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Abstract: Three factors were measured in the flotation process of copper ore: the copper grade in
a concentrate (β), the copper grade in tailings (ϑ), and the recovery of copper in a concentrate (ε).
The experiment was conducted by means of a Jameson cell. The factors influencing the quality of
the process were the particle size (d), the flotation time (t), the type of collector (k), and the dosage
of the collector (s). The considered vector function is then (β(d, t, k, s), ϑ(d, t, k, s), ε(d, t, k, s)). In
this work, the optimization was based on determining the values of the adjustable factors (d, t, k, s).
The goal was to obtain the possibly highest values of the functions β and ε (maximum) with the
possibly lowest values of the function ϑ (minimum). To this end, taxonomic methods were applied.
Thanks to the applied method, the optimum—with the adopted assumptions—was found. The
presented methodology can be successfully applied in the search for the optima in a variety of
technological processes.

Keywords: flotation; copper ore; lithology; flotation agents; particle size distribution; taxonomic methods

1. Introduction

The main operation of copper ore beneficiation, after its preparation in the processes
of fragmentation and classification, consists in the application of the flotation process in
the multi-stage final grinding and cleaning systems. Polish copper ore is characterized
by three main lithological fractions which require a different way of beneficiation, with
flotation as the second stage of the process. The main lithological fractions are presented
in Table 1 showing the characteristics of the feed entering the technological system. The
percentage shares of all lithological types vary depending on the region of occurrence. The
content of copper in the ore used as feed for the process of beneficiation in processing
plants changes depending on the lithological content of the feed, which is closely related
to its region of occurrence. Therefore, the technology of copper ore beneficiation depends
on its lithological composition. For this reason, the general ore processing variant cannot
be used as its mineralogical and qualitative composition changes in the same way as
mining and geological conditions of ore occurrence change. Apart from copper, the feed for
beneficiation contains associated elements, i.e., silver, gold, platinum, and others, which
also occur in varying amounts and are associated with the lithological type. The occurrence
of three lithological types of Polish copper ore depostis significantly hinders the process
of output beneficiation due to the diversity of their mineralogical and physico-chemical
properties. The decrease in the size of ore-bearing particles observed in recent years makes
it necessary to perform the grinding in finer size particle distributions with the aim to
release copper-bearing particles. However, flotation of very fine particles is difficult to
perform in efficient way [1]. Therefore, it is necessary to use a new generation of machines
with adequately selected bubble size distribution, which enable the adhesion of extremely
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fine particles [2]. In general, the processing of ore and the production of a concentrate
for metallurgical processes of suitable quality requires that the process of beneficiation
is conducted with utmost care in order to ensure optimal quantitative and qualitative
parameters of the produced feed for metallurgy [1]. From the perspective of the assessment
of the processing plant’s final product, the most important assessment indicators comprise
the content of copper in the concentrate, the waste, as well as the yield of copper in the
concentrate. The process of mineral flotation depends on many factors, i.e., the minerals’
nature and structure (mineralogy, morphology, and particle size), water chemistry, bubble
size and velocity, flotation time, hydrodynamic properties, pulp potential and pH, pulp
density, air flow rate, as well as reagent types and dosages [1–5]. To achieve the best
possible indicators, the process of flotation is conducted with the optimization of some
technical and technological parameters.

Table 1. Mineralogical composition of lithological types of Polish copper ores [6].

Lithological Type of
Copper Ore

Content of Selected Metals in
Lithological Types Prevalent Copper-Bearing Minerals

