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Flotation as a random process, in which the random variable representing the number of particles 
raised to the froth layer during a fixed time t depends on time, is a stochastic process. As a result of 
turbulence of the medium in the flotation chamber, apart from the process of particles adhesion to 
bubbles, a reverse process occurs whose intensity depends on the ash content. This is the process of 
detachment the particles from bubbles. Such a situation is described best by the stochastic process of 
birth and death. 

The paper briefly presents the assumption and differential equation of the model as well as its 
solution in the form of the equation of flotation kinetics. The authors have presented the interpretation 
of equation parameters. According to the empirical dependences of recovery of floating particles in 
the froth product on time for several coal samples, differing by the ash content, the following 
parameters of the kinetics equation were calculated: the resultant adhesion rate constant and 
permanent adhesion rate constants. The resultant adhesion rate constant, being the sum of permanent 
adhesion and detachment rate constants, is independent on the ash content whereas the permanent 
adhesion rate constant decreases with the increase of ash content. 

 
Key words: flotation kinetics, stochastic process, model of birth and death, adhesion rate constant, 
                   detachment rate constant  

 
INTRODUCTION 

 
Flotation, as any technological process in which the results are determined by 

many random factors, is the process occurring in time. In order to form a permanent 
attachment between a particle and a bubble there must be, first of all, a collision 
between a particle with a bubble and the kinetic energy must be contained in a certain 
range of values, on the one hand large enough to overcome the barrier of the potential 
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of the particle-bubble interaction and, on the other, little enough to make this 
connection stable. In other words, not to detach the particle from the bubble. Both the 
particle-bubble collision and the value of particle kinetic energy are of random 
character. 

As it can be seen, the permanent particle-bubble connection is determined by a set 
of random events whose probabilities affect the velocity of the process course. The 
higher probability, the faster is the flotation process.  

Kinetics, i.e. the course of the process in time, results not only from the statistical 
character of phenomena occurring on the phase boundaries but also from the 
successive inflow of free surface into the flotation system on which the adhesion of 
mineral particles in the form of air bubbles occurs and which, among others, limits the 
velocity of the process course. 

Many authors dealt with the problem of flotation kinetics: (Zuniga 1935, 
Schuhmann 1942, Sutherland 1947, Beloglazov 1947, Pogorelyj 1961a,b, 1962, 
Bushell 1962, Imaizumi and Inoue 1963, Melkich 1963a, 1963b, 1964, Tomlinson and 
Fleming 1963, Bogdanov et al., 1964, Bogdanov et al., 1964, Volin and Swami 1964, 
Zeidenberg et al., 1964, Harris and Rimmer 1966, Loveday 1966, Tille and Panu 
1968, Inoue and Imaizumi 1968, Kapur and Mehrotra 1973, 1974, Mehrotra and 
Kapur 1974, Mehrotra and Kapur 1975, Trahar and Warren 1976, Collins and 
Jameson 1976, Harris 1978, Maksimov and Jemelianov 1983, Xu Changlian 1985, 
Szatkowski and Freyberger 1985, Vanangamudi and Rao 1986, Laskowski et al., 
1991, Varbanov et al.,  1993, Lazic and Calic 2000).  

In a way, there is an analogy between the mechanism of chemical reaction and the 
mineralization of the air bubble in the flotation process. Therefore, the flotation 
kinetics is described by the equation analogical to the equation of kinetics of chemical 
reaction.  

Zuniga (1935) was the first who applied the differential equation of kinetics of 
chemical reaction to the description of kinetics of batch flotation. It can, in its general 
form, be written as follows: 
 

 nCk
dt
Cd

−=   (1) 

 
where: C(t) – concentration of floating particles remaining in the flotation chamber up 
to the moment t; k – flotation rate constant; n – constant characterizing the order 
character of the process (order of flotation kinetics). 

The flotation rate constant, occurring in this equation, is a macroscopic parameter  
which should contain information about the process affecting factors. This information 
is recorded by the models of flotation rate constant which determines the process 
kinetics. 

