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Abstract

The flotation recovery of chalcopyrite particles in a complex sulfide ore was measured in a Rushton turbine flotation cell as a

function of particle size. The experimental flotation rate constants of these particles were compared to those calculated using a

recently developed flotation model that incorporates contributions from the efficiencies of collision, attachment and stability

between particles and bubbles, as well as their frequency of collision. For these calculations, the contact angle of the

chalcopyrite particles in the ore was obtained independently using an approach based upon Time of Flight Secondary Ion Mass

spectroscopy (ToF-SIMS). It was found that the calculated flotation rate constants were in good agreement with the

experimental data and able to reproduce the characteristic maximum in flotation rate constant for particles of intermediate size.

The values of bubble velocity and turbulent dissipation energy derived from these calculations are relatively low and may well

correspond to mean values of these parameters inside the flotation cell.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction The rate of particle recovery in the froth (or froth
The prediction of flotation rate constants from first

principles is of great importance in mineral processing.

The basic processes that govern the rate of recovery, or

collection efficiency (Ecoll), of particles in a flotation

cell are well understood and include the consecutive

sub-processes of particle–bubble collision, attachment

and stability, represented by efficiencies Ec, Ea, Es,

respectively (Derjaguin and Dukhin, 1961),

Ecoll ¼ Ec � Ea � Es ð1Þ
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efficiency) can also be incorporated in Eq. (1), how-

ever, in the present study, it is assumed that it is unity

as the froth is very shallow with depth of only a few

centimeters (Mular and Musara, 1991). Collision is

dominated by bulk hydrodynamics inside the flotation

cell (e.g., bubble velocity and turbulence), while

attachment is dominated by the interfacial behaviour

between the particle and bubble (e.g., particle hydro-

phobicity influences thin film drainage). As for sta-

bility, its efficiency depends on both hydrodynamics

and interfacial events. Several models can be used for

the calculation of collision, attachment and stability

efficiencies; however, their applicability is restricted

to the approximations (e.g., fluid flow conditions,
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mobility of the bubble surface) inherent to each model

(e.g., Dai et al., 2000). The validity of Eq. (1) has

been demonstrated in studies involving mostly single

mineral flotation experiments in simple flotation col-

umns. With these models, the collection efficiency, or

flotation rate constant, of well-defined particles has

been calculated as a function of particle size and

contact angle, as well as bubble size and velocity

(e.g., Dai et al., 1998; Crawford and Ralston, 1988).

With mixed minerals or ores, no easy and reliable

technique exists for the measurement of the contact

angle of a particular mineral in an ore. Recent studies

have shown that it is now possible to obtain this

information using Time of Flight Secondary Ion Mass

spectroscopy (ToF-SIMS) correlated with independent

measurements of contact angle (Piantadosi et al.,

2000; Pyke et al., 2001; Piantadosi and Smart, 2002).

The objective of this present work is to demon-

strate how the flotation rate constants of particles as a

function of particle size and contact angle, bubble size

and velocity, and level of turbulence inside flotation

cell may be calculated. These calculations are then

compared with the flotation rate constants of chalco-

pyrite particles in an ore measured in a Rushton

flotation cell of well-known hydrodynamic character-

istics. The contact angle of the chalcopyrite particles

in the ore will be determined by ToF-SIMS, using an

appropriate calibration procedure.
2. Theoretical background

2.1. Flotation rate constant

The rate of removal of particles by bubbles in a

flotation cell is given by (Jameson et al., 1977;

Ralston, 1992; Pyke et al., 2003)

dNp

dt
¼ kNp ¼ �ZpbEcoll ð2Þ

where k is the flotation rate constant and Ecoll is given

by Eq. (1).

Zpb is the collision frequency per unit volume

between particles and bubbles of diameters dp and

db, respectively (e.g., Abrahamson, 1975; Schubert,

1999),

Zpb ¼ 5NpNbd
2
pb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V

2
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q
ð3Þ
where Np and Nb are the number densities of floatable

particles and bubbles, respectively. dpb=(dp + db/2)

and (V p
2)1/2 and (V b

2)1/2 are the root mean square

(rms) velocity fluctuations of the particles and bubbles

relative to the turbulent fluid velocity, respectively.

