
Iranian Journal of Materials Science & Engineering Vol. 17, No. 1, March 2020

11

2 
 

The flotation operation and its associated kinetics and thermodynamics are arbitrary phenomena. The 
number of particles that permanently adhere to the bubble surface, cause the recovery to be time-
dependent. Since the flotation process is theoretically considered as a time-rate recovery process, flotation 
kinetics can be described using the mathematical models which incorporate both the recovery and rate 
functions [1, 2]. Various kinetic models are suggested to explain flotation recovery from different aspects. 
Therefore, the models are complementary to each other. The initial batch flotation model was reported by 
Garcia-Zuniga [3]. In this work, the differential equation was applied to the kinetics of chemical reaction 
to describe the process of batch flotation. The general form of the model can be written as:

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑡𝑡𝑡𝑡)
𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡

= −𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑛𝑛𝑛𝑛                                                                                                                   𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸. 1

The above equation was suggested by Arbiter [4] for the experimental and industrial data in which C is the 
concentration of particles, t is time, k is flotation rate constant, and n is the kinetic order. Imaizumi and 
Inoue [5] put forward a new flotation model in which the flotation rate is a continuous distribution of the 
flotation rates of heterogeneous materials in the cell. Lynch et al. (1981) showed that some of the kinetic 
models did not fit well with the experimental data as some of the minerals float faster than the others [6]. 
By integrating Eq. 1, the first-order kinetic equation can be written as:

𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) = 𝐶𝐶𝐶𝐶(0)𝑒𝑒𝑒𝑒−𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘                                                                                                            𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸. 2

Therefore, the recovery of the valuable mineral is calculated using the following equation:

𝑅𝑅𝑅𝑅(𝑡𝑡𝑡𝑡) = 1 − 𝑒𝑒𝑒𝑒−𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘                                                                                                                𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸. 3

According to Eq. 3, recovery is an exponential function of time. Negative exponential functions become 
zero at infinity, so the concentration of particles in the kinetic equation never reaches zero, and the 
recovery approaches maximum value. This value is called infinite recovery, and by incorporating it in Eq. 
3, it changes to Eq. 4.

𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘 =  𝑅𝑅𝑅𝑅∞�1− 𝑒𝑒𝑒𝑒−𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘�                                                                                                       𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸. 4

Eq. 4 is called standard or classic flotation equation which is the most common and appropriate kinetic 
model [7]. A great number of flotation models have been proposed to investigate the flotation kinetic 
behavior [8, 6]. These models have conveniently been defined in three categories: (1) empirical models, 
(2) probabilistic models, and (3) kinetic models [6]. This paper will consider only conventional kinetic 
models.

Table 1. List of the common kinetic models [5, 7, 9-11]

Series 
number Model Equation

1 Classic first order model 𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘 =  𝑅𝑅𝑅𝑅∞(1 − 𝑒𝑒𝑒𝑒−𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘)
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to the bubble surface, cause the recovery to be 
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cess, flotation kinetics can be described using the 
mathematical models which incorporate both the 
recovery and rate functions [1, 2]. Various kinetic 
models are suggested to explain flotation recovery 
from different aspects. Therefore, the models are 
complementary to each other. The initial batch flo-
tation model was reported by Garcia-Zuniga [3]. 
In this work, the differential equation was applied 
to the kinetics of chemical reaction to describe the 
process of batch flotation. The general form of the 
model can be written as:
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which C is the concentration of particles, t is time, 
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der. Imaizumi and Inoue [5] put forward a new 
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geneous materials in the cell. Lynch et al. showed 
that some of the kinetic models did not fit well with 
the experimental data as some of the minerals float 
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Therefore, the recovery of the valuable mineral 
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function of time. Negative exponential functions 
become zero at infinity, so the concentration of 
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and the recovery approaches maximum value. This 
value is called infinite recovery (R∞), and by incor-
porating it in Eq. 3, it changes to Eq. 4.

