate was observed for stirring rate 400 and 500 rpm. Apparently lower leaching 
rate was observed when stirring rate was in the range of 200 – 3000 rpm. Silver leach-
ing recovery was in the range of 50 – 60 %. Dissemination of silver in coarse particles 
of shale was the main reason for such a recovery, which can be improved by addi-
tional grinding of middlings coarse fraction. Zinc leaching was observed to be most 
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effective when stirring was 500 rpm. Maximum leaching recovery was in the range of 
70 – 80 %. 
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Fig. 4. Effect of ammonia concentration on Cu leaching from Lubin middlings  

temp. 140oC, s/dm3 = 1:10, pO2 = 7.5 atm, (NH4)2SO4 concentration - 50 g/dm3, stirring rate - 400 rpm. 
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Fig. 5. Effect of ammonia concentration on Ni and Zn leaching from Lubin middlings  
temp. 140oC, s/dm3 = 1:10, pO2 = 7.5 atm, (NH4)2SO4 concentration - 50 g/dm3, stirring rate - 400 rpm. 
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Fig. 6. Effect of stirring rate (in rpm) on Cu leaching rate  

temp. = 140oC, s/dm3 = 1:10, pO2 = 7.5 atm, (NH4)2SO4 = 50 g/dm3, NH3 = 2 M 
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Fig. 7. Effect of stirring rate (in rpm) on Ag and Zn leaching from Lubin middlings 
temp. = 140 oC, s/dm3 = 1:10, pO2 = 7.5 atm, (NH4)2SO4 = 50 g/dm3, NH3 = 2 M. 
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Fig. 8. Effect of stirring rate (in rpm) on Ni and Co leaching from Lubin middlings  
temp. = 140oC, s/dm3 = 1:10, pO2 = 7.5 atm, (NH4)2SO4 = 50 g/dm3, NH3 = 2 M.. 
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Fig. 9. Effect of temperature on Cu ammonia leaching from Lubin middlings  

s/dm3 = 1:10, pO2 = 7.5 atm, (NH4)2SO4 = 50 g/dm3, NH3 = 2 M, stirring rate - 400 rpm. 
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From previous mineralogical investigations we fond that nickel was disseminated 
mainly in iron oxide phases (goethite). This was the reason of low leaching recovery 
observed both during acidic and ammonia leaching. 

Temperature is a key parameter for ammonia leaching of copper from Lubin mid-
dlings. Leaching examinations carried out within the temperature range of 120–
180 oC evidently shown, that ammonia leaching temperature for copper can not ex-
ceed 180 oC. Decrease in ammonia and oxygen dissolution seems to be the limiting 
factor at these leaching conditions. Observed results of copper leaching were, how-
ever, very satisfactory. 

In contrast to copper, leaching of zinc was very effective and exhibited the highest 
level at 180 oC and recovery of zinc to the solution was about 95 %. Cobalt exhibited 
the highest recovery at temperatures below 160 oC. We suspect that reason for that 
was instability of ammonia complexes of Co at higher temperatures and precipitation 
of its hydroxyl compounds. 

In all ammonia leaching experiments recovery of arsenic did not exceed 3 % and 
iron was completely insoluble at the experimental conditions. 

Examination of the effect of oxygen pressure (Figure 11) shown that the highest 
leaching rate and highest leaching recovery were observed for the experiments per-
formed at 12.5 atm of oxygen. Surprisingly, almost 100 % of Cu was leached out. 
It was evidently higher with regard to previous experiments carried out at 5 atm of 
oxygen pressure. 
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Fig. 10. Effect of temperature on Co, and Zn leaching  

s/dm3 = 1:10, pO2 = 7.5 atm, (NH4)2SO4 = 50 g/dm3, NH3 = 2 M, stirring rate - 400 rpm. 
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Fig. 11. Effect of oxygen pressure and ammonia sulfate concentration (in grams per liter) on ammonia Cu 

leaching from Lubin middlings. 

 

 
Fig. 12. Eh-pH diagram for Cu–H2O–NH3–SO4

2– system at 25 oC. 
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Another parameter examined during leaching test was concentration of ammonium 
sulfate –(NH4)2SO4 (Figure 11). Recorded cooper concentration – leaching time plots 
indicated, that optimum concentration of ammonium salt was 50 g/dm3. The concen-
tration of ammonium ions together with ammonia form a buffer solution and control 
the solution pH at the level where stability of copper tetraamina complexes 
is the highest (Figure 12). This corresponds to the range of 8–11. If the pH of ammo-
nia – ammonium solution is either to low or exceeds the optimum level of pH, stabil-
ity of copper complexes decreases. 

CONCLUSSIONS 

Ammonia pressure leaching of Lubin shale middlings experiments appeared to be 
an efficient alternative for acidic atmospheric or pressure leaching. The following 
conclusions can be formulated after the detailed investigations of main process pa-
rameters: 
• Ammonia pressure leaching in oxygenated NH3 + (NH4)2SO4 solution is an effec-

tive process for Lubin middlings, allowing the recovery of Cu, Ag, Ni, Co and Zn. 
Fe and As remain in the solid. 

• Temperature, ammonia concentration, ammonium sulfate concentration, oxygen 
pressure and stirring rate are the key leaching parameters. The optimum range 
of parameters for recovery of metals are: ammonia concentration: above 1.5 M, 
ammonium sulfate concentration: 50 g/dm3, oxygen pressure:  12.5 atm., tempera-
ture: 120 – 160 oC, stirring rate: 400 – 500 rpm for the applied reactor,  

• Above 95 % of Cu, 30 % Co, 70 % Ni,  95 % Zn and 60 % Ag can be recovered 
during 90–120 minutes leaching. Leaching rate and leaching recovery can be re-
markably enhanced if coarse particles of shale will be separated for additional size 
reduction below 70 – 80 µm. 

• Fe and As remain in the solid residue during ammonia pressure leaching. 
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Carbon-doped TiO2 was prepared by hydrolysis of titanium (IV) isopropoxide and calcina-
tion at 350ºC for 2h in air. Phenol (0.21 mM) was successfully degraded in the aqueous 
suspension of the powder, under visible light (λ>400 nm). Characteristics of obtained 
photocatalyst by BET method and UV-Vis diffuse reflectance spectroscopy showed about 
127 m2/g of specific surface area, absorption of light in the visible region and 3.35 eV of 
band gap energy. Photocatalytic activity and selected properties of five samples prepared 
independently were investigated. 
 
key words: photocatalysis, carbon-doped TiO2,visible light 

INTRODUCTION 

To achieve Vis light-activated TiO2 many doping procedures using metal or non-
metal heteroatoms were proposed. Single element or multi element doping with such 
non-metalic elements like carbon (Lettmann, 2001; Sakthivel, 2003; Tseng, 2006; 
Górska, 2008), nitrogen (Irie, 2003; Sakthivel, 2004; Kuroda, 2005; Zaleska 2007), 
sulphur (Umebayashi, 2003; Ohno, 2004), fluorine (Hattori 1998, Yamaki, 2002), io-
dine (Hong, 2005), chlorine (Long, 2007), phosphorus (Shi, 2006) and boron (Betti-
nelli, 2007; Zaleska 2008) can successfully modify TiO2 properties and shift its 
photoactivity towards the visible region.  

_________  
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Carbon could improve the photoactivity of TiO2, stabilize anatase structure and in-
crease adsorption of organic molecules on the photocatalyst surface (Tsumura, 2002; 
Janus, 2006; Ren, 2007; Górska, 2008). Tseng et al. studied oxidation of NOx using 
their own carbon-doped catalysts, which were illuminated with UV and Vis light 
(Tseng, 2006). The catalysts were prepared by the sol-gel process using titanium 
alkoxide in ethanol solution with nitric acid as a catalyst, followed by calcination at 
150 to 600ºC. Experimental results showed about 70% removal of NOx in a continu-
ous flow type reaction system with a modified catalyst. They stated that the presence 
of carbonaceous species and mixed crystalline phase in TiO2 powder enhances ab-
sorption of visible light by the photocatalyst. A significant influence of the alkyl 
groups was observed by Lettmann et al. (Lettmann, 2001). TiO2 catalysts were pre-
pared by modified sol-gel process using different alkoxide precursors, in the absence 
of any dopant. Powders containing carbonaceous species revealed photocatalytic ac-
tivity for 4-chlorophenol decomposition in visible light. Sakthivel and Kisch also ob-
served 4-chlorophenol degradation in the presence of carbon-doped photocatalyst and 
diffused indoor daylight (Sakthivel, 2003). In this case, powders were prepared by 
hydrolysis of titanium tetrachloride with tetrabutylammonium hydroxide as a carbon 
precursor. Ren et al. reported higher rate of rhodamine B degradation for carbon-
doped TiO2 prepared by an impregnation of amorphous TiO2 in aqueous solution of 
glucose in comparison to photocatalyst prepared by Sakthivel and Kisch, which was 
used as reference material (Ren, 2007).  

Recently, TiO2 powders were obtained by hydrolysis of TIP, in the absence of any 
dopant, and calcinated at temperatures ranging from 350 to 750ºC (Górska, 2008). 
The experimental data clearly indicated a correlation between light absorption by 
powders and their photocatalytic performance in phenol degradation. Absorbance 
over the entire VIS region and the highest phenol degradation efficiency under visible 
light (λ>400 nm) was observed for the sample calcinated at 350ºC. X-ray photoelec-
tron spectroscopy confirmed presence of carbonaceous species at the TiO2 surface. 
According to the literature, incorporation of carbonaceous species (C–C) occurs 
in highly condensed and coke-like structure, so it could play the role of a sensitizer 
to induce the visible light absorption and response (Lettmann, 2001; Tseng, 2006).  

In this work we consider the reproducibility of carbon-doped TiO2 effectiveness 
and selected properties. The photocatalyst was prepared by TIP hydrolysis and calci-
nations at 350°C. The photocatalytic activity in Vis light and selected properties 
of C–TiO2 samples prepared in five independent runs were investigated. UV-Vis dif-
fuse reflectance spectroscopy and BET methods were used to characterize the sam-
ples. Additionally, TiO2 samples obtained by the same preparation procedure, but cal-
cinated at temperatures lower than 350ºC (i.e. 250 and 300ºC), were studied.  
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METHODS 

PREPARATION OF PHOTOCATALYST 

Carbon-doped TiO2 photocatalysts were obtained, according to procedures de-
scribed earlier (Górska, 2006; Zaleska, 2007). Titanium (IV) isopropoxide (97%, 
Sigma-Aldrich Co., Germany) was hydrolyzed with distilled water only. Nitric acid 
was not used in the preparation procedure to avoid surface rutile, which is formed un-
der such conditions (Tseng, 2006). After hydrolysis, the suspension was kept at 80ºC 
for 12h. The precipitate was filtered, rinsed with ethanol, dried at 80ºC for 12h and 
calcinated at 350ºC for 2h in air. The obtained carbon-doped TiO2 was in the form 
of brown powder. The photocatalyst was prepared five times in separate batches, 
in order to investigate reproducibility of catalyst’ properties.  

MEASUREMENT OF PHOTOCATALYTIC ACTIVITY 

The photocatalytic activity of TiO2 samples was estimated by measuring the de-
composition rate of phenol in 0.21 mM aqueous solution under visible light. Phenol 
was selected as the model contaminant. Recently, phenol was proposed as one of four 
substrates in a multi photoactivity test (Choi, 2007). Phenol is present in wastewater 
from oil refining, pharmaceutical synthesis, electroplating, papermaking, coking and 
iron-smelting.  

The experimental set-up for photocatalytic activity tests was described elsewhere 
(Górska, 2008). 1000 W Xenon lamp (6271H, Oriel) was used as the irradiation 
source. The optical path included water filter and glass filters (GG400, Schott AG)  to 
cut off IR and UV irradiation, respectively. The temperature during the experiments 
was maintained at 10 ºC. 25 ml of aqueous suspension containing 125 mg of a photo-
catalyst and phenol were stirred magnetically and aerated (5 l/h) prior and during the 
irradiation. Aliquots of about 1.0 ml of the suspension were collected during irradia-
tion and filtered through syringe filters (Ø=0.2 µm) to remove fine particles of the 
photocatalyst. The phenol concentration was estimated by the colorimetric method 
after derivatization with diazo-p-nitroaniline, using UV-Vis spectrophotometer (DU-
7, Beckman).  

Photocatalytic degradation runs were preceded with blind tests in the absence of 
a photocatalyst or illumination. Commercial TiO2 P-25 (Degussa) was used as refer-
ence material. 
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CHARACTERISTICS 

Gemini V Analyzer (Micromeritics Instrument Co.) was used for measurements of 
BET surface area, by physical adsorption and desorption of nitrogen. The UV-Vis/DR 
spectra were recorded using UV-Vis spectrometer (Jasco, V-530) equipped with inte-
grating sphere accessory for diffuse reflectance. The band gap energy (Eg) was calcu-
lated from the first derivative of UV-Vis absorption, according to the Planck’s equa-
tion. More details referring to these experimental procedures one can find in our pre-
vious papers (Zaleska, 2007, 2008; Górska, 2008). 

RESULTS AND DISCUSSION 

PHOTOCATALYTIC ACTIVITY  

No degradation of phenol was observed in the absence of a photocatalyst or illu-
mination. Phenol degradation efficiency results in Vis light for TiO2 powders pre-
pared by TIP hydrolysis, and for TiO2 P-25 (Degussa) are presented in Figure 1.  
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Fig. 1. Kinetics of photocatalytic degradation of phenol 

in the irradiated suspension of prepared TiO2 samples and TiO2 P25 
Experimental conditions: Co=0.21 mM, m (TiO2)=125 mg, T=10°C, Qair=5 dm3/h, λ>400 nm 
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The most efficient phenol degradation took place in irradiated suspension of sam-
ple calcinated at 350ºC i.e. TiO2 (350ºC). After 60 min of irradiation, almost 60% 
of phenol was degraded. Sakthivel et al. observed 70% of TOC reduction (4-
chlorophenol, co=0.25 mM) in carbon-doped TiO2 suspension, irradiated with light 
having a wavelength equal to 455 nm (Sakthivel, 2003). The photocatalyst was pre-
pared by TiCl4 hydrolysis with tetrabutylammonium hydroxide and calcinated 
at 400ºC for 1 h. The authors reported that increasing the calcination temperature 
leads to a loss of photoactivity in the presence of visible light, which is in good 
agreement with our results published previously (Górska, 2008). At the same time of 
irradiation, Lettmann et al. reported 30% of 4-chlorophenol (co=0.25 mM) degrada-
tion after 100 min of irradiation (λ>400), in the presence of a catalyst obtained by TIP 
hydrolysis, followed by calcination at 250ºC for 3 h (Lettmann, 2001). In our case, 
irradiation of TiO2 calcinated at 250ºC, resulted in the lowest contaminant degrada-
tion efficiency (20%), see Figure 1. Similarly, irradiation of reference suspension 
(TiO2 P-25) resulted in 25% contaminant decomposition. Low degradation efficiency 
in this case was due to a poor photocatalytic activity of pure TiO2 in the visible light 
(Fujishima and Zhang, 2006). TiO2 powder calcinated at 300ºC also revealed lower 
photoactivity than TiO2 (350ºC).  

Phenol degradation efficiency results for five independently prepared 
TiO2 (350ºC) catalyst samples are shown in Figure 2.  
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Fig. 2. Kinetics of photocatalytic degradation of phenol 
in irradiated suspensions of TiO2 calcinated at 350ºC  

Experimental conditions: Co=0.21 mM, m (TiO2)=125 mg, T=10°C, Qair=5 dm3/h, λ>400 nm 
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Data in Figure 2 indicates that all TiO2 (350°C) samples behaved similarly. Basing 
on these data, we calculated average values of phenol degradation efficiency after 20, 
40 and 60 min of irradiation, including confidence limit, see Table 1. 

