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In this study, the effect of ultrasound on froth and pulp phases
has been investigated in the flotation of two different ore samples,
namely barite and chalcopyrite. In order to determine the overall
flotation rate constants at various froth depths, incremental recov-
eries obtained from the flotation tests with and without ultrasound
were fitted to a first-order rate equation. Thus, the recoveries of
froth and pulp phases were calculated.

The use of ultrasound speeded up the bubble coalescence and
therefore reduced the froth phase recovery in the ultrasonic flotation
of both barite and chalcopyrite. In addition, the results indicate that
there is a considerable effect of ultrasound on the pulp phase recov-
ery in the chalcopyrite flotation whereas no significant differences
in the separation performance were obtained from the ultrasonic
flotation of barite with and without ultrasound. The results also
indicate that a pronounced selectivity effect was obtained from
the ultrasonic flotation of both barite and chalcopyrite. The use
of ultrasound in the froth remarkably improves the quality of
the chalcopyrite concentrate, especially at the shallow froths.
Therefore, either effective pulp volume can be increased without
sacrificing the separation selectivity or the pulp density can be
decreased to obtain better product quality at shallow froths in the
ultrasonic flotation of chalcopyrite.

Keywords barite; chalcopyrite; flotation; froth phase; ultrasound

INTRODUCTION

The overall recovery of flotation is the result of the inter-
action between the pulp phase and the froth phase. In
addition, several sub-processes occur in the froth phase
such as drainage, bubble coalescence, detachment,
re-attachment, particle entrapment in liquid films, etc.,
and it is not only individual contributions but also
their interactions that determine the performance of
the froth phase. Therefore, the flotation performance
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strongly depends on the properties of the froth phase,
and determining of the froth phase performance is very
important from the both design and simulation of the
flotation circuit perspective (1-9). The overall flotation
recovery R, can be described by the following equation
(2-5,9,10):

Rp R.f i

o= 1
1_Rp+Rpr ()

where R/is the froth zone recovery and R, is the collection
zone recovery. Figure 1 illustrates the interaction effect of
the pulp phase and the froth phase on the overall flotation
recovery. It is evident that the froth phase cannot be
negligible in obtaining sufficient flotation performance in
flotation of an ore.

On the other hand, evidence from the literature that
the use of ultrasound is one of the important treatment
methods used to improve the flotation performance.
Ultrasound not only improves the effectiveness and
activity of the flotation reagents but also can modify the
surfaces of the minerals in the pulp (11-20). Most of the
previous works have been conducted to understand
the reagent-valuable mineral interaction mechanisms in
the ultrasonic flotation from the overall flotation perform-
ance point of view. The objective of this study is therefore
to investigate the effect of the use of ultrasound in the
froth on performances of the froth phase in flotation of
two different ores (sulphide and oxide) and to evaluate
the effect of ultrasound on the interaction of these phases
existing in a flotation cell. In addition, by the use of ultra-
sound in the froth, it is expected that the selectivity of the
froth phase will be improved and thus, higher quality con-
centrates will be produced. In other words, the present
study was developed to determine and interpret potential
improvement in the separation selectivity as well as the
overall flotation efficiency regarding the use of ultrasound
in the froth.
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FIG. 1. Effect of the phases prevailing in a mechanical flotation cell on
overall flotation recovery.

EXPERIMENTAL
Material

Two different ore samples were used as material because
the different chemical conditions are used in their flotation.
In addition, since the feed characteristics such as particle
size distribution (Fig. 2) and feed grade of each ore are
quite different from each other, the froth characteristics
and the froth removal rate will be considerably different.
By studying with two different materials, it is expected that
the effect of the ultrasound on the pulp phase and the froth
phase will comprehensively be evaluated and will be
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FIG. 2. Particle size distributions of the samples used in the tests.

compared. The first material is a barite ore containing
74.4% BaSOy, 13.5-18% CaCOj5; and 12% SiO,, which are
liberated at 0.15mm. A copper-iron sulphide ore sample
containing 1.2-1.8% Cu and 19.5-23.8% Fe was used in
the experiments as other type ore. Minerals of this ore
are chalcopyrite associated with pyrite in a non-sulphide
gangue (mainly quartz). The liberation size of the minerals
is minus 0.038 mm. The samples were crushed to minus
2.8mm and then representatively divided by standard
sampling procedure to use in the grinding stage.