Equation (1) is the equation of flotation kinetics of particles which are 
homogeneous in their surface properties, i.e. equal-floating particles which possess the 
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same value of the flotation rate constant. After solving equation (1) for n = 1 and 
calculating the recovery of floatable particles to the froth product, the following 
expression is obtained:  

 
 )exp(1)( tkt −−=ε   (2) 
 

As it results from equation (2), after long flotation time (theoretically infinitely 
long), all floating particles in the given physicochemical conditions will have been 
floated out. It is known from experience that flotation is a kinetic and thermodynamic 
phenomenon (Drzymala, 2001). It means that the value of recovery after a long time 
of flotation, especially for larger and difficult to float particles, is smaller than 1. 
There are no analogical cases in the kinetics of chemical reaction. 

After imposing the following boundary condition upon equation (2): 
 
 ∞∞→

= εε )(lim t
t

  (3) 

 
the dependence of recovery on time is expressed by the function: 
 
 [ ])exp(1)( tkt −−= ∞εε   (4) 

 
Formula (4) represents a general form of kinetics equation of the 1st order. In such 

a concept this is a determinist model. The parameters of this model are empirical 
constants. The notion of equilibrium recovery ∞ε  was introduced into the model of 
chemical reaction as a second parameter to readjust the model to empirical 
dependences. There were no theoretical premises in the construction of the basic 
equation of kinetics which could justify such a step. The equation of the process of 
birth and death is such an equation of kinetics, known in the theory of stochastic 
processes (Bailey 1964), the solution of which comprises all the subprocesses present 
in mineralization of bubbles. 
 

STOCHASTIC MODEL OF KINETICS OF BATCH FLOTATION 
 

In the stochastic model the number of particles N(t) raised to the froth level up to 
time t is the random variable depending on time. From the point of view of theory of 
stochastic processes the model based on the kinetics of chemical reaction is a pure 
birth process. The particles which were subjected to adhesion to bubbles are not able 
to return to the phase of suspension.  

As a result of turbulence of medium in the flotation chamber, despite the process of 
adhesion of particles to bubbles, there is a reverse process of lower intensity, i.e. the 
process of detachment the particles from the air bubbles (Mika and Fuerstenau 1968, 
Schulze 1977, Woodburn et al., 1971, Schulze 1992, Maksimov and Emelianov 1983, 
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Geidel 1985, Honaker and Ozsever 2003). The process of birth and death is a model 
which describes such a process. 

The model of the process of birth and death was applied and solved mathematically 
by Litwiniszyn (1966) for the description of kinetics of the colmatage process. In this 
process the particles of solids, present in the liquid, are being caught in the porous 
medium as a result of surface interactions of this medium with particles. Here two 
sub-processes may appear: adhesion to the porous body and detachment resulting from 
interactions with the flowing liquid. 

The process of ion flotation (Stachurski 1970) and the process of wet magnetic 
separation (Siwiec 1982) run according to the model of birth and death. If the state of 
system in which l particles are attached to bubbles is marked as El and the state in 
which l+1 particles are attached is marked as El+1, in the process of birth and death, 
the transitions from El to El+1 and El to El-1 are possible. 

For the transition from El to El+1 the function of intensity of the adhesion process 
)(lλ is formed whereas for the transition from the state El to El-1 the function of 

intensity of the detachment process )(lµ  is formed, according to the following 
formulas: 
 )()( lnl oo −= λλ  (6a) 

 
 ll oµµ =)(   (6b) 
 
where: no –  number of particles floating in the floatation chamber in the moment 
t = 0; oλ  and oµ  – certain constants. Thus the intensity of the adhesion process is 
proportional to the number of particles remaining in the free state (no - l), while the 
intensity of the process of detachment is proportional to the number of particles 
attached to bubbles (l). Probability )(tPl  that at the moment t there are l particles 
attached to bubbles is fulfilled by the following system of differential equations 
(Litwiniszyn 1966): 
 

