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A new algorithm for evaluation of kinetic parameters R∞ and k, in coal flotation process
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Abstract
Floating models have been a topic of investigation for more than 90 years, which has allowed their introduction in many industrial
processes. In this paper is presented, an algorithm to determine the kinetic parameters for the coal flotation process in a fast and
practical way, using a spreadsheet. A 22 factorial design was run with three replicates. The selected factors were: concentration
of methyl isobutyl carbinol as foaming agent, and diesel as a collector. For both foaming agent and collector, low and high
levels were 25 g/ton, and 100 g/ton respectively. To verify the model’s curvature, an intermediate point was included. The
statistical analysis of the fuel recovery and kinetic flotation is presented. Three kinetic models were used for the evaluation
of the proposed algorithm, García-Zuñiga’s algorithm, and both of the algorithms proposed by Klimpel. With the analysis of
variance, it is concluded that both factors influence significantly the efficiency of coal flotation. However, the factor that has the
most significant effect is the foaming agent. It is also concluded that the proposed algorithm is functional, presenting correlation
coefficients higher than 0.9948. The utilized kinetic models present similar average R2 values, for the first order R2=0.9984, and
for the second-order R2=0.9975.
Keywords: flotation, kinetics, kinetic models, coal.

Resumen
Los modelos cinéticos de flotación han sido investigados por más de 90 años y se usan en muchos procesos industriales. Para
determinar la recuperación máxima (R∞) y la constante cinética de flotación (k), se requiere de conocimiento de la flotación, y del
uso de software. Costoso para las empresas y complicado para estudiantes que inician. En este artículo se presenta un algoritmo
para determinar los parámetros de forma rápida y práctica, con una hoja de cálculo. Para evaluar el método propuesto, se hicieron
pruebas de flotación de carbón en una celda de laboratorio. Utilizando un diseño factorial 22 y un punto intermedio, utilizando
MIBC y diesel, como espumante y colector, respectivamente. Para ambos agentes el nivel alto fue de 100 g/ton y el nivel bajo
de 25 g/ton. Se utilizaron 3 modelos para la evaluación del algoritmo, dos de primer orden y uno de segundo. Se presenta un
análisis de la recuperación de combustible y de la cinética de flotación. Se concluye que el algoritmo propuesto es funcional,
presentando coeficientes de correlación mayores a 0.9948. Se determina que la recuperación de combustible es proporcional a
la concentración de reactivos y se demuestra que el espumante actúa como surfactante en el carbón. De los modelos cinéticos
utilizados, los de primer orden presentan un mejor ajuste (R2=0.9986) que el de segundo orden (R2=0.9977).
Palabras clave: flotación, cinética, modelos cinéticos, carbón.
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1 Introduction

Coal can be defined as a sedimentary organic rock. On
a global level, carbon supplies 26% of the energetic
necessities, it is capable of generating more than 41%
of the electricity used by the world’s population, it is
utilized in the production of more than 68% of the
steel, it is also a notable fuel, and plays a fundamental
role in the concrete industry. For this reasons, coal
demand grows each day, being produced in more than
40 countries and imported by more than 70 (Secretaría
de Minería, 2020).

Mexico is known for being a mining country where
its main coal deposits are located in the states of
Oaxaca, Sonora, and Coahuila (Corona Esquivel et al,
2006), in the last one, it is located the Carboniferous
Region, which has the largest coal reserve in the
country, occupying the first place in the national coal
production contributing in 97.46% of it (Servicio
Geológico Mexicano, 2020).

Coal’s quality is conditioned by the ash content,
whether it is used for metallurgical purposes, thermal
or even for grapheme production, hence, coal has
to be put through a cleansing process before its
commercialization, using the flotation process for
concentration of particles finer than 0.149 mm. The
ashes are composed of two parts: an inorganic (made
by no crystalline solids, crystalline, and organic
fluids), and an organic (made among others by sulfurs,
oxides, hydroxides, silicates, sulfates, carbonates, and
phosphates) (Huggins, 2002; Speight, 2005; Peña
Urieta, 2011).