We note that the term 5d2pb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V

2

p þ V
2

b

q
in Eq. (3) is

the collision volume of fluid that is swept by the

bubble per unit time (Jordan and Spears, 1990; Pyke

et al., 2003).

The rms relative velocities of the particles and

bubbles in the turbulent conditions of the flotation

cells can be approximated by the following expres-

sion (Schubert and Bischofberger, 1978; Schubert,

1999),
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where the subscript i refers to the particle or

bubble, e is the turbulent dissipation energy and

Dq is the difference between the particle and fluid

densities.

For dbHdp, then dp and V p
2 can be neglected and

dpbf (db/2).

Thus,
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The flotation rate constant k can be obtained by

combining Eqs. (2) and (5)

k ¼ Nb � 5
db

2

� �2
0:33e

4
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qfl
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Ecoll ð6Þ

Nb can be related to the gas flow rate Gfr and the

residence time tr of bubbles in the unit volume

Nb ¼
6Gfr

pd3b � Vcell

tr ð7Þ

where Vcell is the volume of the flotation cell. The

residence time tr can also be expressed as the time

that the bubbles of velocity vb remain in the unit

volume

tr ¼
1 unit length

vb
ð8Þ
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By combining Eqs. (1), (6), (7) and (8), we obtain

the final expression for the flotation rate constant,

k ¼ 2:39
Gfr

db � Vcell

mechanical term

0:33e
4
9d

7
9

b

t
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3
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qfl

� �2
3
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primary turbulence term

Ec �Ea � Es

elementary processes

ð9Þ

There is a strong similarity to the expression of the

flotation rate constant for a batchwise flotation

process in the absence of turbulence (Jameson

et al., 1977; Ralston, 1992),

k ¼ 3

2

Gfr � h
db � Vcell

Ec � Ea ð10Þ

In this case, h is the height of the flotation cell

and Es is unity. We also note that the expressions

for the superficial gas velocity Jg and the superfi-

cial surface area rate of bubbles Sb, now used

commonly in flotation cell characterization, can be

readily introduced in Eq. (9) (Gorain et al., 1996,

1997).

2.2. Collision efficiency, Ec

The Generalized Sutherland Equation (GSE) may

be used to predict the efficiencies of bubble–

particle collisions under conditions of potential flow

over a mobile bubble surface (high Reynolds

numbers for the bubble) (Dukhin et al., 1995;

Duineveld, 1995; Sam et al., 1996, Dai et al.,

1998),

Ec ¼ EGSE ¼ Ec�su � sin2ht

� exp 3K3 ln
3
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where Ec-su is the Sutherland collision efficiency

(Sutherland, 1948), (f3dp)/(db), accounting only for

interception and

cosht ¼ ð1þ b2Þ1=2 � b

sin2ht ¼ 2b½ð1þ b2Þ1=2 � b� ð12Þ

ht is the maximum possible collision angle of the

particle on the surface of the bubble beyond which

collision is prevented.

The dimensionless number b is a measure of the

relative importance of the interceptional and inertial

contributions to the collision process in the GSE and

is defined as (Dai et al., 1998)

b ¼ 4Ec-su

9K3

ð13Þ

where K3 is defined as

K3 ¼
vbðqp � qflÞd2p

9tdb
ð14Þ

and t is the fluid viscosity.

We note that the expression for EGSE was devel-

oped for conditions of potential flow over the bubble

surface, i.e., where the Reynolds number for the

bubble is high. There may be additional modes of

particle transport toward the bubble surface that have

not been accounted for in present solutions of the

particle trajectory equation under turbulent conditions

(Dai et al., 1998), which may require additional

theoretical and experimental assessment.

2.3. Attachment efficiency, Ea

The attachment model assumes that particle–bub-

ble collision occurs evenly over the section of the

bubble surface between angles h = 0 and h = ht, where
the angle h is measured from the north pole in the case

of a rising bubble, and the angle ht is the maximum

possible collision angle.

