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Abstract
This study aims to investigate the effects of operational variables on concentrate grade, recovery, separation efficiency, and
kinetic parameters of the copper flotation process. For this purpose, the effects of the pulp solids content, collector and frother
dosage, and preparation and concentrate collection time were studied using a Taguchi experimental design. The results of
statistical analyses indicated that the concentrate collection time and pulp density were the most influential parameters on
concentrate grade. Considering copper recovery, concentrate collection time, collector dosage, and pulp density were the most
significant variables, in decreasing order of importance. Also, the separation efficiency was mostly influenced by the concentrate
collection time. Furthermore, kinetic studies showed that the second-order rectangular distribution model perfectly matched the
experimental flotation data. The highest kinetic constant of 0.0756 s−1 was obtained from the test, which was performed with
35% solids content and 40 and 20 g/t collector and frother, respectively. The highest predicted copper recovery of 99.57% was
obtained from the test at 30% solids content, and the collector and frother dosages of 40 and 15 g/t, respectively.
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1 Introduction

Froth flotation is a physicochemical process that has been
used for more than a century in the concentration of copper
sulfide minerals [19]. This process is based on the wettability
of copper mineral particles to recover the mineral species of
interest and depress unwanted gangue. A very important as-
pect of flotation is its kinetics. In fact, kinetics is one of the
most important aspects of any separation process [38]. The
flotation rate is measured as the recovery change of the float-
ing material in the flotation product per unit time and it is

characterized by a rate constant and kinetics order [5, 36].
Kinetic models and its parameters are often used to analyze
batch flotation data and to evaluate various parameters such as
flotation chemical and equipment operating conditions [40].
They can be effectively used to evaluate variables affecting
the flotation process [16].

Particle size, reagent type and dosage, air flow rate, pulp
density, and wash water rate are some of the influential pa-
rameters on flotation process efficiency [8, 28, 33, 34, 39].
Although copper flotation and the effect of key parameters
and operational conditions have been studied previously [2,
3, 10, 31], the main focus of these studies have been the
impact of each individual operational condition on the recov-
ery of the flotation process. The combined effect of these
factors on each other and on the efficiency and flotation kinet-
ics has not been considered. On the other hand, although the
fundamentals of kinetic models have been developed; detailed
information about the factors which affect flotation kinetics
has still not been obtained. In addition, the influence of chem-
ical factors such as solids content, collector and frother dos-
age, and concentration time, on flotation kinetics has not been
investigated to a great extent. Therefore, the remaining prob-
lems not only include the effect of factors on the parameters of
flotation models, but also the flotation model itself, since most
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of the models are not well constructed in representing true
flotation behavior.

This paper aimed to evaluate the kinetic models and to
investigate the influence of some controlling operational fac-
tors on concentrate grade, recovery, separation efficiency, and
kinetic parameters of the copper flotation process. For this
purpose, flotation tests were conducted with different condi-
tions of pulp density, collector and frother dosages, and prep-
aration and froth collection time. This study was carried out on
a Sungun porphyry copper sulfide ore which was obtained
from East Azerbaijan Province in the northwest part of Iran.
The factors mentioned in the design were selected based on
the parameters that can be changed at the Sungun processing
plant.

2 Materials and Methods

2.1 Ore Sample

A bulk sample of copper ore was obtained from the Sungun
copper complex treating a porphyry copper-molybdenite de-
posit which is located in the geographical coordination of 43′
46° east and 42′ 38° north in the East Azerbaijan Province.
The sulfide minerals in the deposit are pyrite, molybdenite,
galena, sphalerite, marcasite, pyrrhotite, chalcopyrite (the
main copper-bearing mineral), bornite, chalcocite, and covel-
lite with different paragenesis in supergene and hypogene ox-
ide mineralization fields [1]. The major metals beside copper
are gold and silver, and iron-containing oxide minerals such as
ilmenite, rutile, magnetite, and goethite.

