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results obtained for the ideal separation procedures are reported 
in Figure 18. The AFW technique also performed well for the 
desulphurization of coal. The same trend was observed for 
sulphur reduction, where AFW is superior to the release analysis 
(Figure 18b). 

Floatability index
The floatability index (FI) is an important factor that can assist in 
assessing the upgrading potential of fine coal. Mohanty, Honaker, 
and Govindaraja (1999) developed an equation by taking the 
area between ideal separation and no separation. The graph in 
Figure 19a was plotted by taking the X-axis as (100 minus ash 
rejection %) and Y-axis as (100 minus combustible recovery %). 
A higher FI value indicates easy-to-clean characteristics, whereas 
a coal with a lower FI value has difficult cleaning characteristics. 
The floatability index is also applicable for assessing sulphur 
rejection (Figure. 19b), where the FI is calculated by taking (100 
minus total sulphur rejection %) instead of (100 minus  ash 
rejection %).
               �Area of the triangle  created by no separation curve - Area 

under the ideal separation curve
FIash =  
               Area of the triangle created by no separation

The FI values of two samples of coal fines from different 
locations are shown in Figure 19c. Illinois coal, which is of in 
situ origin, showed a FI value of 0.77, whereas Jharia coal of drift 
origin had a lower FI value of 0.32. This indicated that the drift 
coal would be difficult to clean.

Factors affecting flotation performance by following dif-
ferent procedures
Mohanty et al. (1998) studied the effect of collector dosage on 
the performance of release analysis. Lower collector dosages of 
0.20 kg/t and 0.75 kg/t showed the optimum separation over 
a range of dosages (Figure 20). Increasing the collector dosage 
resulted in the recovery of semi-hydrophobic particles in the 
froth, lowering the grade of the concentrate product. Thus the 
curve shifted towards the higher-ash side of the graph. This 
indicated the sensitivity of release analysis to the collector 
dosage. These results contradicted those of the earlier study by 
Forrest, Adel, and Yoon (1994), where the results of release 
analysis were reagent dosage-independent and any variation 
was taken to be due to experimental error. Since fixing the 
collector dosage to produce the optimum separation is the first 
priority before proceeding to flotation, it added an extra task, 
viz. optimizing the collector dosage. As had been earlier reported 

in the methodology and results by Pratten, Bensley, and Nicol 
(1989), the tree analysis carried out by Mohanty et al. (1998) 
showed less variation in results with changes in the collector 
dosage rate.

Figure 19—AFW with no separation (after Mohanty, Honaker, and  
Govindaraja, 1999)

Figure 20—Variation of combustible recovery with collector dosage (after 
Mohanty et al., 1998)

Figure 18—The superior performance of AFW (after Mohanty, Honakar, and Ho, 1998)
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A comparison of tree analysis and release analysis showed 
that each procedure had individual optimum separation regions. 
Tree analysis would be preferable in the low-ash and -sulphur 
region, while the release curve defined optimum separation in the 
high-ash and -sulphur region (Figure 21)

The pulp density of the feed to flotation also affects the 
optimum separation. The mass fraction reporting to the froth 
is related to the carrying capacity, i.e. maximum mass rate at 
which the solids can be delivered into the froth. When the initial 
feed solids content is high, the total bubble surface area may 
not be adequate to transport all the particles that have already 
reported to the froth zone. As a result, selective detachment of 
the weaker hydrophobic particles may occur, and such particles 
fall back into the collection zone. Re-attachment of the particles 
to bubbles occurs repeatedly by reflux action (Dobby and Finch, 
1986). Selectivity due to detachment and reattachment improves 
the separation at high feed solids content. Mohanty et al. (1998) 
showed that an initial high solids content in flotation feed had 
a significant effect on the release analysis results. An increase 
in the initial feed solids content from 8% to 16% significantly 
improved the separation, with little further improvement when 
the solids content was raised to 24% (Figure 22a). When 
combustibles recovery is plotted against sulphur content (Figure 
22b), it is observed that feed solids content also has a certain 
effect on flotation performance as measured by combustibles 
recovery. 

According to Bhattacharya et al. (2017), the release analysis 
results are sensitive to particle size and collector type. If a size 
fraction responds well to a reagent, that does not necessarily 

mean that the same reagent will deliver good results on any other 
size fractions of the same coal. Bhattacharya et al. (2017) studied 
the effect of feed size by treating coarse to ultrafine fractions with 
different collectors. They found that n-dodecane was significantly 
more effective on ultrafine size fractions of < 75 µm (Figure 23), 
where most coal particles were found to be liberated. However 
for the particles of size greater than 100 µm a synthetic collector 
of NALCO chemicals played a significant role in floating both 
liberated and unliberated particles (Figure 24). The combined 
effect of two different types of collectors might improve the 
flotation performance of the entire feed material. Bhattacharya 
et al. (2017) suggested the use of a blend of collectors on the 
basis of the response of different size fractions to the respective 
collectors and the mass proportions of those size fractions. It is 
postulated that an improvement in the release analysis results 
and flotation can possibly be brought about by the synergy 
between a collector effective for unliberated and partially liberated 
coarser particles and a collector effective for finer liberated 
particles.