Table 1. Phenol degradation efficiency for TiO2(350°C) catalyst 

Phenol degradation efficiency for TiO2 (350°C), E [%] 
Irradia-

tion time 
[min] Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 

∆XX ±  

20 28.9 23.0 29.7 30.1 31.2 28±4.0 

40 44.2 40.8 47.8 48.6 46.8 46±3.9 

60 56.6 54.0 59.8 58.7 57.8 57±2.8 

 

The confidence level for these calculations was 95% and the statistical factor “t” 
(Student’s t-distribusion) was 2.78 for four degrees of freedom. 

CHARACTERISTICS 

Values of specific surface area of five separately prepared TiO2 (350°C) catalysts 
and an average SBET with the confidence limit are presented in Table 2.    

Table 2. Specific surface area of TiO2 (350°C) catalyst 

Specific surface area of TiO2 (350°C), SBET [m2/g] 
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 ∆XX ±  

127.4 127.3 127.0 127.1 126.8 127±0.3 

 

The confidence level for these calculations was 95% and the statistical factor “t” 
(Student’s t-distribusion) was 2.78 for four degrees of freedom. 

All TiO2 samples prepared by TIP hydrolysis and calcinated at 350°C had high 
specific surface area of about 127 m2/g. An average SBET value was more than two 
times greater than BET specific surface area of commercial TiO2 P-25 (50 m2/g). 
Large surface area may contribute to enhanced activity of TiO2, but cannot be respon-
sible for the highest phenol degradation efficiency in visible light, since samples with 
larger specific surface area, i.e. TiO2(250°C) (136 m2/g) and TiO2(300°C) (131 m2/g) 
revealed lower photoactivity, see Figure 1. On the other hand, large surface area is 
usually associated with numerous crystalline defects, which promote recombination of 
electrons and positively charged holes, leading to lower activity under UV irradiation 
(Carp, 2004).  
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UV-Vis absorption spectra of TiO2 (350°C) samples and TiO2 P-25 (Degussa) are 
presented in Figure 3. Pure TiO2 P-25 showed clear absorption edge at around 350 nm 
and insignificant absorption in visible region above 400 nm. Visible light was ab-
sorbed by all TiO2 (350°C) powders. In this case, absorption edge was not as sharp as 
the edge of reference material.  

The band-gap energy values (Eg) were determined using the first derivative of UV-
Vis absorption spectra. Usually, Eg values reported in the literature for anatase are 
around 3.2 eV, whilst 3.0 eV for pure rutile phase (Hoffmann, 1995; Ohno, 2004). 
The band-gap energy of pure TiO2 P-25 was 3.15 eV, since this reference material is 
composed of two different TiO2 crystalline phases, i.e. anatase (70%) and rutile 
(30%) (Macyk, 2003). Each investigated TiO2 (350°C) sample had the band gap en-
ergy equal to 3.35 eV. 
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Fig. 3. UV-Vis absorption spectra of TiO2 (350°C) samples and TiO2 P25 

The experimental results showed lack of band-gap narrowing, which was postu-
lated by many researchers as main consequence of TiO2 doping (Asahi, 2001; Sak-
thivel, 2003). The Eg value of our photocatalyst was wider than for pure bulk anatase. 
According to Saupe et al., this phenomenon is due to a combination of quantum size 
effects, caused by the crystallite size, and the dopant atoms in the structure (Saupe, 
2005). 
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CONCLUSIONS 

The experimental data confirm that the proposed preparation procedure provided 
reproducible effectiveness and studied properties of the photocatalyst. Five separately 
prepared TiO2 (350°C) samples revealed comparable photoactivity under visible light, 
absorption properties and specific surface area.  

According to a comparison between phenol degradation efficiencies of our carbon-
doped TiO2 and commercial TiO2 P-25 (Degussa), see Table 3, we stated that our 
photocatalyst is more suitable for water purification under visible light. The experi-
mental data confirm our earlier observations (Zaleska, 2007; 2008; Górska, 2008), 
that lack of band gap narrowing with increase of the absorption intensity still can lead 
to effective degradation of organic compounds. Enhanced visible light-activity of 
TiO2 (350°C) catalyst resulted rather from the presence of carbon, mainly in the form 
of C–C species, as well as from high surface area, see Table 3. Content of C–C spe-
cies in TiO2 calcinated at 350ºC exceeds content in others samples, see our previous 
publication (Górska, 2008). 

Table 3. Comparison of experimental results of TiO2 (350°C) sample and TiO2 P-25 

Sample name 
Phenol degradation 

efficiency after 
60 min [%] 

Specific surface 
area BET [m2/g] 

Band gap energy 
[eV] 

Content of C–C 
species 
[at.%] 

TiO2 P_25 26.2 50 3.15 - 
TiO2 (350°C) 57.4* 127* 3.3* 10.3* * 

   *  an average value, calculated from data obtained for five separately prepared samples 
* *   previously published result  
 

Carbon-doped TiO2 exhibited similar visible light activity with respect to some 
photocatalysts prepared in our previous investigations (Zaleska, 2007; 2008) using 
dopant precursors (boric acid triethyl ester, thiourea, thioacetamide). Moreover, 
the proposed procedure is simple, reproducible, obtained photocatalyst does not con-
tain intentionally introduced elements, therefore, is more acceptable for industrial ap-
plications and subsequent disposal/reuse. 
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Górska P., Zaleska A., Suska A., Hupka J., Aktywność fotokatalityczna i właściwości powierzchniowe 
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TiO2 domieszkowany węglem otrzymano poprzez hydrolizę izopropanolanu tytanu(IV) i kalcynację 
w 350 ºC w atmosferze powietrza przez 2h. Przeprowadzone badania wykazały, Ŝe fenol (0.21 mM) jest 
efektywnie degradowany w fazie wodnej, w obecności otrzymanego fotokatalizatora oraz światła z zakre-
su widzialnego (λ>400 nm). Pole powierzchni właściwej otrzymanego C–TiO2 wynosiło około 127 m2/g, 
fotokatalizator absorbuje światło z zakresu widzialnego a przerwa energetyczna Eg wynosi 3,35 eV. W 
pracy przebadano aktywność oraz wybrane właściwości dla pięciu niezaleŜnie otrzymanych próbek.  
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The influence of a kind of electrolyte (NaCl, KCl, CaCl2 and MgCl2), its ionic strength (0.01; 0.1; 1) 
and pH of a solution (3; 6; 9) on the adsorption of polyacrylic acid (PAA 2 000 and 60 000) on the 
surface of manganese dioxide (MnO2) was measured. PAA adsorption was the highest in the presence 
of calcium chloride. Adsorption of polyacrylic acid increased also with ionic strength but decreased 
with the increase of pH of the solution. These results are consistent with theoretical findings concern-
ing adsorption of anionic polyelectrolytes on surface of metal oxides. The influence of a kind of elec-
trolyte and its ionic strength on the zeta potential in the presence of PAA was also measured. It was 
proved, that the zeta potential of MnO2 is highest in the presence of calcium chloride as a background 
electrolyte. Moreover the zeta potential increased with ionic strength of all measured systems. 
 
key words: polyacrylic acid, manganese dioxide  polymer adsorption, polymer conformation, zeta po-

tential 

INTRODUCTION 

Adsorption of high molecular weight substances arouses an increasing interest 
over the past few years. It is the results of the fact that the adsorption of polymer is 
completely different from the adsorption of small particles and ions. Polymer chains 
may form lots of different conformations in both the bulk phase and the interface, 
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while the ions and the small particles have invariable and defined shape (Cohen Stuart 
et al. 1991). The practical aspect of the polymer adsorption on solid surfaces is related 
to two processes: stabilisation and flocculation that are applied in many different 
branches of industry (Fleer et al. 1993, Fleer et al. 1993, Pan et al. 2001). The addi-
tion of low-molecular weight polymers to a dispersion causes sterical stabilisation 
of the dispersed system. This process is applied in production of: drugs, cosmetics, 
paints, varnishes and also in production of paper. On the other hand, the addition 
of high molecular weight polymers to a dispersion causes flocculation, widely used in 
treatment of industrial wastes occurring as water suspensions. Measurements 
of polymers’ adsorption on the solid surfaces are determined by many different fac-
tors. Among them the most important ones are: the character of interactions between 
an adsorbent and an adsorbate, a type of used electrolyte, ionic strength and pH of the 
solution, polydispersity of the used polymer and the presence of impurities. 

Manganese dioxide has been chosen as an adsorbent. It occurs in nature as a min-
eral called battery manganese or pyrolusite. Manganese dioxide forms a few poly-
morphic modifications (α, β, γ) but none of them has a stoichiometric composition 
(Kolditz 1994). Under standard conditions MnO2 is insoluble and has amphoteric 
properties. Moreover MnO2 has a also well-defined interface MnO2/polyelectrolyte 
solution is stable in broad pH range. This dioxide finds applications in production of 
matches, in glass-making industry to decolourization of glass and as a depolarizer 
in voltaic cells (Trzebiatowski 1979). 

Polyacrylic acid has been used as a polyelectrolyte in all measurements. This 
polymer has been chosen because of the wide spectrum of its applications 
(Szlezyngier 1998). It is used as: a supplement to surfactants, a compound used in 
production of paper, an inhibitor of fur formation, a concentrator in cosmetics and 
a component of drugs. 

The aim of this paper is to define the influence of a type of used electrolyte, 
its ionic strength and pH of the solution on polyacrylic acid (PAA) adsorption on 
MnO2 surface. Another important information about electrokinetic properties of man-
ganese dioxide in the presence of PAA has been obtained by measurements of zeta 
potential in the presence and absence of polymer. 

MATERIALS AND METHODS 

MnO2 produced by POCh-Gliwice was used as an adsorbent in all measurements. 
The specific surface area of manganese dioxide, calculated using the BET method 
was 38 m2 g-1 and the average diameter of this oxide particles was equal to 280 nm. 
MnO2 average pores diameter, also calculated using the BET method, was equal 
to 4.6 nm. Before the measurements MnO2 was washed with doubly distilled water 
until the conductivity of the supernatant was smaller than 2 µS cm-1. 
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NaCl, KCl, MgCl2 and CaCl2 were used as background electrolytes. Concentra-
tions of these electrolytes were chosen so as to provide a desired ionic strength 
(0.01; 0.1; 1). Polyacrylic acid (molecular weights: 2 000 and 60 000) produced 
by Aldrich was used as a polyelectrolyte. 

The adsorption of PAA (Γ [mg m–2]) in the concentration range from 30 ppm 
to 200 ppm on the MnO2 surface was carried out using the static method (Chibowski 
et al. 1999) presented below. Into the Erlenmeyer flasks, which contained 10 ml 
of the polymer solution (chosen concentration of the polymer, electrolyte and pH) 
0.2 g of MnO2 was added. These suspensions were shaken for 24 hours. Then manga-
nese dioxide was centrifuged and 5 ml of the clear solutions were taken for further 
analysis. The adsorption was calculated from the difference between PAA concentra-
tion before and after the adsorption. The base of analysis was the reaction between 
polyacrylic acid and hyamine, proposed by Crumette and Hummel (Crummett et al. 
1963). The opacity increas after hyamine addition to the solution was measured tur-
bidimetrically using a spectrophotometer (Specord M42, Carl Zeiss) using a special 
computer programme M500. The wavelength used was 500 nm. 

The zeta potential measurements were made using a zetameter (Zetasizer 3 000, 
Malvern Instruments). The samples were prepared by ultrasonification of 0.05 g 
MnO2 with 500 ml of solution and carefully defined: electrolyte (NaCl; KCl; MgCl2; 
CaCl2), ionic strength (0.01; 0.1; 1), polymer concentration (0.01 ppm; 0.1 ppm; 
1 ppm) and pH. The zeta potential was measured in the presence and absence 
of polymers (PAA 2 000; PAA 60 000). 

RESULTS AND DISCUSSION 

Figure 1 presents the polyacrylic acid (PAA 60 000) adsorption isotherms on the 
surface of MnO2 in the presence of four different electrolytes (CaCl2, MgCl2, KCl, 
NaCl) characterized by the same ionic strength (0.1), at pH 6.  

Background electrolyte has the great influence on the adsorption of polyacrylic 
acid. As it can be seen, adsorption of PAA is higher when divalent cation chlorides 
are used as background electrolytes in comparison to PAA adsorption in the presence 
of NaCl and KCl. This phenomenon is a consequence of the creation of bidental com-
plexes between Ca2+ or Mg2+ ions and dissociated carboxylic groups (Vermöhlen et al. 
2000). These complexes may be created between two different polyelectrolyte chains 
or between carboxylic groups from the same macromolecule. It results in a spatial 
polymer conformation rich in loops and tails structures. Because of the fact, that 
the number of the adsorption sites on the surface of the metal oxide is constant, for-
mation of such a conformation, built in the direction of bulk solution, causes 
the increase of polymer adsorption (Chibowski 1988). 
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Moreover, PAA adsorption in the presence of CaCl2 as a background electrolyte is 
higher than in the presence of MgCl2. This is a consequence of differences in desorp-
tion energy of calcium and magnesium ions. It is known that calcium cations desorb 
poorly from the surface of metal oxide, what is the evidence of strong interaction be-
tween them and the oxide surface groups. On the other hand, magnesium cations can 
desorb from the surface quite easily. Therefore, a better contact between PAA mac-
romolecules and oxide surface is observed in the presence of CaCl2, what increases 
the polymer adsorption. The presented isotherms shows also the similarity between 
PAA adsorption in the presence of monovalent metal chlorides. This situation may be 
explained by similarities in sodium and potassium ions activity and their equal charge. 

Figure 2 presents the dependency between PAA adsorption and electrolyte ionic 
strength. As one can notice, the increase of ionic strength increases the PAA adsorp-
tion. This is a consequence of a few effects: changes in dissociation degree 
of carboxylic groups in PAA chain, conformational changes of polyacrylic acid on the 
surface of the metal oxide and changes of a kind and number of adsorbent surface 
groups (Tekin et al 2006). At pH values higher than pHpzc of MnO2 (~4.5) the screen-
ing effect of repulsion forces between negatively charged oxide surface and dissoci-
ated PAA chains (pKa of polyacrylic acid=4.5 (J.E. Gebhardt et al. 1983)) has 
the most important influence on the increase of PAA adsorption with the increase 
of salt concentration. As it is known from our previous results the increase 
of electrolyte concentration as well as the increase of pH both increase 
the dissociation of polyacrylic acid (Grządka et al. 2008) and result in the appearance 

Fig. 1. Adsorption isotherms of PAA 60000 in the presence of different electrolytes, pH=6 
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of larger number of dissociated carboxylic groups in the measured system together 
with the increase of metal cation concentration. 

 

These cations are able to screen the repulsion between the negatively charged sur-
face Its consequence is the increase of PAA adsorption on MnO2 with the increase 
of electrolyte concentration. Moreover, in solution of high electrolyte concentration 
polymer chains are much more flexible (Adachi et al. 2002), what favors spacious 
polymer conformation, rich in loops and tails structures. Creation of such 
a conformation on the metal oxide surface leads to the increase of the polymer adsorp-
tion. 

