
Introduction

There are remarkable resemblances between flotation
and chemical reactions. The simplest process occurs by
the collision of particles and bubbles, which form a
stable particle–bubble aggregate that rises to the surface
of the solution. The main physical parameters that
determine the rate of the process are the particle size, gas
flow and pH.

The flotation rates of fine particles are in good
agreement with the theoretically calculated collision rates

[1], but the flotability is slow owing to the lower
probability of collision between the particle and air
bubbles [2, 3]. Attempts to develop theoretical relation-
ships between the flotation rate and the particle size have
been unsuccessful because other factors are also impor-
tant contributors to the rate, such as the relative velocities
of particles and bubbles [3] and their surface charges [4],
which are determined at least in part by the pH of the
dispersion. The complexity of the flotation process has
not yet permitted the development of a quantitative
description of the overall rate data.
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Abstract The flotation kinetics of
coarse coal particles was studied in a
modified version of the Hallimond
tube at 25 �C using nitrogen as the
carrier gas, in the pH range 2–12.
The kinetics was followed by mea-
suring the volume of the particles
accumulated in the collector tube as
a function of time. At each pH, the
rate constants were determined at
several buffer concentrations and
were extrapolated to zero buffer
concentration. The observed first-
order rate constant was represented
as the product of separable con-
stants and functions such as fD, fV
and fpH, which depend only on the
particle size, gas flow and the pH of
the dispersion, respectively. The
diameter, D, of the particles was in
the range 505–127 lm. The observed
rate constant decreased linearly with
the diameter of the particles at
constant flow and it was calculated
that fD¼ exp()1.56D). The depen-
dence of fV on the flow is a conse-

quence of the fact that the flotation
occurs when a single particle is
captured by two bubbles. fV was
shown to be independent of the
particle diameter. The effect of the
pH on the rate of flotation was
considered as resulting from the
adsorption of protons (or hydroxide
ions) by the particles and bubbles
through multiple equilibria, assum-
ing that there is no interaction
between the binding sites. The pH–
rate profile showed that there were
two species responsible for the flo-
tation: one stable at pH below 5 and
the other at high pH. Comparison of
fV, fD and fpH for the flotation of
coal and pyrite allowed the predic-
tion of the optimum conditions for
the separation of mixtures of these
particles by flotation.
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Coarse particles with diameters in the range 100–
500 lm are commonly found in many flotation process-
es, and for these particles the process of attachment to
an air bubble [5] is limited by the acceleration of the
particle–bubble complex, because if it exceeds a critical
value, the particle will detach [6].

The rate of formation of stable bubble–particle
aggregates follows Eq. (1):

dNp=dt ¼ kNm
b N

n
p ; ð1Þ

where Nb and Np are the instantaneous concentrations
of bubbles and particles, and m and n are the respective
orders of the kinetics process [7]. The order in this case
indicates the number of elementary species involved in
the rate-determining step and provides an insight into
the mechanism of the process. For a complex system of
several components, the flotation occurs as a competi-
tive process, and the rate constant for each component
determines the efficiency of the separation.

The rate constant, as defined in Eq. (1), is a complex
function that depends on experimentally measurable
properties of the system, such as the particle size, air
flow and pH. It has been proposed that the observed rate
constant, which contains all variables involved in the
process, can be expressed as a factorised function, where
each factor depends on a single variable as shown in
Eq. (2) [8]:

kobs ¼ kgkifDfVfpH : ð2Þ
kg depends on the geometry of the Hallimond tube, on
the stirring and the size and porosity of the sintered glass
plate, which determine the number of bubbles [9]. ki is
determined by the intrinsic characteristics of the system,
such as the shape and the hydrophobicity of the particle
surface; fV, fD and fpH are functions that depend only on
the gas flow, the particle diameter, D, and the pH of the
dispersion, respectively.