Method

As mentioned previously, ultrasound may be applied
during the different stages of flotation, such as during
conditioning or during flotation (13-16,18). In the light
of previous works on this subject and the results of the
preliminary tests conducted, an experimental programme
was planned to elucidate the effects of froth depth and
impeller speed on the phases in the cell with and without
ultrasound. The range of the operating parameters and
the optimum chemical conditions used in the flotation tests
are given in Table 1.

Flotation tests were performed in a Denver laboratory
flotation machine with a two-liter cell, in which an ultra-
sonic probe (Bandelin Sonoplus HD 2200, 20kHz,
0.2kW) is located in the froth phase (Fig. 3). The flotation
reagents used in this study were supplied by Cytec Indus-
tries, USA. Froth products were collected to determine
the overall rate constant at preset time intervals for the
tests conducted with and without ultrasound. Predeter-
mined froth depth (+2mm) was kept constant by the
addition of make-up water into the cell by using a variable
speed peristaltic pump. The froth was scrapped every five
seconds. Each froth product was filtered, dried, weighed,
and assayed for barium or copper.

The metallurgical performance of the froth phase can
be expressed in terms of froth recovery (R,), which is
calculated as the total rate of transfer from the pulp to

TABLE 1
Flotation conditions used in the tests
Copper sulphide ore Barite ore
pH of pulp 11, (Ca0) 9, (NaOH)

Depressant (g/t)
Collector (g/t)

20, (Dextrin)

80, (Aerophine 200, (Aero 730)

3418 A)
Flotation time (min) 0.5,1,2,3 0.25, 0.5, 1, 2.5
Frother (g/t) 50, (Oreprep F-507) 50, (Oreprep F-507)
Pulp density 18 18
(% solids)
Airflow rate (L/min) 6 6
Froth depth (mm) 5,15,25+2 5,15,25+2

Impeller speed (rpm) 1000, 1250, 1500 1000, 1250, 1500




08:51 25 January 2011

Downl oaded At:

574 E. C. CILEK AND S. OZGEN

Ultrasonic
conventer

Ultrasonic
probe

Pulp phase

Ultrasonic
power source B

FIG. 3. A schematic illustration of experimental setup.

the concentrate divided by the rate of transfer from the
pulp to the froth phase (1,3-5,7,10):

Ry =~ (2)

By floating with almost no froth layer, it is generally
assumed that the flotation rate constant obtained repre-
sents flotation of minerals in the pulp phase. The method-
ology for determining Ry consists in operating the cell at
various froth depths, keeping the pulp volume constant.
The overall recovery is measured at each froth depth
(Fp), from which the flotation rate constant at each froth
depth is obtained. Values of k, are plotted against the froth
depth and k), and (Fp), _, are obtained by extrapolation
(1,3-5,9). This allows the calculation of R, at any froth
depth using Eq. (3).

Fp

R = e e—
! (FD)kU:O

1 (3)

where, (Fp); _o is the maximum froth depth, which is a
function of the flotation conditions and the froth character-
istics. Above this froth depth, no froth product is available.

Numerous empirical and phenomenological models
based on various assumptions for flotation can be found
in the literature (8,20-22). In this study, the rate data
obtained from the tests was fitted to the modified
first-order rate equation.

R, = RI{1 — exp[—k, (1 + )]} (4)

where, R, is the overall flotation recovery (%) at time ¢
(min), b is the time correction factor, and RI and k, are
the ultimate recovery (%) and the overall rate constant
(min~"), respectively.

RESULTS AND DISCUSSION

In order to estimate unknown model parameters (R/, k.,
and b), the experimental data (incremental recoveries and
time) were treated by a nonlinear estimation method called
Levenberg-Marquard using statistical software, Statistica.
The coefficient of determination was more than 0.993 in
all the cases, and this verifies the consistency of the model
(Eq. (4)) used. The overall flotation rate constant obtained
were plotted against froth depth as shown in Figs. 4 and 5,
and the pulp phase rate constant, k,,, was obtained for each
ore. By using these data generated, the pulp phase recovery
and the froth phase recovery were calculated by using
Egs. (1) and (2 or 3), respectively.

