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ABSTRACT: In this study, experimental results of conventional flotation and carrier flotation
were characterized by six commonly used flotation kinetic models. Two statistical criteria
(coefficient of determination, R2, and root mean square error, RMSE) were used for comparison
of fitting performance of different models. All kinetic models tested gave good levels of goodness
of fit, but the second-order model with rectangular distribution (model 6) provided the best
fitting performance for the experimental data of conventional flotation and carrier flotation. On
this basis, two parameters, that is, modified flotation rate constant (Km) and selectivity index (SI),
were used to evaluate the difference in flotation separation selectivity between conventional
flotation and carrier flotation. Comparisons of Km and SI values indicated that carrier flotation
significantly improved the flotation rate constant of combustible materials and flotation
separation selectivity of ultrafine coal (−74 μm). In addition, measurements of average bubble
size and water recovery indicated that both the coalescence of bubbles and the drainage of liquid
in the froth were promoted when coarse coal particles (contact angle >90°) were employed as the
carrier to assist the flotation recovery of ultrafine particles, which in turn favored the inhibition
effect of the entrainment of gangue materials in carrier flotation compared to conventional flotation.

■ INTRODUCTION
Flotation is one of the most efficient methods for the
beneficiation of fine ores and coal.1 However, there is
considerable evidence that both flotation recovery and rate
constant decline steadily as particles fall below a critical size.2

In general, the highest flotation rate constant and recovery of
coal are seen on particles of an intermediate size range, for
example, 250−74 μm;3,4 although the flotation kinetics of
ultrafine coal particles (−74 μm) is very low, this is attributed
to the low collision probability between ultrafine particles and
air bubbles resulting from the lack of inertia and the small
kinetic energy of ultrafines.5 According to various particle−
bubble collision models, the flotation recovery of fine/ultrafine
particles increases with increasing particle size.2 Therefore, a
large range of modified flotation processes, in which flotation
was performed after increasing the apparent particle size of
target fine/ultrafine particles, were developed. These processes
are selective flocculation, agglomerate flotation, electro-
coagulation/flotation, precipitate flotation, oil flotation, shear-
flocculation/flotation, and carrier flotation,1,6 among which
carrier flotation distinguishes itself from other processes as it
has an advantage in reducing the unselective entrainment of
gangue particles into the concentrate.7

Carrier flotation can be considered as a hydrophobic
flocculation−flotation process in which fine hydrophobic
particles are first preferentially collected by larger hydrophobic
carrier particles so that the apparent separation size of valuable
particles increases to the extent that allows them to be
efficiently recovered by conventional flotation. Chia and

Somasundaran examined the stability of aggregates consisting
of anatase and calcite particles formed under various flotation
chemistry and hydrodynamic conditions using a modified
DLVO theory and revealed that the improved performance of
carrier flotation was attributed to the enhanced strong
aggregation between fine anatase and coarse carrier (i.e.,
calcite) particles under intense agitation.8 The advantage of
carrier flotation was also reported by Fuerstenau et al.9 They
compared the flotation performance of three flotation
techniques on the recovery of ultrafine hematite (<10 μm)
from quartz and found that carrier flotation gave the highest
recovery and grade of ultrafine hematite particles compared to
the other two processes. It was also noted that the preflotation
conditioning time in carrier flotation was only two-thirds of
that used in the flocculation/flotation process where no carrier
particles were present. Moreover, Tabosa et al. reported that
considerable improvements, regarding an accelerated kinetics
coupled with increases in recovery (17%) and grade (approx.
4%), were achieved in the flotation of copper sulfides when a
percentage of the concentrate was recirculated to the rougher
flotation feed. The improved separation in this process was
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attributed to the increase in collision probability resulting from
using hydrophobic copper mineral particles as autogenous
carriers in flotation.10 In addition, compared to conventional
flotation, carrier flotation gave higher flotation recovery and
lower product ash in the flotation of difficult-to-float/oxidized
fine coals, better separation efficiency in separating alunite
from kaolin, and higher flotation recovery of fine hematite
particles.11−14

As discussed in the abovementioned paragraphs, the
reviewed literature studies on carrier flotation were of
emphases on how to improve flotation recovery and
concentration grade. On the other hand, the froth and its
stability and the entrainment and the drainage of particles in
flotation have been recognized as important factors which
affect recovery and grade.15−17 However, to the best of our
knowledge, rare studies have been focused on differentiating
the gangue entrainment phenomenon between conventional
flotation and carrier flotation. Various kinetic models have
been available to optimize and operate the automation of the
flotation process.4,18,19 It is worth to mention that the optimal
kinetic flotation model of carrier flotation has never been
systematically discussed. In this regard, this study aims to
differentiate six different competing models (given in Table 1)
employed in carrier flotation and identify the most appropriate
model using two different statistical criteria (coefficient of
determination, R2, and root mean square error, RMSE). On the
basis, the separation efficiency between conventional and
carrier flotation was compared using the optimal kinetic model.
Finally, the differences in average sizes of bubbles and water
recoveries between conventional and carrier flotation were
evaluated.