carbonates
Cu (%) 1.69 chalcocite in combination with digenite, bornite,

covellite and chalcopyriteAg (g/t) 54

shales
Cu (%) 6.02 chalcocite-bornite and bornite-chalcopyrite minerals

Ag (g/t) 188

sandstones
Cu (%) 1.29 bornite-chalcopyrite and chalcocite-bornite minerals

Ag (g/t) 30

Many studies on ore flotation are available in the literature. Most of them deal with
various optimization issues. With regard to copper ores, many papers discuss the problem
of selecting appropriate reagents and their dosages. The use and selection of new kinds
of reagents for the process was the topic of the studies presented in [7–11]. The intro-
duction of seawater was presented in [12]. The effect of desliming on flotation efficiency
was investigated by [13]. Podariu et al. discussed the role of metallic electrodes in the
process [14]. The problem of bubble size distribution as well air rate and froth depth were
the object of interest in [2,15]. The application of ultrasound at various stages of the copper
flotation process was discussed in [16]. One of the main factors for evaluating the quality
of the process is the selectivity index. A study on the impact of the process parameter
modification was presented in [17,18]. The surface oxidation level was investigated in [19].
Furthermore, various attempts in the modeling of the whole process or parts of it, intro-
ducing different types of algorithms, were presented in many papers [20–26]. We have also
conducted many studies on copper ore processing and its optimization. Many different
methods were applied for this purpose. A parametric optimization in mixed copper ores
flotation was presented in [27]. A geometrical approach was the subject presented in [28].
A combined approach consisting of neural networks and evolutionary algorithms was
shown in [29]. Non-classical statistical methods, such as kernel methods, Fourier series
method, or non-parametric statistical methods were introduced in [30]. Applications of
ANOVA (Analysis of Variance) in mineral processing, including also copper flotation were
discussed in [31]. The initial studies of the copper flotation process conducted in a Jameson
cell was the subject presented in [32]. To this end, we used taxonomic methods, which are
an innovative approach to optimize the process. Copper grade in concentrate (β), copper
grade in tailings (ϑ), and copper recovery in a concentrate (ε) were selected as factors for the
evaluation of the flotation performance (performance indicators). In this study, adjustable
factors that influence flotation quality are the particle size (d), the separation time (t), the
collector type (k), and the collector dosage (s).



Minerals 2021, 11, 385 3 of 12

2. Experiment
2.1. Laboratory Investigation

The experimental research was conducted through a Jameson cell. It is a pneumatic
flotation device in which pressurized, naturally aspirated air is dispersed. It is responsible
for the mixing of the suspension. The device consists of two main parts, which are the
downcomer and the separation tank. Conditioned particles are pumped to the nozzle at
the top of the downcomer to create a high-pressure water jet, and the air is sucked into
the downcomer. This water jet is responsible for producing a high-intensity mixing and
fine bubbles. Thus, the downcomer becomes the first contact point of particles and air
bubbles. Micro-events of flotation occur in the downcomer, and hydrophobic particles
become attached to air bubbles. A bubbly mixture is discharged to the separation tank from
the downcomer. The separation tank provides a suitable environment for the separation
of hydrophilic particles from the particle-laden bubbles. Hydrophobic particles–bubbles
aggregates are raised to the froth zone. There is a water washing system, which positively
impacts the selectivity of the process [33–38].

During this operation, fine bubbles increase the collision between bubbles and particles
and improve the flotation kinetics. This characteristic lowers the requirements regarding
particle retention time and makes it possible to decrease the Jameson cell height compared
to traditional flotation columns [39–42].

The investigated material was Polish carbonate copper ore. The initial copper grade
in the feed equaled 1.5%. From the lithological point of view, it contained minerals, such as
carbonates (dolomite, calcite)—about 72%, shale minerals—about 16%, sulfates (gypsum,
anhydrite)—5%, quartz—3%, copper sulfides—3% and organic substance—0.5%. The
Jameson cell scheme is presented in Figure 1.
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The parameters of the flotation machine were the following:

• separation tank diameter and height 200 mm and 900 mm, respectively;
• downcomer diameter and length: 0.020 m and 1.8 m, respectively;
• nozzle diameter 0.005 m;
• conditioning tank volume: 0.1 m3;
• downcomer plunging length that is the depth to which the end of the downcomer is

immersed in the separation tank: 0.5 m;
• feed rate and air rate: 100 cm3/s.