 [ ] )()1()()1()()()(
11 tPltPlntPlln

dt
tdP

loloolooo
l

+− +++−++−−= µλµλ   (7) 

 
while l = 1,2,.....,no.  
Equations (7) has the following solution: 
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The average value of the random variable N(t) is: 
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Accordingly, the recovery of particles raised to the froth layer is expressed by the 

formula:  
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The form of this formula is analogical to formula (4) while
oo

o

µλ
λε
+

=∞  and 

ook µλ += . It can be said that the constants λo and µo  are, respectively, the constants 
of the process of adhesion and detachment of particles from the air bubbles. These 
constants can be calculated from formula (10) because: 
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oo
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Matching the empirical dependence to the model one it is possible to evaluate the 

values of the processes of adhesion and detachment under given physicochemical and 
hydrodynamic conditions in the flotation chamber. 
 

A PHYSICAL INTERPRETATION OF THE BIRTH AND DEATH MODEL 
CONSTANTS 

 
It results from formula (4) of recovery of a useful mineral in the froth product for 

ε∞ = 1 that after the appropriately long time (theoretically infinitely long) the whole 
floatable mineral will be transferred to the froth product (all particles connected with 
the air bubbles will find their way to the froth product). The flotation rate constant is: 
 

 ( ) kt
dt
d

== 0ε  (13) 

 
A comparison of this formula to formula (12) leads to the conclusion that in the 

case of flotation without detachment the flotation rate constant is equivalent to the 
resultant   adhesion rate constant. All the particles attached to the air bubbles will pass 
to the froth product. None of them will be detached from the flotation aggregate. 
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From formula (4) for ε∞ = 1 the flotation rate constant and, at the same time, the 
resultant adhesion rate constant is: 
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Since  
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where : no – initial number of floatable particles in the flotation chamber; l -  number 
of particles attached to the air bubbles up to the time t; l∆ -  number of particles 
attached to the bubbles in the time t∆ ; lc -  number of particles colliding with the 
bubble in the unit time; Sb -total surface of bubbles passing through the surface unit of 
the cross-section of the flotation machine in the time unit; Pc and  Pa – probabilities of 
collision and adhesion, respectively,: 
 

 ( )lnt
lP
o

c
c −∆

=   
cb

a lS
lP ∆

=  (17) 

 
The condition of adhesion to occur is the collision between a particle and a bubble. 

Thus, the resultant adhesion rate constant is the product of probability of collision and 
probability of adhesion on the surface of air bubbles flowing through the surface unit 
of the cross-section of the flotation chamber in the time unit. Resultant adhesion is 
therefore a number of all particles which were instantaneously or permanently 
attached to the bubbles surfaces. A part of them will be detached as a result of 
turbulent movements of the medium. Consequently, the number of particles attached 
permanently to the bubble surface is the difference between the total number of 
particles attached to bubbles and the number of particles detached from them. The 
particles attached permanently will be raised to the froth product. Therefore, in the 
case of the model of flotation, with respect to the process of particle detachment from 
the bubble surfaces, the following scheme of the process of adhesion (in the sense of 
balance of the number of particles) can be assumed: 
 
 Permanent adhesion = resultant adhesion – detachment (18) 
 

As it results from the above scheme and formula (10), the constant λo denotes the 
permanent adhesion rate constant whereas the flotation rate constant k is the resultant 
adhesion rate constant. 
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It is an obvious fact that such particles are detached which were previously 
subjected to adhesion to the bubble. Therefore the detachment rate constant will be the 
product of the resultant adhesion rate constant k and probability of detachment, Pd: 
 
 dacbdo PPPSPk ==µ  (19) 
 
On the other hand, according to scheme (18), the constant of permanent adhesion rate 
constant is : 
 
 )1( dacbdacbacboo PPPSPPPSPPSk −=−=−= µλ  (20) 
 
Applying formulas (20) and (19) it is possible to calculate the value of equilibrium 
recovery, 
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Thus, odP λ,  and  µo can be determined from the empirical dependence ε(t). This 

fact creates an additional tool for studying the basis of the process of mineralization of 
air bubbles in the mass process. 
 

