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Abstract: The effects of flotation operation parameters, including froth depth, air flowrate, and
frother dosage, on the froth and collection zone recovery and the flowrate of particles into the froth
phase were investigated in a 10 m3 industrial cell. The results showed that froth recovery increases
upon increasing air flowrate and frother dosage, as well as reducing froth depth. While all tested
parameters affected the particles that entered into the froth phase, air flowrate and frother dosage
showed the most and least significance, respectively. When the air flowrate, frother dosage, and froth
depth were 146 m3/h, 150 mL/min, and 5 cm, respectively, froth recovery was found to be above
84%. Also, the effect of the parameters studied on collection zone recovery was different from their
effect on the froth zone, with air flowrate having the greatest impact on the former.
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1. Introduction

The froth phase plays an important role in the recovery of minerals and the pro-
duction of concentrates in the flotation process. The flotation zone includes two parts of
collection (pulp) and froth zone, and the performance of each section can be considered
separately [1,2]. The collision between the particle and bubble occurs in the collection zone;
particles attach to the air bubbles and move towards the froth zone. In the froth zone, some
of the materials are returned back to the pulp, resulting in a reduction in the total recovery.
Accordingly, the froth recovery model can be represented as Figure 1:
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lection (pulp) and froth zone, and the performance of each section can be considered sep-
arately [1,2]. The collision between the particle and bubble occurs in the collection zone; 
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Figure 1. Froth and pulp recovery model [2].

Equation (1) shows the relationship between the total flotation recovery (RG), froth
recovery (Rf), and collection zone recovery (Rc) [2]:
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RG =
RcRf

1 − Rc(1 − R f)
(1)

Froth recovery can be measured either directly or indirectly. In direct methods, froth
recovery is calculated by measuring the bubble loading [3]. Direct methods have been used
by various researchers [4–7]. Indirect methods include froth depth changes and overall
flotation recovery [8], mass balance [9,10], and mathematical models [11–13]. For example,
froth recovery can be obtained from the maximum froth depth changes due to the constant
kinetics variations at different depths [1,10,14]. Also, recently, Amelunxen [15] presented a
relationship for calculating froth recovery based on water recovery at a laboratory scale,
assuming that there is no reattachment of the particle to the bubble. Froth recovery can be
also obtained based on froth stability [13].

Froth instability can be considered as the main cause of low froth recovery, especially
in the scavenger cells where froth is composed of minerals with low hydrophobicity [16].
Therefore, froth recovery can affect the overall flotation performance. Determining froth
recovery is empirically associated with many problems and errors. In the first few centime-
ters of the froth zone, many particles fall off and return back to the collection zone. As a
consequence of changes in the environment from pulp to froth (and increasing the bubble
density), a rapid drop in the bubble velocity occurs.

It is evident that froth recovery is affected by froth stability. One of the most important
factors affecting froth stability is the presence of hydrophobic particles (i.e., the amount
and properties of the particles) [17]. Froth stability increases by reducing the particle size
and increasing the particle hydrophobicity (to some extent). Park et al. [18] reported that
particles with around a 70◦ contact angle led to the most stable froth. This phenomenon has
been also observed by other researchers [19]. The dosage and type of frother also affects
froth recovery; for example, in a research on copper ore at laboratory scale, it was found
that increasing the solid content, the grade of chalcopyrite mineral, and the frother dosage,
all resulted in an increase in the froth stability [16]. Increasing the concentration of ions in
the solution can cause particles to accumulate, and thus froth stability changes [20]. Air
recovery and superficial gas velocity have a direct relationship with the froth stability [21].
In excess of the air flowrate, air recovery decreases [22]. Also, increasing the froth residence
time can reduce froth recovery [10].

As shown above, previously conducted work in the areas of collection and froth zone
recovery are mainly limited to small laboratory scales (except a few examples as cited
above). Therefore, the aim of this study is to examine the effect of operating parameters on
the froth and collection zone recovery at the industrial scale. The work was conducted in a
10 m3 cell, and the parameters studied were froth depth, air flowrate, and frother dosage
(as the main operation parameters).

