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Abstract 
 

Beneficiation of coal fines with high ash content was attempted in an operating coal preparation plant by 

retrofitting a 0.5 m diameter pilot plant scale flotation column in the circuit. The collector and frother dosage were 

optimized as 0.680 kg/t and 0.058 kg/t respectively. At these reagent conditions the operating parameters of pilot 

scale flotation column were also optimized. The maximum yield of the froth obtained was 67.5% at the targeted ash 

level of 14% from a feed of 25% ash content. This was obtained at the operating parameters of 0.85 cm/s superficial 

air flow velocity, 0.57 cm/s superficial feed slurry velocity and 600 mm froth height. The performance of flotation 

column was found to be marginally better than that of the conventional flotation cells in the washery. Also, 

advantages such as low operational, maintenance and energy costs and operational flexibility in the case of flotation 

column could lead to financial accruals over a long run. 
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1. Introduction 

 

Froth flotation is the most efficient and 

cost-effective separation method for particles 

within a narrow size range, normally from               

50 µm to 600 µm for coal and exploits                   

the differences in surface properties [1-6]. 

Froth flotation is a universally accepted 

physicochemical process for the beneficiation 

of coal fines [7]. Its separation efficiency 

depends on the wettability difference between 

the coal-rich and mineral-rich particles of the 

coal slurry in the flotation circuit. Generally, 

the coarse coal has good selectivity, but the 

flotation rate is slow [7]. Coal flotation makes 

use of the natural hydrophobicity of the 

carbonaceous matter in coal [8]. Although 

coal is naturally hydrophobic, collectors have 

been used to enhance the hydrophobicity of 

coal in coal flotation [9]. The upper particle 

size limit for flotation using novel flotation 

reagents increases the yield [10]. Large 

bubbles are needed to provide sufficient 

levitation of coarse particle-bubble aggregate. 

Increased surface hydrophobicity promotes 

recovery of coarse particles by reducing the 

probability of detachment [11]. Column 

flotation is a sophisticated froth flotation, 

which has been developed as an alternative to 

the conventional, mechanically agitation 

flotation and it has been claimed that column 

flotation gives higher recovery with lower ash 

content [12-13]. The main advantages of the 

column flotation cells over mechanical ones 

include excellent separation ability, low 

capital and operating cost, a less demand for 

plant space, simple circuit and efficient self-

cleaning and adaptability to automatic control 

[8,14]. Also, the performance of the column is 

superior to that of conventional cell owing to 
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the presence of large fines in the coal [15-17]. 

Upgrading of coal in a flotation column can 

be significantly improved when froth stability 

is properly controlled through the 

manipulation of appropriate variables such as 

gas flow rate, froth height and feed solid 

concentration [18]. In the present 

investigation, an attempt has been made to 

evaluate the performance of a flotation 

column at pilot plant scale vis-à-vis 

conventional mechanical flotation cells in an 

operating coal washery by optimizing process 

and operating parameters with respect to the 

pilot plant scale flotation column. 

 

     2. Experimental  

 

2.1. Materials 

 

The coal fines slurry used as feed for the 

column flotation study was drawn from the 

feed line to conventional flotation bank while  

the plant was in operation.  

Conditioning of the feed slurry with 

collector and frother took place in the two 

conditioners placed just before the column 

flotation cell. Commercial flotation reagents, 

Nalflote 88001 and Nalco frother 9840 were 

used as the collector and frother respectively. 

 

    2.1.1. Size Analysis of feed coal 

 

     Fine coal reporting in the form of slurry to 

the conditioner-I was subjected to proximate 

analysis and detailed particle size analysis. 

The results are shown in Tables 1 & 2. 

However, the ash distribution was found to 

be more or less uniform across all the size 

fractions except that in -100 µm. Considerable 

amount (16.61%) of feed consists of +500 µm 

size coal. The ash content of the feed slurry to 

flotation column was observed to vary from 

24% to 30% during the campaign. The 

presence of high percentage of ash in the 

Indian coal is one of the setbacks for coal 

cleaning. 

 

Table 1. Proximate analysis of coal 

 

Table 2. Size analysis of feed coal  Head Ash: 25.67% 

 

2.2. Methods  

 

0.5 m diameter and 9.0 m height flotation 

column was erected at a suitable location in 

the washing plant circuit so as to facilitate 

feeding of fine coal slurry to the flotation                                          

column as well as to conventional flotation 

banks. The details of the flotation column 

were shown in Figure 1.  