EXPERIMENTAL 
 

METHOD OF SAMPLES PREPARATION 
 

Coal of the special seam (type 33) of the Piast Mine was used which was crushed 
in the roller crusher below 0.5 mm. The wet screen analysis was applied, obtaining the 
particle size fractions (0.5-0.4), (0.4-0.315), (0.315-0.2), (0.2-0.1) mm. After drying, 
each size fraction was subjected of float and sink analyses. The analysis was carried 
out in the solution of zinc chloride. Narrow density fractions (-1.35), (1.35-1,5), (1.5-
1.7), (1.7-1.8), (1.8-2.0) and (+2.0) Mg/m3 of size fraction were obtained as products 
of separation. The narrow size fraction-density fractions were stored in vacuum to 
limit the oxidation of coal surface and next then were used for research. Ash content 
was determined in every sample. 

 
DETERMINING THE FLOTATION KINETICS 

 
Flotation experiments for coal were performed at room temperature in the Denver 

laboratory apparatus of 1 dm3 capacity with the constant rotor speed 2020 rpm and the 
fixed air flow-rate (Mlynarczykowska, 2004). The content of solids was the same in 
all experiments and was 80 g/dm3. Such conditions ensured the constant amount and 
size of air bubbles in the chamber with limited turbulence of flotation pulp caused by 
the rotor. Low concentration of flotation pulp was used for practical reasons because 
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at low pulp density it is possible to obtain favourable results of coal flotation (Sablik 
1998). 

The weighed portion was wetted for 15 min in the solution of the flotation agent of 
predetermined concentration, next stirred for 5 min without air. The aqueous solution 
of butanol was used as a collecting and frothing agent which does not change pH of 
pulp but only decreases the surface tension at the gas – liquid interface which causes 
the air dispersion in the suspension to increase. Also its adsorption on the surface of 
air bubbles follows which ensures their stabilization and prevents coalescence (Malysa 
2000a,b, Krzan and Malysa 2002). On the basis of initial investigations, proper 
concentrations of the reagent were selected ensuring the formation of froth of 
appropriate structure and durability. 

In the performed series of investigations the fractioned flotation was carried out in 
which the concentrates were collected in the following time intervals: 15, 15, 30, 30, 
30 s and every 1 min. The time of carrying out the flotation depended on particle sizes 
and fraction density. As a rule the last froth product was collected after 6 minutes of 
flotation. The samples were weighed after drying and the ash content was determined. 

 
RESULTS AND DISCUSSION 

 
The investigations of flotation kinetics of respective densimetric fractions of size 

fraction  0.2-0.315 mm were performed at butanol concentration of  2⋅10-3 mol/dm3 
and the corresponding surface tension 68.5 mN/m. Its measurements were made by 
means of the ring method with the digital K9 KRUSS tensometer at room temperature 
(about 220C). The measurement accuracy was 0.1 mN/m. 

The curves of flotation kinetics were drawn according to the results of empirical 
tests of this sample. The empirical dependences were approximated by model 
equations of flotation kinetics of the 1st order (Eq. (4)). The parameters of this 
equation, ε∞  and  k , were calculated in the following way. For the given value ε∞  
equation (4) can be transformed to the form: 

 ytk ==
−∞

∞

εε
εln   (22) 

 
Next, the constant k was calculated by the least square method. The rate of agreement 
of the model dependence with empirical courses was evaluated by means of the 
curvilinear correlation coefficient R: 
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in which:ε  – average value of recovery; iε̂  - value of recovery calculated from the 
model in the i-th point; εi -experimental value of recovery in the i-th point; n – number 
of experimental points. The value ε∞ was changed every 0.01 to reach the maximum 
value of the curvilinear correlation coefficient. 