■ RESULTS AND DISCUSSION
Optimal Kinetic Model. To find the optimal model for

conventional flotation and carrier flotation on the basis of the
model fit, kinetic models shown in Table 1 were applied to fit
data sets of combustible matter and ash materials obtained
from tests. The unknown kinetic parameters (R∞ and K) were
evaluated by the least squares method using nonlinear
regression in MATLAB software. This method estimates the
values of parameters that minimize the sum of residuals
squared across all time points.21 Meanwhile, two statistical
criteria (R2 and RMSE) were employed to evaluate the model
fit. The values of R2 and RMSE from different models were
calculated by programming in MATLAB software.
Figures 1 and 2 plotted the fitting performance (R2 and

RMSE) for conventional flotation and carrier flotation of 51#

and 62# coals as a function of flotation kinetic model,
respectively. It can be seen that the lowest values of the
RMSE and the highest values of R2 are associated with model 6
(second order with rectangular distribution) irrespective of the
reagent scheme, suggesting that model 6 is the best kinetic
model from the viewpoint of the model fit, that is, the model is
adequate to fit the experimental data in the batch flotation test
of 51# and 62# coals.
The experimental data and the predicted results shown in

Figures 1 and 2 are represented as time-recovery graphs in
Figure 3 to compare the fitting performance among different
models. It is obvious that there is little difference among the
tested models within one-third of the maximum flotation time
(approximately 1 min), which is consistent with the previous
research.25,27,28 However, with a further increase in flotation
time, model 6 becomes the most suitable model to describe T
ab
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both the processes of conventional flotation and carrier
flotation of 51# and 62# coals, that is to say, model 6 is
more effective in understanding the overall flotation process
than other tested models. Mao et al. reported that model 6
provided the best fit on the experimental data obtained from
recovering high-ash lignite by flotation coupled with
simultaneous ultrasonic treatment.29 For the flotation of
mixtures including slime particles and coal particles, model 6
was considered as the most reasonable one to fit the flotation
results obtained on 0.5−0.25 mm coal particles, among the
tested six models.23 Ni et al. reported that the first-order model

with rectangular distribution of floatability was the most
reasonable one to fit the rougher and cleaner flotation results
attained on a bituminous coal.24 Bu et al. reported that the
representative flotation kinetic models of 375, 188, 100, and 37
μm (average particle sizes) coal particles corresponded to the
first order with rectangular distribution, non-integral order,
non-integral order, and first order with rectangular distribution,
respectively.4 Thus, the fitting performance of different models
may be related to the particle size and also the type of flotation
technology.

Figure 1. R2 and RMSE values produced by different kinetic models for combustible recovery of conventional flotation and carrier flotation of (a)
51# and (b) 62# coals.

Figure 2. R2 and RMSE values produced by different kinetic models for ash recovery of conventional flotation and carrier flotation of (a) 51# and
(b) 62# coals.
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The calculated values of R∞ and K for the six kinetic models
are summarized in the Supporting Information. It is noted that
the models, including the fully mixed factor model (model 3),
the improved gas/solid adsorption model (model 4), and the
second-order model (model 5), share the same fitting
performance for each time-recovery profile.
Model 3 can be transferred into model 4 by substituting 1/

K3 for K4
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Meanwhile, model 4 can be derived from model 5 by
replacing K4 with R∞,5K5.

R
R K t

R K t

R R K t
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According to R∞ and K values of the Supporting
Information, the calculated values of 1/K3 and R∞,5K5 were
found to be equal to the values of K4. In addition, the R∞
values were found to be identical to those of the fully mixed
reactors and the improved gas/solid adsorption model. Thus, it
was concluded that the equations that can describe model 3,
model 4, and model 5 were the same from the viewpoint of
mathematics. This explains why the fitting curves for models 3,
4, and 5 are overlapped completely, as observed in Figure 3.
As stated earlier, model 6 was the optimal kinetic model

among the six competing models on the basis of the model fit.
Therefore, the second-order model with rectangular distribu-
tion (model 6) was employed to compare the separation
performance between conventional flotation and carrier
flotation.