Slurry/froth interface was maintained using 

Differential Pressure Transmitter (DPT) 

mounted on to the flotation column. The 

output signal of the DPT is looped to an 

electro-pneumatic discharge valve through a 

Sample  Ash (%) Moisture (%) Volatile Matter (%) Fixed Carbon (%) 

Feed coal 25.67 0.85 19.51      53.97 

Size (µm) Weight (%) Ash (%) Ash Distribution (%) 

+500 16.61 32.16 20.26 

-500+355 13.58 26.95 13.88 

-355+212 18.46 25.67 17.97 

-212+100 22.11 23.71 19.88 

-100 29.24 25.27 28.01 
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controller. Based on the signal (4-20 mA) 

given by DPT, the tailings discharge valve 

will be automatically actuated and 

accordingly the slurry discharge is 

maintained. The froth depth could be altered 

between 50-2000 mm by changing the set-

point in the controller. Air-only spargers made 

of stainless steel were used. Wash water was 

supplied through a spray arrangement at the 

top of the column and above the froth and 

monitored by magnetic flow meter. Air flow 

rate was controlled and monitored by purge 

rotameter. Feed slurry flow rate was regulated 

and monitored by a variable frequency drive 

of feed pump and magnetic flow meter  

respectively. 

 
Figure 1. Schematic diagram of 0.5 m diameter flotation column 

 

The air from the compressor was let into 

the column at a desired flow rate. The column 

was filled with water and stabilized at 

required froth depth. After stabilization with 

water, the coal slurry (after conditioning with 

reagents in the conditioners) was pumped into 

the column at desired flow rate. 

The coal slurry which reports to the 

conventional flotation circuit in the plant was 

tapped to the conditioner-I in which the 

collector was added and flows to conditioner-

II in which frother was added. 

Minimum residence time of 10 minutes 

was maintained at each conditioner. The 

reagents-conditioned slurry was pumped into 

the column through a variable frequency 

driven feed pump. The column was allowed to 
run for a minimum period of 3-4 residence 

times (15 minutes). Feed, tailings and 

concentrate/froth samples were drawn under 

near-steady state conditions. The collected 

samples were measured for pulp density, 

volume of the slurry, weight of the slurry and 

weight of the solids after drying. Samples 

were analyzed for ash.  

The yield of froth is calculated from   

Yield = [(Tailings ash % – Feed ash %)] / 

[(Tailings ash% – Froth ash %)]. 
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Efficiency index of separation (EI) is 

calculated from 

EI = [(CR+AR) – 100]  

 

where:  

CR is combustible recovery (%) and  

AR is ash rejection (%) and are calculated 

using the formulae given below.  

 

%𝐶𝑅 =  
𝑀𝑐(100−𝐴𝑐)

𝑀𝑓(100−𝐴𝑓)
𝑥100      (1) 

% 𝐴𝑅 = 1 − (
𝑀𝑐𝐴𝑐

𝑀𝑓𝐴𝑓
) 𝑥100     (2) 

where:          

Ac = ash content in concentrate (%) 

Af = ash content in feed (%)  

Mc = Mass of concentrate (g)       

Mf = Mass of feed (g) 

 

3. Results and Discussion 

 

For efficient operation of the flotation 

column, optimization of process parameters 

such as collector and frother dosages and 

operating parameters such as superficial air 

velocity, froth depth, superficial feed slurry 

velocity and superficial wash water velocity is 

necessary. Initially, the reagents dosages were 

optimized followed by that of operating 

parameters.  

 

3.1. Effect of variation in collector 

dosage 

 

Figure 2 shows the results of the effect of 

varying the dosage of the collector, Nalflote 

88001, on the yield and ash content of the 

froth/concentrate obtained under a set of fixed 

parameters as mentioned below. 

Parameters: 

Frother: 0.042 kg/t 

Superficial feed slurry velocity: 0.57 cm/s 

Superficial air flow velocity: 0.85 cm/s 

Superficial wash water velocity: Nil 

Froth height: 200 mm 
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Figure 2. Effect of variation in collector 

dosage on flotation process 

 

It could be observed from Figure 2 that as 

the collector dosage was increased from 0.262 

kg/t to 0.680 kg/t, the froth ash also increased 

to 16.40% with increase in efficiency index of 

separation from 16.95% to 30.18%. 

Correspondingly, the yield also increased 

from 24.95% to 74.68%. But as the collector 

dosage was further increased to 1.046 kg/t, the 

froth ash also increased to 17.37%, but the 

efficiency index of separation decreased to 

25.50%. The reason for the lack of selectivity 

at higher dosages of collector could be due to 

the in-different (non-selective) adsorption of 

collector on both coal and ash-forming 

minerals and also the entrapment of ash in the 

coal agglomerates [19].  Collector dosage of 

0.680 kg/t was chosen as the optimum for the 

optimization of other parameters.   

 
      3.2. Effect of variation in frother dosage 

 

      In this set of tests, frother dosage was 

varied keeping all the other parameters 

constant. Figure 3 shows the results of effect 

of variation of frother dosage on flotation.  