Figure 1 shows the model curves of flotation kinetics. Empirical values are marked 
by circles. In all cases the curvilinear correlation coefficient is larger than 0.96. Model 
dependences ε(t)  are given by each figure. The permanent adhesion rate constant was 
calculated on the basis of model dependences ε(t), according to formulas (12), (11) 
and (4): 

 

 ∞→
== εελ k

dt
td

to
)(lim

0
 (24) 

 
The calculated values of the permanent adhesion rate constant are given by each 

model dependence. As it can be seen in the quoted results, the resultant adhesion rate 
constant  k is practically independent from the ash content. 
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Fig.1. Flotation kinetics: 

 
density fraction <1.35[ Mg/m3] , A=1.06 %, ε =0.63(1-e-0.245 t),λ0 =0.154 [1/min], 
density fraction (1.35-1.5) [Mg/m3], A = 7.91%, ε = 0.48(1 – e-0.249 t), λ0=0.12 [1/min], 
density  fraction (1.5-1.7) [Mg/m3],  A=23.18 %, ε = 0.41(1 – e-0.25 t),   λ0=0.102 [1/min], 
density fraction (1.7-1.8) [Mg/m3], A= 36.32 %, ε = 0.30(1 – e-0.246 t),  λ0=0.074 [1/min], 
density  fraction (1.8-2.0) [Mg/m3], A=48.71 %,  ε = 0.20(1 – e-0.245 t)  ,λ0=0.079 [1/min], 
density fraction >2.0 [Mg/m3], A=77.63 %, ε = 0.12(1 – e-0.249 t),  λ0=0.03 [1/min]. 
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This constant, according to formula (16), is proportional to the product PcPa. The 
probability of adhesion is expressed by the following formula (Yoon and Mao 1966, 
Schimmoler et al. 1993). 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

k
a E

EP exp  (25) 

 
where: E – size of energy barrier of the particle-bubble interaction; Ek – kinetics 
energy of the particle, necessary to form the bubble-particle aggregate. Energy barrier 
E grows with the increase of ash content. Also the particle kinetic energy increases 
because is proportional to particle density which grows with the increase of ash 
content. Accordingly, the value of the expression under the exponent may change 
slightly (i.e. increase) with the growth of ash content. If we take into consideration the 
fact that with the growth of particle density also the probability of collision increases 
(Nguyen Van and Kmet 1992), then the product of both probabilities may remain 
constant. On the other hand, the constant of permanent adhesion decreases with the 
growth of ash content. 
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Fig. 2. The permanent adhesion rate constant as a function of ash content in the sample of particle size 

distribution (0.2-0.315) mm;  λ0 = 0.15 e -2A 

 
Figure 2 presents the dependence of permanent adhesion rate constant on ash 

content in the sample under flotation. The following empirical model was proposed: 
 
 Ab

o eaA −=)(λ   (26) 
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where: a and b – empirical constants while a =λo(0) is the permanent adhesion rate 
constant for the ash free coal. It will depend on the coal type, its petrological 
composition, surface oxidation rate, particle size, etc. and physicochemical and 
dynamic conditions in the flotation chamber. The constant b, with the above factors, 
will depend first of all on the composition of coal mineral matter. For the sample 
tested here, the dependence λo(A) is expressed by the formula: 
 
 A

o eA 215.0)( −=λ    (27) 
 

The index of curvilinear correlation is 0.99990 which proves good compatibility of 
the proposed model dependence with experimental values. 
 

CONCLUSIONS 
 

The deterministic model of kinetics of batch flotation of coal of the 1st order with 2 
parameters (Eq. 4) does not comprise quantitatively all sub-processes present in 
bubbles mineralization. The experiment showed that the resultant flotation rate 
constant in this model is practically independent from the ash content. This fact can be 
explained by means of the stochastic model of birth and death. The flotation rate 
constant in the stochastic model achieves the interpretation of the resultant adhesion 
rate constant which is the sum of the permanent adhesion rate constant and 
detachment rate constant. With the growth of ash content the permanent adhesion rate 
constant decreases and the detachment rate constant increases so that their sum 
remains constant. It can be assumed that all particles of the non-zero rate of exposition 
of the coal substance on the particle surface are subjected to adhesion to bubbles. Yet, 
on the surface of particles of low ash content, i.e. high content of the coal substance, 
the three-phase contact is formed with a large perimeter and it will be, consequently, a 
permanent connection. At a low content of coal substance and a low rate of exposition, 
this connection will be less permanent because of the smaller perimeter of the three-
phase contact. Therefore the process of particles detachment will be more intense. 