A modified Dobby–Finch attachment model (Dai

et al., 1999) is used to calculate the attachment

efficiency Ea, defined as the ratio of the projected
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area corresponding to an angle ha, to the projected

area corresponding to ht

Ea ¼
sin2ha
sin2ht

ð15Þ

where ha, termed the adhesion angle, is the specific

collision angle where, if a particle collides with

bubble at this angle, its sliding time (tsl) along the

surface towards the equator of the bubble equals

the induction time (tind). The angle ha relates both

the sliding and induction times to the attachment

efficiency.

The expression for particle sliding time under

potential flow conditions derived by Sutherland

(1948) and later by Dobby and Finch (1987) is used

to relate the adhesion angle ha to the induction time

ha ¼ 2 arc tan exp �tind

2ðvp þ vbÞ þ vb
db

dp þ db

� �3

dp þ db

2
6664

3
7775

ð16Þ

Several experimental and theoretical studies have

reported a dependency of induction time on particle

size (e.g., Jowett, 1980; Ye and Miller, 1988; Li et

al., 1990). In a previous study (Dai et al., 1999), we

have shown that the induction time can be related to

particle size by the following empirical equation

tind ¼ AdBp ð17Þ

In that study, we have shown that parameters A and

B were independent of the size of particles (diameter

less than 80 Am) and bubbles (diameter between 0.7

and 1.5 mm), and solution ionic strength (up to 0.1

M). It was also found that parameter B is a constant

( = 0.6F 0.1) but the value of A was inversely

proportional to the particle contact angle (Dai et

al., 1999). The values of these two parameters will

be used in the present study to calculate the induc-

tion time.

2.4. Particle–bubble stability efficiency, Es

The efficiency of bubble–particle stability Es

depends on the attachment force between the bubble
and the particle in relation to the external stress forces,

or detachment forces, in the environment.

The following equation is used to relate Es to these

attachment forces Fatt and detachment forces Fdet

(Schulze, 1993),

Es ¼ 1� exp 1� Fatt

Fdet

� �
ð18Þ

The capillary (on the three-phase contact) and hydro-

static forces constitute the attachment forces while the

forces of gravitation, buoyancy and machine acceler-

ation and capillary pressure (in the gas bubble)

constitute the detachment forces. The sum of these

forces is zero at equilibrium. With the appropriate

expressions for these forces, Eq. (18) becomes

(Schulze, 1993)

Es ¼ 1� exp 1� A6c sinx sinðx þ uÞA
d2pðDqg þ qpacÞ þ 1:5dpðsin2xÞf ðdbÞ

 !

ð19Þ

with

f ðdbÞ ¼
4c
db

� dbqflg

� �
ð20Þ

where c is the surface tension, ac is the particle

centrifugal acceleration in a turbulent flow field, g is

the gravitational constant, u is the particle contact

angle and x ( = 180j�u/2) refers to the location of a

particle at the liquid–vapour interface (Huh and

Scriven, 1971; Schulze, 1993).

The particle centrifugal acceleration ac depends on

the level of turbulence (e) in the flotation cell and, as

the particle size is smaller than the bubble size, it can

be approximated to

ac ¼ 1:9
e2=3

d
1=3
b

ð21Þ

for large turbulent eddies (Schulze, 1993) or

ac ¼ 29:6
e2=3

d
1=3
b

ð22Þ

when the eddies and bubble–particle aggregates have

similar sizes (Hui, 2001).
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Therefore, Eq. (9) and appropriate expressions for

Ec, Ea and Es can be used for the calculation of the

flotation rate constant of particles as a function of

particle size, density and contact angle, bubble size

and velocity, and level of turbulence inside the flota-

tion cell.
3. Experimental section

3.1. Flotation experiment

The characteristics of the Rushton turbine flotation

cell used in this study are given in Table 1 (Pyke et al,

2001). The flotation cell is equipped with a stirring

impeller whose speed can be controlled and measured

accurately using an optical tachometer. Pressurised air

was used to generate gas bubbles through a stainless

steel frit with pore size of 13 Am at the bottom of the

flotation cell.