Effect of Ultrasound on Flotation of Barite

Figure 6 shows that the effect of the froth depth and the
impeller speed on froth phase recovery and the pulp phase
recovery. As mentioned previously, the literature suggests
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FIG. 4. Overall flotation rate constant for barite as a function of froth
depth with (a) and without (b) ultrasound and determination of pulp
phase rate constant.
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FIG. 5. Overall flotation rate constant for chalcopyrite as a function of
froth depth with (a) and without (b) ultrasound and determination of pulp
phase rate constant.

that ultrasonic preconditioning of the pulp and/or ultra-
sonic flotation improves the flotation performance
(13,14,16,18). It is clear that the use of ultrasound in the
froth has a pronounced negative effect on the barite recov-
ery of each phase. Thus, there are no significant differences
in the overall barite recoveries obtained from the tests with
and without ultrasonic are apparent from the results shown
in Fig. 6. It is believed that the mode of ultrasonication in
the tests is the main reason for this decrease in separation
efficiency. Although the ultrasonic probe was located in
the froth phase to enhance the separation selectivity, it
increases the bubble coalescence in the froth phase, which
possibly explains the observed decrease in the froth phase
recovery and the overall flotation recovery.
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FIG. 6. Overall barite recovery and barite recoveries of the phases as a
function of impeller speed.

By visual observation, it was possible to see that the
ultrasonic probe located in the froth was surrounded by
the coarse bubbles, indicating that the bubble coalescence
was one of the significant events that occurring in the froth
phase. Figure 7 shows that the effect of the froth depth and
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impeller speed on the grade of the barite concentrates pro-
duced from the flotation tests with and without ultrasound.
It is evident that the separation selectivity of barite flo-
tation is slightly improved by the use of ultrasound in the
froth phase at the high level impeller speed. These results
agree with the results presented in Fig. 5, showing the
maximum froth height at different impeller speeds. It is
obvious from Figs. 5 and 7 that all the froth depths used
in the experiments can be defined as the shallow froth for
the barite flotation, which contains high feed grade. There-
fore, it can be concluded that the barite grade of the
concentrate obtained from the tests with and without
ultrasound is independent of the froth depth used in these
tests, as can be seen from Fig. 7.

To sum up the findings of Figs. 6 and 7, the use of ultra-
sound in the froth has a two-fold effect on the froth phase.
First of all, it acts to reject the entrained particles in the
inter-bubble water (both barite and gangue particles),
selectively, and not attached particles, which results in an
increase of the barite grade of concentrate. Secondly, the
use of ultrasound in the froth phase causes an increase in
the bubble coalescence, thereby reducing the froth phase
recovery. In addition, since there are no significant differ-
ences in the pulp phase recoveries obtained from the barite
flotation with and without ultrasound, a negligible effect of
the use of ultrasound in the froth phase on the overall bar-
ite flotation recovery is observed.

Effect of Ultrasound on Flotation of Chalcopyrite

Figure 8 shows the effect of froth depth and impeller
speed on chalcopyrite recoveries of the phases. It is evident
that the use of ultrasound in the froth phase has a pro-
nounced negative effect on the chalcopyrite recovery of
the froth phase. It must be noted that it was possible
to see that the ultrasonic probe located in the froth was
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FIG. 7. Effect of ultrasound on quality of barite concentrate.

surrounded by the coarse bubbles, indicating that the bub-
bles were coalesced in the chalcopyrite flotation like as in
the ultrasonic flotation of barite. It is well known that the
bubble coalescence is not only a parameter critical to
the transport of particles and water through the froth but
also it reduces the available bubble surface area, resulting
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FIG. 8. Overall chalcopyrite recovery and chalcopyrite recoveries of the
phases as a function of impeller speed.
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FIG. 9. Effect of ultrasound on quality of chalcopyrite concentrate.

in particle detachment from bubbles in the froth phase. The
observed bubble coalescence is attributed to the cavitation
that has taken place on the phase boundaries. In other
words, the use of ultrasound in the froth primarily influ-
ences the solid/liquid interface generating cavitation and
thereby enhances the drainage of the fine particles from
the froth to pulp. It therefore decreases density and vis-
cosity of the water (pulp) between the bubbles. Both
phenomena can cause an increase in the bubble coalesc-
ence. Opposite to the ultrasonic barite flotation, the overall
recovery increases in the ultrasonic flotation of the sulphide
ore, whereas the froth phase recovery decreases in this case.
As shown, the impeller speed has a significant effect on the
pulp phase recovery obtained from the ultrasonic flotation
of chalcopyrite. The effect on the pulp phase recovery is
believed to be caused by the increased probability of
attachment at more intensive agitation conditions which
occurred by cooperation of high impeller speed and ultra-
sound. These results indicate that the performance of each
phase can selectively be improved by the use of ultrasound
in the flotation of low grade ores. In addition, the effect of
the froth depth on the chalcopyrite recovery is more
pronounced in the ultrasonic flotation, as can be seen from
Fig. 8. It is evident that the ultrasonic flotation is more
effective at low level froth depths, i.e., the shallow froths.
At this point, it must be noted that no material is trans-
ferred from the froth to concentrate in the ultrasonic
flotation tests conducted at high Ilevel froth depth
(25 mm) and low level impeller speed (1000 rpm). Similarly,
the effect of ultrasound on the chalcopyrite flotation