The flow rate, V, of the gas injected through a plate of
a given porosity produces a number, nb, of bubbles per
unit time, with a mean volume �mmb. The concentration of
bubbles, Nb, rising through the flotation media, is given
by Eq. (3):

Nb ¼ V
s

�mmb�mmd
; ð3Þ

where V is the gas flow and s is the average residence
time of a bubble in the zone of flotation, vd, where the
dispersion of the particles is confined before the
attachment to the bubbles.

Following this approach, the spontaneous flotation
of coarse pyrite particles was found to be first order with
respect to the number of particles; it showed a third-
order dependence V, and depended exponentially on D,
the mean diameter of the particles. The pH–rate profile
showed a maximum at pH 7. When the gas flow varied
in the range 0.50–1.2 lmin)1, the results suggested that

each particle undergoes a rapid sequence of ‘‘sticky’’
collisions with bubbles, forming a final aggregate
containing an average of three bubbles, which is in
equilibrium with other aggregates [8]. When the gas flow
was in the range 100–300 mlmin)1, the observed first-
order rate constant increased linearly with the gas rate
and with the increase in the mean volume of the bubbles
(�mmb ¼ 1:05 � 6:4 ll at constant bubble concentration.
The observed increase in the rate constant with �mmb was
ascribed to the increase in the probability of effective
collisions that formed stable particle–bubble aggregates
[9]. In the relatively wide range of the variables studied
(V, D and pH), the product of the rate constants kg ki

was remarkably constant, showing that the rate constant
of flotation can, in effect, be factored as assumed in
Eq. (2).

Selective flotation is considered to be one of the
most promising techniques for coal desulfurization,
particularly in the case of fine coal particles [10]. In this
work, we studied the spontaneous flotation of coarse
particles of coal and we applied the method described
earlier in order to gain insight into the mechanism of
coal flotation. A modified version of the Hallimond
tube and a sensitive detection system [11] allowed
measurement of the rate constant of flotation of coal
particles of different sizes under a variety of controlled
conditions, such as gas flow, porosity of the glass plate
and pH.

Experimental

Materials

All the chemicals were of analytical grade and were used without
further purification. The electrolytes and buffer solutions were
prepared using distilled deoxygenated water. The pH was deter-
mined with a Metrohm Herisau model E603 pH meter, using a
Metrohm 9100 Herisau combination electrode.

Coal samples were selected from Carbonı́fera Prospera, Mina A,
Criciuma, in Santa Catarina, Brazil, and were kept in sealed plastic
bags at )10 �C. The samples were reduced to about 5 mm in size
using a porcelain mortar and were then pulverized in a Fritsch
pulverizer and classified in a sieve shaker. The different fractions
were also stored in sealed bottles at )10 �C. The coal was analysed
as containing 23.8% ash, 27.7% volatiles, 48.6% carbon and
1.70% total sulfur.

Kinetics

The kinetics measurements were performed in a modified version of
the Hallimond tube inserted in a setup as described in previous
work [8, 11]. The mechanical stirring was maintained at 710 rpm.
The nitrogen, used as a carrier and maintained at 25 �C, passed
through a calibrated flowmeter before entering the Hallimond tube.
A pressure equalizer allowed the kinetics run to start at the
appropriate pressure.

The sample (0.5 g) was washed several times with distilled water
to eliminate fine material adhering to the mineral surface, and then
it was spread over the porous sintered glass plate of the Hallimond
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tube using a small volume of buffer solution. The upper part of the
Hallimond tube was then put into place and more buffer solution
was added to make a total of 50 ml. The mineral and the buffer
solution were allowed to equilibrate for 10 min.

The kinetics of flotation was followed by measuring the volume
of mineral accumulated in the collector tube as a function of time.
To ensure homogeneous sedimentation and the maximum packing
of the floated particles, an ultravibrator was connected to the
collector tube of the Hallimond tube. For each pH, the rate
constants were determined at several buffer concentrations (10–
100 mM) and were extrapolated to zero buffer concentration.
Owing to the fast flotation and low density of the coal particles, the
experiments were carried out as follows:

1. The initial reading of the floated volume was taken after
allowing the carrier gas to flow for 5 s. The flow was stopped
and the initial floated volume, V0, was read.