In the Sungun Concentrator Plant, the crushed ore is fed
into a semi-autogenous (SAG) mill to produce a product with
a P80 = 3 mm. The SAG mill products are then transferred to
the two ball mills, where the ore is ground to a level of P80 =
80 μm. Lime and collectors Z11 and AP407 are added to the
ball mill feed as well. Then, the product is discharged into a
rougher flotation conditioning tank. The pH of the feed with
respect to rougher flotation is measured in this conditioning
tank and lime slurry is added for adjustment. Additionally, the
frothers AF65 and AF70 are added to the conditioning tank.
The conditioning tank overflow enters the 12 rougher flotation
tank cells which are grouped into 6 banks of 2 cells each.
Further reagents (collectors) are added to the flotation cells
3, 5, and 9. The collector distribution pattern is 32% for ball
mill feed, 32% for the third rougher flotation cell, 20% for the
fifth rougher flotation cell, and 16% for the ninth rougher
flotation cell. Tailings from the last rougher flotation bank
together with cleaner scavenger tailing form the final plant
tailing output stream. The rougher concentrate obtained from
each cell is combined with the cleaner scavenger concentrate
and pumped to the regrind hydrocyclone clusters.
Hydrocyclone underflow, after lime addition, reports to the

regrind ball mill. The regrind ball mill is operated in a closed
circuit with the hydrocyclone cluster. The hydrocyclone over-
flow (P80 = 40 μm) is transferred to two cleaner column cells.
Concentrate obtained from the cleaner columns is transferred
to the re-cleaning column cell to produce the final concentrate
with a 30% (nominal) copper grade and about 84% total Cu
recovery [37].

2.2 Sample Analysis

According to mineralogical studies, the sulfide minerals
contained within the sample were chalcocite, chalcopyrite,
bornite, covellite, and pyrite. Table 1 shows the chemical
composition of the feed sample as determined by the XRF
method. Mineralogical studies, such as particle size and
degree of liberation were determined by using a Leitz
SM-LUX-POL model microscope.

In order to determine the particle size distribution (PSD) of
the flotation circuit feed, the particle size analysis was per-
formed using a set of sieves according to the ASTM standard.
Figure 1 presents the PSD of the sample.

2.3 Flotation Experiments

The first step in conducting an experiment is to determine the
variable and dependent parameters and design the experimental
approach. The drive of using different techniques in designing
experiments is to identify the influential factors in the process
and determine the optimal values. The Taguchi method is one of
the design of experiments (DOE) methods which, compared
with other commonly used engineering design tests, uses a
completely different methodological approach. The Taguchi
method emphasizes the quality in designing of products and
processes, while other commonly usedmethods are emphasizing
inspection and quality control during the production process and/
or after the product is formed. In this study, the Taguchi method
is used to design the experimental approach, considering its ap-
plication in similar studies [12, 22] as well as the compatibility of
the number of designed experiments with laboratory conditions
and facilities. Although there are many different types of the
Taguchi designs, a L18 design, the most popular Taguchi design
approach, was selected to design the experiments.

The independent parameters were pulp density, collector and
frother dosages, and preparation and concentrate collection
time. Also, the response variables were concentrate grade, re-
covery, and separation efficiency. The selected design includes
a two-level and seven three-level parameters for which three
were dedicated to calculate the experimental error (A, G, and
H). The factors mentioned in the design were selected based on
the parameters that can be changed on the operating plant. The
parameter levels were also selected based on the quantities con-
sumed by each of the parameters in the factory and the values
close to it. It should be noted that due to limitations with respect
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to laboratory conditions, the parameter quantities were limited
to three levels. Table 2 includes the runs and responses designed
using Minitab 18 software.