For the flotation experiments, a Mount Isa Mines

(MIM) copper ore was used. The ore contains 4 wt.%

chalcopyrite, 6 wt.% iron sulfide minerals (predomi-

nantly as pyrite) and 82 wt.% nonsulfide gangue

minerals, quartz and dolomite. The ore (1000 g) was

ground in a stainless steel Galigher mill with mild

steel rods for 20 min at pH 12.5 to produce a feed of

particle size d80 of around 84 Am. Conditioning and

flotation were conducted in the Rushton flotation cell

at pH 11.5. After addition of 20 g/ton of frother

(DOWFROTH250), a pre-flotation was conducted

for 8 min in the absence of collector to remove the

carbonaceous pyrite present in the ore. Then, after

addition of 50 g/ton of Aero 3477 dialkyl dithiophos-

phate (DTP) as collector and 5 g/ton of DOW-

FROTH250, concentrates were collected after 1, 2, 5

and 10 min of flotation (cumulative). Particles in each

concentrate and tail sample were then separated into

13 different subsamples of sizes ranging between 2

and 150 Am using sieves, a Warman cyclosizer and a
Table 1

Rushton turbine flotation cell

Cell dimensions Impeller specifications

Volume = 2.25	 10� 3 m3 Six blade Rushton turbine

Diameter = 0.144 m Diameter = 0.048 m

Height/diameter = 1:1 Width/height/diameter = 5:4:20

Baffle/diameter = 1:10
precyclone. Chemical analysis of these samples was

performed by Analabs.

A similar flotation experiment was conducted with

clean quartz particles of size range similar to that in

the ore to determine the level of particle entrainment.

The entrainment contribution was subtracted from the

particle recovery in each size fraction to obtain the

true flotation recovery of the particles in the ore.

3.2. Experimental flotation rate constant

Assuming that the flotation of particles of diam-

eter i follows a first-order rate (see Appendix)

reaction, the recovery of these particles, Rt,i, at time

t to a first approximation is given by the following

expression

Rt;i ¼ Rmax;ið1� expð�kitÞÞ ð23Þ

where ki is the flotation rate constant of particles of

diameter i and Rmax,i is their flotation recovery at an

infinite time.

A nonlinear least square regression was used to

calculate ki and Rmax,i from the best fit of the curve of

experimental flotation recoveries versus time for each

particle size range using Eq. (23). These flotation rate

constants are referred in the text as experimental

flotation rate constants.

3.3. Laser Doppler Velocimetry

Measurements of fluid velocity and velocity fluc-

tuations were made with a Laser Doppler Velocimetry

(LDV) at different positions inside the Rushton flota-

tion cell at the same gas flow rate and stirring speed as

in the flotation experiments but in the absence of ore

and gas bubbles (Pyke et al., 2003).

The average fluid velocity Vfl was calculated from

the LDV measurements of velocity vectors in the X, Y

and Z directions, Vx, Vy and Vz, respectively, using the

expression (Wu and Patterson, 1989)

Vfl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V 2
x þ V 2

y þ V 2
z

q
ð24Þ

The turbulent dissipation energy e can be calculated

from the expression (Wu and Patterson, 1989)

e ¼ Aq3=2L�1 ð25Þ



Fig. 1. Experimental (symbols) and calculated (lines) flotation

recoveries of chalcopyrite as function of particle diameter and

flotation times of 1, 2, 5 and 10 min. A first-order rate equation was

used in the calculation of recoveries ([DTP] = 50 g/ton; stirring

speed = 720 rpm; Gfr = 5.5	 10� 3 m3/s; db = 0.97 mm).
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where A= 0.85 (Wu and Patterson, 1989; Jenne and

Reuss, 1999), L is a measure of the turbulent length

macroscale, generally assumed constant and equal to

half the turbine depth (0.005 m in this case), and q is

the turbulent kinetic energy calculated from the root

mean square of the experimental fluctuations of the

turbulent fluid velocities in the three directions, Ux,

Uy and Uz, using the expression

q ¼ 1

2
ðU 2

x þ U
2

y þ U
2

z Þ: ð26Þ

3.4. Time-of-flight secondary ion mass spectrometry

(ToF-SIMS)

