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Abstract
Flotation desulphurisation experiments were performed using algal lipids (raw algal lip-
ids (RALs) and their derivatives, fatty acid methyl esters (FAMEs)) as biocollectors for 
recovering saleable clean coal from waste. � e results from batch � otation experiments 
on a coal sample from a site in the Waterberg region in South Africa were evaluated in 
terms of overall yield, recoveries (combustibles, ash and sulphur) and product quality 
(ash and sulphur content). � e product yield using the lipids was between 34 and 35%, 
with a combustible matter recovery between 40 and 50%. � e lipids reduced the ash 
content of the discards from 49% to less than 27%, and the sulphur content from 5.7% to 
less than 2.8%. � ese results were comparable to those obtained using oleic acid under 
similar conditions. 
Keywords: Algal lipids, fatty acid methyl esters (FAMEs), oleic acid, coal, bio� otation

Introduction 
� e amount of coal waste generated annually 
in South Africa is estimated to be around 60 
million tonnes (Chamber of Mines Of South 
Africa 2018, Department of Energy South Af-
rica 2018). � is has resulted in over a billion 
tonnes of coal waste accumulated in mine 
dumps in South Africa to date. Apart from its 
land footprint, the coal waste contains pyritic 
sulphur which, when oxidised, results in the 
formation of acid mine drainage (AMD) (Ka-
zadi Mbamba et al. 2012). AMD, once start-
ed, has been known to persist for decades, 
resulting in the contamination of surface and 
ground water. 

Various methods have been developed to 
prevent AMD forming. One such technique 
is the two-stage coal � otation for desulphu-
risation, developed at the University of Cape 
Town (Harrison et al. 2010, Kazadi Mbamba 
2011). � e � rst separation stage recovers 
clean coal using oleic acid as the collector, 
and the second stage recovers pyrite using 
the potassium amyl xanthate (PAX) collec-
tor. Appling the two-stage � otation process to 
coal cleaning showed that it was technically 
feasible to recover valuable coal from waste 
tailings (Iroala 2014, Kazadi Mbamba et al. 
2012). An economic evaluation of the overall 
process (Jera 2013) showed greatest sensitiv-

ity to operating costs, primarily the reagent 
costs, including the oleic acid reagent used in 
the � rst stage of the process. � e aim of this 
work was to investigate alternative reagents 
that will enhance the process economics, 
while being environmentally benign.

Algal lipids, raw or modi� ed into methyl 
esters, have physical and chemical proper-
ties that are similar to commonly used coal 
collectors. � ey have the carboxyl group 
(-COOH), for the raw algal lipids (RALs) 
are triglycerides containing three long chain 
fatty acids (C12 – C22) linked by ester bonds 
to glycerol. � e fatty acid methyl esters (FA-
MEs) are comprised of the single fatty acid 
chain linked to an alcohol via the ester bond. 
Both have polar heads and hydrophobic hy-
drocarbon tails of C12 to C22. � ese func-
tional groups that make algal lipids of interest 
in coal cleaning by froth � otation.

Materials and methods 
� e algal lipids used in this evaluation were 
extracted from Scenedesmus sp. � e algae was 
subcultured in 500 mL aerated and illumi-
nated Erlenmeyer � asks before inoculating 
into 3.2 L batch photobioreactors. � e reac-
tor design, inoculation and cultivation pro-
cedure were carried out according to Langley 
et al. (2012). � e algae culture in the airli�  
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reactors was carried out for at least 25 days 
to maximise lipid production, based on a rec-
ommendation by Mandal and Mallick (2009). 
� e algal suspension was harvested on day 30 
of each batch and dewatered using high speed 
centrifugation (Beckman Coulter Avanti® J-E 
with JA-10 rotors) at 10 000 × g for 15 min-
utes. Raw algal lipids (RALs) were extracted 
using the Axelsson and Gentili (2014) meth-
od. A portion of the dewatered algae was used 
to produce fatty acid methyl esters (FAMEs), 
which are products of transesteri� cation, us-
ing the protocol detailed by Gri�  ths et al. 
(2010). � e RALs and FAMEs were recovered 
from the solvent phase using a rotary evapo-
rator (Heidolph Hei-VAP Value) and stored 
in absolute ethanol. Ethanol was used as the 
carrier solvent for the lipids since it does not 
interfere with the � otation process, i.e. it does 
not have any collecting or frothing properties 
(Klassen and Vlasova 1967).

Fine coal waste from the Waterberg area, 
South Africa, was used for the coal recovered 
by batch � otation as the � rst stage of the two-
stage desulphurisation process. Samples were 
prepared by representative sampling and size 
reduction as outlined by Kazadi Mbamba 
et al. (2012). � e freshly milled coal had a 
particle size distribution of 11.8% +212 µm, 
31.6% +150 µm to -212 µm, 19.0% +106 µm 
to -150 µm, 11.4% +75 to -106 µm, 20.8% +25 
to -75 µm and 5.5% -25 µm. About 56% of the 
particles passed through the 150 µm sieve. 
� e sample comprised 49.0% ash and 5.71% 
sulphur.