The investigation was based on the changes in the course of the process, caused
by the changes in the individual factors (adjustable variables). Particle fractions −20,



Minerals 2021, 11, 385 4 of 12

20–40, and 40–71 µm were prepared for the tests. For each level of the experiment, it was
necessary to repeat the process in order to verify the adequacy of the results. The results
of the laboratory experiments were significant and the values of errors did not exceed
the acceptable limits (<5%) which were evaluated using the standard deviation. It was
assumed that the maximum time of flotation would amount to 30 min. The concentrate
was collected selectively after 1, 2, 4, 6, 9, 12, 17, 22, and 30 min. As a result, it was possible
to analyze the kinetics of the separation as well as the influence of time on the effects of
beneficiation. The solids grade in the Jameson cell was maintained at a constant level of 2%.
The Nasfroth frother was added to the amount of 50 g/t. The final stage was to determine
the copper content in the separation products with the use of the XRF methodology, which
made it possible to calculate process factors, such as the copper grade in the concentrate β,
the copper grade in the tailings ϑ, and the copper recovery in the concentrate ε.

The variables were selected on the basis of previous experiments which showed that
these factors are strongly related to the efficiency of the flotation process [34,35]. The values
of these adjustable factors are outlined in Table 2.

Table 2. Characteristics of adjustable factors.

Particle Size Fraction d (µm) Collector Type k Collector Dosage s (g/t) Time t (min)

0–20
20–40
40–71

Aqueous solution of ethyl
sodium xanthate—E

Aqueous solution of isobutyl
sodium xanthate—I

100
150

1, 2, 4
6, 9, 12

17, 22, 30

For each determined value of the adjustable parameters (d, t, k, s) five measurements
of researched flotation factors were performed, which results in a vector (β, ϑ, ε).

The averaged results of measurements and calculations are presented in Tables 3–5.

Table 3. Results of measurements for particle size fraction 0–20 (µm).

Time t
(min)

E I
100 (g/t) 150 (g/t) 100 (g/t) 150 (g/t)

β ϑ ε β ϑ ε β ϑ ε β ϑ ε

1 0.145 0.024 0.068 0.113 0.018 0.152 0.166 0.026 0.152 0.171 0.023 0.122
2 0.171 0.017 0.356 0.121 0.013 0.402 0.184 0.019 0.416 0.157 0.018 0.359
4 0.160 0.012 0.572 0.113 0.010 0.594 0.175 0.013 0.613 0.150 0.014 0.562
6 0.141 0.008 0.709 0.102 0.007 0.706 0.156 0.009 0.737 0.137 0.009 0.706
9 0.126 0.006 0.782 0.092 0.006 0.772 0.142 0.007 0.811 0.124 0.007 0.785
12 0.115 0.006 0.802 0.086 0.005 0.798 0.131 0.006 0.833 0.115 0.006 0.809
17 0.108 0.005 0.832 0.081 0.004 0.830 0.123 0.006 0.856 0.107 0.005 0.835
22 0.104 0.005 0.858 0.077 0.004 0.839 0.119 0.005 0.882 0.103 0.005 0.856
30 0.097 0.004 0.876 0.072 0.004 0.856 0.112 0.004 0.895 0.097 0.004 0.870

Table 4. Results of measurements for particle size fraction 20–40 (µm).

Time t
(min)

E I
100 (g/t) 150 (g/t) 100 (g/t) 150 (g/t)

β ϑ ε β ϑ ε β ϑ ε β ϑ ε

1 0.076 0.024 0.065 0.065 0.026 0.017 0.063 0.018 0.049 0.167 0.021 0.137
2 0.076 0.021 0.188 0.081 0.023 0.148 0.075 0.016 0.220 0.135 0.013 0.336
4 0.077 0.019 0.301 0.078 0.021 0.256 0.082 0.013 0.403 0.121 0.013 0.505
6 0.075 0.017 0.414 0.079 0.019 0.372 0.074 0.011 0.509 0.114 0.010 0.633
9 0.076 0.015 0.506 0.077 0.017 0.453 0.068 0.010 0.569 0.105 0.009 0.706
12 0.073 0.014 0.545 0.076 0.016 0.501 0.063 0.010 0.589 0.097 0.008 0.733
17 0.073 0.012 0.602 0.073 0.015 0.538 0.059 0.009 0.615 0.091 0.008 0.754
22 0.074 0.011 0.645 0.073 0.014 0.577 0.058 0.009 0.639 0.088 0.007 0.777
30 0.071 0.011 0.677 0.071 0.013 0.610 0.055 0.009 0.658 0.083 0.007 0.796
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Table 5. Results of measurements for particle size fraction 40–71 µm.