2. Materials and Methods

All tests were conducted in a 10 m3 flotation cell of a processing plant (rotation 243 rpm,
motor power 22 kW, and cell diameter and height 2.5 and 3.2 m, respectively). Potassium
amyl xanthate (PAX) and methyl isobutyl carbinol (MIBC) were used as a collector and
frother, respectively. The collector dosage was 60 g/t, and it was kept constant for all tests,
while the frother dosage varied between 70 and 150 mL/min.

2.1. Test Conditions

The air flowrate, froth depth, and frother dosage were adjusted using an air adjustment
valve, a level gauge, and a flowmeter, respectively. It is acknowledged that there are other
parameters (e.g., turbulence and collector and frother type) that can affect the flotation
process, and those parameters should be also systematically investigated.

A two-level factorial design [23,24] was applied to study the effect of flotation parame-
ters (froth depth, frother dosage, and air flowrate) on the flowrate of the mineral particles to
the froth phase, froth recovery, and collection zone recovery. Results reveal the significance
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of each factor, as well as any possible interactions between them. The conditions of the
flotation feed for each test are given in Table 1. The minimum and maximum froth depth,
air flowrate, and frother dosage were chosen as 5 and 30 cm, 45 and 146 m3/h, and 70
and 150 mL/min, respectively, based on the plant operation parameters and practical
limitations. The Jg values corresponding to the minimum and maximum air flowrate
values were 0.25 and 0.83 cm/s, respectively.

2.2. Feed Characterisation

The feed used in this study was an iron ore concentrate mainly containing magnetite
and hematite. Other minerals as identified by the mineralogy tests were pyrite, talc, quartz,
apatite, and calcite. The chemical analysis of the feed showed 65.75% Fe, 24.1% FeO, and
1.1% S as the main elements (these data are the average of 10 tests as shown in Table 1).
Particle size analysis showed that 80% of the particles were less than 100 µm.

2.3. Froth Recovery Measurements

Froth recovery was calculated using a bubble loading method by a special device as
previously explained by the authors [25]. This device is similar to that used by Yianatos
et al. [2]. The tank was initially filled with water, and the nozzle was placed about 10 cm
below the froth–pulp intersection. After a certain time, the air volume and particle mass
inside the tank were measured.

Froth recovery (Rf) is defined as the ratio of mass flowrate of the valuable minerals
recovered into the concentrate (by true flotation) (MC) to the mass flowrate of minerals
entering the froth phase (as particle–bubble aggregate) across the pulp/froth interface
(MB) [2] (Equation (2)). Mc is calculated using Equation (3):

Rf = MC/MB (2)

MC = CXC − EREfXE (3)

where C is the mass flowrate of the concentrate, XC is the grade of the minerals in the
concentrate, REf is the froth recovery due to the entrainment, E is the mass of entrained
particles across the pulp–froth interface, and XE is the grade of entrained minerals reported
to the concentrate.

According to Yianatos et al. [2,11], the amount of entrained valuable minerals is
negligible compared to the amount of minerals carried by true flotation, and the grade
of the latter is much higher. By inserting the mass transfer rate to the froth phase in
Equation (3), froth recovery is equal to

Rf = CXC/(BXB) (4)

where B is the rate of the mass transfer of particles to the froth phase (t/h) and is calculated
using Equation (5):

B = λBQg (5)

where Qg is the air flowrate (m3/h), and λB is the bubble load (g/cm3). It is supposed
that the grades of the particles at the top of the froth (Xtop) and the tail (XT) represent the
grade of attached particles to the bubbles and entrained particles, respectively. M*C (the
mass flowrate of valuable minerals recovered into the concentrate by true flotation) can be
calculated using Equation (6):

M*
C = (XC − XT)C Xtop/(Xtop − XT) (6)

Therefore, froth recovery when entrained valuable particles are present (R*f) is calcu-
lated using Equation (7):

R*f = M*C/(BXB) (7)
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3. Results and Discussion

The results of the designed experiments as well as other characteristics of the con-
centrate are presented in Table 1. The froth depth and frother dosage have the maximum
and minimum effects on froth recovery, respectively. Air flowrate and frother dosage
have a positive effect, while froth height has a negative effect, which is due to the froth
residence time, the presence of solid particles in the froth phase, and the froth stability.
The interactions between these parameters have a negligible effect on the froth recovery.
In addition, all measured parameters have a positive effect on the flowrate of minerals
into the froth phase. The effect of the interaction between the froth depth and air flowrate
(Bc) is significant, resulting in increasing flowrate of the particles to the froth phase. Also,
froth recovery data (Rf and R*

f) obtained from both Equation (4) and Equation (7) are
overlapping, suggesting that entrainment has a negligible effect on the froth recovery in
the current case (Figure 2). This is similar to what previously reported by Yianato et al. [2].
However, many researchers have shown that entrainment can affect froth recovery [26].