Comparison of Flotation Kinetics between Conven-
tional Flotation and Carrier Flotation. As both the
recovery and rate of recovery of combustible matter and ash

Figure 3. Comparison of different kinetic models fitted to the experimental data of (a) 51# and (b) 62# coals. The fitting curves obtained from
models 3, 4, and 5 were overlapped completely.

Table 2. Flotation Kinetic Parameters (R∞ and K) of Model 6 for 51# Coal

conventional flotation carrier flotation

combustible ash combustible ash

collector (kg/t) frother (kg/t) R∞ K R∞ K R∞ K R∞ K

1.80 0.60 64.44 1.548 25.46 0.650 70.18 6.945 12.74 4.475
2.20 0.73 69.08 2.188 23.92 0.850
2.60 0.87 62.73 4.447 20.61 1.315
3.00 1.00 59.86 6.439 15.12 2.267
3.40 1.13 65.13 6.582 15.21 2.597
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materials can be used to evaluate the difference in flotation
performance of conventional flotation and carrier flotation, the
values of kinetic parameters (R∞ and K) of model 6 are
calculated and shown in Tables 2 and 3. For conventional
flotation of 51# and 62# coals, increases in flotation rate
constants of combustible matter and ash material were
obtained with the increase in collector and frother dosages.
The increase in flotation rate constant was attributed to the
fact that increasing collector dosage would enhance the
collision probability between coal particles and oil droplets
because of the enhanced adsorption of the collector on coal
surfaces.30 Thus, more and more coal particles can be reported
to the concentrate. Meanwhile, with the increase in
combustible recovery, more and more ash materials dissemi-
nated with combustible matter were also been recovered,
which led to the increase in flotation rate constant of the ash
material.
The two kinetic model parameters (R∞ and K) determined

from a recovery-time set of data are effectively used to evaluate
the effect of variables on the flotation process. However, it is
difficult to compare flotation model parameters among tests or
to establish a trend for R∞ and K values under some
conditions.31−34 The modified flotation rate constant is an
approach to compare total flotation response33

K
R K

(min )
100m

1 =
×− ∞

(5)

On the basis of this modified rate constant, a selectivity
index between combustible matter and ash materials is defined
as the ratio of their modified rate constants33

K

K
SI(combustible/ash) m,com

m,ash
=

(6)

where Km,com, and Km,ash are the modified flotation rate
constants of combustible matter and ash materials, respec-
tively.
A change in collector dosage leads to the change in both R∞

and K values for both combustible matter and ash material.
Therefore, the modified flotation rate (Km) and separation
index (SI) were employed to compare the flotation perform-
ance between conventional flotation and carrier flotation. The
modified flotation rate constant and separation indices were
calculated using eqs 1 and 2, according to Tables 2 and 3.
Calculated values of Km and SI for 51# and 62# coals at 1.80
kg/t collector dosage and 0.60 kg/t frother dosage are shown
in Table 4. The values of Km for both combustible matter and
ash material obtained from carrier flotation were greater than
those of conventional flotation. In addition, it was seen that the
increasing degree of Km,com was more significant (from 1.00 to
4.87) than that of Km,ash (from 0.17 to 0.57). This was in
agreement with the finding that carrier flotation had a better
separation selectivity of −74 μm coal fines over conventional
flotation.

Table 3. Flotation Kinetic Parameters (R∞ and K) of Model 6 for 62# Coal

conventional flotation carrier flotation

combustible ash combustible ash

collector (kg/t) frother (kg/t) R∞ K R∞ K R∞ K R∞ K

1.80 0.60 51.34 1.601 23.01 1.030 74.11 3.676 24.72 1.623
2.20 0.73 61.07 1.723 25.42 0.990
2.60 0.87 71.41 2.048 29.22 1.089
3.00 1.00 68.65 2.674 23.75 1.493
3.40 1.13 71.47 2.938 24.68 1.686

Table 4. Calculated Values of Km and SI for 51# and 62# Coals

51# coal 62# coal

flotation method Km,com Km,ash SI Km,com Km,ash SI

conventional 0.9973 0.1655 6.025 0.8221 0.2371 3.468
carrier 4.874 0.570 8.551 2.724 0.401 6.788