Figure 3 points out that PAA adsorption decreases with the increase of pH. As was 
mentioned above, PAA macromolecules at pH lower than 4.5 consist mostly 
of nondissociated carboxylic groups, but with further increase of pH the number of  
–COO– groups increases. The decrease of polyacrylic acid adsorption with the in-
crease of pH results from the above-mentioned increase of negative charge in PAA 
chain. If the repulsion between adsorbent and adsorbate intensifies, interactions be-
tween polymer and surface of the solid are reduced. At low pH values the most possi-
ble adsorption mechanism is electrostatic attraction and nonelectrostatic, specific in-
teraction between carboxylic groups and surface metal oxide groups, mostly hydrogen 
bond type (Solberg et al. 2003). At pH values higher than pHpzc the most important 
mechanism responsible for PAA adsorption is the formation of complexes between 
polymer segments and adsorbent surface groups. 

Fig. 2. Dependency between PAA adsorption and KCl ionic strength, pH=6 
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Figures 4–6 show the dependencies of the zeta potential of MnO2 
on the concentration of polymer, on the type of electrolyte and on electrolyte ionic 
strength. There are three effects responsible for the changes in values of the zeta po-
tential in the presence of polymer. The first one is the presence of the charge 
of the dissociated polymer groups in the by-surface layer of the solid. The second 
one the shift of the slipping plane caused by the polymer adsorption on the metal ox-
ide surface and the last one is the change of position of counterions in the Stern layer, 
which follows the polymer adsorption process. The first and the second effects cause 
the decrease of the zeta potential, but the third one causes the increase of this value. It 
must be underlined that these three effects occur simultaneously. The increase or the 
decrease of the zeta potential depend only on their quantitative contribution. 

As it might be seen from Figure 4 the zeta potential of manganese oxide in 
the presence of polyacrylic acid is lower in the whole pH range than in the absence 
of polymer. That results from the presence of dissociated carboxylic groups in  olymer 
chain mainly in the by-surface layer of MnO2. Moreover, with the increase of pH 
the PAA dissociation increases. This situation causes not only the decrease of the zeta 
potential but also the conformational changes in PAA chains are observed (Das et al. 
2001). Created conformation causes the shift of the slipping plane towards the bulk 
solutions, what leads to the decrease of the zeta potential value. The increase 
of polymer molecular weight and polyelectrolyte concentration both cause that 
the zeta potential of MnO2 decreases. Such a behavior is reasonable because the in-
crease of polymer molecular weight and the increase of polymer concentration both 

Fig. 3. Dependency between PAA adsorption and pH of the solution  
in the presence of 0.333M MgCl2 
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cause two effects: the increase of total negative charge in polymer chain and the in-
crease of the adsorption layer thickness. That causes the shift of the slipping plane in 
the bulk solutions and the decrease of the zeta potential values is observed. 

 

Some conclusions on the influence of kind of electrolyte on the zeta potential 
of MnO2 might be drown from Figure 5. As one can see, when monovalent metal 
chlorides are used as electrolytes the zeta potential of MnO2 curves have the similar 
run and the similar zeta potential values are obtained. This phenomenon is a conse-
quence of the similar character of NaCl and KCl and their equal charge. On the other 
hand, when CaCl2 is used as a background electrolyte, higher zeta potential values are 
obtained in comparison to the zeta potential values decreased in the presence of 
MgCl2. Moreover, in the presence of divalent metal chlorides the obtained zeta poten-
tial data are more divergent than rather compact values obtained for the systems: 
MnO2/PAA/monovalent metal chlorides. It is due to the above mentioned difference 
between the desorption energies of calcium and magnesium from the metal oxide sur-
face. A competitive adsorption between electrolyte ions and polymer segments may 
occur in the systems containing calcium cations, but the same process is rare in the 
systems where magnesium cations are present. That competitive adsorption causes the 
blockade of the adsorption sites and results in the increase of the zeta potential 
of MnO2 in the presence of CaCl2. 

Moreover, higher zeta potential values are obtained in the presence of divalent 
metal chlorides in comparison to zeta potential values in the presence of monovalent 

Fig. 4. Manganese dioxide zeta potential as a function of pH  
in the presence of 0.01M NaCl and PAA 
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chlorides and the smaller differences in the zeta potential of MnO2 in the presence of 
polymer and without it in the presence of monovalent metal chlorides are observed. 
This fact is rather surprising because not only the adsorption of PAA but also the 
thickness of polyacrylic acid adsorption layer on MnO2 in the presence of different 
electrolytes show that polyelectrolyte conformation is spacious in the presence of di-
valent metal chlorides. For that reason the decrease in elektrokinetic potential was 
expected in the presence of divalent metal chlorides mainly because of a bigger shift 
of the slipping plane. The only one explanation of the measured zeta potential in-
crease is more effective screening of negative charge along polymer chains by diva-
lent cations. Furthermore, these cations can interact with metal oxide surface groups 
and with polymer segments creating bidental complexes type: R–COO–Me–COO–R. 
This phenomenon is responsible for the second reversal of charge of MnO2 in 
the presence of divalent chlorides. This effect is clearly visible at high pH values. An-
other reason for that is the overcharging of the electric double layer simultaneous with 
a formation of –SO–Ca2+ groups. 

 

The data presented on Figure 6 allows the analysis of the influence of ionic 
strength on MnO2 zeta potential. As one can notice, increase of the zeta potential ac-
companies the increase of salt concentration. This results from the screening effect 
of negative charge between dissociated PAA carboxylic groups and metal oxide sur-
face by the growing number of background electrolyte cations. Moreover, there are 
visible differences between the zeta potential curves in the presence of 0.333M MgCl2 

Fig. 5. Manganese dioxide zeta potential as a function of pH  
in the presence of different electrolytes and PAA 60000 
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in comparison to the zeta potential curves in the presence of less concentrated electro-
lytes. These differences result from differences between adsorption of cations and 
anions (Kosmulski et al. 2007). 

 

 

CONCLUSIONS 

• The highest polyacrylic acid adsorption is observed in the presence of CaCl2. 
• PAA adsorption on MnO2 surface is higher for divalent than for monovalent 

metal chlorides as background electrolytes. 
• There are no large differences between the polyacrylic acid adsorption in the 

presence of NaCl and KCl. 
• With the increase of ionic strength the increase of PAA adsorption is observed. 
• The presence of divalent cations in the system: PAA/MnO2/electrolyte solution 

results in the increase of the zeta potential of MnO2. 
• The increase of electrolyte ionic strength causes the increase of the zeta poten-

tial. 

Fig. 6. Manganese dioxide zeta potential as a function of pH for various concentration of KCl  
in the presence or absence of PAA 2000 
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Grządka E., Chibowski S., Wpływ rodzaju elektrolitu i jego siły jonowej na adsorpcję i właściwości 

elektrokinetyczne układu: kwas poliakrylowy/MnO2/roztwór elektrolitu., Physicochemical Problems of 
Mineral Processing, 43 (2009), 31–42 (w jęz. ang) 
 

Badano wpływ rodzaju elektrolitu (NaCl, KCl, CaCl2 i MgCl2), jego siły jonowej (0.01; 0.1; 1) 
i pH roztworu (3; 6; 9) na adsorpcję kwasu poliakrylowego (PAA 2 000 i 60 000) na powierzchni ditlen-
ku manganu (MnO2). Otrzymane wyniki dowodzą, Ŝe adsorpcja PAA jest największa w obecności chlor-
ku sodu w porównaniu z adsorpcją PAA w obecności innych elektrolitów. Adsorpcja kwasu poliakrylo-
wego wzrasta równieŜ wraz ze wzrostem siły jonowej elektrolitu podstawowego lecz maleje ze wzrostem 
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pH roztworu. Wyniki te pozostają w zgodzie z przewidywaniami teoretycznymi dotyczącymi adsorpcji 
anionowych polielektrolitów na powierzchni tlenków metali. Mierzono równieŜ wpływ rodzaju elektroli-
tu i siły jonowej na potencjał dzeta w obecności kwasu poliakrylowego. Zostało udowodnione, Ŝe poten-
cjał dzeta MnO2 przyjmuje najwyŜsze wartości w obecności chlorku wapnia jako elektrolitu podstawo-
wego. Co więcej, wartość ta wzrasta wraz ze wzrostem siły jonowej w kaŜdym z badanych układów. 
 
słowa kluczowe: kwas poliakrylowy, ditlenek manganu, adsorpcja polimerów, konformacja polimerów, 

potencjał dzeta 
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Influence of sodium n-dodecyl sulfate (SDDS) concentration, presence of  electrolytes (NaCl and 

KCl) and the solution pH variation on profiles of the bubble local velocity and values of the bubble 

terminal velocity were studied. It was found that in SDDS solutions the bubble accelerated rapidly af-

ter the detachment and either a maximum was observed (low SDDS solution concentrations) followed 

by a period of monotonic decrease or the terminal velocity was attained immediately after the accel-

eration stage (high SDDS concentrations). Addition of the electrolyte and/or the pH variation caused 

significant diminishing the local velocity in low concentrations solutions and lowering the bubble 

terminal velocity to a value characteristic for SDDS solutions of high concentrations. This effect of 

electrolyte and pH on the bubble velocity variations was attributed to lowering surface tension of the 

SDDS solutions.  

 

keywords: sodium n-dodecyl sulfate, SDDS, bubble; surface tension, adsorption coverage;velocity; 

fluidity of interface; adsorption kinetics; dynamic structure of adsorption layer.  

INTRODUCTION  

Bubble motion is an important issue in many industrial applications. As Kulkarni 

and Joshi (2005) underlined in their review,  the gas bubbles and gas-liquid contacting 

are the most important and very common operations in the chemical process industry, 

petrochemical industry, and mineral processing. In applications such as absorption, 

distillation, and froth flotation, the interaction of two phases occurs through dispers-

ing the gas into bubbles and their subsequent rise in the liquid pool. In froth flotation 

_________  
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the bubble acts as a carrier of the attached particles  having density greater than 

the continuous liquid medium (pulp). Probability of formation of the stable bubble-

particle aggregate is considered (Derjaguin and Dukhin, 1960; Schimmoler et. al., 

1993; Ralston and Dukhin, 1999) to be a product of the probabilities of collision and 

attachment (formation of the three-phase contact) and the probability that detachment 

would not subsequently occur. The probability of the collision is determined mainly 

by hydrodynamic conditions of the bubbles and particles motion. As surfactant ad-

sorption at the interface of the rising bubble can lower its terminal velocity over two-

fold (Clift et al., 1978; Krzan and Malysa, 2002ab; Krzan et al., 2007),  so an addition 

of the surfactant (frother) can affect significantly not only the collision probability but 

also the probability of the particle attachment due to prolongation of the contact time 

between the colliding bubble and particle. Various reagents are employed in mineral 

industry as frothers (Laskowski, 1998) to modify properties of the liquid/gas inter-

faces and to facilitate the flotation aggregate formation (Leja, 1982). The frother addi-

tion assures formation of the froth layer, facilitates the gas dispersion and increases 

the gas/liquid interfacial area, as a result of diminishing sizes of the bubbles formed, 

and lowers significantly velocity of the bubbles formed. The size of bubbles formed 

and their velocity are considered (Azgomi et al., 2007) to be the main factors deter-

mining the gas holdup in flotation column and the bubble velocity is related to its size. 

As smaller bubble size and velocity leads to a larger the gas holdup, so Azgomi et al. 

(2007) attempted to find a unique relationship among gas holdup, gas rate and bubble 

size, which would be independent of frother (surfactant) type. However, the attempt 

was unsuccessful and they found in their analysis of the bubble size and gas holdup 

vs. frothers concentration that for the same gas holdup, the bubble sizes for different 

frothers were different. A failure of this analysis is most probably related to the fact 

that the size of the bubbles formed and the bubble rising velocity is determined by the 

state of adsorption layer at the bubble surface. Identical bulk concentration does not 

mean that the adsorption coverage is similar.  

The presence of adsorption layer and time of formation of the dynamic adsorption 

layer (DAL) are the parameters which affect, to a great extent, values of the local and 

terminal velocities of the rising bubbles (Clift et al., 1978; Sam et al., 1996; Krzan 

and Malysa, 2002ab; Krzan et al., 2007). In water devoid of surfactants, the bubble 

surface is fully mobile, and therefore, the bubble velocity is higher than that of solid 

sphere of identical diameter and density (Levich, 1962). Adsorption layer 

of surfactant molecules at the bubble surface retards fluidity of the gas/liquid inter-

face and lowers the bubble rising velocity. Simultaneously, as a result of the viscous 

drag exerted by continuous medium on the bubble surface, an uneven distribution 

of the adsorbed surfactant molecules along the interface of the rising bubble is devel-
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oped. Such adsorption layer, called the dynamic adsorption layer (DAL) (Dukhin et 

al., 1998), determines values of the bubble terminal velocity and profiles of the bub-

ble local velocity (Krzan et al, 2007). Formation of the DAL means that the adsorp-

tion coverage (surface concentration) is at minimum at the upstream pole of the mov-

ing bubble, while at the rear pole is higher than the equilibrium coverage (Dukhin et 

al., 1995, 1998). This gradient of the surface concentration (surface tension) retards 

mobility of the bubble surface and consequently the bubble velocity is lowered.  

Bubble formation is a dynamic process and in surfactant solutions is interrelated 

with adsorption of surfactant molecules at the expanding bubble surface. A degree of 

the adsorption coverage at the surface of the bubble formed is determined by the rate 

of bubble formation and kinetics of the surfactant molecules adsorption of at the ex-

panding bubble surface (Warszynski et al., 1998b; Jachimska et al., 2001). 

The equilibrium adsorption coverage is attained at surface of the bubble formed and 

starting to rise only in the case when the adsorption is faster than the bubble surface 

expansion. The bubble formed accelerates immediately and at some distance from 

the point of its formation reaches the terminal velocity which is determined by 

the balance between all acting forces. 

The paper presents results of studies on local and terminal velocities of the bubbles 

rising in n-dodecyl sulfate solutions of different concentrations, and on influence of 

solution pH and presence of various electrolytes on the bubble motion.   

EXPERIMENTAL 

A square glass column (40×40 mm) having at the bottom a capillary of inner di-

ameter 0.075 mm was used. Bubbles were formed at the capillary orifice with the help 

of Cole-Parmer syringe pump enabling high precision control of the gas flow. Figure 

1 presents schematically the set-up used in measurements of the bubble dimensions 

and velocities. A Moticam 2000 digital camera (with Nikkor f=60 objective and rings 

for magnification) was used to monitor and record the bubbles motion. The picture 

recorded was magnified approximately twenty-fold as a result of applying the rings 

between the objective and the camera body. To determine local velocities of the bub-

ble at various distances from the capillary orifice a stroboscope lamp (Drelloscope) 

illumination with 100 flashes per second was applied. The data were next analyzed by 

the image analysis software SigmaScan Pro 5.0.  

Sodium n-dodecyl sulfate and sodium and potassium hydroxides were used as re-

ceived from Fluka and Merck. Sodium and potassium chlorides used were heated up 

to 550
o
C in order to get rid of any surfactant contaminations. The surfactant solutions 

were carefully prepared immediately before experiment to avoid any a long term hy-
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drolysis. Distilled water (Millipore) was used for the solution preparation. 

The measurements were carried out at room temperature, 22±1 ºC. 