Flotation experiments were conducted using a 4.5-L
Denver D12 flotation cell with a 1250-rpm agitation rate.
The feed weight was 1175 g, and sodium O,O-di-sec-butyl
dithiophosphate + sodium mercaptobenzothiazole (Flomin

7240) and sodium isopropyl xanthate (Z11) were employed
as collectors. The selectivity index (SI) results showed that the
combination of Z11 + F7240 provides the highest selectivity
of chalcopyrite against pyrite [17]. Also, polypropylene glycol
(A70) and methyl isobutyl carbonyl (A65) were selected as
frothers. The chemical analysis of the applied water (that was
used for flotation tests) is shown in Table 3.
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Fig. 1 Particle size distribution
(PSD) of the feed sample

Table 1 Chemical composition of the feed sample as determined by XRF and mineralogical studies

Amount (wt%)

Element SiO2 Al2O3 BaO CaO Fe2O3 K2O MgO MnO Na2O P2O5 SO3 TiO2 LOI

Unit % % % % % % % % % % % % %

DL* 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

Cu feed 63.24 15.81 0.08 0.73 6.48 3.97 1.18 < 0.05 0.49 < 0.05 6.65 0.53 5.56

Amount (wt%)

Element Ag As Cd Ce Co Cr Cu La Li Mo Ni Pb Sb

Unit ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

DL 0.1 0.5 0.1 1 1 1 1 1 1 0.5 1 1 0.5

Cu feed 0.47 84.3 0.48 36 24 16 7761 22 2 117.4 44 65 21.9

Amount (wt%)

Element Sc Th V Y Yb Zn

Unit ppm ppm ppm ppm ppm ppm

DL 0.5 0.5 1 0.5 0.2 1

Cu feed 1.2 11.1 12 5 0.6 91

Microscopically studies

Minerals Chalcopyrite Chalcocite Bornite Covellite Pyrite

Formula CuFeS2 Cu2S Cu5FeS4 CuS FeS2
Degree of liberation (%) 95 85 83 80 80

d80 (μm) 150 100 110 113 120

*Detection limit
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To perform flotation tests, after preparing the feed pulp
at the defined percent solids, collector was added to the
cell and mixed; afterward, frother was also added at the
end of the collector conditioning time. Then, the air valve
was opened and froth was collected. During operation, the
pulp level in the cell was kept constant by replacing the
concentrate with tap water.

In order to do a kinetic study on the copper flotation process,
the generated froth was collected after 20, 60, 180, 300, 600, and
900 s. Then, the final products were filtered and dried and ana-
lyzed by the atomic absorption method using a Shimatsu 7000
unit, and copper recovery (R) was calculated using Eq. (1) [38].

R ¼ Cc
Tt

� 100 ð1Þ

The separation efficiency (SE) was calculated according to
Eq. (2) [38].

SE ¼ C
F
m
f

c− fð Þ
m− fð Þ ð2Þ

where C is the dried concentrate weight, c is concentrate
grade, T is the dried tailing weight, t is the tailing grade, F is
the feed weight, f is the feed grade, and m is the maximum
metal content of the sample.

3 Results and Discussion

3.1 The Effect of Experimental Parameters on Grade,
Recovery, and Separation Efficiency

Considering the grade-time graph in Fig. 2a, as the flotation
time increases, the concentrate grade (% Cu) decreases with a
similar trend for all tests. Initially, as a result of the flotation of
a large portion of the valuable mineral, the concentrate grade
is high. However, by increasing the flotation time, the gangue
particles also report to the concentrate and decrease the grade.
The highest total concentrate grade is associated with test run
15 (see Fig. 2a) with 25% solids in the pulp, 30 g/t collector,
and 20 g/t frother. As the recovery-time graphs show in Fig.