 
ACKNOWLEDGEMENTS 

 
The paper has been written within the European Union grant “Scientific Network - 

Surfactant and Dispersed Systems in Theory and Practice”. Contract no INCO-CT-
2003-003355, and supported by a grant of the National Research Committee no 
4 T12A 035 30 
 
 
 
 
 
 



M. Brożek, A. Młynarczykowska 42 

REFERECES 
 
BAILEY N.T.J., (1964), The Elements of Stochastic Processes with Application to the Natural Sciences. 

John Wiley & Sons, New York, London, Sydney. 
BELOGLAZOV K.F., (1947), Principles of flotation process. Metallurgizdat (in Russian). 
BOGDANOV O.S., HAINMAN V.J., MAXIMOV I.I., (1964), On certain physical-mechanical factors 

determining the rate of flotation, Proc. VII IMPC, New York, Gordon & Breach, p.169 – 174. 
BUSHELL C.H.G., (1962), Kinetics of flotation. Trans. AIME 223, 266-278. 
COLLINS G.L., JAMESON G.J., (1976), Experiments on the flotation of fine particles. The influence of 

particle size and charge, Chem. Eng. Sci., 31, 985-991. 
DRZYMALA J., (2001), Podstawy mineralurgii, Oficyna Wydawnicza Politechniki Wrocławskiej. 
GEIDEL T., (1985), Probability of attachment between mineral grains and air bubbles and  its relation 

to flotation kinetics, Aufber. Technik 26, 287-294. 
HARRIS C.C., RIMMER H.W., (1966), Study of two-phase model of the flotation process, Trans. IMM, 

75, 153-162. 
HARRIS C.C., (1978), Multiphase model of flotation machine behaviour, Int. J. Miner. Process., 5, 107-

129.  
HONAKER R.Q., OZSEVER A.V., (2003), Evaluation of the selective detachment process in flotation 

froth, Minerals Engineering, 16, 975-982. 
IMAIZUMI T., INOUE T., (1963), Kinetic consideration of froth flotation, Proc. VI IMPC, Cannes 1963, 

pp. 581-593. 
INOUE T., IMAIZUMI T., (1968), Some aspects of flotation kinetics, Proc. VIII IMPC, Leningrad, vol. 

II, p.386-398. 
KAPUR P.C., MEHROTRA S.P., (1973), Phenomenological model for flotation kinetics, Trans. IMM, 

82, 229–234. 
KAPUR P.C., MEHROTRA S.P., (1974), Estimation of the flotation rate distributions by numerical  

inversion of the Laplace transfor,  Chem. Eng. Sci., 29, 411-415. 
KRZAN M., MALYSA K., (2002), Profiles of local velocities of bubbles in n-butanol, n-hexanol and 

 n-nonanol solutions, Coll. Surfaces. A: Physicochemical and Engineering Aspects, 207, 279-291. 
LASKOWSKI J.S., Xu Z, Yoon R.H., (1991), Energy barrier in particle-to-bubble attachment and its 

effect on flotation kinetics, Proc. XVII IMPC, Dresden, vol.2, 237-249.  
LAZIC P., CALIC N., (2000), Boltzman’s model of flotation kinetics, Proc. XXI IMPC (Rome), vol.B, 

p.B8a 87-93.  
LITWINISZYN J., (1966), Colmatage – scouring Kinetics in the Light of Stochastic Birth – Death 