Eq. 4 is called standard or classic flotation 
equation which is the most common and appropri-
ate kinetic model [7]. A great number of flotation 
models have been proposed to investigate the flo-
tation kinetic behavior [8, 6]. These models have 
conveniently been defined in three categories: (1) 
empirical models, (2) probabilistic models, and (3) 
kinetic models [6]. This paper will consider only 
conventional kinetic models.

The kinetic study of the flotation process in-
cludes all the parameters affecting the concentrate 
production rate. Concentrate production can be 
defined in different ways, but in mineral process-
ing, it is introduced as recovery versus time [7]. 
By combining the separation time with recovery, 
two major kinetic curves are produced which are 
called process and kinetic curves [12, 13]. To ob-
tain the flotation kinetic constant and its influence 
on the flotation circuits, a lot of studies have been 
conducted. Drzymala et al. carried out a laborato-
ry-scale research on the flotation of different ma-
terials and produced some graphs to present the 
results of the separation process [13]. The separa-
tion diagrams included two dimensional with two 
parameters, one of them is the flotation time and 
the other is recovery. Based on the results of this 
research, the kinetic constant is derived by integrat-

ing the first-order kinetic equation. Kinetic models 
can be used to characterize the flotation process. 
The flotation rate constant f (k) is a function of both 
the size and hydrophobicity of particles. Though 
the more commonly used distributions are Delta 
function as well as rectangular, Kelsall and Gamma 
models, there is no agreement in the literature on 
the distribution function which better characterize 
the floatability distribution [14]. It is clear that var-
ious flotation models have been developed on the 
basis of the processes and sub-processes occurring 
in flotation. Various approaches have been adopted 
to quantify the process. Flotation models based on 
kinetics have prevailed over almost all the flotation 
conditions regardless of the ore type and ore char-
acteristics as well as flotation cell configurations. 
It may be concluded that the classical first-order 
kinetic model is comparatively a better model and 
can be utilized to optimize the flotation process as 
it is applicable to both batch and continuous flota-
tion processes with a high confidence level [15]. 
The first-order models can be used to describe 
most mineral flotation processes, while there is 
also evidence that the non-integral-order equation 
is capable of representing the kinetic characteris-
tics of the batch flotation process [16]. Guanghua et 
al. proposed a new kinetic model and compared it 
with four common kinetic models [17]. The kinetic 
model evaluation showed that the author’s model 
entirely fitted the experimental data. Albijanic et al. 
focused on the potential application of kinetic mod-
els to variable pulp chemical conditions [18]. The 
flotation tests were performed on a wide range of 

2 
 

The flotation operation and its associated kinetics and thermodynamics are arbitrary phenomena. The 
number of particles that permanently adhere to the bubble surface, cause the recovery to be time-
dependent. Since the flotation process is theoretically considered as a time-rate recovery process, flotation 
kinetics can be described using the mathematical models which incorporate both the recovery and rate 
functions [1, 2]. Various kinetic models are suggested to explain flotation recovery from different aspects. 
Therefore, the models are complementary to each other. The initial batch flotation model was reported by 
Garcia-Zuniga [3]. In this work, the differential equation was applied to the kinetics of chemical reaction 
to describe the process of batch flotation. The general form of the model can be written as:

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑡𝑡𝑡𝑡)
𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡

= −𝑘𝑘𝑘𝑘𝑑𝑑𝑑𝑑𝑛𝑛𝑛𝑛                                                                                                                   𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸. 1

The above equation was suggested by Arbiter [4] for the experimental and industrial data in which C is the 
concentration of particles, t is time, k is flotation rate constant, and n is the kinetic order. Imaizumi and 
Inoue [5] put forward a new flotation model in which the flotation rate is a continuous distribution of the 
flotation rates of heterogeneous materials in the cell. Lynch et al. (1981) showed that some of the kinetic 
models did not fit well with the experimental data as some of the minerals float faster than the others [6]. 
By integrating Eq. 1, the first-order kinetic equation can be written as:

𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) = 𝐶𝐶𝐶𝐶(0)𝑒𝑒𝑒𝑒−𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘                                                                                                            𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸. 2

Therefore, the recovery of the valuable mineral is calculated using the following equation:

𝑅𝑅𝑅𝑅(𝑡𝑡𝑡𝑡) = 1 − 𝑒𝑒𝑒𝑒−𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘                                                                                                                𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸. 3

According to Eq. 3, recovery is an exponential function of time. Negative exponential functions become 
zero at infinity, so the concentration of particles in the kinetic equation never reaches zero, and the 
recovery approaches maximum value. This value is called infinite recovery, and by incorporating it in Eq. 
3, it changes to Eq. 4.

𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘 =  𝑅𝑅𝑅𝑅∞�1− 𝑒𝑒𝑒𝑒−𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘�                                                                                                       𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸. 4

Eq. 4 is called standard or classic flotation equation which is the most common and appropriate kinetic 
model [7]. A great number of flotation models have been proposed to investigate the flotation kinetic 
behavior [8, 6]. These models have conveniently been defined in three categories: (1) empirical models, 
(2) probabilistic models, and (3) kinetic models [6]. This paper will consider only conventional kinetic 
models.

Table 1. List of the common kinetic models [5, 7, 9-11]

Series 
number Model Equation

1 Classic first order model 𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘 =  𝑅𝑅𝑅𝑅∞(1 − 𝑒𝑒𝑒𝑒−𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘)
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2 Klimpel model 𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘 = 𝑅𝑅𝑅𝑅∞  �1 −
1
𝑘𝑘𝑘𝑘𝑡𝑡𝑡𝑡

(1 − 𝑒𝑒𝑒𝑒−𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘)�

3 Fully mixed reactor model 𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘 = 𝑅𝑅𝑅𝑅∞ �1 − �
1

1 + 𝑡𝑡𝑡𝑡
𝑘𝑘𝑘𝑘
��

4 Improved gas/solid adsorption model 𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘 = 𝑅𝑅𝑅𝑅∞ �
𝑘𝑘𝑘𝑘𝑡𝑡𝑡𝑡

1 + 𝑘𝑘𝑘𝑘𝑡𝑡𝑡𝑡
�

5 Second-order model with rectangular 
distribution of flotability 𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘 = 𝑅𝑅𝑅𝑅∞ �1 −

1
𝑘𝑘𝑘𝑘𝑡𝑡𝑡𝑡
�𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(1 + 𝑘𝑘𝑘𝑘𝑡𝑡𝑡𝑡)��

The kinetic study of the flotation process includes all the parameters affecting the concentrate production 
rate. Concentrate production can be defined in different ways, but in mineral processing, it is introduced as 
recovery versus time [7]. By combining the separation time with recovery, two major kinetic curves are 
produced which are called process and kinetic curves [12, 13]. To obtain the flotation kinetic constant and 
its influence on the flotation circuits, a lot of studies have been conducted. Drzymala et al. (2017) carried 
out a laboratory-scale research on the flotation of different materials and produced some graphs to present 
the results of the separation process [13]. The separation diagrams included two dimensional with two 
parameters, one of them is the flotation time and the other is recovery. Based on the results of this 
research, the kinetic constant is derived by integrating the first-order kinetic equation. Kinetic models can 
be used to characterize the flotation process. The flotation rate constant f (k) is a function of both the size 
and hydrophobicity of particles. Though the more commonly used distributions are Delta function as well 
as rectangular, Kelsall and Gamma models, there is no agreement in the literature on the distribution 
function which better characterize the floatability distribution [14]. It is clear that various flotation models 
have been developed on the basis of the processes and sub-processes occurring in flotation. Various 
approaches have been adopted to quantify the process. Flotation models based on kinetics have prevailed 
over almost all the flotation conditions regardless of the ore type and ore characteristics as well as 
flotation cell configurations. It may be concluded that the classical first-order kinetic model is 
comparatively a better model and can be utilized to optimize the flotation process as it is applicable to 
both batch and continuous flotation processes with a high confidence level [15]. The first-order models 
can be used to describe most mineral flotation processes, while there is also evidence that the non-integral-
order equation is capable of representing the kinetic characteristics of the batch flotation process [16]. 
Guanghua et al. (2017) proposed a new kinetic model and compared it with four common kinetic models 
[17]. The kinetic model evaluation showed that the author's model entirely fitted the experimental data. 
Albijanic et al. (2015) focused on the potential application of kinetic models to variable pulp chemical 
conditions [18]. The flotation tests were performed on a wide range of chemical conditions. The results 
showed that The Gamma and Kelsall model slightly better-predicted flotation recovery than first-order 
model with Dirac delta function and Rectangular model for both fixed and variable pulp chemical 
conditions. The flotation kinetics models for variable pulp chemical conditions might be beneficial in the 
optimization of flotation circuits.
Gilsonite is a natural bitumen that consists of complex organic compounds, and the flotation process is 
one of the methods for concentration of gilsonite. Due to various usage of gilsonite, a few studies have 
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chemical conditions. The results showed that The 
Gamma and Kelsall model slightly better-predicted 
flotation recovery than first-order model with Dirac 
delta function and Rectangular model for both 
fixed and variable pulp chemical conditions. The 
flotation kinetics models for variable pulp chemical 
conditions might be beneficial in the optimization 
of flotation circuits.

Gilsonite is a natural bitumen that consists of 
complex organic compounds, and the flotation 
process is one of the methods for concentration of 
gilsonite. Due to various usage of gilsonite, a few 
studies have been done to determine the flotation 
parameters of gilsonite. The present study is con-
ducted to determine the kinetic order and param-
eters of the flotation process performed on a gil-
sonite sample obtained from Kermanshah province 
in Iran. In addition, the differences in the flotation 
kinetics of various size fractions in the rougher and 
cleaner stages were discussed. Finally, based on 
the calculated values for the flotation constant and 
the infinite recovery, the parameters of the flotation 
processing line were calculated.

2. MATERIALS AND METHODS

2.1. Materials

Asphaltite or gilsonite is a natural bitumen which 
consists of complex organic compounds. Gilsonite 
is a black mineral-like obsidian which is brittle 
and is usually found as a brown micronized pow-
der [19]. The sample investigated in this study was 
obtained from Geraveh mine of the Kermanshah 
province in Iran. According to the mineralogical 
studies, in addition to bitumen, sulfur, non-sulfur, 
and shale particles were detected as impurities (Fig. 
1); Silica, shale, and silt particles were dispersed in 
the bitumen background, and fine cracks were filled 
with calcite as a secondary mineral. The main tail-
ing materials in the gilsonite sample were carbonate 
(calcite and dolomite) and shale compounds, marn, 
sulfates-like gypsum, fine silica, and opac. The ini-
tial ash content of the sample was 35%. Results of 
sieve analysis and the related ash content are listed 
in Fig. 2. Also, Table 2 shows the chemical charac-
terization of the gilsonite sample.
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Fig. 2. Ash1 content of the gilsonite sample in each size fraction

Table 2. Typical properties and elemental compositions of the gilsonite sample

Test methodResultTest
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Fig. 1. Photomicrographs of PPL mode of the gilsonite (Car: Carbonate, Bit: Bitumen) (samples from Kermanshah province)

Fig. 2. Ash1 content of the gilsonite sample in each size fraction

1. In order to determine the amount of ash in a gilsonite sample, 3-4 g of powdered gilsonite particles were burnt in a furnace at 700 ° C for 
90 minutes
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2.2. Flotation Tests

The flotation reagents were petroleum and gas 
oil as collectors, MIBC and pine oil as frothers 
dissolved in tap water. The rougher tests were con-
ducted using three reagent combinations. Firstly, 
petroleum-MIBC; secondly, gas oil-pine oil; third-
ly, test without collector and frother. The rougher 
tests were performed using two pulp densities with 
10% and 25% solid contents. Moreover, the con-
centrate obtained from the former was subjected to 
a cleaner stage. 

