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Abstract: The paper presents the yield of carbon-and-cooper-bearing shale from the Legnica and Glogow
Copper Basin flotation also called Kupferschiefer in the presence of ethylene, diethylene and trithylene
glycol butyl ethers (C4E1, C4E2, C4E3) frothers characterized by frother normalized concentration that is
ratio of the frother concentration, and its critical coalescence concentration expressed in different units.
It was found that the oucome of flotation is identical provided that the frother concentration is expressed
in milimoles per Mg.
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1. INTRODUCTION

Shale is an important component of sedimentary ores with increased content of carbon
and metals, especially copper. The copper-bearing shale present in the ore origi-
nated from the Legnica and Glogow Copper Basin in Poland in literature known as
Kupferschiefer (Kijewski and Leszczyński 2010; Pactwa 2012) causes difficulties
during upgrading by flotation. Therefore, it should be processed separately, possibly
by the so-called pre-flotation with only frothers (Szyszka et al. 2014a). According
to flotation tests, called flotometry, this copper-bearing carbonaceous shale is ap-
parently hydrophilic, since it does not float in distilled water in a Hallimonda cell
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(Drzymała and Bigosiński 1995). However, numerous studies have demonstrated
that this shale is floatable when treated with frothers (Szyszka et al. 2014a; Szyszka et al.
2014b; Szyszka et al. 2015; Kowalczuk et al. 2014; Witecki et al. 2014). The flota-
tion of Kupferschifer shale is very efficient in the vicinity of the so-called Critical
Coalescence Concentration (CCC) (Szyszka et al., 2014b).The CCC is a minimum
concentration of a frother, at which coalescence of air bubbles in flotation cell dur-
ing floatation process is efficiently prevented. CCC depends on many parameters.
For instance, the larger the molecular weight of a frother, the lower the CCC value
(Szyszka et al., 2008). Szyszka (2018) and Kowalczuk (2013) demonstrated exis-
tence of a significant correlation between CCC, molecular weight and hydrophillic-
-lipophilic balance (HLB).

There are other indicators of frother ability to form foam or froth such as DFI (Dy-
namic Foaming Index) (Malysa et al., 1978; Czarnecki et al., 1982), rate of water
transfer to foam at 25% concentration of air in foam Jw,εg = 25% (Moyo et al. 2007)
and maximum mechanical uplift of fine grains to foam εmax (Szyszka 2007). Initial
investigation of these indices suggests that, except of DFI, they are similar each other
(Szyszka et al. 2008). It is to point out that according to Drzymala (2016, data not
published) the DFI-index becomes similar to other indices of frother activity when
used in form of 1/DFI. The aim of this paper is to find the relationship between shale
flotation yield and CCC as well as dose of the frothers.

2. METHODOLOGY

The Critical Coalescence Concentration of ethylene, diethylene and trithylene gly-
col butyl ethers (C4E1, C4E2, C4E3) frothers was investigated earlier by this author
(Szyszka 2018). It was measured in a 89 cm3 high flotation cell. Air was pumped to
the cell using a peristaltic pump through two thin capillaries firmly fixed to a metal
plate. Air flow rate was of 5 dm3/min. The measurements were made once the sys-
tem being analysed has reached the equilibrium state. The process of air bubble
formation was recorded using a NICON D5000 digital camera of a 12.5 megapixel
matrix with NIKKOR AF-S lens and resolution of 2144 × 1424 (JPEG). The images
of the best quality were selected and used to analyse and measure average Sauter
mean (Pacek et al. 1998) diameters of air bubbles in the given concentration of the
frother. The parameters used to determine the CCC and flotation tests for these
compounds are summarized in Table 1. The ethers used as frothers, e.g.: ethylene gly-
col butyl ether (C4E1) and diethylene glycol butyl ether (C4E2), as well as triethylene
glycol butyl ether (C4E3) were chemically pure. All three ethers are present in the in-
dustrial reagent known as Nasfroth (KGHM 2013) frother. Characteristics of the
frothers are also presented in Table 1. The CCC of tested chemicals expressed in
different units are given in Table 2.
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Table 1. Characteristics of frothers used in the study