Process, Bull. Pol. Acad. Sci., XV, 907-911. 
LOVEDAY B.K., (1966), Analysis of froth flotation kinetics. Trans. IMM, 75, 219-225. 
MAKSIMOV I.I., EMELJANOV I.I., (1983), The effect of turbulence on detachment process in the 

flotation pulp. Obogascenie rud, no 2, 16-19. 
MALYSA E., (2000a), Wpływ uziarnienia na wyniki flotacji węgla kamiennego. Gosp. Surowcami 

Mineralnymi, 16, 29-41. 
MEHROTRA S.P., Kapur P.C., (1974), The effects of aeration rate, particle size and pulp density on the 

flotation rate distribution. Powder Technology, 9, 213-219. 
MEHROTRA S.P., KAPUR P.C., (1975), The effect of particle size and feed rate on the flotation rate 

distribution in a continuous cell, Int. J. Miner. Process., 2, 15-28. 
MELKICH V.I., (1963a), A statistical theory of the flotation process, Obogascenie rud, no 6, 17–20 (in 

Russian). 
MELKICH V.I., (1963b), The  equation of statistical dynamics of the flotation process, Obogascenie rud. 

no 4, 26 – 28 (in Russian).  
MELKICH V.I., (1964), Experimental verification of statistical model of the flotation process. 

Obogascenie rud, no 5, 42-43 (in Russian). 
MIKA T., Fuerstenau D., (1968), A microscopic model of the flotation process, Proc. Proc. VIII IMPC, 

Leningrad, vol. II, pp.246-269. 



Application of the stochastic model for analysis of flotation kinetics with coal as an example 43

MLYNARCZYKOWSKA A., (2004), Wpływ parametrów fizycznych i fizykochemicznych na kinetykę 
flotacji surowców na przykładzie węgla, Praca doktorska, Biblioteka Główna AGH, Kraków, Poland 

NGUYEN VAN A., KMET S., (1992), Collision efficiency for fine mineral particles with single bubble 
in a countercurrent flow regime, Int. J. Miner. Process., 35, 205-223. 

POGORELYJ A.D., DEMIDO N.M., MATVEJEV I.I., (1961a), The certain principles of performance of 
multi-cell flotation machine, Izv. VUZ Tsvetnaja Metallurgia, no 6, 16-25 (in Russian). 

POGORELYJ A.D., (1961b), On flotation characteristic of industrial pulp, Izv. VUZ Tsvetnaja 
Metallurgia, no 5, 59-68 (in Russian). 

POGORELYj A.D., (1962), The range of application of Beloglazov equation of the flotation kinetics, Izv. 
VUZ Tsvetnaja Metallurgia, no 1, 33-40 (in Russian). 

RADOEV B.P., ALEXANDROVA L.B., TCHALJOVSKA S.D., (1990), On the kinetics of froth 
flotation. Int., J. Miner. Process., 28, 127-138. 

SABLIK J., (1998), Flotacja węgli kamiennych. Główny Instytut Górnictwa, Katowice, Poland. 
SCHIMMOLLER B.K., Luttrell G.H., Yoon R.H., 1993. A combined hydrodynamic – surface force 

model for bubble – particle collection, Proc. XVIII IMPC, Sydney, vol.3,p.751-756. 
SCHUHMANN R., (1942), Flotation kinetics I. Methods for steady-state study of flotation problems, 

J. Phys. Chem. 46, 891 – 902. 
SCHULZE H.J., (1977), New theoretical and experimental investigations on stability of bubble particle 

aggregates in flotation: a theory on the upper particle size of floatability, Int. J. Miner. Process., 4, 
241-259. 