In each batch � otation experiment, 34 g 
milled � ne coal waste was added to water at 
a pH of 2.7 (the natural pH of the coal waste 
sample) in a 500 mL Leeds-type � otation cell 

to produce 6% solids loading. � e aeration 
rate and impeller speed were set at 5 L/min 
(10 vvm) and 170 rpm, respectively, for all 
experiments All experiments used a methyl 
isobutyl carbinol (MIBC) frother at a dos-
age of 0.28 kg/t. For the control experiments, 
oleic acid was used as the collector at a dos-
age of 2.79 kg/t, based on the results of Kazadi 
Mbamba et al. (2013). Collector and frother 
conditioning times were 5 min and 1 min, re-
spectively.

For each batch � otation experiment, the 
following samples were taken: 2 mL feed slur-
ry; concentrate samples a� er 0.5 min, 1 min, 
2 min and 5 min operation and the residual 
tails at the end of experiment. � ese samples 
were � ltered and dried at 80 °C to constant 
mass (for at least 24 hours), weighed and ana-
lysed for ash and sulphur content. Ash analy-
sis was performed according to the South Af-
rican National Standard SANS 131:2011 and 
sulphur analysis was done using the LECO 
S632 (LECO Corporation 2010). 

� e results obtained were used to deter-
mine the following performance indicators: 
yield – the total mass recovery to the concen-
trate , combustibles recovery – the amount of 
combustibles material in the concentrate ex-
pressed as a percentage of the combustibles 
material in the feed, ash recovery – the per-
centage of ash in the feed that is recovered in 
the concentrate, sulphur recovery – the per-
centage of sulphur in the feed that is recov-
ered in the concentrate, and � otation e�  cien-
cy index – the ability of a collector to e� ect 
separation between combustible material and 
ash. � e determination of these is detailed in 
Equations 1 to 4:
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Yield:	 𝑌𝑌 =
𝑀𝑀!

𝑀𝑀!
×100% =  

𝑇𝑇! − 𝐹𝐹!
𝑇𝑇! − 𝐶𝐶!

×100%	 (eqn.	1)	

Combustibles	recovery:	 𝑅𝑅! = 𝑌𝑌×
100 − 𝐶𝐶!
100 − 𝐹𝐹!

	 (eqn.	2)	

Ash	recovery:	 𝑅𝑅! = 𝑌𝑌×
𝐶𝐶!
𝐹𝐹!

	 (eqn.	3)	

Sulphur	recovery:	 𝑅𝑅! = 𝑌𝑌×
𝐶𝐶!
𝐹𝐹!

	 (eqn.	4)	

Flotation	efficiency	index:	 𝐹𝐹𝐹𝐹𝐹𝐹 =
1 − 𝑅𝑅!
100 − 𝐹𝐹!

	 (eqn.	5)	

where	Y	 is	 the	 yield	 (%),	 RC	 is	 combustibles	 recovery	 (%),	 RA	 is	 the	 ash	 recovery	 (%),	 RS	 is	
sulphur	recovery	(%),	MC	is	the	mass	of	concentrate	(g),	MF	is	the	mass	of	the	feed	(g),	TA	is	tails	

Yield: (eqn. 1)

Combustibles recovery: (eqn. 2)

Ash recovery: (eqn. 3)

Sulphur recovery: (eqn. 4)

Flotation e�  ciency index: (eqn. 5)
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where Y is the yield (%), RC is combustibles 
recovery (%), RA is the ash recovery (%), RS is 
sulphur recovery (%), MC is the mass of con-
centrate (g), MF is the mass of the feed (g), 
TA is tails ash composition (%), FA is feed ash 
composition (%), CA is concentrate ash com-
position (%), CS is concentrate sulphur (%), 
and FS is feed sulphur (%). 

Results and discussion
Table 1 summarises the results obtained us-
ing RALs, FAMEs and oleic acid on the coal 
waste from the Waterberg area. Under the 

conditions of investigation, the summary 
shows that there was no statistically signi� -
cant di� erence in performance of the two 
bio� otation reagents in comparison to oleic 
acid.

In terms of � otation yield and recovery, 
both RALs and FAMEs gave similar results as 
oleic acid at the same dosage of 2.79 kg/t (Fig-
ure 1). Both reagents recovered about 34% of 
the waste coal with an increase in combus-
tible material from 52% to 74% and 76% for 
RALs and FAMEs, respectively, compared to 
77% for oleic acid. 

F igure 1 Cumulative yield vs combustibles recovery to the concentrate for � otation of Waterberg discards at 
a collector dosage of 2.79 kg/t and MIBC dosage at 0.28 kg/t. All points are an average of three experiments. 
� e lowest yield point for each reagent is for concentrate recovered a� er 0.5 min, subsequently increasing for 
concentrate recovered at 1 min, 2 min and � nally 5 min.

Table 1 Collector performance for � otation of sample from the Waterberg area at a collector and MIBC dose 
of 2.79 and 0.28 kg/t, respectively. Feed had 49.0% ash, 5.71% sulphur.