 

 

 

Fig. 1. The experimental set-up 

RESULTS AND DISCUSSION 

Local velocity profiles, i.e. variations of the bubble local velocity with distance 

from the point of the bubble formation, are different for pure water and surfactant so-

lutions. Generally, in clean water there can be distinguished two stages: i) accelera-

tion, and ii) steady state motion, when the terminal velocity is attained. In surfactant 

solutions an additional stage can be observed, i.e. a maximum followed by a decelera-

tion until the terminal velocity is established (Krzan and Malysa, 2002ab; Krzan et al., 

2004, Malysa et al., 2005, Krzan et al., 2007ab). The bubble terminal velocity in sur-

factant solutions is lower than that in clean water. The presence and the position of 

the maximum is a function of the surfactant concentration and both of them depend on 

type of the surfactant used.  
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Figure 2 present the images of bubbles departing from the capillary orifice 

at various concentrations of sodium n-dodecyl sulfate solutions. From the left, there 

are  images showing the bubble detachment and acceleration in 1⋅10
–5 

M, 1⋅10
–4 

M and 

3⋅10
–3 

M SDDS solutions, respectively. As these experiments were carried out under 

identical stroboscopic illumination (100 flashes per second) so it can be noted imme-

diately that the bubbles velocity was increasing with distance from the capillary and 

decreasing with increasing the SDDS concentration. It is seen also that the bubbles, 

which were spherical at the capillary orifice, underwent deformation immediately af-

ter departure and the deformation was the largest in lowest concentration. There were 

also observed differences in the bubble path motion at different concentrations. At 

concentration of 1⋅10
–5 

M the bubbles moved up along a straight line. In 1⋅10
–4 

M the 

presence of the zig-zag and later helical path of the rising bubble was observed from a 

distance of ca. 10 cm above the capillary. At high SDDS concentration (3⋅10
–3 

M) the 

path of the bubbles rise was again linear. These differences in the bubble path motion 

are related – in our opinion – to degree of immobilization of the bubble surface. The 

bubble interface in 1⋅10
–5 

M SDDS solution is practically fully mobile, in 1⋅10
–4 

M the 

surface is partially immobilized, and in 3⋅10
–3 

M the bubble surface is fully immobi-

lized – fluidity of the solution/gas interface is completely retarded. 

 

 

Fig. 2. Examples of images of the bubbles departing from the capillary orifice at  SDDS solutions of con-

centration 1*10–5, 1*10–4 and 3*10–3 mol dm–3. Strobe frequency-100 flashes per second  
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Figure 3 presents the results of the measurements of bubbles’ local velocity as 

a function of the distance from the capillary in SDDS solutions. As a reference 

the values of  bubbles’ local velocities in distilled water are also presented. Generally, 

the variations (profiles) of the local velocities with distance show a similar feature 

like in the case of previously studied nonionic and cationic surfactants. Immediately 

after detachment, the bubble velocity increases rapidly in all the SDDS studied solu-

tions and in distilled water. Having passed the period of rapid acceleration either a 

maximum was observed (low SDDS solution concentrations) followed by a period of 

monotonic decrease, which ended up (in the majority of cases) as a plateau (a constant 

value of the terminal velocity), or the terminal velocity was attained immediately after 

the acceleration stage (high SDDS concentrations). The height and the width of the 

maximum diminished with increasing concentration of the surfactants. The distance 

from the capillary at which the maximum velocity was observed, for a definite con-

centration of the surfactants, shifted closer to bubble's starting point with increasing 

solution concentration. As can be observed in Figure 3, bubbles’ terminal velocity 

was decreasing steadily with increasing solution concentration, from 34.8 ± 0.3 cm/s 

in distilled water, down to a level of ca. 15 cm/s, which is almost identical like for all 

surfactants studied at their highest solution concentrations (Krzan and Malysa, 

2002ab; Krzan et al., 2004, Malysa et al., 2005, Krzan et al., 2007ab). 
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Fig. 3. Bubble local velocities in water and SDDS solutions of various concentrations 

The degree of adsorption coverage and distribution of the adsorbed surfactants 

over surface of the rising bubble are of crucial importance for the bubble motion be-
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cause there exist minimum adsorption coverage necessary for a complete immobiliza-

tion of the bubble interface. The values of these minimum adsorption coverage 

needed to immobilize the bubble interface can be quite different and, as shown by 

Krzan et al. (2002ab; 2004, 2007ab), can vary from ca. 2% up to 25%, depending on 

the surfactant type. Figure 4 presents the dependence of the bubble terminal velocity 

on the degree of adsorption coverage at surface of the bubble detaching from the cap-

illary in solutions of sodium n-dodecyl sulfate. The degree of adsorption was calcu-

lated using the adsorption kinetics model for the expanding bubble surface elaborated 

by Warszynski et al., (1998b) and described in details in (Jachimska et al., 2001). 

The model assumptions are as follows: (i) bubble grows uniformly with constant 

(velocity) up to its detachment from the capillary orifice, (ii) surfactant molecules are 

transferred to the interface by the convective-diffusion mechanism, and (iii) adsorp-

tion kinetics is described by the Frumkin-Hinshelwood model, which at equilibrium is 

consistent with the Frumkin adsorption isotherm. Values of parameters of the Frum-

kin adsorption isotherm used in the calculations were taken from the paper by War-

szynski et al., (1998b). Knowing that in our experiments the time of the bubble sur-

face expansion, i.e. the time available for the surfactant adsorption, was 1.6 s we 

could evaluate the degree of adsorption coverage. It was found that that the adsorption 

coverage at the surface of the detaching bubble was closed to the equilibrium adsorp-

tion coverage in all SDDS solutions - only  in lowest SDDS concentrations the cover-

age’s at the surface of the detaching bubble were lower, but still over 80% of the equi-

librium ones. As seen in Figure 4, the minimum adsorption coverage needed for 

a complete retardation of fluidity of the rising bubble interface was equal to ca. 10%. 

The SDDS solution of concentration 1⋅10
–4

mole/dm
3 

was chosen for studies of 

the influence of the solution pH and the electrolyte presence on the bubble motion. 

At this concentration (see Figure 2) there was a distinct maximum, i.e. three different 

stages of the bubble motion, indicating that dynamic structure of the adsorption layer 

(DAL) was not established at the stage of the bubble acceleration. Moreover, at 

the adsorption coverage at surface of the detached bubble (ca. 2%) still did not assure 

a complete retardation of the bubble surface fluidity. Thus, in this solution 

an influence of pH and electrolyte presence on various stages of the bubble motion 

can be observed. 

Figure 5 presents images of bubbles departing from the capillary orifice for 

the 1⋅10
–4 

M SDDS solutions of different pH’s; not adjusted (ca. 7), pH 2 (HCl added) 

and pH 11 (NaOH added), respectively. As these experiments were carried out under 

stroboscopic illumination of 100 flashes per second, it can be clearly seen that the pH 

variation had a strong impact on the bubble acceleration and velocity immediately 

after its detachment from the capillary – the bubble acceleration was much smaller. 

An addition of the electrolyte had a similar effect on the bubble acceleration and ini-

tial velocity. 
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Fig. 4. Bubble terminal velocity as a function of the adsorption coverage degree over surface of the bub-

bles detaching from the capillary in sodium n-dodecyl sulfate solutions (adsorption time = 1.6 s) 

 

Fig. 5. Images of bubbles departing from the capillary orifice in 1⋅10–4 mole/dm3 SDDS solutions of dif-

ferent pH’s; not adjusted (ca. 7), pH 2 (HCl added) and pH 11 (NaOH added), respectively. Strobe fre-

quency-100 flashes per second  
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Figures 6A–D present the quantitative data on influence of electrolyte (NaCl or 

KCl) and solution pH on profiles of the bubble local velocity and the terminal veloc-

ity values. To check if there is any specific effect of the type of the electrolyte cation, 

the potassium and sodium chlorides were used and the alkaline pH of the solutions 

was adjusted by applying either NaOH or KOH. As seen in Figures 6A–D, without 

any additives in 1⋅10
–4 

M SDDS solutions, the period of rapid acceleration is followed 

by a stage of velocity decrease, preceding an attainment of the terminal velocity equal 

to 17–18 cm/s. An addition of the electrolyte and/or the pH variation had a drastic 

influence on the bubble velocity profiles. As can be observed in Figures 6A–D, the 

maxima disappeared and the terminal velocity stage was achieved immediately after 

the acceleration period. Moreover, the terminal velocity was lowered to ca. 14–15 cm/ 

s and was attained already at distance of 2–3 cm from the capillary orifice. A small 

maximum can be noted only in solutions at pH=11 (Figures 6A and 6B) without any 

electrolyte added. 
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Fig. 6A. Profiles of the bubble local velocity in 1⋅10–4M SDDS solutions of pH=11 (NaOH adjusted), 

without and with 0.05 M NaCl added. The velocity profile in 1⋅10–4M SDDS solutions without any addi-

tives is given as the reference 

In our opinion the influence of electrolyte and pH on the bubble velocity variations 

is related to the effect of electrolytes on surface tension of ionic surfactant solutions. 

When the ionic surfactant molecules are adsorbed, the electrical double layer is built 

and, as a result, an energetic barrier of electrostatic origin appears. It is known that 
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adsorption of ionic surfactants is strongly influenced by the electrical double layer 

arising due to surfactants ion adsorption and repulsive interactions between 

the adsorbed ionic molecules within the adsorption layer. Warszynski et al., (1998a) 

showed and developed a theoretical model to describe the influence of electrolyte on 

the surface tension of ionic surfactants. There are presented experimental data for 

a broad range of NaCl concentrations (0–1M NaCl) showing that addition of NaCl 

can shift the SDDS surface tension isotherm by more than order of magnitude towards 

lower concentrations. This effect of lowering of surface tension of ionic surfactant 

solutions is due to neutralization of the surface charge of adsorbed ionic surfactant 

molecules by counterions adsorbed in the Stern layer (Warszynski et al., 1998a). 

The counterion adsorption causes that interface is almost “neutral” for the adsorbing 

surfactant, and thus, the surface activity of the ionic surfactant almost approaches 

the surface activity of nonionic surfactant with the same carbon chain length. In other 

words the electrolyte presence means that at identical bulk concentration the SDDS 

solution surface tension is lowered. Lower surface tension means higher SDDS ad-

sorption coverage over interface of the rising bubble and higher retardation of 

the bubble surface fluidity. As a result the bubble local and terminal velocities are 

lowered in electrolyte presence. 
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Fig. 6B. Profiles of the bubble local velocity in 1⋅10–4 M SDDS solutions of pH=11 (KOH adjusted), 

without and with 0.05 M KCl added. The velocity profile in 1⋅10–4 M SDDS solutions without any addi-

tives is given as reference 



 Influence of solution pH and electrolyte presence on bubble velocity … 53 

SDDS

distance [cm]

0 5 10 15 20 25 30

ve
lo
ci
ty
 [
cm
/s
]

0

5

10

15

20

25

30

35

1*10
-4
M 

1*10
-4
M 0.05M NaCl 

1*10
-4
M 0.05M KCl 

 

Fig. 6C. Profiles of the bubble local velocity in 1⋅10–4M SDDS with 0.05 M NaCl or 0.05 M KOH added. 

The velocity profile in 1⋅10–4M SDDS solutions without any additives is given as the reference 
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Fig. 6D. Profiles of the bubble local velocity in 1⋅10–4 M SDDS solutions of pH=2 (HCl adjusted), with-

out and with 0.05 M NaCl added. The velocity profile in 1⋅10–4 M SDDS solutions without any additives 

is given as the reference 
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To confirm that the influence of pH and electrolyte on the bubble motion is due to 

lowering surface tension of the SDDS solutions, the sizes of bubbles formed were 

measured and collected in Table 1. Size of the bubble formed at the capillary orifice 

under equilibrium or quasi-equilibrium conditions is given by Tate law (Adamson, 

1990): 

 3

2

3

g

r
r k
b

ρ

σ

∆
=   

where rb is the bubble radius, d0 is the capillary orifice diameter, σ is the solution sur-

face tension, ∆ρ is the density difference between air and water and g is the gravity 

acceleration. As showed elsewhere (Krzan et al. 2002a) the sizes of the detaching 

bubbles were in good agreement with that calculated from the Tate law. Thus, from 

the measured size of the detaching bubbles the solution surface tension can be evalu-

ated. As can be clearly seen in Table 1, the bubble diameter decreased from  1.45 mm 

in the SDDS solution without any additives, down to ca. 1.39–1.40 mm in the pres-

ence of NaCl, NaCl/NaOH, KCl, KCl/KOH or HCl, NaCl/HCl, KCl/HCl. In the case 

of experiments with addition of NaOH or KOH, the bubble diameters were 1.42–1.43 

mm. Using the Tate law the surface tension values reflecting these variations of the 

bubble diameter were calculated and are listed in Table 1. When in  1⋅10
–4 

M SDDS  

solution without any electrolyte the surface tension was 72 mN/m, then it decreased to 

ca. 62.5 mN/m for the bubble diameter of 1.39mm (solution pH=2). An addition of 

0.05 M of NaCl or KCl caused the bubble diameter to diminished from 1.45 to 1.40 

mm and its is equivalent to the surface tension decrease from 72 to ca. 64.5 mN/m. It 

is worthy to add here that these evaluations of the surface tension variations with elec-

trolyte addition are in reasonable agreement with data published by Warszynski et al. 

(1998a). 

 Table 1. Variations of the bubble diameter in 1⋅10–4 M SDDS solutions without and with electrolyte ad-

dition and at different pH’s. Diameter of the capillary orifice – 0.075mm 

 SDDS 1⋅10–4 M 

with addition of: 

bubble diameter 

[mm] 

surface tension [mN/m] 

(calculated from theTate law) 

- 1.45 ± 0.01 72.0 ± 0.5 

0.05 M NaCl 1.40 ± 0.01 64.5 ± 1.0 

0.05 M NaCl NaOH pH 11 1.41 ± 0.01 65.5 ± 1.0 

0.05 M NaCl HCl pH 2 1.40 ± 0.01 64.5 ± 1.0 

NaOH pH 11 1.43 ± 0.01 68.5 ± 0.8 

HCl pH 2 1.39 ± 0.01 62.5 ± 1.0 

0.05M KCl 1.40 ± 0.01 64.5 ± 1.0 

0.05 M KCl KOH pH 11 1.40 ± 0.01 64.5 ± 1.0 

0.05 M KCl HCl pH 2 1.40 ± 0.01 64.5 ± 1.0 

NaOH pH 11 1.43 ± 0.01 68.5 ± 0.8 
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CONCLUSIONS 

Concentration of sodium n-dodecyl sulfate (SDDS), presence of electrolyte and 

the solution pH variation affect significantly bubble motion parameters. The bubble 

terminal velocity was decreasing with increasing SDDS concentration, from 34.8 ± 

0.3 cm/s in distilled water to ca. 15 cm/s at high SDDS concentrations. Lowering 

the bubble terminal velocity to 15 cm/s means that fluidity of the bubble surface is 

completely retarded due to formation of the SDDS dynamic adsorption layer. It was 

found that the minimum SDDS adsorption coverage needed for a complete retardation 

of fluidity of the rising bubble interface was equal to ca. 10%.  

The bubbles detached from the capillary accelerated rapidly in the SDDS solutions 

and either a maximum was observed (at low SDDS solution concentrations) followed 

by a period of monotonic decrease or the terminal velocity was attained immediately 

after the acceleration stage (at high SDDS concentrations). The height and the width 

of the maximum diminished with increasing SDDS concentration.  