Coal flotation may be defined as a
physicochemical process for its concentration creating
the necessary conditions for the adherence of coal
particles to the air bubbles. Its objective is selective
separation based on the hydrophobic and hydrophilic
properties of coal and/or involved materials in the
process, allowing the obtainment of recovery with
higher coal purity levels. Generally, the parameters
that guide flotation are: the concentrations and type of
collector and frother agent, the pulp’s pH, speed of the
air’s flow, the velocity of agitation, and/or collection
time. Likewise, the parameters of the coal and the
equipment used need to be taken into account (Bravo-
Galvez, 2004; Aldrich et al, 2010; Pinto-Caro, 2011;
Shean et al, 2011; Cao et al, 2013; Liu et al, 2013;
Cao et al, 2021; Zhu et al, 2021). The efficiency from
which a flotation is carried out, is mainly determined
for fuel recovery in percent by weight.

The kinetics of flotation has relevance because it is
a study made before the coal processing or cleansing,
to establish the initial operating parameters of the
washing plant. A kinetic flotation model describes
the evolution of valuable mineral recovery as a time
function, as well as predicting the recovery at different
periods. Some diverse kinetic models are applied to
the flotation process, being the ones of first order, the
most suitable due to their high trust level, both in batch
and continuous flotation (Saleh, 2010; Gharai, 2016;
Lucay et al, 2020; Ni et al, 2022).

There is a great variety of kinetic models to
characterize the flotation process (Bu et al, 2017;
Zhu et al, 2020). García Zuñiga, is considered the
first person to create a model of the kinetics of
flotation (García Zuñiga, 1935;), this model follows
the mathematical equation (1).

dC
dt

= −kCn (1)

Where C is the valuable mineral concentration, t is the
flotation time in sec, k is the flotation kinetics’ constant
in sec−1, and n is the reaction order.

The García-Zúñiga model, Eq. (2), However, the
Klimpel model, Eq. (3).

Three models that characterize the mineral
recovery in a flotation process, and adequate for coal
are compared in this study, they are: García Zuñiga’s
first order model Eq. (2), which is the most used for
carbon flotation since it considers that all particles
have the same probability of floatation, Klimpel’s
first-order kinetic model Eq (3), which presents a
lightly bigger precision for it applies a rectangular
distribution to its equation, and a second-order model,
also by klimpel, Eq (4) (Albijanick et al, 2015; Ni et
al, 2016; Bharamia et al, 2019).

Rc = R∞(1− e−kt) (2)

Rc = R∞

[
1−

1
kt

(
1− e−kt

)]
(3)

Rc = R∞

[
1−

1
kt

ln(1 + kt)
]

(4)

Where Rc is the recovery of the component (%) at
time t, R∞ is the maximum recovery (%) of the
component that can be obtained from the material
of interest according to the established conditions,
k is the flotation rate constant (s−1) and t is the
accumulated flotation time (s). For the estimate
of these variables, particular programs have been
developed with programming software as MATLAB
to complex fuzzy logic programs (Abkhoshk, et al,
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2010), all of which look for the highest correlation
coefficient (R2). To find the kinetic parameters such
as the maximum recovery (R∞) and the flotation rate
constant (k), academic knowledge in the flotation
process is required, and even the usage of the
programming software, which could be costly for
business and complicated for college students that
are introduced to the basic concepts of the flotation
process. This study describes a practical and simple
algorithm to determine the parameters of the flotation
kinetics, using the 3 kinetic models that describe
the evolution of the flotation’s speed. This algorithm
can be very useful since only a Microsoft Excel
spreadsheet is utilized. The use of specialized software
is not needed nor additional tools to obtain an excellent
approximation to optimal parameter values.

2 Materials and methods

The coal used in this investigation is from the
carboniferous region, from the sub-basin Saltillito-
Lampacito, located inside Aura’s locality, in the
state of Coahuila; Mexico. Collection of the sample
was done based on the ASTM D 2234/D2234M-19
method. Accordingly, to the ASTM D2013/D2013M-
20 method, it was dried at a temperature of 107 °C
± 3 °C for of 20 min and homogenized. The sample
was divided into 2 sub-samples destined for the coal
analysis and flotation tests, consequently, its size was
reduced to particles finer than 0.250 mm, and 0.149
mm respectively.