Rougher experiments were conducted using a 
4.5 L Denver D12 flotation cell with a 1800 rpm 
agitation rate. To perform flotation tests, after 
preparing the feed pulp with defined solid per-
cent, a collector was added to the cell and mixed 
for 2 min; afterward, frother was also added and 
mixed for another 30 s. Then the air valve was 
opened and frothing was done for 200 s. During 
the operation, the pulp level in the cell was kept 
constant by replacing the concentrate with tap 
water. 

In order to compare the kinetics parameters of 
different granulation fractions between two flota-
tion’s processes of rougher and cleaner, the opera-
tional parameters of the cleaner experiments were 
like rougher. The cleaner feed was the concentrate 

obtained from the tests with 10% solid density, but 
no collector and frother were applied. The final 
products of all the experiments were divided into 
six parts according to the frothing periods. 0-20, 
20-40, 40-60, 60-80, 80-120, and 120-200 s.

Furthermore, all the products were subjected 
to sieve analysis using 850, 500, 250, 106, and 75 
mesh sieves, and all the fractions were weighed 
and analyzed for their ash contents. After obtaining 
the ash content, the flotation recovery was calculat-
ed according to the Eq. 5.

where, Wc is the concentrate weight, Ac is the ash 
content of the concentrate and Wf and Af are the feed 
weight and the ash content of the feed, respectively.

3. RESULTS AND DISCUSSION

3.1. Determination of the Kinetic Order of the 
Rougher and Cleaner Tests

There are two ways to specify the flotation ki-
netic: (1) obtaining the graph of linear kinetic equa-
tions and (2) investigating the dependence of con-
centration on the initial concentration value [20]. 
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The recovery diagrams of the rougher exper-
iments using different pulp densities, collectors, 
and frothers are presented in table 3. According to 
these graphs, achieving 50% recovery in the pe-
troleum-MIBC experiments for both 10 and 25% 
pulp densities was 20 s. Also, a 50% recovery in 
the absence of collector and frother was obtained 
in 20 s. Also, the half time in the gas oil-pine oil 
test for the pulp samples with 10 and 25% solid 
content were 10 and 25 s, respectively. Consid-
ering the results, the petroleum-MIBC test is first 
order but the gas oil-pine oil test is not. In the next 
section, the kinetic parameters of the gilsonite flo-
tation are derived. 

Considering the classic, Klimpel, fully mixed 

reactor model, improved gas/solid adsorption mod-
el, and rectangular distribution models, the results 
of the petroleum-MIBC and in the absence of col-
lector and frother tests at the rougher stage were 
fitted to the models and the associated parameters 
were calculated. Fig. 3 indicates that the results of 
the petroleum-MIBC experiment perfectly fit the 
classic model and the results obtained in the ab-
sence of collector and frother match the modified 
gas/solid adsorption model. The calculated param-
eters are presented in Table 4.

It is mentioned that in fitting the kinetics mod-
els, firstly kinetics parameters (R and k) were deter-
mined by the model fit to experimental data using 
mathematical software [21].

Table 3. Rougher experiments using petroleum-MIBC, gas oil-pine oil, and in the test absence 
of collector and frother with 10 and 25 % pulp densities

Recovery of Tests 20 (s) 40 (s) 60 (s) 80 (s)

Petroleum - MIBC
10 % pulp density 50 67.35 72.47 77.89
25 % pulp density 50 94.98 95.96 98.25

Absence of collector 
and frother

10 % pulp density 56 67.35 72.47 75.50
25 % pulp density 56 91.58 94.72 95.96

Gas oil – Pine oil
10 % pulp density 63.05 77.41 84.03 86.05
25 % pulp density 38.14 75.87 90.35 94.28