Figure 4. Plots of yields and ash contents of flotation concentrates obtained at various flotation times (1.8 kg/t collector and 0.6 kg/t frother).
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Figure 4 shows the cumulative yields as a function of
cumulative ash contents of flotation concentrates obtained at
various flotation time periods. Compared to conventional
flotation, the froth concentrate achieved by carrier flotation
had a lower ash content and a greater yield at a fixed flotation
time. The ash content of 51# coal was reduced from 50.51 to
15.00% at a yield of 34.93% using carrier flotation, while the
least ash content of the concentrate obtained from conven-
tional flotation was 17.00% at a yield of 9.99%. For 62# coal,
carrier floatation also had superior ability to reduce the ash
content and improve the yield of the concentrate compared to
conventional flotation. Hence, carrier flotation had higher
separation indices for 51# and 62# coals. The better separation
selectivity of carrier flotation can be due to the high collision
and attachment probabilities between bubbles and the formed
aggregate of fine and carrier particles.7,35 According to Chia
and Somasundaran,8 the selective aggregation of anastase (fine
particles) and calcite (carrier particles) can be achieved by a
strong chemisorption of the oleate on surfaces of anastase and
calcite particles. This phenomenon observed is in good
agreement with the calculated results of the extended
Derjaguin−Landau−Verwey−Overbeek (EDLVO) theory
and the aggregation theory. Similar reports have also been
provided by other researchers.14,36

Comparison of Froth Properties between Conven-
tional Flotation and Carrier Flotation. In addition, it is
worth to note the changes in the water recovery, froth
properties, and entrainment of gangue between carrier flotation
and conventional flotation.
In general, the recovery of fine particles is primarily due to

water recovery or entrainment rather than true flotation via
bubble attachment, which can be considered as a dictation of
the entrainment of fine particles.37 As particle size decreases,
the water recovery appears to be significantly increased.38

Figure 5 gives the plots of flotation time versus water recovery
of conventional flotation and carrier flotation. It is noted that
the presence of 500−250 μm coal particles caused a lower
water recovery in carrier flotation as compared to that in
conventional flotation of 74 μm fine coal. It is observed in
Table 5 that the contact angle of carrier particles is greater than
90°. Crawford and Ralston found that particles with a contact
angle larger than 90° were acting as a foam breaking agent.39

As depicted in Figure 6, the bridging dewetting of the particles
due to a large contact angle causes the interface to come into
contact and rupture.40 The strongly hydrophobic carrier

particles can accelerate the drainage of the iner-film, which
led to horrible bubble breakup and coalescence. This
phenomenon is in agreement with that the average size of
bubbles (0.29 ± 0.14 cm) in the top of the froth zone of carrier
flotation was larger than that of conventional flotation, as
shown in Figure 7. Meanwhile, the drainage of the liquid in the
froth can be enhanced by the carrier particles, which is
consistent with the difference in water recoveries between
conventional flotation and carrier flotation observed in Figure
5. According to Neethling and Cilliers,41 the coalescence and
average size of bubbles have an important effect on the
drainage of the liquid in the Plateau borders of the froth. The
Plateau borders contain the entrained hydrophilic solids,
resulting in the no-selective recovery of gangue materials. The
strongly hydrophobic particles presented in carrier flotation are
conducive to intensify the drainage of the liquid in the froth
and thus decrease the entrainment of gangue materials.

■ CONCLUSIONS

• All of the six tested flotation kinetic models displayed
good fitting performance for experimental results
obtained from conventional flotation and carrier

Figure 5. Water recovery as a function of flotation time of conventional flotation and carrier flotation (1.8 kg/t collector and 0.6 kg/t frother).

Table 5. Contact Angle Measurement Results of Fine Coals
(51# and 62# Coals) and Carrier Particles

fine particles

sample 51# coal 62# coal carrier particles

contact angle (°) 30.53 ± 1.35 33.42 ± 0.96 96 ± 2.24

Figure 6. Schematic diagram of a thin liquid film resulting from the
dewetting of a hydrophobic particle with a contact angle larger than
90°. Adapted from the literature.42
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flotation tests carried out with a short flotation time (<1
min). However, the second-order model (model 6) with
rectangular distribution was the optimal function to
describe the relationship between the flotation time and
recovery as the flotation time was over 1 min.

• Carrier flotation had the superior separation selectivity
for −74 μm coal fines compared to conventional
flotation. At the same dosages of flotation reagents, the
modified flotation rate constants for carrier flotation
were increased by three to four times than those of
conventional flotation.

• Compared to conventional flotation, carrier flotation
using hydrophobic coal particles (contact angle greater
than 90°) as carriers led to a larger average size of
bubbles because of the acceleration effect of the drainage
of the liquid film in the froth. This facilitated the
decrease in water recovery and, therefore, the reduction
of the gangue entrainment.