An addition of the electrolyte and/or the pH variation caused significant diminish-

ing of the bubble velocity in the SDDS solutions.  It was shown that the influence of 

electrolyte and pH on the bubble velocity variation was caused by lowering the sur-

face tension of the SDDS solutions. The electrolyte presence means that at an identi-

cal SDDS bulk concentration the solution surface tension is lowered. A lower surface 

tension means a greater SDDS adsorption coverage over the interface of rising bubble 

and a greater retardation of the bubble surface fluidity. Therefore, the bubble local 

and terminal velocities were lowered in the electrolyte presence. 
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Krzan M., Małysa K., Wpływ pH roztworu oraz obecności elektrolitów na prędkości pęcherzyków ga-

zowych w roztworach wodnych anionowych związków powierzchniowo aktywnych Physicochemical Pro-

blems of Mineral Processing, 43 (2009), 43–58 (w jęz. ang) 

 

Wyznaczono profile prędkości lokalnych oraz zmiany prędkości granicznych pęcherzyków powietrza w 

roztworach n-dodecylosiarczanu sodu (SDDS) o róŜnych stęŜeniach, w obecności róŜnych elektrolitów 

(NaCl i KCl) oraz przy róŜnych pH roztworów. Stwierdzono, Ŝe przy niskich stęŜeniach SDDS pęcherzy-

ki po oderwaniu od kapilary zaczynają wypływać z duŜym przyspieszeniem początkowym i osiągają mak-

simum, po którym występuje etap zmniejszenia prędkości, aŜ do osiągnięcia stałej wartości granicznej. W 
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wysokich stęŜeniach przyspieszenie było niŜsze, a prędkości graniczne ustalały się bezpośrednio po eta-

pie przyspieszenia – nie występowało maksimum. Stwierdzono, Ŝe dodatek elektrolitów do badanych 

roztworów oraz zmiany pH roztworów powodują drastyczne zmniejszenie prędkości lokalnych przy ni-

skich stęŜeniach SDDS i obniŜenie prędkości granicznej aŜ do wartości charakterystycznej dla wysokich 

stęŜeń SDDS. Zjawisko to związane było jest ze znacznym obniŜeniem napięcia powierzchniowego w 

roztworach po dodaniu elektrolitu oraz po zmianie pH. 

 

słowa kluczowe: n-dodecylosiarczan sodowy SDDS, pęcherzyk gazowy, napięcie powierzchniowe, pokry-

cie adsorpcyjne, prędkość, ruchliwość powierzchni, kinetyka adsorpcji, dynamiczna 

struktura warstwy adsorpcyjnej. 
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To optimize the technology for Bakyrchik deposit gold ore processing according to roasting - cyani-
dation pattern, the researches on sorption properties and the influence of carbon-bearing minerals 
content in calcine on gold recovery have been carried out. The results of conducted investigations 
showed that sorption properties of coal - Au concentrate during roasting process change even at rela-
tively high residual carbon content in the calcine. Chemical sorption, dominating in gold-bearing so-
lutions contact with coal concentrate, changes into physical sorption after its roasting. Roasting was 
applied in order to liberate noble metals, to produce the calcine with porous structure, unaffected by 
processes of surface melting and sintering. 
 
key words: carbon-bearing minerals, sorption, gold recovery, roasting-cyanidation process, carbon 

in pulp, arsenic-carbon gold-bearing ores 

INTRODUCTION 

Bakyrchik deposit located in East Kazakhstan is one of the largest in the world 
gold ore deposits (Komarov, Tomson 2007; Yakubchuk 2004). Difficulties in process-
ing of Bakyrchik ores are caused by extremely fine dissemination of gold in arsenopy-
rite and pyrite and by the presence of active carbon agent having high sorption capac-
ity with respect to gold-cyanide complex.  
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Decomposition of iron sulphides (arsenopyrite and pyrite) can be effectively car-
ried out using either pressure and bacterial leaching or different types of roasting. 
However, in most cases it does not always provide high gold recovery in the follow-
ing cyanide leaching of solid residues or calcines because of high content of sorption-
active (pregg - robbing) carbon agent (Fridman, Savari 1985; Ibrado, Fuerstenau 
1992: Sobel et al. 1995; Lodeischikov 1999; Tretbar 2004, Lars et al. 2007). Carbon 
removal at the step of enrichment is usually connected with considerable decrease in 
gold recovery (from 88–90 to 70%).  

The highest gold recovery was observed during pilot plant tests to process Bakyr-
chik gold-bearing concentrates. Bacterial leaching (with recovery of 68–80%) and 
oxidizing roasting (with recovery of 78–84%) were used in the tests.  

Gold recovery might be increased without gold losses at the enrichment step. 
To process finely ground ore directly, the use of oxidizing roasting process might be 
recommended as an alternative.  

EXPERIMENTAL 

Laboratory investigations for development of roasting technology for carbon, arse-
nic and sulfur removal, were initially carried out in Kazakhstan (VNIItsvetmet). Sub-
sequently, pilot plant tests were performed by “FFE Minerals” company (USA) using 
Waelz kiln with the length of 4.5 m and the diameter of 0.3 m (Trancoso et al., 2006). 
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Fig. 1. Surface spectrum of calcine carbon agent (a) and calcine leaching residue (b). 
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In the course of pilot tests, the process parameters were changed, in which there 
was the variation of material retention time in the kiln (1–4 hours), ore grain size 
(1, 2, 5 mm), temperature (650–790°C), oxygen partial pressure in different areas of 
the kiln, carbon residual content in calcine was from 0.2 to 0.99%. 

It was found that carbon - bearing agent, not removed during roasting, was im-
pregnated into quartz. Subsequent grinding of calcine before leaching exposed 
the surface of carbon agent. Consequently, the calcined material sorbed gold from 
cyanide solutions. To determine gold concentration directly on carbon agent particles 
the method of TOF-RIMS was used. Figure 1 exhibits the results of analysis.  

From data presented in Figure 1 it can be found that gold concentration in surface 
layer (thickness – 7 nm) of calcine carbon agent was 14.8 ppm before cyanide leach-
ing and increased to 100 ppm – after gold leaching. Examinations of cyanide leaching 
of calcines indicated that decrease in carbon content in calcine not always results in 
increase of gold recovery into the cyanide solution.  

RESULTS AND DISCUSSION 

To determine the effect of carbon content in calcine on gold recovery in leaching 
and for technology parameters optimization, the series of experiments were carried 
out. Experiments on differential thermal analysis (TGA/DTA) of ore samples and ore 
coal concentrate were conducted on thermoanalyzer “Rigaku Denki” in air atmos-
phere with heating rate of 20 °C/min (Figure 2, 3). Maximum heating temperature was 
1000 °C.  

Temperature interval, accompanied by DTA effect, was 430 – 770 °C. In the estab-
lished temperature interval DTA has two maximum exothermic effects overlaid on 
each other at 496 and 615 °C. Loss of a portion of weight was found to be 7.4 %. It is 
supposed that heat release is connected with oxidation of pyrite and arsenopyrite sul-
fur in a sample. The second significant exothermic effect begins at the temperature of 
550 °C and continues up to approximately 800 °C. This second peak is probably ap-
pearing as a result of carbon oxidation.  

Temperature range, accompanied by DTA effect, while analyzing coal concentrate 
is 430–830°C. In the examined temperature interval there is one big exothermic effect 
detected with the maximum at 540°C. Loss of portion weight was determined to be 
21.0%. 

Therefore, TGA/DTA data show that for complete carbon burning-out from the ore 
the rise of ore roasting temperature is necessary. It was found, that maximum porous 
calcines were formed at temperatures 600–700°C. Taking into account that during 
roasting phase changes of carbon precede its burning-out and different carbon modifi-
cations possess markedly various sorption properties. There were conducted examina-
tions of gold sorption using unroasted and roasted coal flotation concentrate of Ba-
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kyrchik ore. Chemical analysis results of examined samples are presented in 
the Tab. 1. 

 
Fig. 2. TGA/DTA analysis of gold-bearing ore. Fig. 3. TGA/DTA analysis of coal concentrate of 

gold-bearing ore enrichment. 

Table 1. Chemical analyses of gold-bearing coal concentrate. 

Content 
Sample 

Au, g/Mg As, % Fe, % S, % C, % Ca, % 
Coal concentrate, 

raw 
42.3 4.30 10.5 7.87 14.70 1.10 

Coal concentrate, 
calcine  

(650 °C, 3.5 hours) 
58.0 1.26 12.3 0.92 2.05 1.35 

 
Sorption capacity and samples sorption isotherms at different temperatures were 

determined using artificially prepared gold-cyanide solutions (20–150 mg/dm3 Au, 
0.03 % NaCN). Samples of coal concentrate and coal concentrate calcine were agi-
tated in closed bottles for 24 hours in gold-cyanide solutions of different gold concen-
tration.  

After analysis of both solutions and solid products on gold content in experiments 
with coal concentrate sorption isotherms were determined (Figure 4). Moreover, 
the process activation energy was calculated to be 124 kJ/mole. Coal concentrate 
sorption capacity increased with the rise of temperature and at the temperature of 
75 °C it achieved 2380 g/Mg.  

The experiments performed with calcine coal concentrate showed that concentrate 
calcine contact with gold-bearing solutions resulted in decrease of gold content in sol-
ids from 58 g/Mg (initial content) up to 45–11 g/Mg and practically was not depend-
ent on gold initial concentration in solutions (10–150 mg/dm3). At temperature rise 
the content of gold in solid products was reduced (Figure 5). It was connected with 
the decrease of their sorption capacity and the increase of leaching rate, that evidently 
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took place in spite of cyanide low concentration (0.03 %). Calculated activation en-
ergy of the process amounted to 47 kJ/mole. 

 

Fig. 4. Isothermal curves of gold sorption using 
coal concentrate. 

Fig. 5. Temperature dependence of coal concen-
trate sorption capacity. 

CONCLUSIONS 

The results of conducted investigations showed that sorption properties of coal - 
Au concentrate during roasting process change even at relatively high residual carbon 
content in the calcine. Chemical sorption, dominating in gold-bearing solutions con-
tact with coal concentrate, changes into physical sorption after its roasting. As far as 
physical sorption, in contrast to chemical sorption, is a reversible process, in order to 
reduce gold sorption property on calcine carbon agent, the consumption of absorbent 
coal into cyanidation pulp might be increased, that was confirmed by pilot test proc-
essing results.  

Roasting was applied to provide maximum liberation of noble metals, production 
of calcine with porous structure, unaffected by processes of surface melting and sin-
tering. Optimum burning - out ratio of carbon for every batch of ore shall be deter-
mined by results of calcine testing on gold recovery in the process of cyanide leaching 
by “coal in pulp” technology. 
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ang) 
 

ZłoŜe Bakyrchik, leŜące we Wschodnim Kazachstanie, jest jednym z największych złóŜ złotonośnych 
w świecie. Ruda złota charakteryzuje się występowaniem bardzo drobno rozproszonego złota w arsenopi-
rycie i pirycie wraz z substancją węglistą, posiadającą wysoką zdolność sorpcyjną w odniesieniu do kom-
pleksów cyjankowych złota. Głównym celem badań było określenie moŜliwości pozbycia się z rudy sub-
stancji nieuŜytecznych, tj. węgla oraz związków arsenu w celu uwolnienia złota, a następnie jego wyłu-
gowania. Przeprowadzone badania DTA wykazały, Ŝe najkorzystniejszy ubytek masy w trakcie praŜenia 
materiału poddanego eksperymentom zachodzi przy temperaturze 540oC (najlepszy efekt egzotermiczny). 
Po analizie roztworów i produktów stałych w eksperymentach z węglowym koncentratem wykreślono 
izotermy sorpcji i obliczono energię aktywacji procesu, która wynosi 124 kJ/mol. Sorpcyjna pojemność 
analizowanego węglowego koncentratu powiększała się wraz ze wzrostem temperatury procesu i osiągnę-
ła 2380 g/Mg w temperaturze 75oC. Rezultaty przeprowadzonych badań pokazały, Ŝe sorpcyjne właści-
wości rudy złotonośnej, zawierającej znaczne ilości substancji węglistej, zmieniają się w trakcie procesu 
jej wypalania. Chemiczna sorpcja przewaŜająca w procesie eksperymentu, po wypaleniu rudy zmienia się 
na fizyczną. PoniewaŜ fizyczna sorpcja, w odróŜnieniu od chemicznej, jest procesem odwracalnym, moŜ-
na obniŜyć sorpcyjność złota na węglowej substancji powiększając aktywność węgla w procesie cyjan-
kowania. PraŜenie rudy złota powinno spowodować jak najlepsze uwolnienie metali szlachetnych, po-
wstanie porowatej struktury, nie zniszczonej w wyniku topienia i spiekania. Optymalny stopień wypalenia 
węgla dla kaŜdej partii rudy powinien być poprzedzony eksperymentami, których celem musi być mak-
symalne odzyskanie złota w procesie ługowania cyjankowego “coal in pulp”.  
 

słowa kluczowe: rudy Au trudnowzbogacalne, rudy złota, arsenki Au-nośne, sorpcja, złoto drobnody-

spersyjne, procesy cyjanowania, złoŜe Bakyrchik,   

 



 

 
Physicochemical Problems of Mineral Processing, 43 (2009), 65–72 

Fizykochemiczne Problemy Mineralurgii, 43 (2009), 65–72 

P. Maciejewski*, M. śuber*, M. Ulewicz**, K. Sobianowska****
 

REMOVAL OF RADIOISOTOPES FROM WASTE 

WATER AFTER “DIRTY BOMB” 

DECONTAMINATION 

Received November 13, 2008; reviewed; accepted December 10, 2008 

 
An adequate response to terrorist event of any magnitude requires the effective coordination of many 
organizations. A terrorist event involves the release and dispersion of radioactive material among ci-
vilian population or over vital area causes a permanent radioactive contamination, which should be 
removed in decontamination process. Finally, after this procedure, a large amount of radioactive 
waste water is made, which should be collected and stored in a special nuclear waste stockpile. We 
present results of experimental work, which was focused on removal of radioactive substances from 
waste water from decontamination process after using “dirty bomb”. The ion flotation process was used 
to remove radioisotopes from slightly salty (<1.0⋅10–3 mol/dm3) aqueous solutions.  Multistage ion flota-
tion and fractionation of concentrate from the ion flotation process using appropriate lariat ethers as 
collectors allowed separation of radioisotopes, which might have a practical usage for the decontamina-
tion of radioactive waste aqueous solutions.  
 

key words: ions flotation, Cs-137, Sr-85, Ba-133, Co-60,Pb-212, proton-ionizable crown ether 

INTRODUCTION 

The threat of radiation event as a result of terrorist activity has recently arisen, and 
a “dirty bomb” seems to be excellent “psychological” weapon to cause the ensuing 
panic and psychological distress. In the “dirty bomb” conventional explosives are 
linked to a radioactive source with the intention of dispersing radioactive particles. 
_________  
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Sealed medical and industrial sources, such as cobalt-60, cesium-137, strontium-90, 
and iridium-192, could be targets for terrorists (Tintinalli, 2004). A terrorist event in-
volves the release and dispersion of radioactive material among civilian population or 
over vital area causes a permanent radioactive contamination, which should be re-
moved in decontamination process. Finally, after this procedure, a large amount of 
radioactive waste water is made, which should be collected and stored in a special 
nuclear waste stockpile. The ion flotation process seems to be excellent for this task as 
that it is a simple and effective method for removal and separation of metals ions from 
dilute aqueous solutions (c < 1.0 10–4 mol/dm3). In this process, an ionic surface ac-
tive compound (collector) is introduced to the aqueous solution to transport non-
surface active colligent of the opposite charge from a bulk aqueous solution to the in-
terface of solution and vapour. Counter ions must be co-adsorbed to neutralize the 
charge. If a sufficiently large aqueous solution/gas interface is provided by sparging 
gas through the solution, the colligend ions can be concentrated and removed along 
with the collector in a foam phase. The most important fact is that the radioactive sub-
stances are collected in a separate container.  