ToF-SIMS spectra were obtained using a PHI

Model 2100 TRIF II system equipped with a gallium

liquid–metal ion gun (LMIG) in pulsed mode. The

surface of insulating samples was charged compensat-

ed using an electron flood gun. The wet mineral

samples prepared under the same conditions as in the

flotation experiments were mounted onto a piece of

indium foil and introduced into the spectrometer

preparation chamber. Prior to analysis, the samples

were outgassed under vacuum for around 12 h. The

primary beam was produced using a gallium gun with

a current of 600 pA. An acceleration voltage of 25 kV

was used to produce high spatial resolution with a spot

size of 0.2 Am. In static mode, the analysis is confined

to the top two monolayers. Imaging of the sample

involved mapping for positive and negative ions of

interest (e.g., DTP, SO3
�, etc.). Up to 96 chalcopyrite

particles from the concentrate sample collected after 2

min of flotation were analysed by ToF-SIMS to obtain

statistical information on the amount of hydrophobic

(such as DTP) and hydrophilic species (such as hy-

droxide, oxide, sulfate and sulfite) on their surface

(Piantadosi et al., 2000; Piantadosi and Smart, 2002).

3.5. Bubble size determinations

A University of Cape Town (UCT) bubble size

analyser was used to determine the bubble size in the

flotation cell. The UCT bubble size analyser captures

the bubbles and draws them through a glass capillary

(diameter, 0.4 mm). Diodes measure the change in

refractive index between the water and gas. Using

these readings and the volume of gas collected in a
burette, the bubble size distribution can be obtained.

Up to 4000 bubbles were typically measured using the

analyser over a period of 90 s, permitting a statisti-

cally significant number of bubbles to be counted.

Measurements were performed in duplicate and the

analyser data were then compared with photographs.

Agreement between the two techniques was very

satisfactory. The mean bubble diameter was 0.97 mm,

with a standard deviation of 0.4.
4. Results and discussion

The experimental flotation recoveries for copper as

a function of particle diameter and flotation time (after

removing the entrainment contribution) are compared

in Fig. 1 with the flotation recoveries calculated using

Eq. (23). The satisfactory agreement between the

experimental and calculated curves validates the use

of a first-order rate reaction to describe the flotation

process. The flotation rate constants ki obtained from

this fitting exercise are shown in Fig. 2. The trend in

flotation rate constant with particle diameter is similar

to that observed previously for copper minerals

(Lynch et al., 1981) with maximum values obtained

for particle diameters near 40 Am. The lower flotation

rate constant values of finer and coarser particles have

been attributed to the low collision efficiency and low

stability efficiency, respectively, of these particles

with gas bubbles.



Fig. 2. Experimental (symbols) and calculated (broken line)

flotation rate constants of chalcopyrite as function of particle

diameter. Eqs. (9)– (22) were used in the calculations of the

flotation rate constants ([DTP] = 50 g/ton; stirring speed = 720 rpm;

Gfr = 5.5	 10� 3 m3/s; A= 0.05; B = 0.6; vb = 0.2 m s� 1; e = 14 m2/s3;

qp = 4.1 g cm
� 3; db = 0.97 mm).

Fig. 3. Fluid velocity Vfl (empty circles) and turbulent dissipation

energy e (filled circles) versus vertical distance from the impeller in

the Rushton flotation cell and at a fixed distance of 0.026 m away

from the impeller axis (stirring speed = 720 rpm).
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Eqs. (9)–(22) indicate that only three parameters are

required to calculate the flotation rate constant of

particles: the turbulent dissipation energy (e), the bub-
ble velocity (vb) and the particle contact angle (u). The
value of e and u can be independently measured.

4.1. Fluid velocity and energy dissipation in the

Rushton flotation cell

Fig. 3 shows the value of the fluid resultant velocity

Vfl and turbulent dissipation energy e in the Rushton

flotation cell measured by Laser Doppler Velocimetry

at a fixed distance of 0.026 m away from the impeller

shaft and at different heights above and below the

impeller. The results indicate that the value of fluid

velocity and energy dissipation is extremely high near

the impeller, but small and constant from a height of

0.01 m above the impeller. These measured values are

in agreement with values reported in the literature in

similar Rushton flotation cells (Wu and Patterson,

1989; Rutherford et al., 1996) and Denver cells (Jor-

dan and Scheiner, 1990).