Minerals 2021, 11, x FOR PEER REVIEW 4 of 9 
 

 

3. Results and Discussion 
The results of the designed experiments as well as other characteristics of the concen-

trate are presented in Table 1. The froth depth and frother dosage have the maximum and 
minimum effects on froth recovery, respectively. Air flowrate and frother dosage have a 
positive effect, while froth height has a negative effect, which is due to the froth residence 
time, the presence of solid particles in the froth phase, and the froth stability. The interac-
tions between these parameters have a negligible effect on the froth recovery. In addition, 
all measured parameters have a positive effect on the flowrate of minerals into the froth 
phase. The effect of the interaction between the froth depth and air flowrate (Bc) is signif-
icant, resulting in increasing flowrate of the particles to the froth phase. Also, froth recov-
ery data (Rf and R*f) obtained from both Equation (4) and Equation (7) are overlapping, 
suggesting that entrainment has a negligible effect on the froth recovery in the current 
case (Figure 2). This is similar to what previously reported by Yianato et al. [2]. However, 
many researchers have shown that entrainment can affect froth recovery [26]. 

Table 1. The statistical factorial design data (a) and the froth recovery results (b). 

NO. 

a b 

Frother 
Dosage 

(mL/min) 

Froth 
Depth 
(cm) 

Air 
Flowrat

e 
(m3/h) 

Feed 
Flowrate 

(t/h) 

S 
% 

Fe 
% 

B 
(t/h) 

XB 
(%) 

C  
(t/h) 

Xc  
(%) 

M*c 
(kg/h) 

RG  
(%) 

Rc 

(%) 
(Equa-

tion 
(1)) 

Rf 

(%) 
(Equa-

tion 
(5)) 

R*f  
(%) 

(Equa-
tion 
(7)) 

|Rf-
R*f| 
(%) 

1 70 5 45 108 1.09 65.70 0.94 15.07 0.79 12.35 96 8.29 11.72 68.87 68.07 0.80 
2 150 5 45 110 1.09 65.02 0.99 16.75 0.98 12.67 122 10.36 13.53 74.88 73.81 1.07 
3 70 30 45 108 1.04 66.15 1.08 15 0.19 14.98 28 2.53 12.94 17.57 17.49 0.08 
4 150 30 45 98 1.19 65.71 1.19 16.67 0.3 15.45 46 3.97 15.14 23.37 23.2 0.16 
5 70 5 146 104 0.93 66.60 1.23 14.74 1.26 11.74 147 15.29 18.22 81.59 81.05 0.54 
6 150 5 146 115 1.06 65.75 1.42 16.38 1.74 11.26 194 16.07 18.7 84.23 83.25 0.99 
7 70 30 146 105 0.93 65.42 1.94 14.55 0.77 13.24 101 10.44 24.49 36.12 35.93 0.18 
8 150 30 146 116 0.9 66.20 2.34 16.11 1.10 13.15 143 13.86 29.73 38.37 38.02 0.35 
9 110 17.5 95.5 105 0.99 65.42 1.84 16 0.91 14.45 131 12.65 24.57 44.67 44.45 0.22 

10 110 17.5 95.5 110 1.10 65.56 1.77 15.89 0.91 14.15 128 10.64 20.76 45.78 45.45 0.34 
Average 108 1.03 65.75           
Variance 28 0.01 0.21           

Standard Deviation 5 0.09 0.46           

 
Figure 2. Comparison between the froth recovery data (Rf and R*f) obtained from Equations (6) 
and (7). 
Figure 2. Comparison between the froth recovery data (Rf and R*f) obtained from Equations (6)
and (7).