Time t
(min)

E I
100 (g/t) 150 (g/t) 100 (g/t) 150 (g/t)

β ϑ ε β ϑ ε β ϑ ε β ϑ ε

1 0.075 0.019 0.032 0.064 0.020 0.065 0.092 0.024 0.024 0.075 0.025 0.041
2 0.057 0.017 0.142 0.065 0.018 0.193 0.068 0.022 0.132 0.068 0.023 0.144
4 0.057 0.016 0.253 0.068 0.016 0.326 0.068 0.020 0.238 0.063 0.022 0.226
6 0.057 0.014 0.372 0.072 0.013 0.467 0.065 0.019 0.328 0.060 0.021 0.299
9 0.058 0.013 0.462 0.069 0.011 0.548 0.062 0.018 0.386 0.056 0.020 0.348
12 0.058 0.012 0.515 0.067 0.010 0.592 0.059 0.017 0.413 0.055 0.020 0.382
17 0.056 0.011 0.546 0.065 0.010 0.630 0.057 0.017 0.446 0.055 0.019 0.419
22 0.055 0.011 0.580 0.064 0.009 0.667 0.056 0.016 0.468 0.055 0.018 0.443
30 0.054 0.010 0.613 0.062 0.008 0.700 0.053 0.016 0.488 0.052 0.018 0.463

Table 3 presents the results experimentally obtained for the particle size fraction
−20 µm for both reagent types (E, I) at doses of 100 and 150 (g/t), depending on the
flotation time.

Table 4 shows analogous results, but for the fraction 20-40 µm. Similarly, as in the case
of the finest size fraction, it is also difficult to determine the optimal point of the process in
this case, taking into consideration the values of all three technological indicators.

Table 5 shows the results obtained for the fraction 40–71 µm. The conclusions are
similar. Multivariate statistical methods must be used in order to determine the optimal
conditions. This paper proposes the application of taxonomic methods, whose use is
innovative in the context of problems related to the the processing of raw materials.

2.2. Methodology of Taxonomic Methods
2.2.1. Theoretical Background

The selected taxonomical methods found wide application in various scientific disci-
plines [43–46], because their major advantages are universality, simplicity of calculations,
and simple interpretation of the results. The taxonomic factors allow to replace the de-
scription of the considered multi-feature object by means of one synthetic variable. The
complex structure of the flotation process as well as the changeability of the investigated
copper ore make it necessary to apply multidimensional methods for data analysis [47–50].
The basis to conduct the multidimensional comparison analysis is a matrix of diagnostic
features X (1), which is then standardized and transformed into a synthetical factor Z (2).
All considered situations are put in order in a linear way with consideration of the positive
influence (stimulants) and the negative influence (destimulants) on the researched phe-
nomenon. Then the surrogate variable is introduced as the distance between the objects
which allow to evaluate the phenomenon. The development of the taxonomy caused the
introduction of various factors and methods of variable normalization [51].

X =


x11 x12 . . . x1l
x21 x22 . . . x2l
. . .
. . .
xn1

. . .

. . .
xn2

. . .

. . .

. . .

. . .

. . .
xnl

 (1)

Z =


z11 z12 . . . z1l
z21 z22 . . . z2l
. . .
. . .
zn1

. . .

. . .
zn2

. . .

. . .

. . .

. . .

. . .
znl

 (2)
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Among the taxonomical methods many factors can be used. In this work, the Eu-
clidean distance ej was used, whose general formula is presented by Equation (3).

ei =

√√√√ l

∑
j=1

(
1 − zij

)2 for i = 1, . . . , n. (3)

where:

i—number of the row;
j—number of the column;
n—number of investigated variables (flotation tests);
l—number of variables (process evaluation factors);

zij =
xij

xjmax
, xjmax = max

i

(
xij
)
standardized value. (4)

For such determined values of zij the values e1, e2, . . . , en were calculated by means
of Equation (3). The smallest value allowed us to determine the optimal values of the
considered factors.