Item Family
of compounds Name Molecular

formula
MW

Mg/mol
CCC

mmol/dm3

1
Ethylene glycol
butyl ether C4E1 C6H14O2 118.1 1.190

2
Diethylene glycol
butyl ether C4E2 C8H18O3 162.2 0.84

3

Alkyl ethers
of ethylene
glycol N

as
fr

ot
h

Triethylene glycol
butyl ether C4E3 C10H22O4 206.2 0.540

Table 2. Different methods of expressing concentrations used in flotation

Frother Consumption
g/Mg

Concentration
mmol/dm3

Yield
%

CCC
mmol/dm3 C/CCC

300 0.0288 88.2 0.152
100 0.0048 69.6 0.025C4E1

75 0.0012 33.2
1.190

0.006
250 0.0294 92.6 0.035
150 0.0147 87.0 0.017C4E2

50 0.0059 53.7
0.840

0.007
243 0.0256 91.3 0.047
144 0.0128 86.6 0.024
111 0.0085 84.6 0.016

C4E3

78 0.0043 48.0

0.540

0.008

The air bubble coalescence in the tested solutions of frothers was investigated in a flo-
tation cell. The air bubble diameters determined for the tested concentrations of frothers
were re-calculated into the Sauter mean diameters, and subsequently, the graphs were
plotted, which were later used to determine the CCC values using an approximation
method. Copper-bearing shale from ZG Rudna site was used for flotation tests (KGHM
Polska Miedź S.A. company). The sample for flotation testing was ground in a cone
crusher twice, and subsequently, in a jaw crusher; and finally, passed through a finger
disintegrator. The particle size of the shale selected for flotation was smaller than 100 μm.

Flotation was performed using a mechanical laboratory flotation machine fitted with
a 0.25 dm3 cell. All flotations were carried out using the same impeller speed (670 rpm)
and air flow rate (80 dm3/h). After five minutes of agitation, a specific g/Mg amount of an
appropriate frother was added, and the machine continued to run for one minute.

After that time, the air-supply valve of the flotation machine chamber was opened.
Froth that appeared on the surface was removed manually and used determine the
yield of flotation. Tap water was used in all flotation tests. The flotation products were
dried in a laboratory drier at 100 °C. Once dried, the material was weighed, and yield
of each product was calculated.
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3. RESULTS AND DISCUSSION

Flotation tests of the copper-bearing shales using ethylene glycol butyl ether (C4E1)
and diethylene glycol butyl ether (C4E2), as well as triethylene glycol butyl ether
(C4E3) were carried out to determine how concentration of frothers influences the flo-
tation yield. The results are given in Fig. 1. The conentration of frother is given in:
a) in grams of frother per megagrams of feed material (g/Mg), (b) in millimol of frother
per dm3 of solution. Figure 1 shows that each frother to a diffrent extend influences
the flotation results.

(a)

(b)

Fig. 1. Shale yield depending on frother dose expressed (a) in grams of frother
per megagrams of feed material (g/Mg), (b) in millimol of frother per dm3 of solution
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Fig. 2. Shale yield depending on frother dose
expressed as normalized concentration (C/CCC)

The aim of this paper was to compare flotation yield of shale in the presence of
three frothers from the same family of etylene butyl ethers. Values obtained were also
presented graphically, as correlation between the shale yield and frother concentration.
The latter may be presented in various ways, including grams of frother per megagrams
of feed material, millimol of frother per volume of solution in which flotation is being
conducted, or else as normalized C/CCC concentration; three figures are presented in the
paper (Figs. 1a, 1b, and 2). In the expression, C/CCC stands for frother concentration,
whereas CCC stands for Critical Coalescence Concentration, i.e., concentration of
a frother that does not cause gas bubbles to coalesce. In the case of use of normalized
C/CCC concentration, frother concentration units must be the same. Table 2 presents
frother concentrations used in the study expressed in three abovementioned ways.

4. SUMMARY AND CONCLUSIONS

This paper presents the values of Critical Coalescence Concentration (CCC) determined
here experimentally and adopted from literature for selected chemical compounds,
which were investigated in numerous studies.

Figures included in the study show that presentation of correlation of shale yield and
normalized C/CCC concentration provides information on the studied frothers. A com-
parison of Figs. 1 and 2 shows that the effect of those frothers is similar, but different
amounts of those frothers are required, resulting from the capability of those frothers
to prevent gas bubble coalescence, characterized by CCC.
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The presented Critical Coalescence Concentration values extend the data base de-
scribing various chemical compounds as candidates for frothers in flotation of ores,
especially the copper-bearing ores containing shale.
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