Fig. 3. Fitness of the kinetic models to (A) petroleum-MIBC and (B) absence of collector and frother flotation tests
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The obtained curves indicate that the kinetic 
of the oil-MIBC experiment has high compliance 
with the classic first-order model. Nevertheless, the 
outcomes of the control test correlate with the im-
proved gas/solid adsorption model. In the rougher 
flotation experiments using the petroleum-MIBC 
combination, the kinetic constant is 0.04 (s-1), 
the retention time is 200 s, and the recovery is 
80.89%. These parameters obtained as 0.08 (%), 
and 82.76%, respectively, for the test performed in 
the absence of collector and frother. According to 
table 4, the final recoveries of the petroleum-MIBC 
test in all of the models are higher than test in the 
absence of collector and frother. Moreover, the ash 
content of the flotation concentrates was 24.56 %, 
and 26.41%, respectively. So, to attain a gilsonite 
product with lower ash content, the combination of 
petroleum-MIBC is proposed for the flotation tests.

Fig. 4 illustrates the fitting of first-order kinet-
ic models on the recovery-time data of the cleaner 
experiments. The obtained curves indicate that the 

kinetic of the petroleum-MIBC test at the cleaner 
stage also obeys the classic model. Nevertheless, 
the outcomes of the tests conducted in the absence 
of collector and frother in the cleaner stage correlate 
with the rectangular distribution model. The kinetic 
constants and final recovery of the cleaner tests are 
0.01 (s-1) and 90.8% for the petroleum-MIBC, and 
0.02 (s-1) and 76.63% for the test carried out in the 
absence of collector and frother, respectively. The 
values of the kinetic parameters related to each ki-
netic model are presented in table 5. 

Comparison of tables 4 and 5 shows that the in-
finite recovery and flotation constant values in the 
cleaner process are less than the rougher process. In 
the rougher process, the percentage of solid pulp is 
higher than the cleaner process, also the amount of 
clay and fine-grained impurities in the pulp of rougher 
is higher, which is due to the phenomenon of entrain-
ment. Some of them are transferred to the froth zone 
and enter with the concentrate obtains from the flota-
tion cell. During the cleaner process, due to the low 

Table 4. Results of the nonlinear regression of the rougher data using first order kinetic models

Models 1 2 3 4 5

Test with Oil collector 
and MIBC frother

R ∞ (%) 80.89 71.78 87.77 91.16 72.51
k (s-1) 0.04 0.09 15.37 0.06 0.15

R2 0.99 0.58 0.56 0.42 0.65

Test in the absence of 
collector and frother

R ∞ (%) 86.69 71.85 86.36 82.76 84.64
k (s-1) 0.05 0.13 11.50 0.08 0.21

R2 0.81 0.63 0.73 0.99 0.68

Fig. 4. Fitness of the kinetic models to (a) petroleum-MIBC and (b) absence of collector and frother flotation tests

A. Bahrami, et. al
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density of pulp, the entrainment of clay particles has 
significantly decreased. Grade of the cumulative con-
centrate (concentrate produced at 0 to 200 seconds) 
gained in the rougher and cleaner stages using oil-
MIBC experiments are 75.44% and 80.8%, respec-
tively. Also, these values for the test without collector 
and frother are 73.59% and 76.68%, respectively.  

3.2. Effect of Particle Size on the Flotation Kinetic

3.2.1 Rougher Stage 

The recovery-time graphs of the flotation exper-
iments using different size fractions are depicted in 
table 6. As time passes, the recovery increases and 
then approaches  a constant value. The highest re-
covery is achieved in -250+106 µm fraction that 
indicates the maximum recovery is obtained for the 
particles with a medium size. Similar results were 
reported for the coal flotation [22, 23-2].