performance at a low level of the impeller speed
(1000 rpm) is negligible, especially at the deepest froths.
The effect of ultrasound on the quality of chalcopyrite
concentrate is illustrated in Fig. 9. The use of ultrasound
in the froth remarkably improves the quality of the chalco-
pyrite concentrate, unexpectedly at the shallow froths, as
can be seen from Fig. 9. On the other hand, the overall
chalcopyrite recovery has a maximum at this froth depth.
It is evident that the use of ultrasound in flotation of the
sulphide ore at the shallow froth improves not only the
grade concentrate but also the overall flotation recovery.
The differences in the volumetric flow rate of concen-
trates obtained from the flotation tests with and without
ultrasound are given in Table 2. In addition to the differ-
ences between the maximum froth depths obtained for bar-
ite and chalcopyrite (Figs. 4 and 5), the differences in the
concentrate flow rates in Table 2 clearly indicate that the
froth characteristics of the ultrasonic barite flotation are
considerably different from those of the ultrasonic chalco-
pyrite flotation. It must be noted that 50-70% of barite in
the ore was floated in the first 30 seconds during the ultra-
sonic barite flotation. The froth volume and concentrate
overflow rate obtained from the ultrasonic barite flotation
at all the froth depths were so high that the prospective
effect from the use of ultrasound could not be obtained.
For example, the use of ultrasound can enhance the pulp
phase recovery due to an increase in the activity of the
reagents used, which enhance the efficiency of the barite
flotation in the pulp phase like as the ultrasonic sulphide
flotation. As a result of these differences, a negligible
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TABLE 2
Comparison of concentrate volumetric flow rate obtained from the flotation tests with and without ultrasound

Froth overflow rate (mL/min)

Froth depth (mm) Sulphide flotation Sulphide flotation (Ultrasonic) Barite flotation Barite flotation (Ultrasonic)

25 31.88 63.56
15 102.1 162.4
5 376.4 475.2

402.2 381.2
489.2 514.8
614.8 578.4

improvement in the efficiency of the ultrasonic barite
flotation was observed.

CONCLUSIONS

The results show that the use of ultrasound speeded up
the bubble coalescence, which probably reduced the froth
phase recovery in the ultrasonic flotation of both barite
and chalcopyrite. A possible explanation is that the use
of ultrasound in the froth influences primarily the solid/
liquid interface generating cavitation and thereby speeds
up the drainage of the particles in the water between the
bubbles. It therefore decreases the density and the viscosity
of the pulp between the bubbles. Both phenomena cause an
increase in the bubble coalescence, which results in
decrease in the froth phase recovery.

The use of ultrasound in the froth phase has resulted in
significant improvement in the efficiency and selectivity of
the chalcopyrite flotation at intermediate and low level
froth depths. These results suggest that the shallow froth
provides a significantly higher throughput capacity without
sacrificing the separation selectivity in the ultrasonic
flotation of the sulphide ore.

There is no significant difference in the separation
performance obtained from the barite flotation with and
without ultrasound. On the other hand, the experimental
results obtained from the ultrasonic barite flotation clearly
suggest that the separation selectivity can be improved by
ultrasound.

The results obtained in this study highlight that the
separation selectivity and efficiency can significantly be
improved by the use of ultrasound in the froth phase in
flotation of many ore types. In addition, Djendova and
Mehandj (1992) reported that the use of ultrasound in an
industrial copper flotation plant could be economically
feasible, provided that the capital cost can be kept low.
Therefore, the use of ultrasound in a flotation plant is
easily applicable using one or more ultrasonic probes,
which are commercially available in a range of configura-
tions and sizes.
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