Table 2 The designed flotation experiments and the related responses as set using Minitab 18 software

Test Repetition experiments Responses parameters

Pulp density
(wt% solid)

Collector
(g/ton)

Frother
(g/ton)

Concentrate time
(s)

Preparation time
(s)

Grade
(%)

Recovery
(%)

Separation
efficiency (%)

1 25 30 10 60 90 6.66 27.18 19.08

2 35 40 10 300 90 2.45 66.31 24.90

3 30 40 20 60 150 8.12 32.74 22.75

4 30 30 15 300 90 6.76 68.16 46.40

5 35 30 20 180 210 5.08 90.30 58.86

6 30 50 10 180 210 6.81 53.44 36.41

7 35 50 10 300 150 3.32 84.43 49.94

8 25 40 15 180 150 6.17 55.76 37.50

9 25 50 15 180 90 7.48 73.21 50.43

10 30 40 15 300 210 5.27 88.60 58.13

11 30 30 10 180 150 8.40 55.75 38.88

12 25 40 10 60 210 11.18 37.56 26.84

13 35 50 15 60 150 10.07 60.92 43.18

14 25 50 20 300 210 7.41 83.07 57.16

15 25 30 20 300 150 9.66 83.73 59.15

16 35 40 20 180 90 5.80 82.32 54.85

17 35 30 15 60 210 5.25 46.28 30.35

18 30 50 20 60 90 13.42 48.11 34.80

Table 3 The chemical composition of the water sample used in the flotation experiments as determined by EDTA titrimetric method

pH HCO3 (mg/l) Cl (mg/l) SO4 (mg/l) Ca (mg/l) Mg (mg/l) Na (mg/l) K (mg/l)

7.7 6 5.3 4.8 2.4 4 4.8 0.1
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2b, increasing the experimental time enhances the flotation
recovery of copper. The maximum recovery value was
achieved in test 5 which performed with 35% solids in the
pulp, 30 g/t collector, and 20 g/t frother.

Table 4 presents the results of the analysis of variances
on the experimental design, regarding the concentrate
grade as the response variable. Based on statistical analy-
sis, the froth collection time and pulp density are the most
influential parameters on the concentrate grade, listed in
decreasing order of importance. Among the parameters
studied, the concentration time has the greatest impact on
the product grade in comparison to other sets of parameters

such as bubble/particle contact time, bubble size, and froth
stability.

The solids in pulp is the most important parameter that
will influence the flotation of minerals. Similar results
showing the effect of pulp density on the grade of zinc in
the flotation process have been reported by Luo et al. [24].
Other variables did not show a significant influence on the
response. The correlation coefficient (R2) of the derived
model is 76.6%. With additional of variables A, G, and
H, the value of R2 will increase to over 90%. Since these
variables are anonymous and without meaning, they can-
not be added to the model. In addition, by including these
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variables, the model will not be statistically significant
(i.e., the value of the p statistic will be greater than 0.1).
In general, decreasing the amount of R2 in the designed
model is due to the deletion of the variables A, G, and H.

Figure 3 illustrates the effect of experimental factors on the
copper grade. In all charts, the highest points indicate the optimal
state for achieving the highest grade. Also, by increasing the
gradient of the graphs (or the average intensity of the response
changes), the result is that the relevant factor will have a greater
effect on the target (grade). Therefore, the optimumvalue of froth
collection time is 60 s and, increasing the time, decreases the
copper grade due to the entrainment of gangue particles to the
concentrate. The pulp density should be set at the lower level
(25%), i.e., the most dilute pulp, because the selectivity is higher
and the chance of gangue entrainment is lower.

Regarding copper recovery as the dependent variable, re-
sults of the analysis of variance are presented in Table 5.
According to the table, froth collection time, frother dosage,
and pulp density are the most influential factors, listed in

decreasing order of importance. Similar results have previous-
ly been reported for sulfide copper flotation [7]. The remain-
ing parameters do not have a significant effects on recovery,
and the correlation coefficient of the model is 89.9%.