The precise description of how to conduct the investigation by means of taxonomic
methods can be found in [45,47,51].

2.2.2. Application

The multidimensional projection considered in this work takes the following form:

f : (d, t, k, s)(β(d, t, k, s), ϑ(d, t, k, s), ε(d, t, k, s)) (5)

where values of variables (d, t, k, s) are accepted in accordance with the values proposed in
Table 2.

Next, the optimization of the flotation process is performed. It is based on the determi-
nation of such values of adjustable factors (d, t, k, s) for which the functions β and ε assume
simultaneously the biggest values and the function ϑ the smallest one.

Because of the fact that it is required that the variables β and ε reach the highest
possible values in order to be qualified as flotation process stimulants, while the variable ϑ
is treated as a destimulant. According to the taxonomic methods, destimulants should be
transferred to become stimulants. That is why a new variable, 1

ϑi
, is introduced instead of

the variable ϑ.
In order to enable the comparison of various values, they need to be normalized first.

It can be done by the introduction of new variables, according to Equations (6)–(8).

ε̃i =
εi

max
j
εj

(6)

β̃i =
βi

max
j
βj

(7)

ϑ̃i =
1
ϑi

max
j

1
ϑj

(8)

Selection of the optimal adjustable variables is performed using the function of minimization

F(β(d, t, k, s), ϑ(d, t, k, s), ε(d, t, k, s)) (9)

where

F(βi, ϑi, εi) =

√
(1 − ε̃i)

2 +
(

1 − β̃i

)2
+
(

1 − ϑ̃i

)2
(10)
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where ε̃i, β̃i, ϑ̃i are provided by Equations (6)–(8).

3. Results and Discussion

The optimization of the function F was carried out with the use of the determined
particle size fractions, the type of collector and its dosage. At the second stage, the optimal
values were obtained with the use of the determined particle size fraction and the type of
collector; finally, it was carried out only with the use of the assumed particle size fraction.
The obtained results are shown in Tables 6–8.

Table 6. The optimal values obtained by assumed particle size fraction, collector type, and its dosage.

Assumed Values Optimal Values
Particle Size d (µm) Type of Collector k Dosage of Collector s (g/t) t (min) β ϑ ε

0–20 E 100 17 0.108 0.005 0.832
0–20 E 150 17 0.081 0.004 0.839
0–20 I 100 22 0.119 0.005 0.882
0–20 I 150 22 0.103 0.005 0.870

20–40 E 100 3 0.071 0.001 0.677
20–40 E 150 30 0.071 0.013 0.610
20–40 I 100 12 0.063 0.010 0.589
20–40 I 150 12 0.010 0.009 0.706
40–71 E 100 22 0.055 0.011 0.580
40–71 E 150 30 0.062 0.008 0.700
40–71 I 100 17 0.057 0.017 0.446
40–71 I 150 22 0.055 0.019 0.473

Table 7. Optimal values obtained by assumed particle size fraction and type of collector.

Assumed Values Optimal Values
Particle Size d (µm) Type of Collector k Dosage of Collector s (g/T) t (min) β ϑ ε

0–20 E 100 22 0.104 0.005 0.858
0–20 I 150 22 0.119 0.005 0.882

20–40 E 100 30 0.071 0.011 0.677
20–40 I 150 12 0.105 0.009 0.709
40–71 E 100 22 0.064 0.009 0.667
40–71 E 150 17 0.057 0.017 0.446

Table 8. Optimal values obtained by the assumed particle size fraction.