Flotation is a physicochemical process that trans-
fers hydrophobic particles to the froth phase using air 
bubbles. The process is performed in three phases in-
cluding particle-bubble collision, attachment, and sta-
bility [2, 24-23]. Clearly, the particle size is one of the 
most important factors that affect flotation efficiency.

The flotation recovery of each particle size frac-

tion in the defined time intervals was matched with 
five first-order kinetic models, and the final results 
are presented in Fig. 5. Furthermore, the amount 
of the flotation constant, infinite recovery, and cor-
relation coefficient of each model are calculated 
and presented in table 7. The maximum recovery 
of all the models increases by decreasing the par-
ticle size. This trend continues to the -250+106 
µm fraction, then decreases for -106+75 µm and 
elevates again for the -75 µm size fraction. These 
results indicates that the maximum flotation rate 
constant was also obtained using an intermediate 
particle size. The results were consistent with those 
of previous studies [22, 23-2].

It is well known that particle size is an import-
ant parameter in the flotation process, and the effi-
ciency of the froth flotation is typically limited to a 
relatively narrow particle size range [25, 26]. How-
ever, out of this range, the recovery drops signifi-
cantly, whether it is at the fine or the coarse end of 
the size spectrum [27]. The low combustible recov-
ery of fine particles is mainly because of the poor 
collision and attachment between the fine particles 
and air bubbles, whereas the poor combustible re-
covery of coarse particles is primarily due to the 
high probability of detachment of the coarse parti-
cles from the air bubbles [24, 28-27].

Table 5. Results of the nonlinear regression of the cleaner data using first order kinetic models

Models 1 2 3 4 5

Test with Oil collector 
and MIBC frother

R ∞ 
(%)

90.8 73.5 90.08 90.08 72.66

k (s-1) 0.01 0.03 58.32 0.01 0.03
R2 0.99 0.45 0.41 0.41 0.49

Test in the absence of 
collector and frother

R ∞ 
(%)

90.1 80.26 80.26 90.01 76.63

k (s-1) 0.01 0.02 70.84 0.01 0.02
R2 0.20 0.09 0.37 0.20 0.99

Table 6. Effect of particle size on recovery in the rougher flotation stage using petroleum-MIBC

Size 20 (s) 40 (s) 60 (s) 80 (s) 120 (s) 200 (s)
-850 , +500 10.32 13.77 15.23 16.01 16.38 17.02
-500 , +250 11.98 15.4 16.78 17.55 18 18.57
-250 , +106 15.36 19.71 21.44 22.62 23.09 23.55
-106 , +75 3.78 4.88 5.3 5.3 5.3 5.3

<75 7.27 10.37 12.34 14.08 15.12 16.19
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Fig. 5. Fitting the first order kinetic model on the data derived from different size fractions in rougher flotation  
(A) -850+500, (B) -500+250, (C) -250+106, (D) -106+75, (E) <75 µm

A. Bahrami, et. al
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3.2.2 Cleaner Stage 

Table 8 shows the recovery-time curves of the 
cleaner flotation stage using different particle size 
fractions. Overall, the variation of the flotation 
recovery for different size fractions in the clean-
er stage is similar to the rougher. The maximum 
recoveries belong to the -250+106 µm fraction 
size, and -500+250 µm fraction size portions, re-
spectively that are similar to the rougher stage. The 
results of the multivariable nonlinear regression on 
the cleaner flotation of the applied size fractions are 
presented in Fig. 6 and table 9.

Each size fraction in the cleaner stage correlates 
with a different kinetic model, and in contrast to 
the rougher tests, the recovery declines with the 
particle size. This trend continues till -106+75 µm 
fraction and then become ascending.

The results suggested that the increases in flota-
tion rates of coarse and fine particle size fractions 
were especially more obvious than those of the in-
termediate particle size fractions. It also indicates 
that the floatability and flotation of gilsonite parti-
cles are determined by many factors, such as coal 
surface properties, particle size, pulp density, and 
agent concentration [1, 29].