Furthermore, Fig. 4 indicates that increasing the froth col-
lection time improves the copper recovery. Also setting the
collection time at its maximum value is better for flotation
recovery, because more copper-bearing particles have the
chance of reporting to the concentrate. Nevertheless, as men-
tioned before, this phenomenon lowers the concentrate grade.
Increasing the amount of frother enhances the flotation recovery
due to reducing the bubble size and increasing the bubble spe-
cific surface area and carrying capacity. Decreasing bubble size
can pick up more fine and ultrafine particles in the pulp zone
[30], thus resulting in higher bubble loading, which in turn can
enhance froth stability as more intensive coverage of bubble
surface by hydrophobic particles inhibits bubble coalescence
and bursting [4]. The significance of the froth zone in affecting
the overall flotation recovery has been widely acknowledged
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Fig. 3 Effects of experimental
parameters on the copper grade

Table 4 Results of the analysis of variance (ANOVA) on the experimental design, considering the concentrate grade as the response variable

Parameters Degrees
of freedom

Sum of squares
(Seq SS)

Pure sum of squares
(Adj SS)

Sum of squares of
each factor (Adj MS)

Variance
ratio (F)

Percent
contribution (P)

Model 8 94.70 94.70 11.84 3.37 0.044

Pulp density 2 35.08 35.08 17.54 4.15 0.065

Amount of collector 2 7.64 7.64 3.82 0.90 0.447

Amount of frother 2 8.21 8.21 4.10 0.97 0.424

Concentrate time 2 43.75 43.75 21.87 5.18 0.042

Preparation time 2 2.03 2.03 1.01 0.24 0.793

Residual error 7 29.60 29.60 4.22 – –

Total 17 126.32
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[14, 29, 41]. The optimum solids content of the pulp is 35%,
because by increasing the pulp density, more particles report to
the concentrate and increase copper recovery (also reducing
concentrate grade). Drawing on the literature in the flotation
area, a dependence of mineral recovery upon pulp density can
be seen [24, 26, 32]. The results of this research indicate that the
recovery of mineral increased with the increase of percent of
solids-in-pulp concentration.

In determination of the optimum values of the process pa-
rameters, separation efficiency can also be used. The result of
the analysis for variance based on this response is shown in
Table 6. According to the statistical information, concentrate
collection time has the highest influence on the separation
efficiency, and frother dosage is second in importance. Other
variables do not show a significant influence on the response.
The correlation coefficient of the model is 81.3%.

Figure 5 presents the influence of the design parameters on
separation efficiency. It is clear that increasing the concentrate

collection time improves the response, and consequently the
third level (300 s) is preferred for this factor. Additionally,
using the frother at its highest dosage level enhances the sep-
aration efficiency of the experiment.

3.2 The Kinetic Order of Copper Flotation

Determination of the kinetic constant is necessary in de-
signing flotation circuits. However, before obtaining the
flotation rate, the kinetic order should be known [9]. If
the amount of valuable mineral in the pulp is more than
the bubbles capacity, the flotation process displays zero-
order kinetics. But if just one mineral floats or the pulp is
diluted (solids content of less than 15% by weight), the
flotation process displays first-order kinetics. Finally, if
the grade of the valuable mineral is low or the pulp density
is high, kinetics is of the second order [25]. Another way to
find the kinetic order is to measure the required time to
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Fig. 4 Effects of experimental
parameters on the copper
recovery

Table 5 Results of the analysis of variance (ANOVA) on the experimental design, considering the copper recovery as the response variable

Parameters Degrees
of freedom

Sum of squares
(Seq SS)

Pure sum of squares
(Adj SS)

Sum of squares
of each Factor (Adj MS)

Variance
ratio (F)

Percent
contribution (P)

Model 10 6069.83 6069.83 606.98 6.21 0.012

Pulp density 2 672.9 672.9 336.43 3.44 0.091

Amount of collector 2 148.2 148.2 74.10 0.76 0.503

Amount of frother 2 807.7 807.7 403.86 4.13 0.065

Concentrate time 2 4336.3 4336.3 2168.13 22.19 0.001

Preparation time 2 104.8 104.8 52.39 0.54 0.607

Residual error 7 684.0 684.0 97.71 – –

Total 17 6753.8
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achieve 50% recovery (half-time) for pulps with different
solids percentages in the pulp. If the half-times for different
pulp densities are equal, the flotation process displays first-
order kinetics, and if not, it displays higher order kinetics.