4.2. ToF-SIMS results

The ToF-SIMS results demonstrated that the DTP

collector is selectively adsorbed on the chalcopyrite

particles in the MIM ore. However, large differences

in the amount and distribution of DTP or oxidation
products were observed on the surface of the chalco-

pyrite particles. This problem was overcome by sam-

pling a large number of these particles to produce a

statistical result. Also, the results consistently indicat-

ed that the differences in surface chemistry between

three size fractions of chalcopyrite ( < 10; 20–30 Am;

>50 Am) are not statistically significant.

A recent study has shown that ToF-SIMS hy-

drophobic/hydrophilic indices such as the ratio

between the ToF-SIMS signals of DTP and SO3
�

on the surface of a mineral are a good representa-

tion of the surface hydrophobicity of that mineral

(SO3
� is the fragment associated with sulfate, re-

presenting the hydrophilic species, while DTP re-

presents the hydrophobic collector). Indeed, the

flotation recovery, advancing contact angle and

ToF-SIMS DTP/SO3
� index of chalcopyrite particles

in single mineral experiments were shown to in-

crease with DTP concentration (Fig. 4) (Pyke et al.,

2001).

Using this relationship between advancing con-

tact angle and ToF-SIMS DTP/SO3
� index estab-

lished for chalcopyrite particles in single mineral

experiments, an advancing contact angle of 71F 2j
for the chalcopyrite particles in the MIM ore was

predicted from a measured ToF-SIMS DTP/SO3
�

index of 9.7	 10� 3 for those particles as shown

in Fig. 4.



Fig. 5. Collision efficiency (Ec), attachment efficiency (Ea) and

stability efficiency (Es) as a function of particle diameter.

Parameters used in the calculations are the same as those in Fig. 2.

Fig. 4. Relationship between experimental advancing water contact

angle and ToF-SIMS DTP/SO3
� index obtained for chalcopyrite

particles in single mineral experiments (Pyke et al., 2001). The

arrows indicate the value of contact angle for chalcopyrite particles

in the MIM chalcopyrite ore corresponding to a ToF-SIMS DTP/

SO3
� index of 9.7	 10� 3 for these particles. ([DTP] = 50 g/ton).
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4.3. Calculation of flotation rate constants

Eqs. (9)–(22) were used to calculate the flotation

rate constant as a function of particle diameter. A

value of 4.1 g cm� 3 was used for the density of

chalcopyrite (qp). In the calculation of the induction

time in Eq. (17), the values of parameter A (dependent

on contact angle) and constant B ( = 0.6) determined in

our earlier study for methylated quartz particles were

used (Dai et al., 1999). From an advancing contact

angle of 71j, a value of A of 0.05 was extracted from

the curve of parameter A versus advancing contact

angle (Fig. 5 in Dai et al., 1999).

The calculated flotation rate constant versus par-

ticle diameter curves were then compared to the

experimental curve in Fig. 2, and a nonlinear least

squares program was used to optimise the values of

the bubble velocity vb and turbulent dissipation

energy e until the best fit of the experimental curve

was obtained. From these calculations, values of 0.2

m s� 1 and 14 m2 s� 3 were obtained for the bubble

velocity and turbulent dissipation energy, respective-

ly, and using Eq. (22). Both these calculated values

correlate well with data obtained in a region 0.005–

0.01 m above or below the impeller inside the

flotation cell (Fig. 3). These relatively low values

suggest that the mean vessel turbulent dissipation
energy, rather than the local dissipation energy,

determines the mean stability of the bubble–particle

aggregates (Schulze, 1977). We note that a better fit

of the experimental flotation rate constant was

obtained with Eq. (22) (eddies of similar size as

the bubbles) than with Eq. (21) (large eddies),

especially in the decrease in flotation rate constant

at large particle sizes and the production of a

maximum at intermediate particle sizes. This indi-

cates that turbulent eddies of size similar to that of

the bubbles are more important than large eddies in

the bubble–particle stability process.