■ EXPERIMENTAL SECTION
Materials. The samples used in this study were coking coals

collected from 51# and 62# coal seams of the Shanbula Coal
Mine (Ordos, Inner Mongolia, China). The raw coals were
subjected to wet screening using a sieve of 74 μm aperture,
with the screen underflow being used for conventional and
carrier flotation tests. Table 6 gives the proximate analysis
results for the three coal samples. The ash contents of the −74
μm size fraction in 51# and 62# coals were 50.51 and 32.97%,
respectively. In addition, a narrow size fraction of the 500−250
μm coal sample assaying 6.90% ash content was prepared by

screening the dense medium cyclone overflow (clean coal)
obtained from the Shanghaimiao Central Coal Preparation
Plant (Ordos, Inner Mongolia, China). As shown in previous
literature,43 this narrow-sized coal sample has a good
floatability, and thus, it was used as carrier particles in this
study.

Flotation Tests. A standard laboratory RK/FD-II subaera-
tion flotation cell (volume of 0.5 L) was used for the flotation
tests. The air flow rate and impeller speed were maintained at
1.13 cm/s and 1900 rpm, respectively. For all flotation tests,
tap water was added to maintain a constant pulp level and
froth layer of 1 cm. Kerosene and sec-octyl alcohol were used
as the collector and frother, respectively, for all flotation tests.
For a typical flotation test, the mass of coal particles was 30 g,
which resulted in a solid concentration of 60 g/L. According to
the literature,14 the mass ratio between the carrier particles and
the fine coal particles was set at 1:1 for carrier flotation tests. In
a given conventional flotation test, the pulp was first agitated in
the flotation cell for 1 min. After that, known amounts of
collector and frother were added in order, and the slurry was
conditioned for 2 and 1 min, respectively. Upon the
completion of slurry conditioning, air was introduced and
flotation concentrates were collected after cumulative times of
0.5, 1, 2, and 3 min. In carrier flotation tests, in order to
determine the recovery for fine coal, coarser carrier particles
were separated from the recovered fine coal particles by
screening the concentrate products using a sieve of 125 μm
aperture. A detailed description of the working process of the
mechanical flotation cell has been reported in the literature.4

Equations 3 and 4 were used to calculate the combustible
matter and ash material recoveries in the concentrates.

A

A
Combustible recovery (%)

(100 )

(100 )
100C C

F

γ
=

−
−

×
(7)

A

A
Ash recovery (%) 100C C

F

γ
= ×

(8)

where the subscript C refers to the concentrate, the subscript F
represents the feed, γC is the yield of the concentrate, and A is
the ash content.
Equation 5 was used to calculate the water recovery in the

concentrates.

W
W

Water recovery (%) 100C

F
= ×

(9)

where WC is the weight of water covered in various flotation
times and WF is the total weight of water used in the flotation
test.

Contact Angle Measurement. Prior to measuring contact
angles, 51# and 62# coals of size intervals of 74−45 μm were
obtained via wet screening and were prepared as thin circular
plates. The coal plates were obtained by pressing approx-
imately 1 g of the sample in a machine for 50 s under 15 MPa.
A JC2000D contact angle analyzer (Powereach, Shanghai,
China) was then utilized to measure water contact angles over
coal plates by the method of sessile drop. The image of the
droplet in contact with the coal sheet at 0.5 s was recorded
using the “image analysis method” function given by the
software associated with the analyzer, and the value of the
contact angle was determined. Each measurement was
repeated three times with changing the water drop contacting

Figure 7. Average sizes of bubbles at the top of the froth zone in the
flotation of 51# coal [(a) conventional flotation; (b) carrier flotation].
Images were captured at approximately 5 s after the introduction of
air. The average bubble sizes were estimated by manual inspection
using ImageJ software.

Table 6. Proximate Analysis for the Three Coal Samples (wt
%).a

sample Mad Ad Vdaf FCd

51# coal 2.23 50.51 36.73 31.31
62# coal 2.87 32.97 36.21 42.75
carrier 1.67 6.90 40.31 55.57

aNote: Mad is moisture content of air-dry basis; Ad is ash content of
dry basis; Vdaf is volatile matter content of dry ash-free basis; FCd is
fixed carbon content of dry basis.
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positions on the sheet, and the average value of the three tests
was taken as the sample’s contact angle.
In our previously published article,43 the collectorless

flotation recoveries on the same coal sample (carrier particles)
used in this study were constant at approximately 90%
regardless of varying particle sizes from 250 to 45 μm. Thus, it
is reasonable to assume that there should be no difference in
hydrophobicity after subjecting the coarse carrier particles to
grinding. The carrier particles (500−250 μm coal particles)
were ground to obtain a narrow size fraction of 74−45 μm and
then pressed to form coal sheets for contact angle measure-
ments. The measurement result obtained on the 74−45 μm
ground product was approximately employed to represent the
contact angle of the carrier particles.
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