Minerals 2021, 11, 494 5 of 10

Table 1. The statistical factorial design data (a) and the froth recovery results (b).

NO.

a b

Frother
Dosage

(mL/min)

Froth
Depth
(cm)

Air
Flowrate

(m3/h)

Feed
Flowrate

(t/h)
S
%

Fe
% B (t/h) XB (%) C

(t/h)
Xc
(%)

M*c
(kg/h)

RG
(%)

Rc
(%)

(Equation
(1))

Rf
(%)

(Equation
(5))

R*f
(%)

(Equation
(7))

|Rf − R*f|
(%)

1 70 5 45 108 1.09 65.70 0.94 15.07 0.79 12.35 96 8.29 11.72 68.87 68.07 0.80

2 150 5 45 110 1.09 65.02 0.99 16.75 0.98 12.67 122 10.36 13.53 74.88 73.81 1.07

3 70 30 45 108 1.04 66.15 1.08 15 0.19 14.98 28 2.53 12.94 17.57 17.49 0.08

4 150 30 45 98 1.19 65.71 1.19 16.67 0.3 15.45 46 3.97 15.14 23.37 23.2 0.16

5 70 5 146 104 0.93 66.60 1.23 14.74 1.26 11.74 147 15.29 18.22 81.59 81.05 0.54

6 150 5 146 115 1.06 65.75 1.42 16.38 1.74 11.26 194 16.07 18.7 84.23 83.25 0.99

7 70 30 146 105 0.93 65.42 1.94 14.55 0.77 13.24 101 10.44 24.49 36.12 35.93 0.18

8 150 30 146 116 0.9 66.20 2.34 16.11 1.10 13.15 143 13.86 29.73 38.37 38.02 0.35

9 110 17.5 95.5 105 0.99 65.42 1.84 16 0.91 14.45 131 12.65 24.57 44.67 44.45 0.22

10 110 17.5 95.5 110 1.10 65.56 1.77 15.89 0.91 14.15 128 10.64 20.76 45.78 45.45 0.34

Average 108 1.03 65.75

Variance 28 0.01 0.21

Standard Deviation 5 0.09 0.46
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3.1. Mass Flowrate of the Minerals to the Froth Phase

The effective parameters on the mass flowrate of minerals entering the froth phase
were statistically analyzed (Table 2). While all tested parameters affected the entered
particles into the froth phase, air flowrate and frother dosage show the most and least
significance, respectively (Figure 3). It was found that the number of attached particles to
the bubbles, and thus, the amount of particles entering into the froth phase increases by
increasing the air flowrate.

3.2. Froth Recovery

It can be said with 95% confidence that all examined parameters affect the froth
recovery (Table 2). However, froth depth and frother dosage have the most and the least
effect, respectively (Figure 3). Froth recovery decreases by increasing the froth depth. The
change in the air recovery is what determines the change in the metallurgical recovery, and
a decrease in the air flowrate can thus lead to higher air recoveries and higher metallurgical
recoveries [27]. While froth stability is an important parameter in determining froth
recovery [28], it is beyond the scope of the current study. It is worth mentioning that Mesa
et al. [29] have recently shown the reduction in the bubble size in a flotation system and,
consequently, improvement in the flotation performance by affecting the froth stability.

3.3. Collection Zone Recovery

Air flowrate and frother dosage show a great influence on the number of particles
entering the froth phase (Table 2). It is noteworthy that the effect of the studied parameters
on the collection zone recovery was different from their effect on the froth zone, and air
flowrate had the greatest impact on the former (Figure 3). While the collection zone rate
constant shows a strong dependency on the air flowrate, the interaction of parameters
on the collection zone recovery was found to be nonsignificant. An increase in the froth
recovery is associated with a decrease in the concentrate grade. However, as froth recovery
increases, flotation recovery also increases. It should be noted that these results are only
valid for the cell where the current tests were conducted (and within the tested range).