Assumed Values Optimal Values
Particle Size d (µm) Type of Collector k Dosage of Collector s (g/T) t (min) β ϑ ε

0–20 I 100 22 0.119 0.005 0.882
20–40 I 150 12 0.105 0.009 0.706
40–71 E 150 22 0.064 0.009 0.667

Table 6 shows the calculated indices of optimal values for the sought indices β, ϑ and
ε for the assumed particle fractions, the collector type and the dosage. The analysis of
the obtained results made it possible to observe that the best quality concentrate, with a
copper content amounting to 11.9% for the type 1 collector in the amount of 100 g/t, for the
finest particle fraction, within 22 min, was obtained for the finest particle fraction −20 µm.
Satisfactory copper recovery in an 88.2% concentrate and copper content in tailings of
0.5% were also obtained in these conditions of the flotation process. For particles of an
average size, floating in the Jameson cell 20–40 µm, the taxonomic analysis showed that at
a lower dosage of both types of reagents, comparable results −7.1% and 6.3%, respectively,
were obtained with regard to β. On the other hand, much better optimal conditions of
recovery ε = 67.7% and copper content in tailings ϑ = 0.1% were obtained for type E
reagents in the first three minutes of flotation. Together with an increase in the dosage of
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type I reagent to 150 g/t, the recovery increases to approx. 70%, but has a negative impact
on β and ϑ. In the case of the coarsest floating particle fraction 40–71 µm, the optimal β,
ϑ, and ε indices, calculated according to the presented method, in each case reached the
lowest values.

Table 7 shows the calculated indices of optimal values for the searched β, ϑ, and ε
indices, for the assumed particle fractions and collector types. It is worth noting that with
the use of the type 1 collector for the finest particle fraction, better optimal results are
obtained with a higher dosage within the same time. Similarly, in the case of a medium
size fraction, higher optimal indices were obtained for a higher collector dosage 150 g/t of
type 1, β = 10.5%, ϑ = 0.9%, and ε = 70.9% within less than 12 min. For the coarse particle
fraction, the optimal β, ϑ, and ε values were obtained for the type E collector, 100 g/t of
dosage, but within a longer time.

Table 8 shows indices of optimal values for the sought β, ϑ, and ε indices for the
assumed particle fractions. The best optimum rates were obtained for the finest particle
fraction with the use of the type I collector, a dosage of 100g/t and during a 22-min flotation.

The next stage was to perform the optimization within the assumed time. The results
of this stage are presented in Table 9. If we take into account the flotation type, the best
optimum rates were obtained for the finest particle size fraction −20 µm. In this case, the
highest β value was determined at the level of 17.5% after 4 min of flotation time. The
highest values of the indicators, ϑ = 0.4% and ε = 89.5%, were obtained after 30 min of
flotation. Hence, the conclusion is that the longer the time of flotation, the higher is the
recovery and the lower the copper content in the waste in the given process conditions for
the finest particles.

Table 9. Optimal values obtained by assumed time.

Assumed Values Optimal Values
t (min) Particle Size d (µm) Type of Collector k Dosage of Collector s (g/t) β ϑ ε

1 20–40 I 150 0.167 0.021 0.137
2 0–20 E 150 0.121 0.013 0.402
4 0–20 I 100 0.175 0.013 0.613
6 0–20 I 100 0.156 0.009 0.737
9 0–20 I 100 0.142 0.007 0.833

12 0–20 I 100 0.123 0.006 0.856
22 0–20 I 100 0.119 0.005 0.882
30 0–20 I 100 0.112 0.004 0.895

The relations between the optimal values of β, ϑ, ε, and time t are presented in
Figures 2–4.

Minerals 2021, 11, x FOR PEER REVIEW 9 of 13 
 

 

recovery and the lower the copper content in the waste in the given process conditions 

for the finest particles. 

Table 9. Optimal values obtained by assumed time. 

Assumed Values Optimal Values 

t (min) Particle Size d (µm) Type of Collector k Dosage of Collector s (g/t) β   

1 20–40 I 150 0.167 0.021 0.137 

2 0–20 E 150 0.121 0.013 0.402 

4 0–20 I 100 0.175 0.013 0.613 

6 0–20 I 100 0.156 0.009 0.737 

9 0–20 I 100 0.142 0.007 0.833 

12 0–20 I 100 0.123 0.006 0.856 

22 0–20 I 100 0.119 0.005 0.882 

30 0–20 I 100 0.112 0.004 0.895 

The relations between the optimal values of β, ,  and time t are presented in Fig-

ures 2–4. 