As mentioned before, all of the tests were carried out
using percent solids values of more than or equal to 25%,
and chalcopyrite, chalcocite, covellite, and pyrite are the
floatable minerals. So, it is estimated that the kinetic order
is probably of the second order. Considering the experi-
mental design, all of the parameters of the test runs 8 and
10 are similar except their pulp densities (25% for run 8,
and 30% for run 10). Thus, the required time to reach
50% copper recovery was obtained for both the runs ac-
cording to Fig. 2. The half-time of the two tests are 145
and 45 s, respectively. The clear difference in the half-
times of these tests is an indication of following second-
order flotation kinetics. The experimental data were cor-
related with different first- and second-order models, and
finally, the best model was introduced (Table 7).

3.3 The Kinetic Parameters of the Copper Flotation
Models

Kinetic study of the flotation process includes the determina-
tion of all the factors which influence the amount of concen-
trate produced. Concentrate production can be defined in var-
ious ways, but is generally presented as recovery against time.
If most of the variables are held constant, the amount of ma-
terial transferred to the concentrate is directly proportional to
the valuable mineral concentration [13]:

dc
dt

¼ −kCn ð3Þ

where C is the concentration of the remaining floatable mate-
rial in the cell, k is the kinetic constant for the flotation rate,
and n is the kinetic order. In order to calculate the kinetic
parameters for the Sungun copper flotation, the results of the
flotation tests at different conditions were matched with
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Fig. 5 Effects of experimental
parameters on the separation
efficiency

Table 6 Results of the analysis of variance (ANOVA) on the experimental design, considering the separation efficiency as the response variable

Parameters Degrees
of freedom

Sum of squares
(Seq SS)

Pure sum of squares
(Adj SS)

Sum of squares
of each factor (Adj MS)

Variance
ratio (F)

Percent
contribution (P)

Model 8 2433.65 2433.65 304.21 4.35 0.020

Pulp density 2 57.00 57.00 28.50 0.35 0.718

Amount of collector 2 184.62 184.62 92.31 1.13 0.376

Amount of frother 2 788.73 788.73 394.36 4.82 0.048

Concentrate time 2 1344.15 1344.15 672.08 8.21 0.015

Preparation time 2 116.15 116.15 58.08 0.71 0.524

Residual error 7 572.89 572.89 81.84 – –

Total 17 3063.53
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various kinetic models using nonlinear multivariable regres-
sion [20, 21, 23, 27, 35, 36, 42]. According to nonlinear mul-
tivariable regression, the results match very well with the rect-
angular distribution second-order kinetic model.

R ¼ R∞ 1−
1

kt
ln 1þ ktð Þð Þ

� �
ð4Þ

The final calculated values are listed in Table 8. According
to the table, the runs (expect 15 and 18) match very well with
the correlation coefficients of more than 90%. The highest
kinetic constant with the value of 0.0756 s−1 was related to
test run 16. In this experiment, percent solids, collector, and
frother dosages were set at 35% and 40 and 20 g/t, respective-
ly. In this case, the chalcopyrite mineral has a maximum re-
covery [18]. The predicted copper recovery using the values
for the fitted parameters was 98.71% (Table 8) for test run 16,
and the correlation coefficient was 99.54%. The highest pre-
dicted copper recovery of 99.57% in Table 8 was obtained for
test run 10 (30% solid, 40 g/t collector, and 15 g/t frother),
with the kinetic constant and correlation coefficient of
0.0536 s−1 and 98.36%, respectively.

3.4 Analysis of the Kinetic Diagrams

There are many graphical representations of separation re-
sults involving time as a crucial parameter determining the
kinetics of a process. The graphical representations of re-
sults of separation are usually in the form of 2D plots
relating two parameters of which one of them is time.