SCHULZE H.J., (1992), Interface actions in mineral processes, Aufber. Technik, 33, 434-443. 
SIWIEC A., (1982), Models of selected treatment processes, Sci. Bull. University of Mining and 

Metallurgy no. 884, 51-56 (in Polish). 
STACHURSKI J., (1970), The Mathematical Model for the Ion–Extraction Flotation Process, Archiwum 

Górnictwa, 15, 219-229. 
SUTHERLAND K.L., (1948), Physical chemistry of flotation – XI kinetics of the flotation process,  

J. Phys, Chem. 52, 394-425. 
SZATKOWSKI M., FREYBERGER W.L., (1985), Kinetic of flotation with fine bubbles, Trans. IMM,94, 

61-70. 
TILLE R., PANU G., (1968), Some considerations on flotation kinetics, Proc. VIII IMPC, Leningrad, vol. 

II, p.487-499. 
TOMLINSON H.S., FLEMING M.G., (1963), Flotation rate studies. Proc. VI IMPC, \Cannes, Pergamon 

Press, Oxford – New York, pp. 563-579. 
TRAHAR W.J., WARREN L.J., (1976), The flotability of very fine particles – a review. Int. J. Miner. 

Process., 3, 103-131. 
VANANGAMUDI M., RAO T.C., (1986), Modelling of batch coal flotation. Int. J. Miner. Process.,16, 

231-243. 
VARBANOV R., FORSSBERG E., HALLIN M., (1993), On the modeling of the flotation process, Int. J. 

Miner. Process., 37, 27-43. 
VOLIN M.E., SWAMI D.V., (1964), Flotation rates of iron oxides, Proc. VII IMPC, New York, Gordon 

& Breach, p.193-206. 
WOODBURN E.T., KING R.P., COLBORN R.P., (1971). The effect of particle size distribution on the 

performance of a phosphate flotation process, Metall. Trans., 2, 3163-3174. 
XU CHANGLIAN, (1985), Kinetic models for batch and continuous flotation in a flotation column, Proc. 

XV IMPC, Cannes, vol. III, p.16-27. 
YOON R.H., MAO L., (1996), Application of extended DLVO theory, IV. Derivation of flotation rate 

equation from first principles, J. Coll. Int. Sci. 181, 613-626. 
ZAIDENBERG I. S., LISOVSKIJ D.I., BUROVOJ I.A., (1964), On certain approach to mathematical 

modelling of the flotation process, Tsvetnye Metally, no 7, 24-29 (in Russian). 
ZUNIGA H.G., (1935), Flotation recovery is an exponential function of its rate, Bol. Soc. Nac. Min., 

Santiago 47, 83-86.  
 



M. Brożek, A. Młynarczykowska 44 

Brożek M., Młynarczykowska A., Zastosowanie modelu stochastycznego do analizy kinetyki flotacji na 
przykładzie węgla, Physicochemical Problems of Mineral Processing, 40 (2006), 31-44 (w jęz. ang). 
   

Flotacja jako proces losowy, w którym zmienna losowa przedstawiająca liczbę ziaren wynoszonych 
do warstwy piany do określonego czasu t zależy od czasu, jest procesem stochastycznym. Na skutek 
turbulencji ośrodka w komorze flotacyjnej oprócz procesu adhezji ziaren do pęcherzyków zachodzi 
proces odwrotny o intensywności zależnej od zawartości popiołu, czyli proces odrywania ziaren od 
pęcherzyków. Tego typu sytuację najpełniej opisuje stochastyczny model procesu narodzin i ginięcia. W 
artykule przedstawiono pokrótce założenia oraz równanie różniczkowe modelu jak również jego 
rozwiązanie w postaci równania kinetyki flotacji. Podana została interpretacja parametrów równania. Na 
podstawie empirycznych zależności uzysku ziaren flotujących w produkcie pianowym od czasu dla kilku 
próbek węgla, różniących się zawartością popiołu, wyliczono parametry równania kinetyki: stałą 
prędkości adhezji wypadkowej oraz stałe prędkości adhezji trwałej. Stała prędkości adhezji wypadkowej 
będąca sumą stałych prędkości adhezji trwałej i prędkości odrywania jest niezależna od zawartości 
popiołu, natomiast stała prędkości adhezji trwałej maleje ze wzrostem zawartości popiołu. 