The response surface plots for the froth recovery and flowrate of the mineral into the
froth phase are presented in Figure 4. It shows that the maximum and minimum flowrate
of the minerals into the froth phase (BXB) occur when the air flowrate and froth depth are at
their highest and lowest levels, respectively. The rate of drop back of the particles increases
with increasing the froth depth. Therefore, when the number of bubbles increases with
increasing the air flowrate, it is more likely that the separated particles reattach to the air
bubbles and enter the froth phase. The same argument can be made for the minimum BXB.
The highest froth recovery occurs when the froth depth and the air flowrate are at their
minimum and maximum possible values, respectively. At the opposite point—i.e., when
the froth depth is at its maximum and the air flowrate is at its minimum—the lowest froth
recovery occurs (Figure 4). It should be noted that the effect of increasing the air flowrate
to prevent the reduction of froth recovery at a higher froth depth is more obvious because
increasing the air flowrate results in increasing the presence of bubbles in the froth zone.
Therefore, those particles that have been separated from the bubble due to increasing the
froth residence time (as a result of increasing the froth depth) may reattach to the bubbles
and enter the concentrate zone, causing the froth recovery to increase. The interaction for
collection zone recovery was found to be nonsignificant in this analysis.
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Table 2. The variance analysis of effective parameters on flowrate of the minerals into the froth phase (BXB), froth recovery (Rf), and collection zone recovery (Rc).

BXB Rf Rc

Source Sum of
Square df

Mean
Square F Value p-Value Sum of

Square df
Mean

Square F Value p-Value Sum of
Squares df

Mean
Square F Value p-Value

Model 41,612.34 4 10,403.08 27.6 0 5155.95 5 1031.19 4617.77 <0.0001 267.34 4 66.84 20.09 0.0065

Frother dosage, A 5332.24 1 5332.24 14.15 14.15 34.85 1 34.85 156.07 0 11.82 1 11.82 3.55 0.1325

Froth depth, B 11,118.09 1 11,118.09 29.5 0.01 4711.88 1 4711.88 21,100.25 <0.0001 50.66 1 50.66 15.23 0.0175

Air flowrate, C 20,532.09 1 20532.09 54.47 0 386.79 1 386.79 1732.07 <0.0001 178.68 1 178.68 53.71 0.0018

AC - - - - - 5.95 1 5.95 26.67 0.01 26.18 1 26.18 7.87 0.0485

BC 4629.91 1 4629.91 12.28 0.02 16.48 1 16.48 73.8 0 26.18 1 26.18 7.87 0.0485

Curvature 7885.26 1 7885.26 20.92 0.01 99.91 1 99.91 447.39 0 33.99 1 33.99 10.22 0.0330

Residual 1507.66 4 376.91 0.67 3 0.22 13.31 4 3.33

Lack of Fit 1421.24 3 473.75 5.48 0.3 0.05 2 0.02 0.04 0.96 6.04 3 2.01 0.28 0.85

Pure Error 86.42 1 86.42 0.62 1 0.62 7.26 1 7.26

Cor Total 51,005.26 9 5256.53 9 314.64 9
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Figure 3. Effect of air flowrate (Qg), froth depth (Hf), and frother dosage (Cf) on the flowrate of the minerals into froth phase
(BXB), froth recovery (Rf), and collection zone recovery (Rc) at two different conditions (L: Qg = 45 m3/h, Cf = 70 mL/min,
Hf = 5 cm, and H: Qg = 146 m3/h, Cf = 150 m L/min, Hf = 30 cm).
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4. Conclusions

The effect of froth depth, air flowrate, and frother dosage on the froth and zone
recoveries and flowrate of the minerals to the froth was investigated in an industrial cell.
When froth depth increased from 5 to 30 cm, froth recovery considerably reduced (as one
may expect). On the other hand, air flowrate showed the greatest impact on the collection
zone recovery. When air flowrate increased from 45 to 146 m3/h, collection zone recovery
increased by 71%. The air flowrate compared to froth depth and frother dosage had the
greatest effect on the number of particles transported to the froth zone. For example, when
air flowrate increased by three times, the number of particles transported to the froth
zone increased by only 1.5 times (at its maximum level). This study also showed that
due to a large difference between the grade of particles transported by true flotation and
entrainment, the effect of the latter on the froth recovery is negligible. While in the current
study the number of parameters was chosen based on the available resources, testing a
greater number of parameters is suggested for future work.
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