The performed coal analyses were: moisture, ash,

volatile material, sulfur, calorific power, free swelling
index (FSI), density, and fixed carbon analysis,
effectuated according to the corresponding ASTM
methods: D720/D720M-15e1, D2234/D2234M-19,
D2013/D2013M-20, ASTM D3173 /D3173M-17a,
ASTM D3174-12, ASTM D3175-20, D4239-18e1,
D5865/D5865M-19, and using the equipment listed in
Table 1.

The results obtained from the characterization of
the coal sample are shown in Table 2. According to
the classification ASTM D388-19ª, the sample fits in
the range of Sub-bituminous type A carbon.

The flotation process was executed according to
the established methodology and operation conditions:
The flotation pulp (10% w/w in solid content) is
poured into a Denver D-12 cell and is set to a velocity
of 1200 RPM in three time lapses (5 min, 2 min,
and 20 sec). The first lapse (5 minutes) is destined
for mixing the mineral coal in water to produce the
mineral pulp, in the second lapse (2 min) the collector
is homogeneously distributed in the pulp, and in the
last time-lapse the foaming agent is added, and stirred
for 20 seconds. After this, the air injection is started.
When the foam starts to develop in the cell, it is
collected, and isolated in separate containers at 30, 60,
90, 120, and 300 seconds to calculate the recovery.

Once that the tests are done, the concentrated and
the sunken are filtered, then dried in an oven for a
period of 10 to 15 minutes, at a temperature of 107
± 3 °C, after drying, the weight is registered, and the
ash analyses are performed. Three replicates of all of
the test were performed and their average reported. All
of the used reactants were of analytical grade.

Table 1. Equipment and methods for coal analysis.

Analysis ASTM method Equipment

Humidity D3173/D3173M-17a [26] Oven Quincy lab
Ash D3174-12 [27] Oven Thermo Scientific

Volatile matter D3175-20 [28] Oven Thermo Scientific
Sulfur D4239-18e1 [29] Sulfur analyzer LECO SC-144DR

Calorific value D5865/D5865M-19 [30] Calorimeter LECO AC600
FSI D720/D720M-15e1 [31] Electric oven Preiser

Table 2. Characterization of coal sample.

Moisture Ash Sulphur Calorific value Volatile F.S.I. Density Fixed carbon
(%) (%) (%) (kcal/kg) matter (g/cm3) (%)

2.755 3 7.74 0.815 5058.1 18.88 6.0 1.559 43.38
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Table 3. 22 experimental design.

Effect Factor g/ton Rc

A B A B

(1) -1 -1 25 25 27.76 25.72 29.29
a +1 -1 100 25 43.03 45.02 41.01
b -1 +1 25 100 38 38.5 37.12
ab +1 +1 100 100 55.82 56.58 54.96

From the results, the fuel recovery is calculated,
using equation (5).

Rc =
wc(100− Ac)
w f (100− A f )

× 100 (5)

Where Rc is the fuel recovery (%), wc is the weight
of the mineral in the concentrate, w f is the weight of
the used feeding mineral in the flotation, Ac is the ash
from the mineral in the concentrate, and Af is the ash
in the feeding mineral (Lopez et all, 2016).

2.1 Experimental design

A 22 experimental design was chosen, the considered
factors were concentration of foaming agent (MIBC,
[A]), and concentration of collector (diesel, [B]).

Samples were obtained at 90 seconds of residence
time, and three replicas were run. Factors, levels,
experimental conditions, and results are shown in
Table 3.

Additionally, for modeling the behavior of the coal
recoveries, an intermediate (Int) run was added, the
operating values for the factors were 50 g/ton of [A]
and 50 g/ton of [B].