Time can also be utilized as a complex parameter such as
a process rate. The plots involving time are called kinetic
curves. Theoretically, the number of kinetic curves is infi-
nite. The basic process kinetic curves relating either yield
(or recovery) and time can be modified to obtain numerous
local and global efficiency curves. The global efficiency
kinetic curves provide characteristic constants which do
not change with the time and yield of a process [11].

Process rate is one of the main parameters of the flota-
tion process which has a physical and operational meaning.
It is the derivative of recovery with time and is defined as
the slope of the process kinetic curve. Approximation of
recovery vs. time experimental data can be accomplished
using equations other than polynomial equations. Very use-
ful is a family of formulas:

R ¼ R∞ 1−
1

1þ n−1ð ÞRn−1
∞ ρt

� � 1
1 − n

0
@

1
A ð5Þ

For n ≠ 1 and n = 1

R ¼ R∞ 1−e−kt
� � ð6Þ

where R∞ is the final recovery (last data point) of the process,
while k and n are constant. These formulas are based on the so-
called n-order kinetic equations [6, 15]. The rate of the pro-
cess, dR/dt, obtained by the differentiation of Eqs. (5) and (6)
is as follows:

Table 7 List of common first- and second-order kinetic models

Name of model Formula Reference

1 Classical first-order model R = R∞(1 − e−kt) [27]

2 First-order model with rectangular distribution of floatabilities R ¼ R∞ 1− 1
kt 1−exp −ktð Þð Þ� �

[21]

3 Fully mixed reactor model R ¼ R∞ 1− 1
1þ t

k

� 	n o
[20]

4 Second-order kinetic model R ¼ R∞
2kt

1þR∞kt

n o
[42]

5 Second-order model with rectangular distribution of floatabilities R ¼ R∞ 1− 1
kt ln 1þ ktð Þð Þ� �

[35]

R is the recovery (%), R∞ the infinite recovery (%), k the flotation rate (S−1 ), and t time (s)

Table 8 Results of the regression of the copper flotation data to the rectangular kinetic model

Test kinetic
parameters

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

K (s−1) 0.0114 0.0464 0.0167 0.0152 0.056 0.0146 0.0277 0.0201 0.0318 0.0536 0.0278 0.0303 0.0698 0.0413 – 0.0756 0.035 –
R∞ (%) 98.40 60.96 94.20 88.60 100 88.70 91.00 87.30 87.60 89.00 73.62 70.70 85.60 84.20 – 85.90 87.60 –
R (%) 89.87 73.04 92.65 71.86 99.35 86.21 95.89 81.70 94.25 99.57 80.83 87.96 97.95 93.38 – 98.71 95.12 –
R2 0.9903 0.9356 0.9967 0.9942 0.9998 0.9982 0.9991 0.9994 0.9985 0.9836 0.9879 0.9929 0.9920 0.9989 – 0.9954 0.9938 –

*Note: runs 15 and 18 do not fit to the rectangular distribution second-order kinetic model
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dR

dt
¼ R∞−Rð Þn � k ð7Þ

Application of the n-order type kinetic equations with n = 2
for approximation of the separation data for Sungun copper
flotation is shown in Fig. 6. The process rate was calculated
using Eq. (7). A process efficiency kinetic parameter is mea-
surable via the local curve at any time of the procedure.

Depicting ln dR
dt

� �
against

dR=dt
R∞−Rð Þ

2, another local efficiency

curve is derived based on the process rate and time. Figure 7
illustrates the curves for each test which are obtained by
graphing ln dR

dt

� �
versus time using the data obtained from the

flotation experiments. As the kinetic efficiency changes with
time, the curve presents the local kinetic efficiency of the
conducted experiments. The illustrated information can be
exploited to compare the differences between the separation
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kinetic data. Regarding Fig. 7, it can be said that the relation-
ship between ln dR

dt

� �
and time follows a second-order polyno-

mial equation. According to the figure, the maximum efficien-
cy is associated with test run 5. This confirms the previous
results reported in Section 3.1 (and Table 2).