2. The carrier flow was reinitiated until approximately 30% of the
sample was floated, and the floated volume, V1, was obtained.

3. A new pulse of carrier was injected in order to float about 70%
of the sample, and the volume V2 was obtained.

4. Finally, the carrier was allowed to flow until the entire sample
was floated, and the total volume, V1, was obtained.

The observed rate constant, kobs, was obtained from Eq. (4):

kobs ¼
1

Dt
ln

V1 � V0

V1 � V0 � Vt

� �
; ð4Þ

where V0, V1 and Vt are the floated volumes at time t0¼ 5 s,
infinity and time t respectively, and Dt¼ t–t0. The value of kobs was
obtained from the average of 3–8 experiments, depending on the
standard deviation.

Results and discussion

The batch flotation of pyrite was found to follow first-
order kinetics with respect to the number of particles per
unit volume, [8, 10] as shown in Eq. (5):

� dNp

dt
¼ kobsNp : ð5Þ

Similar results have been obtained for other particles
[12] under other experimental conditions, allowing us to
assume that coal will also float following the same rate
equation; therefore, n¼ 1 in Eq. (1).

Effect of particle size

A series of experiments were carried out by changing the
size of the coal particles in the range of mean diameters
505–127 lm and the flow of the gas carrier between 0.2
and 1.0 lmin)1 (Fig. 1). kobs decreases linearly with the
increase in the mean diameter of the particles, at
constant flow. For particles with constant mean diam-
eter, the dependence of kobs on the flow of the carrier
follows an S-shaped curve (Fig. 2).

According to Eq. (2), the linear relationship between
kobs and D can be written as Eq. (6):

kobs ¼ kgkifVfpHð1 þ aDÞ ; ð6Þ

Fig. 1 Flotation rate constants of coal versuss mean diameter of
particles at different flows of carrier gas at 25 �C; pH 6 (succinate
50 mM); stirring 710 rpm. Insert: lnkobs versus D; the lines were all
drawn with slope –1.56

Fig. 2 Flotation rate constants of coal versus flow of the carrier gas at
25 �C using particles with different mean diameters; pH 6 (succinate
50 mM); stirring 710 rpm. The curves were calculated from Eq. (11)
including fD
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where the parentheses can be considered as a series
expression of the exponential function exp(aD) as shown
in Eq. (7):

kobs ¼ kgkifvfpH expðaDÞ : ð7Þ

Consequently, a plot of lnkobs versus D should be linear
with constant slopes for different values of the gas flow.
In the insert of Fig. 1, the straight lines were drawn with
slope )1.56, and therefore fD¼ exp()1.56D). According
to Eq. (2), the ratio kobs/fD is equal to kgki fVfpH or k¢fV
and should be independent of the particle diameter. This
important result can be observed in Fig. 3, where the set
of curves obtained for different values of D (Fig. 2)
becomes only one curve when kobs/fD is plotted for
different values of V.

The small standard deviations show that the system
follows Eq. (2) under these experimental conditions.

Effect of gas flow

The dependence of kobs on fV and on the concentration
of bubbles cannot be explained if the flotation simply
occurs when a single particle is captured by a single
bubble.

The steady-state concentration of stable bubble–
particle aggregates rising through the flotation media
depends on V, the gas flow, and the experimental value
of the concentration of bubbles, Nb; this is surprisingly
constant under different conditions of porosities, the
height of the column and the gas flow rate [9]. Equation
(8) assumes that coal particles need two bubbles to be
floated:

Cn

k1Nb
)*
k�1

CB
k2Nb
)*
k�2

CB2

k3�! Cf ð8Þ

Cn and Cf are the nonfloated and floated coal
particles, respectively, and CB is the aggregate of one
particle with one bubble and CB2 that with two bubbles,
and these are formed with rate constants k1 and k2,
respectively. By applying the steady-state approximation
to CB and CB2, the observed rate constant is given by
Eq. (9):

kobs ¼
k1k2k3N 2

b

k�1ðk�2 þ k3Þ þ ðk2k3 þ k1k�2 þ k1k3ÞNb þ k1k2N2
b

:

ð9Þ

Since Nb is constant and the rate constants k1 and k2

increase proportionally to �mmb or V and can be substituted
for k¢V and kV [9], Eq. (9) can then be written as
Eq. (10):

k0fV ¼ V 2

K1 þ K2V þ K3V 2
; ð10Þ

where

K1 ¼ k�1ðk�2 þ k3Þ
k0k00k3N 2

b

;

K2 ¼ 1

k0
þ k�2

k0k3
þ 1

k

� �
1

Nb
;

K3 ¼ 1

k3
:

An iterative program of successive approximation was
used to calculate the constants. The continuous line of
Fig. 3 was calculated for K1¼ 1.86, K2¼ 0 and
K3¼ 5.65. Equation (10) is reduced to Eq. (11):

k0fV ¼ V 2

K1 þ K3V 2
: ð11Þ

The set of curves of Fig. 2, which includes the function fD,
was calculated from Eq. (11). The ln–ln plot shown in the
insert of Fig. 3 indicates, as expected from Eq. (11), that
at low flow the order of the process with respect to the
bubbles is 2, while at high flow it decreases because the
increase in the mean volume of the bubbles allows some of
the particles to float with only a single bubble.

Effect of pH

The rate constants were obtained at different pH at
several buffer concentrations. The effect of the buffer is
complex: the rate either increases or decreases with the
concentration, and the change is only linear when the
range is small (10–50 mM). When the pH is the only
variable, the observed rate constant becomes equal to

Fig. 3 Flow function k¢fV versus the flow of the carrier gas. The points
were calculated from Eq. (7) as the average for different particle
diameters. Insert: Plot of ln k¢fV versus ln V
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k¢¢fpH (Eq. 2) and can be expressed as the relative rate
constant krel¼ fpH/f7 of the ratio between the value of
the rate constant at any pH and the value at pH 7.0.

The pH–rate profile of the relative rate constants
extrapolated to zero buffer concentration (Fig. 4) shows
a plateau in the range of pH 2–4 and then it decreases to
a minimum at pH 7, followed by a rapid increase at
higher pH. The surface groups of the coal can be
represented as XOH, but can also be a surface impurity
group such as Si–OH or Al–OH. The change in pH can
create positive sites by adsorption of H+ ions or
negative ones via deprotonation by OH) ions [13]. Both
processes will change the surface charge density and the
surface potential. The pH profile can be interpreted by
assuming that the coal particles float in the region of
pH 2–4 owing to the protonation of a surface site with
pK+. The rate constants decrease at higher pH until the
deprotonation of a second surface site with pK)

produces a rapid increase in the rate constants. For
these two processes, krel can be expressed by Eq. (12), as
proposed in previous work [8].

krel ¼
kn aH

Kþ

� �nþkm K�

aH

� �m

Pn þ Qm þ 1
; ð12Þ

where

Pn ¼
aH

Kþ
1 � aH

Kþ

� �n
1 � aH

Kþ

� �
" #

and Qm ¼ K�

aH

1 � K�

aH

� �m

1 � K�

aH

� �
2
4

3
5 :

The values of pK+ ¼ 5.80, pK)¼ 14.08, kn ¼
1.35 · 10)5, km¼ 1.95 · 10)4, n¼ 0.52 and m¼ 0.23
were calculated by a successive approximation program.