2.2 The proposed algorithm for the
determination of the flotation kinetics
(k), and recovery at equilibrium (R∞)
constants

Figure 1, shows the flow diagram for the proposed
algorithm for estimating the values for k y R∞.

 

Figure 1. Flow diagram for the proposed algorithm. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Flow diagram for the proposed algorithm.
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Figure 2. Parameter estimation for equation (2), using the proposed 

algorithm. 

 

 

 

 

 

 

 

 

 

Figure 2. Parameter estimation for equation (2), using
the proposed algorithm.

2.2.1 Kinetics parameters estimation (k y R∞)

An Excel (Microsoft) data sheet is used for
this algorithm. Figure 2, shows data for kinetics
parameters estimation only for equation (2). Two cells
are specified for the values for k (E2) and R∞ (E3),
one column for residence time, another one for the
experimental data (Rc), and for each of the models Eq
(2), (3) and (4). The obtained results are compared to
those from the least squares method. SD is the squared
difference between experimental Rc, and the model Rc.
The same procedure is followed for equations (3) and
(4).

3 Results and discussion

3.1 Coal recovery

Figure 3 shows the graphs for coal recovery versus
residence time of each experimental condition. At
30 sec, coal recovery values vary from 10.79 %
for experimental condition (1), up to a 22.42 % for
experimental condition (ab). (a), and (b) are very
close and slightly above the average. Coal recovery
increases quasi-proportional up to 90 sec in all cases,
which indicates that mineral particles are activated.
Curves generated for each experimental condition
have the same tendency, in ascending order (1), (b),
(Int), (a) and (ab). Compared to the results at 30 sec, at
the end of the test (300 sec), the differences between
fuel recoveries are bigger, 36.38% for experimental
condition (1), and 84.45% for experimental condition
(ab).

From the pattern of behavior for fuel recovery (Rc)
during the test, it can be concluded that the foaming
agent (MIBC), has a significant effect on the recovery
of the coal particles, and it might be because it is also
acting as a surfactant [32].

 

 

 

 

 

 

 

 

 

Figure 3. Coal recovery for the performed tests. 

 

 

 

 

 

 

 

 

 

 

Figure 3. Coal recovery for the performed tests.

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Coal recovery surface curve.  

 

 

 

 

 

 

 

Figure 4. Coal recovery surface curve.

In the fuel recovery graph (figure 3), a change of
slope occurs at 90 sec, taking this breaking point and
the corresponding data from the experimental design,
a surface graph was obtained in order to observe
the behavior of coal recovery (figure 4). It can be
seen that coal recovery increases with concentration of
reactants, and that the foaming agent (A), has a bigger
effect on coal recovery than the collector (B).

The Analysis of Variance (ANOVA), using
MINITAB software, was also run with the data
corresponding to 90 sec of residence time (figure 5).

Results confirm that the factor that has the more
significant effect on coal recovery is the foaming agent
(MIBC), followed for the collector (diesel); while the
interaction has no significant effect. The Residuals
Analysis indicates that the ANOVA assumptions are
fulfilled, and that the model is adequate. The positive
signs of the coefficients indicate that increasing
the amount of reactants, coal recovery efficiency
increases.
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Figure 5. ANOVA for coal recovery.  

 

 

 

 

 

Figure 5. ANOVA for coal recovery.

The bigger effect of the MIBC can be attributed to the
surfactant property of this agent on carbon.

3.2 Flotation kinetics

Using the proposed algorithm, for kinetic parameters
estimation for each of the models the results were quite
acceptable. Figure 6, shows an acceptable fit of the
kinetics models to the experimental data for all of the
performed tests.

Table 5, shows the statistics obtained for the
kinetics parameters estimation of the considered
models. The dispersion of data or Sum of Squares
for Error (SSE) is also included. R2 values close to 1
indicate a high correlation for each of the models, with
better fit for first order model, equations 2 and 3.

In order to get the best fit of kinetics models
to experimental data, and for comparison, the least

squares method was used, the correspondent graphs
are shown in figure 7. Least squares models are best
fitted to experimental data.