Collector Yield (%) Recovery (%) Ash (%) Sulphur (%)

Product Tails Product Tails

FAMEs 35.3 ± 0.65 50.1 ± 1.48 24.4 ± 0.18 60.8 ± 1.04 2.76 ± 0.26 5.13 ± 0.17

RALs 34.1 ± 1.18 47.1 ± 1.65 26.1 ± 0.30 59.8 ± 0.20 2.56 ± 0.33 4.68 ± 0.08

Oleic acid 34.3 ± 0.58 50. 6 ± 1.15 23.5 ± 0.72 58.6 ± 2.28 2.41 ± 0.20 4.75 ± 0.14
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� e similarities in performance between 
the algal lipids and the oleic acid is attribut-
able to the similarities in the chemical struc-
ture of the three reagents. As shown in Figure 
2, all three reagents have a polar head and a 
hydrocarbon tail that is hydrophobic. 

Figure 3 shows that the selectivity of both 
bio� otation reagents towards sulphur is simi-
lar under the conditions tested. When com-
pared to the algal lipids, the oleic acid showed 
better sulphur rejection, despite having a 
higher ash recovery than the two bioreagents. 
� is di� erence in selectivity is attributable 
to the chemical composition of the reagents. 
RALs and FAMEs contain a mixture of mol-
ecules, in di� erent proportions, with carbon 
chain lengths ranging from 12 carbon atoms 
to 22, compared to oleic acid which is a pure 
reagent. � e molecules with a lower number 
of carbon atoms are less hydrophobic and 
easily attach to hydrophilic pyrite particles. 
� is is supported by Han (1983) who pointed 
out that lower molecular weight collectors are 
less speci� c than larger molecular weights. 

Figure 4 shows the results of � otation ex-
periments that were carried out at varying 

biocollector dosages. � e � otation e�  ciency 
index (FEI), which is the di� erence between 
combustibles and ash recovery, gives an indi-
cation of how e�  cient a reagent is at separat-
ing wanted material from unwanted material. 
It was observed that increasing the biocollec-
tor dosage increased the FEI. � is is because 
increasing the concentration of the biocollec-
tor in solution increases the chances of hydro-
phobic interactions between the biocollector 
and the coal particles. � is is supported by 
the collision theory presented by Demirbas 
and Balat (2004) where they described the 
� otation rate as a probability function of col-
lector concentration, aeration rate and other 
parameters. 

It was, however, noted that the increase 
in FEI with increase in collector dosage was 
coupled with a decrease in selectivity, with 
respect to sulphur recovery. For example, at 
a dosage of 1.20 kg RALs/t, there was about 
24% combustibles recovery, 9.3% ash recov-
ery and 12% sulphur recovery, while at a dos-
age of 3.70 kg RALs/t the coal recovered had 
a combustibles recovery of 53%, ash recovery 
of 25% and 34% sulphur recovery.

 
Fi gure 2 A - a triglyceride representing RALs, B - transesteri� cation of a triglyceride to form a fatty acid 
methyl esters (FAMEs), C – An oleate ion, formed from the ionisation of oleic acid. � e non-polar portions of 
RALs and FAMEs are represented by Rx where x is 1, 2 or 3. � e Rx group can be either saturated (no double 
bonds in the chain length) or saturated.
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Fig ure 3 Ash recovery vs sulphur recovery to the concentrate for Waterberg discards � otation at a collector 
dosage of 2.79 kg/t and MIBC dosage of 0.28 kg/t.

Figu re 4 Flotation e�  ciency index results as a function of biocollector dosage for discards from the Waterberg 
area. RALs had a low FEI at low collector dosage (1.2 kg/t) compared to FAMEs. 
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Conclusions
� e results proved that biologically derived 
products have the potential to replace chemi-
cally derived collectors for the desulphurisa-
tion of � ne coal waste by froth � otation. � e 
two bio� otation reagents successfully recov-
ered a combustible coal fraction with reduced 
ash and sulphur content. � e ash content was 
reduced by about 22.6%, from 49% in the feed 
to 26.4% in the product coal concentrate, and 
sulphur was reduced from 5.7% to below 3% 
in the product coal concentrate. � e ash and 
sulphur were concentrated in the mineral 
tailings which would enter a second � otation 
stage for desulphurisation. Despite having 
the same coal recoveries as oleic acid, the two 
bio� otation reagents were not as selective as 
oleic acid with regards to sulphur. However, 
with further optimisation, the process may be 
improved to give even better yields, recover-
ies and selectivity. 

A key bene� t of biological reagents such as 
algal lipids is their environmental sustainabil-
ity, whereas most of the collectors currently 
used have environmental risks associated 
with them. A preliminary economic evalua-
tion on the production of the two bioreagents 
(not presented here) showed that they were 
about 20% cheaper to produce compared to 
oleic acid purchase (in 2011 costs), which 
makes them an economically viable option at 
the prevailing low coal prices. 
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