We now present results of experimental work, which was focused on removal 
of radioactive substances from waste water from decontamination process after using 
“dirty bomb” in the ion flotation process.  

MACROCYCLIC COMPOUNDS IN ION FLOTATION 

Since the discovery of the first crown ether in 1967 by Pedersen the, i.e. dibenzo-
18-crown-6, the macrocyclic compounds hold great interest and potential. They have 
applied successfully for many metal ion separations in solvent extraction, transport across liq-
uid membranes, and ion-exchange systems (Bond et al., 1999; Bartsch, Way, 1996; 
Nghiem et al., 2006; Ulewicz et al., 2006). The recent advances of the crown ethers 
chemistry have been reviewed (Ludwig; 2000; Alexandratos, Stine, 2004; Robak et 
al., 2006; Maciejewski et al., 2008). There are only few papers which deal with appli-
cation of macrocycles in the ion flotation process. Koide et al. (1996) used phos-
phate ethers of C-undecylcalix(4)resorcinarenes for uranium flotation from seawater 
and calyx(4)arenes derivatives for alkali metal cations flotation (1993). Schulz and 
Warr (1998) applied cryptand 222, and 18-crown-6 together with anionic surfactant, i.e. 
bis (2,2')-ethylhexylsulfosuccinate (AOT) for alkali metal cations separation. Another 
approach to application of macrocycles for flotation of metal cations was done by 
Charewicz et al. (2001). They used the macrocycles proton-ionizable lariat ethers with 
sulphonic, phosphate and carboxylic acid groups for flotation of Sr2+ and Cs+ cations. 
Ulewicz et al. (2003, 2006) used proton-ionizable lariat ethers with foaming agent for 
flotation of Zn(II) and Cd(II) ions from aqueous solutions. Maciejewski and Walkowiak 
(2004) studied selective removal of Cs(I), Sr(II) and Ba(II) cations with proton-
ionizable lariat ethers in the ion flotation process. 



 Removal of radioisotopes from waste water after “dirty bomb” decontamination 67 

EXPERIMENTAL SECTION 

Reagents. The aqueous solutions were prepared with doubly distilled water 
of 5 µS/m conductivity at 25 oC. Analytical grade inorganic compounds: NaNO3, 
HNO3, NH3 ⋅ H2O, were obtained from POCh (Gliwice, Poland). The nonionic foam-
ing agent - octylphenylodecyl (ethylene glycol) ether (Triton X-100) was from Merck. As 
the collectors 6 lariat ethers possessing cavities from DB-16-C-5 to DB-22-C-7 and differ-
ent acidic groups, i.e. sulphonamide and sulfonic were used (from prof. Bartsch, R.A., 
Department of Chemistry and Biochemistry, Texas Tech University, Lubbock, USA, 
see Tab.1). The lariat ethers were added as ethanol solutions. The gamma-radioactive 
isotopes, i.e. Cs-137, Sr-85 and Co-60 were purchased from the Atomic Energy Insti-
tute (Swierk/Otwock, Poland), Ba-133 and Pb-212 from Institute of Nuclear Chemis-
try and Technology (Warsaw, Poland). They were of sufficiently high specific activity 
to neglect the effect of carrier concentration.  

Table 1. List of lariat ethers and nonionic foaming agent 

Structure Crown R X 
No. 

ether 
–OCH2CONHSO2CF3 1 

DB16C5 –C10H21 –O(CH2)3SO3Na 2 
DB19C6 –C10H21 –OCH2CONHSO2CF3 3 

–C7H15 –O(CH2)3SO3Na 4 
–C4H9 5 

 

O

O

O

O

 XR

Y  

DB22C7 
–C10H21 

–OCH2CONHSO2CF3 6 

 
R2R1

 

R1 = –C8H17 

R2 = –
O(CH2CH2O)10H 

Triton X-100 (eter 
oktylofenylodekaetylenoglikolowy) 

7 

 
Ion Flotation Procedure. The flotation experiments have been carried out in ambi-

ent temperature (20 ± 2°C) in a glass column 45.7 cm in height and 2.4 cm in diame-
ter. The argon gas was saturated with water, and the flow rate was maintained at 12 
mL/min through a sintered glass sparger of 20–30 µm nominal porosity. The initial 
volume of each feed solution was 100 mL and contained aqueous solutions of Cs-137, 
Sr-90, Ba-133, Co-60 and Pb-212 radioisotopes (at 1.0⋅10–8 mol/dm3 concentration), 
and NaNO3 as the source of foreign cations (at 1.0⋅10–3 mol/dm3 concentration). The 
single and multi channel, gamma radiation spectrometers were used as the detectors 
of radiation intensity of specific energy.  

The percent of decontamination was calculated by the equation: 

 %100)/1( ⋅−=
i

A
r

AD   (1) 
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where Ai, Ar – initial and residual gamma radiation intensity of solution, 
Bq/dm3. 

 

Fig. 1. Scheme of ion flotation apparatus 
1 – gas flow and pressure meter, 

2 – humidifier, 
3 – flotation column, 

4 – foam receiver, 
5 – lead screen,  

6 – spectrometric scintillation probe, 
7 – gamma radiation spectrometer with com-

puter, 
8 – injection capable valve (for collector). 

RESULTS AND DISCUSSION 

RADIATION RESISTANCE OF LARIAT ETHERS 

An important parameter for flotation of metal ions from radioactive waste aqueous 
solutions is a radiation resistance of lariat ethers. The radiation resistance of two lariat 
ethers (1, 2) using Cs-137 source was measured. The lariat ethers after exposition  
(dose from 0.1 to 10 Gy) were examined for Cs-137 (1.0⋅10–8 mol/dm3). The percent 
decontamination of Cs-137 for 1 and 2 after exposition is at the same level as be-
fore radiation, so the lariat ethers have enough radiation resistance and can be used 
for ion flotation of radioactive cations.  

SELECTIVE FLOTATION OF CS-137, SR-90, BA-133, CO-60 AND PB-212 
RADIOISOTOPES 

The ion flotation process was applied for selective removal of Cs-137, Sr-90, Ba-
133, Co-60 and Pb-212 radioisotopes, which could be consider as radioactive waste 
water from decontamination. The aqueous solutions contained Cs-137, Sr-90, Ba-133, 
Co-60 and Pb-212 radioisotopes (at 1.0⋅10–8 mol/dm3 concentration) and NaNO3 as 
the source of foreign cations (at 1.0⋅10–3 mol/dm3 concentration).  
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The preliminary flotation experiments with the addition of NaNO3 as the source of 
foreign cations indicated reduction of all radioisotopes removal. When the concentra-
tion of NaNO3 was higher than 1.0⋅10–3 mol/dm3, the removal of radioisotopes was 
very low. The experiments were performed also at the various initial concentrations of 
lariat ethers and pH values.  

 

Fig. 2. The selective flotation of Cs-137, Sr-90, Ba-133, Co-60 and Pb-212 with lariat ethers: 5, 6, 3, 2 and 4 at 
1.0·10–8 mol/dm3 initial concentration and in the presence of nonionic foaming agent 7 from aqueous 

solutions containing NaNO3 (1.0⋅10–3 mol/dm3), [Lariat ether] = [7] = 1.0·10–5 mol/dm3 

In the Figure 2, there are results for competitive flotation of Cs-137, Sr-90, Ba-
133, Co-60 and Pb-212 radioisotopes with appropriate proton-ionizable lariat ethers 
from dilute, slightly salty ([NaNO3] = 1.0⋅10–3 mol/dm3) aqueous solutions. The stud-
ied cations have different ionic radius and ionic potential, which allow separation of 
mentioned cations from dilute aqueous solutions with using 5 lariat ethers possessing 
DB-16-C-5 cavity and different liphofilic (from butyl to decyl) and acidic groups, i.e. sul-
fonamide (i.e. 1, 3, 5, 6) and sulfonic (2, 4) (Ulewicz et. al., 2006a). As it can be seen 
in this Figure, five stages of ion flotation and concentrate fractionation of the ion flo-
tation process with appropriate lariat ethers as collectors (i.e. 5, 6, 3, 2, 4) allow sepa-
ration of radioisotopes in the order: Pb-212 > Ba-133 > Sr-85 > Co-60 > Cs-137. A 
multistage ion flotation means that in one experiment the same feed solution is floated 
with using a proper collector in a correct sequence. Each stage was started with injec-
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tion of a new portion of collector (<1.0⋅10–5 mol/dm3) which was injected through 
valve 8 (see Figure 1) and the stage was finished when it was stopped floating. One 
stage took about 5 minutes and there was a small amount of foam (< 0,5 g), which 
means that the enrichment ratio of radioisotope in foam is high. The competitive ion 
flotation of radioisotopes was fast and after 30 minutes final removal was reached, 
which might have a practical usage for the decontamination of radioactive, slightly 
salty (<1.0⋅10–3 mol/dm3), waste aqueous solutions.  

CONCLUSIONS 

Proton-ionizable crown ethers with sufficient surface activity and water solubility 
seem to be the new generation of collectors for flotation of Cs+, Sr2+, Ba2+ and Pb2+ 
cations from dilute aqueous solutions.  

The lariat ethers have enough radiation resistance so they can be used for ion flota-
tion of radioactive isotopes. 

The ion flotation process allows the efficient decontamination of slightly salty  
(<1.0⋅10–3 mol/dm3) aqueous solutions containing Co-60, Sr-85, Ba-133, Cs-137 and Pb-
212 isotopes. Multistage ion flotation and fractionation of concentrate from the ion 
flotation process using appropriate lariat ethers as collectors allowed us to separate 
radioisotopes with selectivity decreasing in the order: Pb-212 > Ba-133 > Sr-85 > Co-
60 > Cs-137. The competitive ion flotation of radioisotopes is fast, with final removal 
reached in just 30 minutes, which might have a practical usage for the decontamina-
tion of radioactive waste aqueous solutions.  
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ściekowych z dekontaminacji po uŜyciu broni radiologicznej, Physicochemical Problems of Mineral Pro-
cessing, 43 (2009), 65–72 (w jęz. ang) 
 
 

Zbadano selektywne wydzielanie radioizotopów: Pb-212, Ba-133, Sr-85, Co-60 i Cs-137, 
z rozcieńczonych, zasolonych NaNO3 (1.0⋅10–3 M)  roztworów wodnych z uŜyciem nowej grupy związ-
ków makrocyklicznych, tj. jonizowanych eterów lariatowych o stęŜeniu 1⋅10–5 M w obecności spieniacza 
niejonowego Tritonu X-100 (1⋅10–5 M). StęŜenie kaŜdego radioizotopu w mieszaninie wynosiło 1 ⋅ 10–8 

M i załoŜenia odpowiadało składem radioaktywnym ściekom po dekontaminacji obiektów po ataku bom-
bą radiologiczną. Zastosowanie frakcjonowania koncentratu podczas flotacji radioaktywnych, zasolonych 
NaNO3 (1.0⋅10–3 M) roztworów wodnych z uŜyciem odpowiedniej sekwencji jonizowalnych eterów laria-
towych (1⋅10–5 M) umoŜliwiła efektywne i selektywne usunięcie radioizotopów z roztworu wodnego.  
Zbadano równieŜ odporność radiacyjną kolektorów, która okazała się wysoka (< 10 Gy), co  pozwala na 
wielokrotne uŜycie kolektora w procesie flotacji jonowej. Omawiana metoda moŜe być uŜyta do dekon-
taminacji toksycznych (radioaktywnych) roztworów wodnych.  
 

słowa kluczowe: flotacja jonowa, Cs-137, Sr-85, Ba-133, Co-60, Pb-212, jonizowalny eter lariatowy 
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Aluminium is one of the most popular materials in the automotive, plane, ship, food and packaging 
industries mainly due to its light weight and corrosion resistance. The annual production of this metal 
is growing by 2 % every year. The aluminium production technology applied in an industry is based 
on electrodeposition in cryolite in so called Hall–Héroult process. This process is considered very en-
ergy consuming and was proven to have considerably high negative environmental impact. However 
an alternative technology has been suggested in the literature since aluminium deposition has been 
successfully demonstrated with room temperature ionic liquids (RTILs) based on imidazolium, 
pyridinium and quaternary ammonium cations with AlCl3 with an efficiency reaching almost 100%. 
The aim of this paper is to perform a comparison of conventional Hall–Héroult process with new 
ionic liquid technology taking into account mainly the environmental and economical impact. 
As the result of our studies we came to the conclusion that ionic liquid’s application in aluminium 
production presents a very interesting alternative for technologies applied so far in the industry. How-
ever care must be taken when introducing ionic liquids to wide-scale use as their environmental im-
pact is not fully acknowledged. In the process of industrial utilization of chemical substances a risk of 
unintentional release is always present and should be taken into account. Therefore, prior to the im-
plementation of this new technology a full risk assessment, including potential adverse effects deter-
mination and estimation of mobility in all possible environmental compartments, is required.   
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INTRODUCTION 

The natural resource for primary aluminium production is bauxite ore. Production 
involves two main stages: refining of alumina (aluminium oxide) form the ore in 
the Bayer’s process and then reduction of the oxide to metallic aluminium in the Hall-
Héroult process. Due to its light weight and corrosion resistance, aluminium is one of 
the most popular materials in the automotive, plane, ship, food and packaging indus-
tries. Worldwide production has been growing continuously by 2% annually for the 
last 25 years to reach 28.9 kt in 2005 (Gielen 1998; Norgate, Jahanshahi and Rankin 
2007). Generally, in the Hall-Héroult process alumina is dissolved in a molten cryolite 
(Na3AlF6) bath at 1000°C from which it is deposited by applying low voltage high 
electric current across carbon electrodes. In crude aluminium production energy costs 
is the key factor, as the Hall-Héroult process is known to be highly energy consuming 
(Gielen 1998). Moreover there are additional costs connected with aluminium produc-
tion coming from a necessity to comply with environment protection regulations. 
They can be separated into two streams: first is a gaseous hydrofluoric acid (HF) and 
volatilized fluorides emission due to a hydrolysis reaction during the electrodeposi-
tion process. This can be almost completely prevented by either exchanging moisture 
bearing oxides for anhydrous ones or removing fluoride containing solvents. Other-
wise it can also be decreased by constructing more efficient gas trapping devices. An-
other environmental issue is the emission of carbon dioxide during the production 
process. It has been calculated that more CO2 than aluminium is produced from 
a mass unit of ore (Welch 1999). Due to these facts, extensive research for a better 
electrolyte which will allow for aluminium deposition at ambient temperatures and 
without formation of harmful substances is being conducted by a number of research 
groups (Yuguang and VanderNoot 1997; Jiang, Brym, Dubé, Lasia and Brisard 2006; 
Jiang, Brym, Dubé, Lasia and Brisard 2006). Electrodeposition from aqueous solu-
tions is known to be inapplicable due to the aluminium reduction potential and hydro-
gen formation during the process (Abbott, Eardley, Farley, Griffith and Pratt 2001; 
Jiang, Brym, Dubé, Lasia and Brisard 2006). Organic solvents such as aromatic hy-
drocarbons or ethers were introduced as replacements of cryolite but were not consid-
ered superior due to their low conductivity, relatively narrow electrochemical window 
and the risk of self-combustion and potential explosion. Furthermore there are envi-
ronmental issues connected with volatile organic compounds (VOC’s) application 
in industry as it is estimated that 20 billion kg of VOC’s are released to the atmos-
phere every year (Jiang, et al., 2006; Liu, Abedin and Endres 2006; Beaulieu, Tank 
and Kopacz 2008). In the 1980s, the application of a new type of solvents – ionic liq-
uids (ILs) in aluminium production industry has been suggested and is continuously 
investigated up to date (Liu, Abedin and Endres 2006). 
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IONIC LIQUID’S POTENTIAL APPLICATION IN ALUMINIUM 
ELECTRODEPOSITION 

Ionic liquids have melting points usually below 100ºC due to large non-
symmetrical organic cations. If they are substituted in place of cryolite they have 
a significant potential to reduce the energy consumption of the aluminium production 
process. Additionally ILs have  a remarkably wide electrochemical potential window, 
often up to 5V. This property makes them particularly suitable for electrodeposition 
of metals and semiconductors as they do not undergo either oxidation or reduction 
within the respective potential range (Baker, Baker, Pandey and Bright 2005; Frank. 
and El. 2006). Other advantages of IL application in aluminium production include: 
good solvent properties that allow for high concentrations of metals in the electrolyte, 
low vapour pressure limiting losses and air contamination, and good thermal and 
chemical stability (Moustafa, Abedin, Shkurankov, Zschippang, Saad, Bund and En-
dres 2007).  