In table 5, the statistical data for estimation of
kinetics parameters using the least square method are
presented. As in table 4, there is a good correlation
between modeled and experimental data, even more
they are similar. However, the SSE in table 5, is
smaller in all cases, with a bigger difference for the
first order kinetic model, equation (3).

Comparing the three models for this particular case
it can be observed that dispersion of data for the first
order models, equations 2 and 3 respectively, are really
close (5.24 and 5.09), as it is for their correlation
coefficients (0.9986 y 0.9987). While the second order
kinetic model, equation 4, shows a bigger dispersion
(9.61), and a slightly lower correlation coefficient of
0.9977.

Table 4. k and R∞ for the kinetics models using the proposed algorithm.
Test Eq. (2) Eq. (3) Eq. (4)

R∞ k SSE R2 R∞ k SSE R2 R∞ k SSE R2

-1 69.3 0.0057 1.1246 0.9996 80 0.011 3.6531 0.9993 124.5 0.0068 3.8386 0.9987
(a) 79.5 0.0089 6.946 0.999 96 0.0148 2.845 0.9996 131.2 0.0119 4.0058 0.999
(b) 76 0.0075 9.1524 0.9978 89.5 0.0136 6.5984 0.9986 121 0.011 1.8909 0.9994
(ab) 87.5 0.0107 7.079 0.9987 103.5 0.0176 23.9904 0.9973 134.5 0.0165 27.1734 0.9948
(Int) 85.5 0.0057 16.1919 0.9965 99 0.0104 18.4865 0.9973 132 0.0097 22.8198 0.9956

Average 79.56 0.0077 8.0988 0.9983 93.6 0.0135 11.1147 0.9984 128.64 0.0112 11.9457 0.9975
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Table 5. k and R∞ for the floatation kinetic models using the least square method.

Test Eq. (2) Eq. (3) Eq. (4)

R∞ k SSE R2 R∞ k SSE R2 R∞ k SSE R2

-1 67.66 0.006 0.6505 0.9997 82.79 0.01 0.8333 0.9996 120.25 0.0074 2.205 0.9991
(a) 79.15 0.0086 3.315 0.9991 93.99 0.0152 1.3043 0.9996 125.94 0.0129 2.4417 0.9994
(b) 73.74 0.0078 7.2178 0.9977 88.12 0.0136 4.3931 0.9986 120.14 0.0112 1.8044 0.9994
(ab) 87.68 0.0106 7.0554 0.9986 102.59 0.0192 9.2679 0.9983 132.41 0.0174 25.4757 0.9951
(Int) 81.01 0.0064 7.7305 0.998 98.9 0.0107 9.37 0.9975 142.87 0.008 15.6769 0.9957

Average 77.85 0.0079 5.1938 0.9986 93.28 0.0137 5.0337 0.9987 128.32 0.0114 9.5207 0.9977

 

 

Figure 6. Graphs for the kinetics models using the proposed algorithm. 

 

 

Figure 6. Graphs for the kinetics models using the proposed algorithm.

www.rmiq.org 7



González-Barraza et al./ Revista Mexicana de Ingeniería Química Vol. 21, No. 1(2022) Proc2636 

 

Figure 7. Kinetic models using the least squares method.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Kinetic models using the least squares method.

Conclusions

The proposed algorithm, had an excellent adjustment
to the experimental data for all three kinetic models,
getting a maximum correlation coefficient (R2) of
0.9996, and a minimum of 0.9948. Besides, it is easy
to use, and Excel is available in most computers.

The performed flotation tests showed that both
factors; concentration of MIBC and diesel have a
significant effect on the fuel recovery. MIBC has the
bigger effect, and also acts as a surfactant in the carbon
flotation process as mentioned in the related literature.
Interaction of factors has no significant effect on the
fuel recovery.

The best experimental results were obtained with

the experimental condition (ab), reaching a value
of 84.45%. The lower value for fuel recovery
corresponded to the experimental condition with the
low level of factors (1), and it was of 56.39 %.

According to the statistic results presented, the
first order kinetics models have a better adjustment to
experimental data than the second order kinetic model.
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