Evolution of the procedures
The evolution of the different versions of release analysis 
procedures over the last seven decades, beginning in 1953, and 
their modifications along with their attributes are highlighted in 
Table IV.

The first ideal flotation-based separation procedure (Dell, 
1953) was developed to evaluate copper flotation, and was later 
extended to coal flotation. A major difficulty encountered in 
the experimental work was the repeated decantation of water, 

Figure 21—Comparative performance of release analysis and tree analysis (after Mohanty et al., 1998b)

Figure 22—Variation in separation performance with solids concentration (after Mohanty et al., 1998b)
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which was partially resolved by varying operational parameters 
such as aeration rate and impeller speed in order to control the 
pulp volume generated in the previous stages. Thus a simplified 
release analysis partially resolved the decantation problem 
(Dell, 1964). In an attempt to completely solve the decantation 
problem, Cavallaro and Deurobrouck (1965) varied the impeller 
speed with time with the aeration rate set to maximum. In view 
of the experimental bias in all these three procedures, perceived 
or real, an alternative method, tree analysis (Nicol et al., 1983), 
was developed in which roughing was followed by branching 
through the cleaning and scavenging stages. This route cleans 
the material thoroughly and the release curve generated covers 
all the points on a graph starting from a low ash-yield coordinate 
to a high ash-yield coordinate, indicating optimum yield. Tree 
analysis particularly showed superiority at the low-ash end 
of the curve. Its limitation was, however, the large number of 
products that were generated. Hu (1975) did not suggest any 
new procedure to evaluate the flotation response of coal. Hu, 
Jin, and Bodily (1987), however, proposed a methodology, 
called floatability criterion, to classify coal for flotation purposes, 
based on release analysis data, in a four-point scale from very 
easy to difficult to clean. The decantation problem in the timed-
release analysis appears to have been completely solved by 
British Standards (BS 7530, 1994) by dividing the pulp into 
froths by varying the impeller speed and aeration rate with time 
instead of varying only the time. A flotation column instead of 

a mechanical cell was used for the release analysis procedure 
known as column release (McClintock, Walsh, and Rao, 1995), 
which is similar to the simplified release analysis of Dell (1964). 
Because of repeated scavenging of the tailings to recover all the 
floatable particles, the procedure is time-consuming. Randolph 
(1997) therefore proposed a reverse release analysis in which 
the tailings were collected by repeated cleaning of froths, 
minimizing the misplacement of gangue particles. Advanced 
flotation washability (AFW), proposed by Mohanty, Honakar, 
and Ho (1998), comprised the use of a mechanical cell followed 
by column flotation. In this procedure the final froth obtained by 
repeated cleaning in the mechanical cell is fractionated into six 
froths in the flotation column by varying the aeration rate. Since 
an automated packed-bed flotation column is used, the procedure 
appears to be independent of the operator. Hence reproducibility 
of results is high, though the operation is time-consuming.  

Considerations
The discussion presented so far, in particular the one around 
Table IV, indicates that there remain a number of considerations, 
summarized below, which make the selection of a release 
analysis procedure very challenging. 

	 ➤	 ��Feed characteristics—Results of release analysis vary with 
feed characteristics, raw coal versus cleaned coal (Forrest, 
Adel, and Yoon, 1994), and with feed particle size. 
Different size fractions show different flotation responses. 
This is particularly true for drift coal (Bhattacharya et al., 
2017). 

	 ➤	�� Pulp density—Higher pulp density results in better 
separation (Mohanty et al., 1998). Pulp density is 
usually affected by the feed size, in particular, the mass 
percentages of < 75 µm and < 50 µm particles. Finding, the 
optimum pulp density, whatever is to be the procedure of 
release analysis, is therefore not an easy task.

	 ➤	 ��Reagent type—Release analysis results have shown frother 
dependency (Forrest, Adel, and Yoon, 1994) and collector 
dependency for the entire feed of < 500 μm (Pratten, 
Bensley, and Nicol, 1989) and for the constituent size 
fractions of the same feed, say 500 × 100 µm, < 1 00 µm,  
< 75 µm (Bhattacharya et al., 2017). 

	 ➤	�� Reagent dosage—Release analysis results have also shown 
dependency on dosage, in particular, that of the collector 
(Pratten, Bensley, and Nicol, 1989; Forrest, Adel, and Yoon, 
1994; Mohanty et al., 1998). 