In further investigations,
dR=dt
R∞−Rð Þ

2 was depicted against time

for all of the flotation experiments (Fig. 8). These curves show
the slope of recovery-time curve which is the flotation kinetic
constant. Therefore, the flotation rate is constant during the
process time and equals to k, previously calculated from the
rectangular distribution kinetic model.

Another graph which may be used to calculate the flo-
tation kinetic constant for each test is the global curve of
dR
dt versus(R∞ − R). To obtain this curve, the limits of
R∞ should be determined, initially. According to numer-
ous papers on kinetics of separation [6, 15], there are

many different approaches to determine the global kinetic
efficiency of a process. They are based on three elements:
scattered data points, approximating equations, and a cri-
terion of approximation, which is usually either visual
matching or statistics.

Depicting dR
dt versus R∞ − R, for all of the flotation experi-

ments performed in the present research, indicates that the
obtained curves perfectly matched the second-order polyno-
mial equations for which their slopes equal the calculated
kinetic constant using the rectangular distribution second-
order kinetic model. Table 9 shows the polynomial equations
related to curves and the R2 coefficient for each test. Since a
large number of the flotation experiments were carried out in
this work and many curves were obtained, Fig. 9 just shows
the curves related to runs 1, 8, 12, and 17.
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Table 9 The equation and R2 coefficient related to the global curve of the flotation process efficiency kinetic

Test number Equation R2 Test number Equation R2

1 y = 0.0112x2 + 0.0044x + 0.6057 0.99 2 y = 0.0464x2 − 1E−14x + 4E−13 1

3 y = 0.0136x2 + 0.6711x − 17.873 0.95 4 y = 0.0152x2 − 2E−14x + 8E−13 1

5 y = 0.056x2 + 4E−14x − 1E−12 1 6 y = 0.0146x2 − 1E−14x + 3E−13 1

7 y = 0.0277x2 + 4E−14x − 1E−12 1 8 y = 0.0201x2 + 3E−14x − 8E−13 1

9 y = 0.0318x2 + 3E−14x − 1E−12 1 10 y = 0.0536x2 + 5E−14x − 1E−12 1

11 y = 0.0278x2 + 3E−14x − 4E−13 1 12 y = 0.0303x2 − 2E−14x + 4E−13 1

13 y = 0.0698x2 + 2E−15x + 2E−13 1 14 y = 0.0413x2 + 1E−14x − 6E−13 1

15 – – 16 y = 0.0756x2 − 2E−14x + 2E−12 1

17 y = 0.035x2 − 2E−14x + 8E−13 1 18 – –
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4 Conclusion

Studying the combined effects of percentage solids (by
weight) of the pulp, collector and frother dosages, and froth
collection and conditioning time parameters on the response
variables includes copper grade, recovery, and separation ef-
ficiency led to the following conclusions.

Concentrate grade is greatly affected by froth collection
time and pulp density. Also, froth collection time, frother dos-
age, and pulp densities are the most influential parameters on
copper recovery, in decreasing order of importance.

Correlating the recoveries of the flotation experiments with
different kinetic models, it was observed that the results of the
experiments matched the rectangular distribution second-order
kinetic model with a correlation coefficient exceeding 90% for
all tests except tests 15 and 18. The highest kinetic constant was

0.0756 s−1, which was associated with the pulp density of 35%
solids content and collector and frother dosages of 40 and 20 g/t,
respectively. The recovery after infinite flotation time (R∞) in this
run was 85.90% with a correlation coefficient of 99.54%. The
highest calculated copper recovery using the fitted kinetic param-
eters was 99.57% which was obtained with the highest correla-
tion coefficient for all the tests (98.36), which were related to the
pulp solids content of 30% and the collector and frother dosages
of 40 and 15 g/t, respectively. Therefore, the results perfectly
matched the second-order polynomial equation and the slope
values were similar to the kinetic constant calculated by the
second-order model with a rectangular distribution of floatability.
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