 

Figure 2. Relation βopt(t). 

 

Figure 3. Relation opt(t). 

0.1

0.11

0.12

0.13

0.14

0.15

0.16

0.17

0.18

0 5 10 15 20 25 30


o

p
t

t [min]

0

0.005

0.01

0.015

0.02

0.025

0 5 10 15 20 25 30


o

p
t

t [min]

Figure 2. Relation βopt(t).



Minerals 2021, 11, 385 9 of 12

Minerals 2021, 11, x FOR PEER REVIEW 9 of 13 
 

 

recovery and the lower the copper content in the waste in the given process conditions 

for the finest particles. 

Table 9. Optimal values obtained by assumed time. 

Assumed Values Optimal Values 

t (min) Particle Size d (µm) Type of Collector k Dosage of Collector s (g/t) β   

1 20–40 I 150 0.167 0.021 0.137 

2 0–20 E 150 0.121 0.013 0.402 

4 0–20 I 100 0.175 0.013 0.613 

6 0–20 I 100 0.156 0.009 0.737 

9 0–20 I 100 0.142 0.007 0.833 

12 0–20 I 100 0.123 0.006 0.856 

22 0–20 I 100 0.119 0.005 0.882 

30 0–20 I 100 0.112 0.004 0.895 

The relations between the optimal values of β, ,  and time t are presented in Fig-

ures 2–4. 

 

Figure 2. Relation βopt(t). 

 

Figure 3. Relation opt(t). 

0.1

0.11

0.12

0.13

0.14

0.15

0.16

0.17

0.18

0 5 10 15 20 25 30


o

p
t

t [min]

0

0.005

0.01

0.015

0.02

0.025

0 5 10 15 20 25 30


o

p
t

t [min]

Figure 3. Relation ϑopt(t).

Minerals 2021, 11, x FOR PEER REVIEW 10 of 13 
 

 

 

Figure 4. Relation opt(t). 

The last stage concerned the optimization in a set of considered values of adjustable 

variables (Table 2) and the solution is presented in Table 10. Therefore, the optimum 

conditions of the process were found. 

Table 10. The optimal values by values of adjustable variables presented in Table 2. 

Particle Size d (µm) Type of Collector k Collector Dosage s (g/T) t (min) β   Fopt 

0–20 I 100 22 0.119 0.005 0.882 0.376 

On the basis of the results, it can be said that the best particle size fraction for the 

process is 0–20 µm with Aqueous solution of isobutyl sodium xanthate in a dosage of 100 

g/t. The optimal time of flotation is 22 minutes. Therefore, the optimal value of the func-

tion F is equal to 0.376; it is related to the values of ,  and  as 11.9%, 0.5%, and 88.2%, 

respectively. 

The Jameson cell has problematic behavior in coarse particle flotation. Sahbaz et al. 

[40] proved that the maximum size of floating particles having different hydrophobicity 

degree in various hydrodynamic regions can differ. The results presented in this paper 

were based on the flotation tests performed in a Jameson cell of the same geometrical 

properties as was used in [40]. Experiments and literature findings indicate that the tur-

bulence is the most significant parameter in the coarse particle flotation. The stability of 

the aggregate starts to decrease as the particle size increases, meaning that the detach-

ment force starts to overwhelm the attachment force [38,52–54]. Furthermore, the finer 

fraction accumulates the biggest amount of copper. This is the reason why this particle 

size fraction has the biggest potential of copper particle recovery in special conditions. 

The Jameson cell serves best for this purpose because of its construction and characteris-

tic air bubbles size distribution [55]. The Jameson cell has significant potential to separate 

fine particle due to very fine bubble production [56,57]. In this test, the results for fine 

particles are quite good due to these characteristics. In addition, the liberation degree of 

the sample is higher for the finer size fraction [58]. A conventional cell shows problematic 

flotation for finer particles due to coarse bubble size causing low collision probability 

[37,38]. 