     Parameters: 

     Collector: 0.680 kg/t 

     Superficial feed slurry velocity: 0.57 cm/s 

     Superficial air flow velocity: 0.85 cm/s 

     Superficial wash water velocity: Nil 

     Froth height: 200 mm 
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Figure 3. Effect of variation in frother dosage 

on flotation process 

 

When the frother dosage was increased 

from 0.021 kg/t to 0.058 kg/t, the yield also 

increased from 14.20% to 83.92% with 

simultaneous increase in separation efficiency 

index from 13.26 to 50.12. The ash in froth 

varied from 8.99% to 13.78%. It is known that 

certain frothers also adsorb on coal imparting 

collecting properties [20]. It appears that the 

synergistic effect of the collector and higher 

frother dosage at 0.058 kg/t resulted in 

decrease in froth ash.However, when the 

frother dosage was increased beyond 0.058 

kg/t, the system entered into negative bias 

resulting in the entire feed slurry reporting to 

the froth phase which is undesirable. Hence, 

frother dosage of 0.058 kg/t was chosen as 

optimum and maintained the same in the 

subsequent tests.  

After optimizing the reagents dosages, the 

operating parameters of flotation column were  

optimized by varying one parameter at a time 

while keeping the others constant. 

 

3.3. Effect of variation in superficial air 

flow velocity 

 

Superficial air flow velocity was varied 

from 0.77 cm/s to 1.19 cm/s keeping the test 

conditions as mentioned below and the results 

are shown in Figure 4. 

    Parameters: 

    Collector:  0.680 kg/t;    Frother: 0.058 kg/t 

    Superficial feed slurry velocity: 0.57 cm/s 

    Superficial wash water velocity: Nil 

    Froth height: 200 mm 
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Figure 4. Effect of variation in superficial air 

flow velocity on flotation process 

 

As the superficial air flow velocity was 

increased from 0.77 to 0.85 cm/s, the yield of 

 the froth increased from 36.30% to 69.79% 

while the ash in it increased from 9.08% to 

13.78% and the separation efficiency index 

was in the range of 25.30 - 27.49. But, as the 

superficial air flow velocity was further 

increased to 0.94 cm/s and then on to 1.19 

cm/s, there was a fall in the yield as well as in 

the separation efficiency index. In the initial 

stages, froth was found to be more stable. But 

at relatively higher superficial air flow 

velocity beyond 0.85 cm/s, the bubbles were 

found to be unstable leading to froth drop-

back resulting in lower froth yield.  This could 

also be due to transition of laminar flow of 

slurry at lower superficial air flow regime 

(0.77 - 0.85 cm/s) to turbulent flow at 

relatively higher air flow regime (0.94 - 1.19 

cm/s) which could lead to unfavorable 

separation and lower froth yield.   

 

3.4. Effect of variation in froth depth 

 

Froth depth was changed from 200 to 800 

mm and its effect on the process (Figure 5) 
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was studied by maintaining the other process 

and operating parameters constant.  

    Parameters: 

    Collector: 0.680 kg/t;  Frother: 0.058 kg/t 

    Superficial feed slurry velocity: 0.57 cm/s  

    Superficial wash water velocity: Nil 

    Superficial air flow velocity:  0.85 cm/s 

200 300 400 500 600 700 800

10

20

30

40

50

60

70

24

26

28

30

32

34

36

38

40
  Froth yield

  Ash value

P
e

rc
e
n

ta
g

e
, 
%

Froth depth, mm

E
ff

ic
ie

n
c

y
 I
n

d
e

x
 

  EI

 
Figure 5. Effect of variation in froth depth on 

flotation process 

 
At 600 mm froth depth, maximum yield of 

67.33% could be obtained at 14.71% ash and 

at maximum separation efficiency index of 

36.68. Below this froth depth, even though 

froth of relatively lower ash (10.21 - 13.76%) 

could be achieved, the respective yields were 

found to be lower (42.67 - 46.20%). 

When the higher froth depth (800 mm) was 

maintained, good quality froth (9.07 - 9.72%) 

could be generated at relatively lower yield 

ranging from 33.67% to 34.17%. The drop in 

the yield at higher froth depths could be due 

to the phenomenon of ‘froth drop back’ 

wherein the froth drops back into the slurry 

phase due to excessive built-up of solids in the 

froth zone.  

  

3.5. Effect of variation in superficial feed 

slurry velocity 

 

      Superficial feed slurry velocity was varied 

from 0.47 to 0.90 cm/s, keeping all the other 

parameters constant as shown below. 