Overall, the values of the calculated flotation rate

constants in Fig. 2 are in a satisfactory agreement with

the experimental data. More importantly, the charac-

teristic shape of the flotation rate constant versus

particle size curve is reproduced in these calculations.

Fig. 5 shows the contributions of collision, attach-

ment and stability efficiencies (Ec, Ea, and Es,

respectively) to the flotation rate constants. The

trends in Ec and Es with particle diameter clearly

explain the decrease in flotation rate constant for fine

and coarse particles. As for Ea, the decrease of its

value with increasing particle diameter follows the

behaviour of quartz (Dai et al., 1999). Indeed,

according to results in Fig. 4, the chalcopyrite

particles in the MIM ore have a reasonably large



Fig. A1. Experimental data of log (1�R) versus flotation time for

chalcopyrite ore flotation for different average particle sizes in the

flotation cell (particle size is in micrometer).

Table A1

The fast ( Ff) and slow ( Fs) fractions and their corresponding rate
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contact angle value of around 71F 2j, and therefore,

they behave in a similar fashion to quartz particles of

the same contact angle (Dai et al., 1999). Despite this

apparent agreement, we caution that the hydrody-

namic conditions inside the flotation cell in the

present and earlier study (Dai et al., 1999) are

certainly different. Therefore, more work is needed

to identify the effects of fluid velocity and turbulence

on induction time.

constants obtained for the chalcopyrite ore flotation (e.g., after

Crawford and Ralston, 1988), assuming that flotation is described.

A double exponential: 1�R=Ff exp (� kf t) +Fs exp (� kst). The

flotation rate constant k is obtained from nonlinear regression based

on the first-order equation 1�R =Rmax exp (� kt) (Eq. (23)), and is

shown for comparison purposes

d

(Am)

Fs Ff ks kf k (from

Eq. (23))

Rmax

2 0.47 0.53 0.125 0.5 0.5 0.84

6 0.14 0.86 0.12 0.78 0.86 0.94

11 0.06 0.94 0.14 1.33 1.36 0.97

16 0.033 0.97 0.13 2.76 2.44 0.98

33 0.012 0.99 0.14 3.33 3.07 0.99

46 0.019 0.98 0.17 3.45 3.02 0.99

64 0.037 0.96 0.16 2.86 2.64 0.98

91 0.046 0.95 0.1 2.29 2.18 0.97
5. Conclusions

A flotation model was used to calculate the flota-

tion rate constants of chalcopyrite particles in a

complex sulfide ore as a function of particle diameter.

This flotation model includes the contributions from

the efficiencies of collision, attachment and stability

between particles and bubbles as well as their fre-

quency of collision. These calculated flotation rate

constants were in satisfactory agreement with the

flotation rate constants for chalcopyrite particles in

an ore determined under turbulent flow conditions in a
Rushton flotation cell. In particular, the relatively low

flotation rate constants of fine and coarse chalcopyrite

particles were reproduced and have been attributed to

the low efficiency of collision and stability of these

particles with bubbles, respectively. For these calcu-

lations, only the values of mean turbulent dissipation

energy, bubble velocity and particle contact angle are

required. The water advancing contact angle of the

chalcopyrite particles in the ore was independently

determined using a technique based upon Time of

Flight Secondary Ion Mass spectroscopy. As for the

turbulent dissipation energy, its optimum value used

in the calculations corresponds to those measured in a

region of relatively low turbulence inside the flotation

cell close to the impeller. The optimum bubble veloc-

ity was found to be rather close to the bubble rising

velocity, giving a good indication of the relative

bubble velocity with respect to the ‘‘fluid’’ in the

flotation cell.
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Appendix A. Rate Constant Comparison

In Fig. A1, experimental data are shown for

various size fractions of the chalcopyrite ore particles

(the average particle diameter in micrometer is

shown), i.e., ln (1�R) versus time. This permits

‘‘fast’’ and ‘‘slow’’ component rate constants to be

extracted. As is seen in Table A1, the fast rate constant

correlates well with the value extracted from Eq. (23).
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