	 ➤	�� Operating conditions—Different experimental conditions, 
such as aeration rate, impeller speed, flotation time, froth 
cleaning methodology, and scavenging operations, all affect 
the results, whether the method be release analysis (Dell, 
1964; Cavallaro and Deurbrouck, 1965; BS 7530 1994), 
reverse release analysis (Randolph, 1997), tree analysis 
(Nicol et al., 1983), or AFW (Mohanty et al., 1998).   

	 ➤	�� Cell type—Flotation performance is dependent upon cell 
design features such as tank geometry, impeller design, 
structure, and associated operational features (Gorain, 
Franzidis, and Manlapig, 1995a, 1995b, 1996; Tabosa, 
Runge, and Holtham 2016; Anzoom, Bhattacharya, and 
Sahu, 2017).). 

Effect of petrographic composition on flotation of coal 
All the investigations on release analysis referred to in this study, 
except those carried out by Bhattacharya et al. (2017) and in an 

Figure 23—Effect of reagent type on release curves for finer feeds (after 
Bhattacharya et al., 2017)

Figure 24—Effect of the collector on release curves for coarser feeds (after 
Bhattacharya et al., 2017)
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isolated case by Brown and Hall (1999), have used in situ coal as 
feed material. All the samples used in the investigations appear 
to be vitrinite-, and possibly liptinite-rich, coals. The effect of 
maceral composition and the degree of oxidation of the coal do 
not appear to have been investigated, though these factors might 
affect coal flotation and therefore the release analysis. 

It is important to note in this context that Arnold and 
Aplan (1989) studied the response of coal components, both 
petrographic and chemical, to flotation. They used contact 
angle measurement techniques to assess the hydrophobicity 
of coal macerals. Generally, the rank of coal is determined by 
the percentages of C and O and vitrinite reflectance. These 
three factors provide a reasonable estimate of the flotation 
characteristics of the coal. The components containing carbon 
are mostly hydrophobic in nature. The hydrophobicity can be 
estimated from the contact angle of the particle. The contact 
angle increases with an increase in carbon content up to 88%, 
and after that point it decreases, as is the case with anthracite 

coal (Horsley, 1951; Gutierrez-Rodriguez, Purcell, and Aplan, 
1984). This was verified using the sessile drop and captive 
bubble technique for measuring the contact angle of coal particles 
(Arnold and Aplan, 1989). The contact angle increased with an 
increase in oxygen content up to 5%, at which point a contact 
angle of 60–70° was observed. Thereafter the contact angle 
decreased rapidly to zero as the oxygen content increased to 
20–25%. The contact angle was at a maximum at a vitrinite 
reflectance of around 1.0. For high-volatile bituminous coal, the 
hydrophobicity of coal macerals thus follows the order liptinite > 
vitrinite > inertinite (Arnold and Aplan, 1986; Aplan, 1993).

The nature of the hydrocarbon chain and oxygen functional 
group dictates the hydrophobicity of macerals. The oxygen 
functional group allows water to adsorb on the coal surface 
due to the formation of strong hydrogen bonding between 
the water molecule and oxygen functional group. For higher 
rank coals, an increase in aromaticity results in a reduction 
in hydrophobicity, while an increase in the aliphatic group 

   Table IV 

   Different ideal separation procedures developed over the years
   Procedure	 Researchers	 Attributes	 Limitation	 Observations

   Original Release 	 Dell (1953)	 First procedure for	 Decantation of water due to the collection of forth on the	 Copper ore was used for the initial study. 
   analysis/ Timed 	 	 ideal separation	 basis of time. In case of highly floatable material, the	 The procedure is time-consuming and difficult. 
   Release analysis	 	 applicable for flotation	 time interval may not control the froth collection and 
	 	 	 hence a large amount of material may be floated initially.  
			   That might create problems for subsequent operations.
   Simplified	 Dell (1964)	 Decantation of water as in	 Flotation rate could not be controlled due to fractionation	 Kerosene as a collector and pine oil 
   release analysis		  original procedure was 	 of froth by varying aeration rate and impeller speed instead 	 (or ethoxy butane) as frother wer 
	 	 eliminated, making the 	 of time. For highly floatable feeds all material may come in	 used without providing justification 
	 	 methodology simpler in 	 the first or second froth product with little remaining in tailing.	 for using these reagents. 
		  operation	 As a result, the curve may shift towards the high-ash end.
   Modified version 	 Cavallaro and	 Impeller speed was varied	 Aeration rate was fixed at the maximum.	 Maximum aeration rate produced large 
   of timed release	 Deurbrouck (1965)	 with time in order to acquire		  bubbles. That facilitated the entrapment 
   analysis		  low ash-yield locus. 		  of gangue particles. As a result, the curve  
				    was unable to extend towards the low-ash end.