    Parameters: 

    Collector: 0.680 kg/t;  Frother: 0.058 kg/t 

    Superficial air flow velocity:  0.85 cm/s 

    Superficial wash water velocity: Nil 

    Froth height: 600 mm 

    Superficial wash water velocity: Nil 
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Figure 6. Effect of variation in feed slurry 

velocity on flotation process 

 

Variation in the superficial velocity of feed 

slurry affects the residence time of the 

particles in the system. From the Figure 6, 

superficial feed slurry velocity of 0.57 cm/s 

slurry velocity, the yield of froth was 

maximum at 67.33% with 14.71% ash. At the 

lower and higher superficial feed slurry 

velocities, even though froth of relatively 

lower ash values could be collected, their 

respective yields were far lower ranging from 

37.84% to 48.31%. The reason for this could 

be assigned to insufficient retention time for 

effective separation to take place.  

 

3.6. Effect of variation in superficial 

wash water velocity 

 

     Wash water superficial velocity was varied 

from 0.47 to 0.90 cm/s, keeping all the other 

parameters constant as shown below. 

     Parameters: 

     Collector: 0.680 kg/t; Frother: 0.058 kg/t 

     Superficial air flow velocity: 0.85 cm/s 

     Superficial feed slurry velocity: 0.57 cm/s 

     Froth height: 600 mm 
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Figure 7. Effect of variation in superficial 

wash water on flotation process 

 

As the wash water velocity was varied 

from nil to 0.09 cm/s (Figure 7), the yield of 

the froth or concentrate drastically decreased 

while the ash level in the froth reduced to less 

than 10%. The wash water helped in 

improving the quality of the froth by getting 

rid of the physically entrapped gangue in the 

froth lamellae but at highly reduced yield.  

The lower yield at increased superficial 

wash water velocities could also be due to the 

inability of the free and partially liberated 

coarser coal particles to stay in the froth due 

to the continuous stream of wash water, 

forcing them to report back into the slurry 

phase along with the water component of the 

feed slurry.  

 

3.7. Continuous runs on flotation 

column at optimized parameters 

 

Table 3 shows the results of continuous 

runs, each of minimum 6 hours, on flotation 

column at optimized parameters. These runs 

took place on different days while the plant 

was in operation 

     

Optimized parameters: 

    Collector: 0.680 kg/t; Frother: 0.058 kg/t 

    Superficial air flow velocity:  0.85 cm/s 

    Superficial feed slurry velocity: 0.57 cm/s 

    Superficial wash water velocity: Nil 

    Froth height: 600 mm 

 

Froth of +70% yields could be achieved 

with ash content in the range of 13.33 – 

14.19%. 

Table 4 indicates the comparative 

performance of flotation column against that 

of the conventional mechanical flotation cells 

in the plant. 

 

Table 3. Results of continuous runs on flotation column at optimized parameters 

Continuous test (No.) 
Feed ash 

(%) 

Froth ash 

(%) 

Tailings 

ash (%) 
Yield (%) EI 

1 23.80 13.33 48.71 70.41 41.10 

2 21.59 13.15 50.57 77.45 38.62 

3 22.65 14.19 46.50 73.82 35.64 

  

Table 4. Comparison of performance of flotation column and conventional flotation cells 

 

Flotation Column (0.5m ɸ) Conventional Flotation Cells (Plant scale) 

Ash (%) Yield 

(%) 

Ash (%) Yield 

(%) Feed Froth Tailings Feed Froth Tailings 

Day 1 27.4 14.7 48.5 62.7 24.3 13.3 46.7 67.0 

Day 2 23.8 13.3 48.7 70.4 25.9 14.3 49.8 67.2 

Day 3 27.4 13.6 46.2 57.8 27.1 14.8 51.2 66.1 

Day 4 23.8 14.3 49.9 72.9 26.4 15.8 50.4 69.4 

Day 5 22.6 14.2 46.5 73.8 26.7 14.8 46.9 62.8 

Average 25.0 14.0 48.0 67.5 26.1 14.6 49.0 66.5 
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The results of the conventional 

mechanical flotation cells reflect the 

corresponding shifts’ average on that 

particular day. They indicate marginally 

better performance of a flotation column in 

comparison to conventional flotation cells. 
 

4. Conclusions 
 

A 0.5 m diameter pilot scale flotation 

column was installed in an operating coal 

fines containing 25.0% ash (average value) 

could be upgraded to a froth or concentrate 

of 14.0% ash with 67.5% yield and ash in  

flotation cells in the washery could be 

improved to a froth of 14.6% ash. The yield 

in the flotation circuit was 66.5% with ash 

in the tailings at 49.0%. The marginally 

better performance of flotation column vis-

à-vis the conventional flotation cells could 

be attributed to maneuverability and greater 

control over the yield and ash content of the 

froth depending upon the source/quality of 

the raw coal and end user requirements. 

The separation efficiency of flotation 

column could have been better but for the 

presence of considerable amount of coarser 

size coal (16.61% +500 µm) in the feed.  
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