Table 7. Results of the non-linear regression of the rougher data using first order kinetic models

Models 1 2 3 4 5

-850+500 µm
R ∞ (%) 16.54 25.50 25.50 18.59 19.57
k (s-1) 0.05 0.11 12.63 0.07 0.19

R2 0.73 0.47 0.47 0.76 0.99

-500+250 µm
R ∞ (%) 18.01 19.45 20.03 20.03 20.96
k (s-1) 0.05 0.11 12.63 0.07 0.19

R2 0.76 0.61 0.68 0.58 0.69

-250+106 µm
R ∞ (%) 23.03 24.84 25.55 25.55 26.72
k (s-1) 0.05 0.12 12.40 0.08 0.20

R2 0.77 0.60 0.60 0.80 0.99

-106+75 µm
R ∞ (%) 5.33 5.68 5.77 5.77 5.96
k (s-1) 0.06 0.16 8.86 0.11 0.30

R2 0.99 0.65 0.80 0.76 0.74

<75 µm
R ∞ (%) 15.92 17.72 19.07 19.07 20.78
k (s-1) 0.02 0.05 32.16 0.03 0.06

R2 0.49 0.01 0.06 0.52 0.99

Table 8. Effect of particle size on the recovery of cleaner flotation using petroleum-MIBC

Size 20 (s) 40 (s) 60 (s) 80 (s) 120 (s) 200 (s)
-850 , +500 2.44 5.86 8.96 13.86 18.94 27.59
-500 , +250 6.62 12.32 15.32 19.62 22.43 25.06
-250 , +106 14.4 21.67 24.47 26.59 27.94 28.84
-106 , +75 3.35 5.65 5.65 6.05 6.05 6.05

<75 6.11 8.71 10.85 11.95 13.26 14.77
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Fig. 6. Fitting the first order kinetic model on the data derived from different size fractions in cleaner flotation (A) 
-850+500, (B) -500+250, (C) -250+106, (D) -106+75, (E) <75 µm

A. Bahrami, et. al
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4. CONCLUSION

In this investigation, the difference in flotation 
rates of various size fractions of Gilsonite between 
rougher and cleaner flotation processes was stud-
ied. Five flotation kinetic models were applied in 
the fitting process of the flotation data from the 
rougher and cleaner flotation tests. The MATLAB 
software was used to estimate the relationship be-
tween the flotation rate constant (k), the maximum 
combustible recovery (R∞), and the particle size 
based on the nonlinear least-square optimization 
method. For these purposes, several flotation ex-
periments on a gilsonite sample in different condi-
tions of collector, frother, and pulp densities were 
studied. According to results, it was concluded that 
the rougher flotation using the petroleum-MIBC 
combination and without any collector and frother 
correlate with the first order kinetic model. Rough-
er and cleaner data using petroleum-MIBC combi-
nation perfectly match the classic first order kinetic 
model. The k values of these models were 0.04 (s-1) 
and 0.01 (s-1). On the other hand, the rougher and 
cleaner experiments without reagents correlated 
well with the modified gas/solid adsorption, and 
rectangular models with a k value of 0.05 (s-1), and 
0.01 (s-1), respectively. In all of the first order kinet-
ic models, the maximum recoveries were related to 

the petroleum-MIBC experiments. Also, regarding 
the recovery values and ash contents of the concen-
trates, rougher and cleaner stages using petroleum 
as collector and MIBC as frother were proposed 
for the gilsonite flotation. Furthermore, the influ-
ence of particle size on the recovery and flotation 
rate of the rougher and cleaner tests using petro-
leum-MIBC was investigated. In both of the rough-
er and cleaner experiments, the maximum recovery 
was associated with the size fractions of -250+106 
µm and -500+250 µm, respectively. In the rougher 
flotation, the kinetic constant and infinite recovery 
increased by decreasing the particle size, while in 
the cleaner stage the infinite recovery decreased till 
the -106+75 µm fraction, and then increased.
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