The continuous curve of Fig. 4 was drawn with these
values.

k¢fV (Eq. 11) was obtained at pH 6.0 using succinate
as the buffer, and therefore k0 ¼ kgkif 0

6. The product of
k¢fVkrel fD is equal to Eq. (13),

k0fVkrel fD ¼ kgki fVfDfpH
f 0

6

f7

� �
¼ kobs

f 0
6

f7

� �
; ð13Þ

which is equal to Eq. (2), except for the constant factor
f 0

6=f7. The factor f¼ ( f7/f6¢)¼ 0.320 was calculated by
considering k¢fV for V¼ 0.2 lmin)1, fD for D¼ 254 lm
and the value of kobs at pH 6 (zero buffer concentra-
tion). The observed rate constant extrapolated to zero
buffer concentration for the flotation of coal can then be
written as Eq. (14):

kobs¼f
V 2

K1þK3V 2

� �
expðaDÞ

	
kþi

aH

Kþ

� �nþk�i
K�

aH

� �m

aH

Kþ
1�ðaH=KþÞn
1�ðaH=KþÞ

h i
þK�

aH

1�ðK�=aHÞm
1�ðK�=aHÞ

h i
8<
:

9=
; : ð14Þ

It should be noted that kn and km were substituted by
ki

+ and ki
), respectively, because krel depends only on

the pH and the intrinsic characteristics of the surface
represented by ki. In the case of coal, the protonated and
deprotonated particles present different flotability. On
the other hand, kg becomes undetermined as a conse-
quence of the form of the fV function, where K1 and K3

can be any multiple of kg.

Comparison of the functions fD, fV and fpH

for the flotation of coal and pyrite

We can compare the independent effect of particle size,
flow of carrier gas and pH on the relative rates of
flotation of a mixture of coal and pyrite particles [8].

The plot of lnfD versus D (Fig. 5) indicates that the
ratio of the rate constants of the flotation of coal and
pyrite decreases rapidly with D, as is known to occur
forfines [10]. For a mixture of particles of different sizes,
coal particles of 600 lm would float at the same rate as
pyrite particles of 70 lm, if all the other factors were the
same.

fV for pyrite is compared with k¢fV for coal as in
Eq. (11) or as V2/(1+K3V

2/K1) for different flow rates of
the carrier in Fig. 6. Independent of the relative values
of K1 and K3 for a flow lower than 0.4–0.5 lmin)1, fV for
pyrite is lower than k¢fV, as has been observed experi-
mentally [10]. At higher flow, the pyrite particles would
float faster, other factors being the same.

Finally, in Fig. 7 a comparison is made between fpH

for pyrite [8] and fpH for coal, calculated from Eq. (12) as
krel/kn. Even though the relative position between both

Fig. 4 Relative rate constants of flotation versus pH at 25 �C;
D¼ 254 lm; stirring 710 rpm; V¼ 0.2 lmin)1. The rate constants
were extrapolated to zero buffer concentration and divided by the
value at pH 7. The continuous line was calculated from Eq. (12)
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curves may change, it still predicts that coal should float
faster than pyrite at higher pH. Accordingly, Zimmer-
man [14] showed that the sulfur content in floated coal
decreases when the pH increases from 4 to 11.

Conclusions

The observed first-order rate constant kobs of flotation
of coarse particles of coal is proportional to the
product fDfVfpH, which contains functions that depend
only on the particle size, gas flow and the pH of the
dispersion. The flotation of a single coal particle occurs
when it is captured by two bubbles. Bubble–particle
aggregates are stable in the range of pH 2–5 and at
high pH.

Comparison of the independent effect of particle
size, flow of carrier gas and pH on the flotation of a
mixture of coal and pyrite particles allows the predic-
tion of the conditions to increase the relative rates of
flotation and these rates are consistent with data from
the literature.
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Fig. 7 Comparison of the fpH functions for the flotation of coal and
pyrite. For coal, fpH was drawn as krel/kn

Fig. 5 Comparison of the fD functions for the flotation of coal and
pyrite

Fig. 6 Comparison of the fV functions for the flotation coal and
pyrite; a k¢fV as in Eq. (11); b k¢fV¼V2/(1+K3V

2/K1)
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