4. Conclusion 

The methodology of the optimization of copper flotation results, consisting in the 

use of the taxonomic method with regard to the beneficiation in a Jameson cell made it 

possible to determine the optimal conditions of its operation, depending on variable 

factors, namely the size of particles, the type and dosage of reagent, flotation type for the 

evaluation indicators of key processes, commonly used in raw material processing. An-

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 5 10 15 20 25 30

 o
p

t

t [min]

Figure 4. Relation εopt(t).

The last stage concerned the optimization in a set of considered values of adjustable
variables (Table 2) and the solution is presented in Table 10. Therefore, the optimum
conditions of the process were found.

Table 10. The optimal values by values of adjustable variables presented in Table 2.

Particle Size d (µm) Type of Collector k Collector Dosage s (g/T) t (min) β ϑ ε Fopt

0–20 I 100 22 0.119 0.005 0.882 0.376

On the basis of the results, it can be said that the best particle size fraction for the
process is 0–20 µm with Aqueous solution of isobutyl sodium xanthate in a dosage of
100 g/t. The optimal time of flotation is 22 minutes. Therefore, the optimal value of the
function F is equal to 0.376; it is related to the values of β, ϑ, and ε as 11.9%, 0.5%, and
88.2%, respectively.

The Jameson cell has problematic behavior in coarse particle flotation. Sahbaz et al. [40]
proved that the maximum size of floating particles having different hydrophobicity degree
in various hydrodynamic regions can differ. The results presented in this paper were based
on the flotation tests performed in a Jameson cell of the same geometrical properties as
was used in [40]. Experiments and literature findings indicate that the turbulence is the
most significant parameter in the coarse particle flotation. The stability of the aggregate
starts to decrease as the particle size increases, meaning that the detachment force starts to
overwhelm the attachment force [38,52–54]. Furthermore, the finer fraction accumulates the
biggest amount of copper. This is the reason why this particle size fraction has the biggest
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potential of copper particle recovery in special conditions. The Jameson cell serves best for
this purpose because of its construction and characteristic air bubbles size distribution [55].
The Jameson cell has significant potential to separate fine particle due to very fine bubble
production [56,57]. In this test, the results for fine particles are quite good due to these
characteristics. In addition, the liberation degree of the sample is higher for the finer size
fraction [58]. A conventional cell shows problematic flotation for finer particles due to
coarse bubble size causing low collision probability [37,38].

4. Conclusions

The methodology of the optimization of copper flotation results, consisting in the
use of the taxonomic method with regard to the beneficiation in a Jameson cell made
it possible to determine the optimal conditions of its operation, depending on variable
factors, namely the size of particles, the type and dosage of reagent, flotation type for
the evaluation indicators of key processes, commonly used in raw material processing.
Analyzing the obtained results, it can be observed that for almost all values of time (except
t = 1 min and t = 2 min) the best type of the collector was an Aqueous solution of isobutyl
sodium xanthate. It is worth noticing that the best dosage of the collector for the time
t ≥ 4 (min) was a dosage of 100 g/t, while for the time t < 4 min it was a dosage of 150 g/t.
For smaller particle size fractions (0–20 and 20–40 µm), the Aqueous solution of isobutyl
sodium xanthate was a better type of collector, while for the bigger one (40–71 µm) it was
xanthate. Analyzing the process depending on particle size, it can be noticed that the best
results were obtained definitely for the particle size fraction 0–20. The optimal time in
individual cases varied from 12 min to 30 min, but the most suitable time was 22 min.
In addition, if the considered indicators are differed in terms of their relevance (if, for
example, the economic factors were taken into account), appropriate weights, w1, w2, w3,
can be entered into the optimization function. In such a case, particular components of the
F function should be multiplied by w1, w2, w3, respectively, where 0 < w1 < 1, 0 < w2 < 1,
0 < w3 < 1 and w1 + w2 + w3 = 1. The presented methodology can be used efficiently in the
evaluation of all kinds of processes and when combined with modeling methods, it can be
used as an algorithm of process quality monitoring.
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