  Tree analysis	 Nicol et al. (1983)	 Fractionation was followed by	 A large number of products were generated.  	 Combustible material remaining in the tailings 
		  a number of cleaning and 	 That made, handling of these products and	 could be recovered by repeated scavenging. 
	 	 scavenging operations, leading 	 operational procedure difficult.	 Gangue particles could be removed from clean 
		  to minimization of entrapment 		  coal by cleaning and re-cleaning. Thus more 
		  and entrainment of hydrophilic 		  coordinates were obtained to plot an ideal 
		  particles and to the recovery of 		  separation curve. 
		  residual hydrophobic material  
		  remaining in tailing.

   Floatability	 Hu, Jin, and	 Floatability criterion based on	 The value of floatability criterion is procedure-	 It only categorizes the coal on a four-point 
   criterion	 Bodily (1987)	 release analysis indicates relative	 dependent, hence cell-dependent too. 	 scale of very easy to difficult to clean. without 
		  cleaning characteristics of coal.		  predicting the maximum possible yield at  
				    target ash. 
   British 	 BS 7530	 Both impeller speed and aeration	 Prescribed a common non-commercial	 n-dodecane as collector and MIBC as frother 
   standards 	 (1994)	 rate were varied for a specific time	 collector, n-dodecane, which might not	 were used. The combination appears to 
   procedure		  period in the second stage.	 perform well for every type of coal.	 perform well only on in-situ or fully liberated  
				    coal.
   Column 	 McClintock	 Since the entire separation is in	 Difficulties are faced in a repeated	 Use of wash water minimizes the entrapment  
   release 	 (1995)	 the flotation column, the yield ash	 cleaning of froth.	 of gangue particles, thereby improving the 
   procedure	  	 locus can be extended to the 		  concentrate grade. 
		  lower ash region
   Reverse 	 Randolph	 Froths were cleaned repeatedly	 Problems were encountered in	 Since highly hydrophobic coal was selected for 
   release	 (1997)	 to collect tailings in each cleaning	 tailing  removal and reintroduction 	 the test work, no collector was used. 
   analysis	  	 level, by which misplacement of 	 of froth to cell 
	 	 non-floatable material to froth  
		  was minimized
   AFW	 Mohanty, 	 Product cleaned by mechanical	 A large mass of feed sample is	 Kerosene was used as the collector and 
	 Honaker, and 	 cell was subjected to column	 required to generate clean froth	 Dowfroth M-150, a polyglycol, as the frother.  
	 Ho (1998)	 flotation. Hence entrainment and-	 which is fed to flotation column.	 The results showed the superiority of AFW over 
	 	 entrapment of non floatable 	 	 other traditional procedures. 
		  particles could be reduced.
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improves the hydrophobicity. Collector adsorption changes the 
surface chemistry of coal and thus its hydrophobicity. Selective 
adsorption of collectors on macerals with specific chemical 
composition influences the flotation performance (Wang et 
al., 2017; Holuszko and Mastalerz, 2015). Thus maceral 
concentration and maceral chemistry play an important role 
in recovery of froth. Characteristics of collectors such as their 
chemical composition, selectivity, and reactivity with the coal 
surface determine the performance of coal flotation (Holuszko 
and Mastalerz, 2015). Collectors should be such that they 
are able to increase the aliphatic group with minimization of 
aromaticity after adsorption so that hydrophobicity can be 
increased.

Summary and conclusions
The first release analysis, also known as timed release analysis, 
was developed by Dell (1953) using copper ore. Dell (1964) 
subsequently simplified the procedure and used coal fines. 
Since then a number of researchers have suggested various 
modifications to the procedure. A British Standard (BS 7530, 
1994) was developed for this purpose. To overcome the 
inadequacies of the release analysis procedures, alternative 
methods such as tree analysis, reverse release analysis, column 
release procedure, and advanced flotation washability (AFW) 
have been developed by other researchers.

All the procedures mentioned show some dependence on 
factors such as feed characteristics, pulp density, collector and 
frother type and dosage, and experimental conditions such 
as aeration rate, impeller speed, flotation time, froth cleaning 
methodology, scavenging operations, and on cell type due to 
design features such as tank geometry, impeller design and 
structure, and associated operational features. Practically every 
study has been carried out using a different type of cell. 

Nearly all the investigations have been carried out using 
in situ coal as feed material. All the samples used in the 
experimental work appear to be vitrinite-, and possibly liptinite-
rich, coals. The effect of maceral composition and the degree of 
oxidation of the coal do not appear to have been investigated, 
though these features might affect the coal flotation and therefore 
the release analysis. This is particularly true for the inertinite-rich 
coals, typically of drift origin, because the hydrophobicity of coal 
macerals follows the order: liptinite > vitrinite > inertinite.
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