First aluminium electrodeposition from ILs to be reported in literature was 
the utilization of so-called first generation ILs which are a combination of AlCl3 and 
organic chlorides (e.g. substituted pyridinium and imidazolium chlorides). The major 
drawback of those solvents was their hygroscopic nature due to which the whole 
process had to be conducted under an inert gas atmosphere. Additionally, the pyridin-
ium cation is susceptible to reduction, and thereby it is narrowing electrochemical 
window of pyridinium based ILs (Jiang, Brym, Dubé, Lasia and Brisard 2006). Re-
search groups attempted to change the anion to a more stable one such as: tetra-
fluoroborate (BF4

–) or hexafluorophosphate (PF6
–).  Unfortunately these were proven 

to release HF after being exposed to the moisture. Third generation ILs –  containing 
more hydrophobic anions, for example: trifluoromethanesulfonate (CF3SO3

–), 
bis(trifluoromethylsulfonyl)amide [(CF3SO2)2N

–], or tris(trifluoromethanesulfonyl) 
methide [(CF3SO2)3C

–], yield good quality aluminium deposits with no simultaneous 
solvent decomposition or toxic/dangerous side products evolving during the reaction 
(Abedin, Moustafa, Hempelmann, Natter and Endres 2005).  In addition the conduc-
tivity of ILs that can be applied in the Al industry is an order of magnitude lower than 
that of cryolite, but still higher than that of tetrahydrofuran or toluene (Liu, Yang and 
Zhang 2004). Albeit the low conductivity the temperature of the process would be two 
orders of magnitude lower that with cryolite. The electrodeposition of Al from AlCl3 
has a cell voltage of 3–3.4V (distance between plates of 10mm). The AlCl3 required 
for this process is obtained from the chlorination of bauxite in the presence of carbon. 
The chlorine gas can be recycled from the electrolysis reaction of AlCl3 to metallic Al 
and Cl2 (Wu, Reddy and Rogers 2008). 

It is commonly believed that ILs, mostly imidazolium and pyridinium based, are 
promising solvents for aluminium and other metals production on a wide scale. 
Nevertheless there are still a few problems that need to be solved before their 
implementation in the industry. Those challenges are mainly: high cost of ILs 
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tion in the industry. Those challenges are mainly: high cost of ILs production, lower 
conductivity in comparison to cryolite (Edwards, Taylor, Russell and Maranville 
1952) as well as lack of information about their environmental impact and chemical 
fate (Abbott, Eardley, Farley, Griffith and Pratt 2001; Abedin, Moustafa, Hempel-
mann, Natter and Endres 2005; Jiang, Brym, Dubé, Lasia and Brisard 2006). A broad 
range of international programs already exist which aim to protect humans health and 
the surrounding environment by introducing regulations concerning safe usage and 
management of chemical substances. The European Commission REACH system 
(Registration, Evaluation and Authorisation of Chemicals system) and United Nations 
Agenda 21, are two of the more significant ones, that attempt to gather information 
about the environmental impact and mobility, toxicity and contamination potential of 
chemicals used in industrial processes prior to their implementation. This knowledge 
is needed to provide defined set of information of the properties of chemical sub-
stances used and potential risk management strategies (United Nations Department of 
Economic and Social Affairs 2004; REACH 2007).  

ENVIRONMENTAL IMPACT OF CONVENTIONAL ALUMINIUM 
PRODUCTION 

The most significant disadvantage of the conventional Hall-Héroult process is its 
high energy demand. The theoretical minimum amount of energy required for the re-
duction of alumina to aluminium based on reaction enthalpy is 29.9 GJ/Mg of Al. 
However in real industrial aluminium refining processes, depending on the technology 
applied, 46 – 60 GJ/Mg is required. The high temperatures necessary to keep the cryo-
lite molten is responsible for this large electricity demand. Although since the intro-
duction of the process in 1886 significant improvements in energy efficiency have 
been made, the continually increasing prices of electricity have not allowed for major 
cost reductions of the production process (Gielen 1998).  

The other important concern is environment pollution. Main air contaminants from 
aluminium production that might enter the atmosphere are: fluorides, perflourocar-
bons (PFC), tars, polycyclic aromatic hydrocarbons, sulphur dioxide and other sul-
phur containing compounds, dust, metal containing compounds, nitrous oxides, and 
carbon mono- and dioxide. To decrease the melting temperature of a bath the fluoride 
compound, most often AlF3, is added in a stoichiometric excess. The higher is the ex-
cess of AlF3 the higher is the emission of fluoride to the atmosphere. Total fluoride 
formation from electrodeposition processes range from 20 kg to 40 kg of F/Mg of Al, 
after purification of effluent gases this values decreases to 0.4 kg – 1.0 kg of F/Mg of 
Al. Another dangerous substances evolved during electrodeposition process are per-
flourocarbons, mainly tertafluoromethane and hexafluoroethane produced in a 10:1 
ratio. Once produced, they cannot be removed from the gas stream by available tech-
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nologies and their estimated atmospheric lifetime is approximately 50000 and 10000 
years respectively. The so called “anodic phenomena”, responsible for their forma-
tion, are caused by a decrease of the amount of alumina in the bath below 1–2%. As 
the result voltage rises to reach the value that is high enough to cause the oxidation of 
fluoride components present in the bath on the anode and form PFC. The ILs that are 
suitable for aluminium production, based on the literature, are those containing halide 
alkylimidazolium and chloroaluminate mixture. During the electrodeposition of alu-
minium in these ILs  the occurrence of PFC by anodic phenomena is not expected 
at all since there are no fluoride bearing compounds to be oxidised (Marks, Tabe-
reaux, Pape, Bakshi and Dolin 2001), however chlorine is still be produced. Due to 
the low temperatures the aluminium is electrodeposited on the cathode.  

Technologically advanced production lines use semi-continuous automatic alumina 
feeding the bath which can significantly reduce PFC emissions to 0.02–0.1 kg 
PFC/Mg of Al (EU 2001). Technological modification of the arrangement of an elec-
trodeposition cell for example by applying a Vertical Electrode Cell has the potential 
of cutting down energy demand by 15% and global warming potential by 35%, how-
ever other far more beneficial possibilities exist (Norgate, Jahanshahi and Rankin 
2007). 

In addition, the solid wastes generated during aluminium production in Hall-
Héroult process present an environmental threat. Spent Pot Lining (SPL) is produced 
when the carbon refractory lining of an aluminium smelting pot reaches the end of its 
serviceable life. During its lifetime the cathode will crack and adsorb a high level of 
fluorides and cyanides. The contaminated pot lining has been classified as a hazard-
ous waste material. Throughout decades, the amount of fluoride bearing waste gener-
ated is significant, considering that an average aluminium plant may have an annual 
production of 670 000 tons of aluminium (201 tons/year of fluoride bearing waste). 
Worldwide, quantities exceeding 500 000 tonnes a year of SPL are produced. A large 
majority of SPL is unprocessed, stockpiled or buried using licensed landfill sites. This 
type of disposal can have the potential of impacting on the environment. The leachate 
of such waste stockpiles can enter the ground and aquifers.  

A variety of technologies exist which allow for safer disposal of SPL waste after 
aluminium production. These include utilising ion exchange to remove fluoride from 
the leachate (Singh, Kumar, Sen and Majumdar 1999), by integration into cement 
(Silveira, Dantas, Blasques and Santos 2002), or by oxidation of the graphite 
(Mazumder 2003). The inclusion of IL into the electrolytic mixture might influence 
the effectiveness of any or all of these waste disposal methods for the SPL waste. 
However a number of these methods, for example, the immobilisation by cementing, 
have been shown to be effective also with some organic compounds. It is therefore not 
unfeasible that IL can be included in the electrolytic mixture, and the resultant SPL 
waste, containing IL, may still be disposed of safely. 
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ENVIRONMENTAL IMPACT OF IONIC LIQUIDS 

ILs are known to be non-volatile and thus to have low potential for atmospheric 
contamination or intoxication of humans by inhalation. However ILs posses 
the potential of soil and water contamination as they might be water soluble and can 
be sorbed onto solids. Their unintentional release to the environment can create 
a threat to human and animal life or health and as such should be by all possible 
means prevented. Limited research has been done in the field of ILs environmental 
fate assessment and more knowledge is urgently required (Jastorff et al., 2003). One 
of the most crucial issues in ecological risk assessment of ILs is the determination of 
their bioavailability and mobility in aquatic and terrestrial ecosystems. Due to the hy-
drophobicity of alkyl substituents and the positive charge (e.g. as a delocalised charge 
on the imidazole ring), ILs can be sorbed to organic matter and minerals by van der 
Waals forces and electrostatic interaction respectively; moreover there is the possibil-
ity of hydrogen bond formation between hydrogen atoms of ILs and polar moieties of 
soil organic matter. Finally the given three mechanisms combine together resulting in 
higher net sorption (Beaulieu, Tank and Kopacz 2008). The strength of sorption will 
determine the potential of soil and water contamination. Strong bonding to soil parti-
cles or organic matter can prevent leaching to groundwater which can further cause 
drinking water contamination. It can also decrease toxicity for flora and fauna since 
bound chemicals are not available for uptake. Similarly partitioning between sedi-
ments and water bodies will decrease toxicity towards aquatic organisms (Matzke, 
Stolte, Arning, Uebersa and Filser 2008) 

Several research groups investigated the phenomenon of sorption of ILs onto soils 
and minerals. The overall conclusion was that dialkylimidazolium ILs are unlikely to 
be retarded in most geological systems to a large extent, taking into account also bac-
terial community, unless significant amount of clay or organic matter is present. Con-
sequently they possess a potential to enter ground water systems and to act as con-
taminants. It was also confirmed that sorption can be altered by pH of soil since the 
more acidic the soil solution the less negatively charged active sites are available, and 
the lower is the cation exchange capacity (CEC). Thus decreasing the pH of 
soil/solution can cause desorption of ILs already immobilized by soil and their leach-
ing. Furthermore ionic strength of solution was proven to influence sorption due to 
the competition of ILs cations and salt cations for negatively charged active sites 
of solids (Stepnowski, Mrozik and Nichthauser 2007). Data obtained independently 
by Stepnowski and Matzke stated that more hydrophilic ILs (with shorter alkyl side 
chain) would be more mobile in the environment than hydrophobic ones due 
to a reduced amount of possible interactions with soil/organic matter system since or-
ganic substances present in soil were proven to be responsible for ILs retention, how-
ever interaction by ion exchange is also playing a role in the sorption process 
(Stepnowski 2005; Matzke, Stolte, Arning, Uebersa and Filser 2008). Exact sorption 
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mechanisms have not been described yet since there are discrepancies in the result of 
sorption experiments by a number of researchers (Markiewicz, Biedrzycka and Bie-
lecka 2006). It is also not possible to unequivocally state what parameter of 
the system are influencing sorption of ILs in the environment (Gorman-Lewis and 
Fein 2004; Stepnowski 2005; Stepnowski, Mrozik and Nichthauser 2007; Beaulieu, 
Tank and Kopacz 2008)  

FROM AN ECONOMICAL POINT OF VIEW 

Total energy demand for primary aluminium production is approximately 170 
GJ/Mg,  16–20% of this energy is required for Bayer’s bauxite ore refining whereas 
as much as 65% is needed for aluminium electrodeposition in Hall–Héroult process 
(Gagnea and Nappi 2000). About 60% of electricity used in aluminium production 
comes from hydroelectric power (Moors, Mulder and Vergragt 2005). The source of 
energy powering the electrolytic bath is an important factor from an environmental 
point of view since the carbon dioxide emission can vary by a factor of five depending 
on whether coal or hydroelectricity was used. Substitution of cryolite with ionic liq-
uids not only has a potential of decreasing energy demand but could also prevent 
the emission of greenhouse gases to the atmosphere. Common enterprise of industry 
and academia in Australia, which is one of the biggest aluminium producers, revealed 
that application of ionic liquids might cut down the electricity cost of Hall–Héroult 
process by 30% as well as reduce atmospheric emission (Nogrady 2006) 

The substitution of cryolite with ILs is beneficial form the economical and envi-
ronmental point of view. To obtain a clear comparison of environmental and eco-
nomical parameters of aluminium production in standard Hall-Héroult and ionic liq-
uids utilizing processes we prepared Figure 1.  

Significant energy demand reduction is possible due to lower temperature required 
during electrolysis in IL. Since electricity costs are a key factor for aluminium 
production, energy input reduction can provide significant savings. Energy demand is 
also influencing global warming potential (GWP) of the process since energy needed 
for heating the electrolytic bath can also result in CO2 production. Taking into ac-
count that almost 40% of energy for smelting comes from coal burning power plants 
the possibility of IL’s application in aluminium industry offers a GWP as well as 
costs reduction potential (Moors, Mulder and Vergragt 2005). Additionally a consid-
erable decrease in harmful gas emission might be achieved when fluoride bearing 
electrolyte is excluded from the process. As shown on Figure 1, their evolution to the 
atmosphere can be avoided by performing electrolysis in a non-fluoride IL. The influ-
ence of aluminium production technology on global warming potential was divided 
into two parameters: GWP of smelting process and total GWP. The first one is de-
scribing reduction of possible adverse effects due to mainly PFCs emission elimina-
tion. Knowing that greenhouse impact of those pollutants is exceeding CO2 global 
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warming potential by a factor of 6500 and 9200 respectively and mass released per kg 
of Al we calculated the GWP due to PFCs formation as CO2 mass equivalents. The 
greenhouse impact of other gases is negligible in comparison to PFCs thus taking only 
those entities into account provides a good estimation of GWP (EU 2001).  The total 
GWP includes emission of greenhouse gases during aluminium production, starting 
from extraction of alumina from bauxite ore to electrolytic separation of aluminium 
(Norgate, Jahanshahi and Rankin 2007). Air emission presented on the graph is taking 
into account amount of PFCs released in a form of CF4 and C2F6. IL’s toxicity meas-
ured as a LD50 value in acute toxicity test of Daphnia sp. is lower than cryolite’s 
which allows for safer handling.  

Energy [GJ/t](0,100)

GWP of the whole 

process [t 

CO2e/t](0,25)

GWP of the 

smelting process [t 

CO2e/t](0,25)

Air Emissions 

[kg/t](0,50)

Toxicity [ppm](0,20)

 

Fig. 1. Comparison of economical and environmental factors in aluminium production by Hall-Herault 
process (            ), and ILs utilizing process (            ) 
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CONCLUSIONS 

Electrodeposition of aluminium from ionic liquids was proven, presenting a prom-
ising alternative to the high cost and high environmental impact production by stan-
dard Hall-Héroult process. From present analysis it can be seen that introduction 
of ionic liquids to aluminium smelting can be beneficial for environmental and eco-
nomical point of view.  

Current research conducted into the phenomenon of ILs sorption to soils gives dif-
ferent, sometimes contradictory results. Even in simplified, artificial systems like one 
applied by Gorman – Lewis and Fein no clear answer for the question: “What is 
the mechanism of ILs sorption?” could been obtained. Together with complicating 
the matrix, in order to simulate environmental conditions, more sorption mechanisms 
have to be taken into account and results become even more ambiguous.  

Regardless of the level of uncertainty considering sorption strength one have to 
bear in mind that all the benefits connected with its application joined with the proper 
handling and usage management can introduce a significant improvement in economy 
and ecology of aluminium production. Additionally, according to predictions avail-
able up to date, ILs are not much more dangerous that cryolite although they are defi-
nitely less recognised. 
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Ze względu na swój niewielki cięŜar właściwy oraz odporność na korozję aluminium jest jednym z 

najczęściej wkorzystywanych materiałów w przemyśle samochodowym, lotniczym, stoczniowym, spo-
Ŝywczym i w produkcji opakowań. Produkcja tego metalu rośnie o 2% w skali roku. Technologia wytwa-
rzania aluminium stosowana na skalę przemysłową oparta jest na elektrodepozycji w ciekłym kriolicie i 
nosi nazwę procesu Hall-Heroult’a. Technologia ta wymaga wysokich nakładów energii elektrycznej, 
charakteryzuje się ponadto, szeroko udokumentowanym, negatywnym wpływem na środowisko natural-
ne. Produkcja aluminium moŜliwa jest równieŜ z wykorzystaniem innych technologii, jako Ŝe istnieją 
doniesienia literaturowe na temat elektrodepozycji aluminium z mieszaniny cieczy jonowych zawierają-
cych w rdzeniu imidazol, pirymidynę lub czwartorzędową sól amoniową oraz AlCl3, w temperaturze zbli-
Ŝonej do pokojowej z efektywnością sięgającą niemal 100%. Celem niniejszej publikacji jest dokonanie 
porównania obu wspomnianych technologii pod względem wpływu na środowisko oraz ekonomii pro-
dukcji.  

W wyniku przeprowadzonych studiów doszliśmy do wniosku, iŜ zastosowanie cieczy jonowych w 
produkcji aluminium stanowi inetersującą alternatywę dla dotychczas stosowanego procesu Hall-
Heroult’a. Niemniej jednak wprowadzeniu tych nowych mediów do produkcji na szeroką skale towarzy-
szyć powinna nadzwyczajna ostroŜność jako Ŝe wpływ tycz związków na środowisko nie został w pełni 
poznany. W procesie przemysłowego uŜytkowania związków chemicznych ryzyko ich niezamierzonego 
uwolnienia musi być brane pod uwagę. Z tego względu przed wprowadzeniem tej technologii produkcji 
aluminium naleŜy dokonać pełnej analizy ryzyka, uwzględniając ewentualny negatywny wpływ na śro-
dowisko jak równieŜ oraz zidentyfikować potencjalne rozmieszenie w róŜnych elementach ekosystemów 
 
słowa kluczowe: ciecze jonowe, produkcja aluminium, potancjał tworzenia efektu cieplarnianego 
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The copper ore deposit of LGOM (Legnica-Glogow Copper Basin) is located in the Foresudetic 
Monocline (SW Poland) and has a polymetallic character because of content of silver, lead, copper 
and accompanying metals such as cobalt, zinc, nickel, rhenium and gold. Over 110 metalliferous min-
erals were identified in the deposit. A sedimentary nature of the deposit results in necessity of fine 
grinding for effective liberation of sulfide particles prior to flotation. Fine dissemination of metalli-
ferous minerals, particularly in the carbonate type ore, considerably reduces the susceptibility to ef-
fective liberation. A beneficial effect of non-oxidative leaching of carbonate gangue with sulfuric acid 
on copper ore flotation was presented in the paper. It was shown that the non-oxidative leaching of 
the flotation feed is a selective process leading to liberation of sulfide minerals disseminated in the 
gangue carbonate matrix. Acid leaching causes chemical decomposition of carbonate matter and re-
leases fine grains of copper minerals. Kinetics of leaching of the investigated ore sample with various 
amounts of sulfuric acid were presented. It was shown that after decomposition of 70% of carbonates 
in the flotation feed, metal recovery and concentrate grade increased remarkable in comparison to the 
results observed for the unleached feed. The products of leaching contain solid hydrated calcium sul-
fate (gypsum), soluble magnesium sulfate and gaseous carbon dioxide. Carbon dioxide evolving dur-
ing the reaction creates a non-oxidizing atmosphere in the pulp during leaching and therefore effec-
tively prevents digestion of metals from sulfide minerals. The liberation of copper minerals due to 
leaching provides better separation of metallic ore components by flotation. 
 
key words: leaching, flotation, carbonate copper  

INTRODUCTION 

The Polish copper ore deposit of the Foresudetic Monocline is rather difficult-to-
process due to a specific mineralogical composition, presence of three different 
_________  
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lithological layers and fine size of sulfide minerals. In the mined ores of the Legnica-
Glogow Copper Basin, the copper-bearing sulfide minerals are present in three layers: 
dolomitic, sandstone and shale (Piestrzynski and Zalewska-Kuczmierczyk, 1996). 
Principal carriers of copper minerals are chalcocite (Cu2S), bornite (Cu5FeS4), chal-
copyrite (CuFeS2), and covellite (CuS). Chalcocite is the major copper sulfide mineral 
that dominates in the deposit. Some ores require very fine grinding for efficient libera-
tion of sulfide minerals prior to flotation because of fine sulfide grains which are dis-
seminated in carbonate matrix mainly as complicated intergrowths. 

The efficiency of the flotation process of copper-bearing minerals depends on 
the degree of liberation of sulfide minerals from gangue, which is most often accom-
plished during comminution. One of the concepts of treatment of copper ores, espe-
cially their carbonate fraction, suggests selective decomposition of gangue using sul-
furic acid. Non-oxidative leaching of copper ore in an oxygen-free atmosphere seems 
to be a very efficient process for enhancement of the metal recovery. 

NON-OXIDATIVE LEACHING 

Selective leaching of the copper ore is based on chemical reactions between sulfu-
ric acid and calcium as well as magnesium carbonate minerals (dolomite). Dolomite is 
a dominating gangue component of the Polish copper ores. This process, called either 
acid leaching or non-oxidative leaching, relies on treatment of the ore with less-than-
stoichiometric amount of H2SO4 required for a total decomposition of carbonates. The 
amount of sulfuric acid applied in the leaching corresponds to the content of carbon-
ates in the ore and must be controlled to maintain the final pH of the suspension on a 
proper level. Products of the decomposition of dolomite are solid hydrated calcium 
sulfate (gypsum CaSO4·2H2O), soluble magnesium sulfate (MgSO4), and gaseous car-
bon dioxide (CO2). The following chemical reactions describe the non-oxidative 
leaching: 

 O2H2CO4MgSO4SO2H3MgCO +↑+=+   (1) 

 O2H23COO22H43CaSO4SO23H33CaCO +↑+⋅=+   (2) 

Carbon dioxide evolving during the reaction creates a non-oxidizing atmosphere in 
the slurry during leaching, and therefore effectively prevents the leaching of metals 
from the sulfide minerals (Chmielewski, 2007). Saturation of the slurry with CO2 as-
sures selective leaching of only carbonates. Liberation of sulfide minerals from 
the gangue minerals, when applying sulfuric acid, is rapid, mainly at the first stage of 
the process and it can be performed at ambient temperature in a standard reactor 
equipped with mechanical stirring. 

A selective chemical digestion of dolomite is shown schematically on Figure 1.  
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Fig. 1. A selective chemical decomposition of carbonate-sulfide intergrowths during non-oxidative leach-

ing with sulphuric acid (Luszczkiewicz and Chmielewski, 2006) 

Leaching of the flotation feed with H2SO4 reduces the size of particles due to lib-
eration of the gangue minerals from the copper-bearing minerals. A low energy-
consumption of the size reduction process is an important feature of this process in 
comparison to conventional methods of mechanical grinding. Traditional methods of 
grinding are not able to liberate fine minerals without overgrinding of already liber-
ated copper sulfide minerals because overgrinding makes the flotation nonselective. 

The amount of sulfuric acid required for leaching of dolomite is determined by 
the mass of sulfuric acid necessary for the total decomposition of carbonates present 

in 1 kg of the dry solid feed ( max

42SOHz ). The content of carbonates in the investigated 

feed was determined analytically utilizing a laboratory procedure. I was calculated 
that 154 g H2SO4 / kg of dry solid feed is needed for their decomposition. A 70–80 % 
decomposition of carbonates by leaching was found to be satisfactory for subsequent 
flotation. The final pH of the slurry should be was maintained at about 5 
(Chmielewski, 2007). 

MATERIALS AND METHODS 

The material used in laboratory investigations during the acid non-oxidative leach-
ing was a copper ore from the Rudna Concentrator. The feed for all experiments con-
tained about 90 % of particles below 75 µm in size. The material prepared in such 
a way was subjected to acidic leaching and subsequently to flotation. The flotation 
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experiments were carried in the "Mekhanobr" mechanical laboratory flotation ma-
chine which was equipped with a 1 dm3 cell. Standard flotation reagents were applied. 
The laboratory investigations were performed under constant conditions during flota-
tion. The acid leaching with concentrated acid (95 % H2SO4) was performed in a glass 
reactor applying intensive mechanical stirring of the suspension. Total time of de-
composing 70 % of carbonates in sulfide concentrate was 60 minutes. The scheme of 
laboratory experiments of unleached and leached materials is shown in Figure 2. The 
pH and redox potential were measured during flotation tests using a combination elec-
trode. Under controlled conditions of the E potential it is possible to reach maximum 
recovery of copper at E about 0.2V (NEW) (Lekki, 1996). For the unleached material 
the pH varied from 7.1 to 7.6 and for leached material from 6.1 to 6.8.  

 

Fig. 2. Scheme of laboratory investigations 

RESULTS 

The kinetics of non-oxidative leaching of the feed was investigated by measuring 
the pH and redox potential as a function of reaction time. The redox potential and pH-
time curves depended on the used amount of sulphuric acid. The leaching kinetics of 
the feed were investigated at various degrees, from 30 to 100 %, of carbonates de-
composition. Figure 3 illustrates a relationships between the pH and leaching time of 
the investigated ore. 
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Fig. 3. pH-time relationship for 
non-oxidative leaching. Copper 
ore at various degrees of carbon-

ate decomposition (from 30 to 
100 %) was investigated 

 
The leaching process appeared to be very rapid. After 5–10 minutes the pH of 

the slurry was equal to 4. It can be assume that further increase of the pH was caused 
by CO2 removal from the slurry. 

It can be seen from Figure 4 that pH-time carbonate decomposition kinetics can be 
well related to the redox potential at the initial stage of the process. A significant de-
crease of the redox potential from about 360 mV to about 140 mV was observed after 
introduction of H2SO4 to the feed slurry. The leaching was completed when the acid 
was used up. At that point the suspension’s pH was around 5. The constant values of 
the pH and redox potential were resulted from the saturation of the solution with CO2. 
They permit to determine the direction of reaction and control of the non-oxidative 
leaching. The potential of the combination electrode, valid for Ag/AgCl reference 
system, during non-oxidative leaching at 100 % carbonate decoposition is shown in 
Figure 4. 

Undoubtedly, the presence of carbon dioxide in the leaching suspension caused the 
red-ox potential to drop. 

Flotation of the unleached material was performed to compare reference results for 
the outcome achieved by flotation after acid leaching. The results of flotation experi-
ments are given in tables 1 and 2 and in Figure 5. 
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A relationship between separation parameters, recovery of copper in the concen-
trate and recovery of remaining (non-copper) components, also called as the Fuer-
stenau upgrading curve (Drzymala and Ahmed, 2005) is shown in Figure 5. Fuer-
stenau’s curves can be plotted in one graph for different recoveries of various ores, 
which metal contents in the feed are at different levels. 

 

 

Fig. 4. Potential of 

combination electrode, 

valid for Ag/AgCl 

reference system, during 

non-oxidative leaching 

Table 1. Results of reference flotation 

Product Yield, % Copper content, % Copper recovery, % 

C-1 1.27 15.54 12.03 

C-2 1.66 15.87 16.05 

C-3 4.31 12.95 33.95 

Cleaning tail 10.44 4.16 26.45 

Tailing 82.32 0.23 11.53 

Feed (calculated) 100.00 1.64  

Feed assay  1.47  

 
During comparing leached and unleached materials, it was noticed that both cop-

per content in the concentrate and copper recovery of leached material were higher by 
1.5% and 0.9% in the leach feed, respectively. All comparisons were performed for 
a constant recovery of 88% and a constant yield of 16%. 
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Table 2. Flotation results of feed after acid leaching 

Product Yield, % Copper content, % Copper recovery, % 

C-1 1.41 31.04 25.85 

C-2 1.89 22.84 25.44 

C-3 2.72 12.90 20.71 

Cleaning tail 10.13 2.78 16.62 

Tailing 83.85 0.23 11.38 

Feed calculate 100.00 1.69  

Feed assay  1.47  

 

  
Fig. 5.  A section of upgrading curves of copper ore flotation for unleached and leached feeds. Based 

on date from Table 1 and 2 

CONCLUSSION 

A beneficial influence of acid leaching on the enrichment of Polish copper ore in 
comparison with the unleached material was noticed. A 70% decomposition of car-
bonate of the flotation feed leads to an enhanced recovery and content of copper in 
the concentrate. The leaching of the flotation feed with H2SO4 can be used as an ef-
fective operation for selective liberation of sulfide minerals. Carbon dioxide evolving 
during the reaction of sulfuric acid with carbonate gangue creates beneficially non-
oxidative conditions, preventing the digestion of metals from sulfide minerals. 

The pH and redox potential permit to determine the direction of reaction and con-
trol the non-oxidative leaching.  
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Przedstawiono wpływ kwaśnego ługowania krajowej rudy węglanowej za pomocą kwasu siarkowego. 
Głównym celem procesu jest uwolnienie minerałów miedzionośnych, które są rozproszone i zamknięte w 
skale węglanowej w postaci drobnych wpryśnięć i zrostów. Dolomit w złoŜach Legnicko-Głogowskiego 
Okręgu Miedziowego stanowi główny składnik skały płonnej. Kwaśne ługowanie zapewnia rozkład mi-
nerałów węglanowych i gwarantuje skuteczne uwalnianie ziarn kruszcowych. W wyniku rozkładu skały 
węglanowej powstaje krystaliczny gips (CaSO4·2H2O), rozpuszczalny siarczan magnezu (MgSO4) oraz 
ditlenek węgla (CO2). Wydzielający się podczas ługowania CO2 tworzy w zawiesinie warunki nieutlenia-
jące i zabezpiecza mieszaninę przed dostępem tlenu, utleniaczem minerałów siarczkowych. Dzięki selek-
tywnemu rozkładowi minerałów węglanowych następuje podwyŜszenie wskaźników flotacji w porówna-
niu z nadawą nieługowaną. Zaleta tego procesu jest równieŜ wykorzystanie stęŜonego kwasu siarkowego 
do chemicznej obróbki. Pozwala to na zagospodarowanie duŜych ilości tego kwasu, co jest istotne w 
okresie malejącego popytu na ten produkt. 
 
słowa kluczowe: ługowanie, flotacja, ruda węglanowa 
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