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Abstract: Raw algal lipids (RALs) and their derivatives (fatty acid methyl esters; FAMEs) were
investigated as biocollectors for the recovery of coal from ash-rich fine coal waste by froth flotation.
Testing was done on fine coal discards from two South African sites—a high ash (50%), high sulphur
(5.7%) sample and a lower ash (26%), low sulphur (0.91%) sample. The yield and recovery of
combustibles on using biocollectors was similar to, or better than, with oleic acid, a polar collector
demonstrated as a good collector in previous research. The RALs and FAMEs reduced the ash and
sulphur content of the combustible fraction of the high ash-high sulphur sample to between 23–28%
and 1.9–3.3%, respectively. The chemical modification of RALs to FAMEs provided potential for
improving the selectivity of the recovery of combustibles. It also resulted in a change of the optimum
operating pH, with RALs yielding better results at the natural pH of the sample (pH 2.7), while
FAMEs performed best at pH 7.
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1. Introduction

At the current rate of coal extraction, South Africa generates around 60 million tonnes of coal
waste annually, with over a billion tonnes of coal waste already accumulated [1]. This waste has a
large footprint on land that could be used for other productive purposes. Furthermore, studies have
shown that most mined coals contain pyrite as the main impurity. Coal cleaning results in a greater
proportion of this impurity reporting to the waste stream, being termed discards [2–4]. For example, a
study by Chugh and Behum [5] in the United States showed that some coal wastes that were produced
from the cleaning process had as high as 6.85% sulphur (sulphur is a proxy for pyrite content in coal
characterisation). For a coal mine in Tula, Russia, characterisation studies on the waste discards that
are produced from the beneficiation process showed that there was a much as 13.5% sulphur [6]. South
African coal wastes have been reported to contain sulphur, typically ranging from 2–5% [7]. Through
biological and chemical activity, this pyrite is unintentionally leached over time from the deposited
wastes, which results in the formation of acid mine drainage [8,9].

A two-stage desulphurisation flotation process has been developed to valorise ultrafine coal
wastes [8,10]. The first stage of the flotation process, the focus of this paper, recovers clean coal from
the waste while the second stage recovers pyrite into the small volume concentrate fraction, which
results in a high volume, low-sulphur tailings that has reduced or no risk of acid generation; both these
fractions can be re-purposed for other applications [9,11–14]. This minimises or entirely avoids the
waste formation.

The addition of a collector is required for improving the coal floatability. Much research has
focussed on suitable collectors for fine coal flotation [15–18]. Standard fuel oil or kerosene is the most
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commonly used coal flotation reagent. For oxidised coals, which are difficult to float while using
conventional non-polar reagents, like diesel, oleic acid, and biodiesel produced from waste cooking oil,
have been found to be effective [14,17–20], although the results are not necessarily optimal for fine coal
flotation from fine waste fractions with a high ash content. Kazadi Mbamba et al. [21] established that
oleic acid (an ionic collector) in conjunction with methyl iso-butyl carbinol (MIBC) as frother was best
suited for the flotation of a South African ultrafine coal waste, compared to dodecane and kerosene
collectors. A techno-economic evaluation of the two-stage desulphurisation process while using this
collector-frother condition showed that it was technically feasible [13,14,22]. However, the economics
of the process were highly sensitive to coal prices and operating cost. The reagent costs contributed to
the high cost of operation, with oleic acid contributing approximately 80% to the overall reagent cost
and 36% to the total operating cost for the two-stage process. Thus, the objective of this work was to
look for cost-effective alternatives to oleic acid for the first flotation stage.

Algal lipids were identified as potential replacements of oleic acid, because they have similar
physical and chemical properties, which classes them as polar collectors. Microalgae have been shown
to have higher oil yields (litres per acre of land) when compared to conventional oil crops, such as
soya beans or corn [23], and they can accumulate higher amounts of lipids, up to 80% of their dry
weight [24]. Algal lipids consist of neutral lipids (up to 97%), glycolipids (31–56%), and phospholipids
(10–20%) [25,26]. Neutral lipids are made up of di- and triglycerides, sterols and sterol esters, and
hydrocarbons. Triglycerides are the most abundant of the neutral lipids and they are easily extracted
while using non-polar solvents, such as hexane [27]. Processes for lipid recovery from algal cultures
without the need for solvent extraction are currently being investigated.

Algal lipids can be chemically modified to produce fatty acid methyl esters (FAMEs) by a process
that is known as transesterification. This process is currently used at an industrial scale to produce
biodiesel (FAMEs being the main constituent) from vegetable oils. FAMEs from waste vegetable oils
have been successfully used in flotation of fine coals [17,18]. However, the waste cooking oil market in
South Africa is faced with challenges [28], and it is not located near the coal mining regions, leading to
transportation costs. Thus, the use of raw algal lipids as the source of FAMEs is more attractive.

In this paper, raw algal lipids and their derivatives are evaluated for their performance as biocollectors
for the recovery of fine coal from fine coal waste by flotation and compared to traditional collector
types. Further, their potential for concomitant desulphurisation is assessed.

2. Materials and Methods

2.1. Algal Cultivation

Scenedesmus sp. (University of Cape Town microalgal culture collection) was used as the source
of algal lipids, because it has a relatively high lipid content (18–36% dry wt.) and productivity
(36–150 mg/L/day) [29,30]. The subculturing of Scenedesmus sp. was done in 500 mL Erlenmeyer flasks
(aerated and illuminated) for a period between 10 and 15 days before inoculating the 3.2 L batch
airlift photobioreactors that were described in Langley et al. [31]. Modified 3N BBM was used as a
growth medium with the nitrogen content reduced to 150 mg/L to enhance lipid productivity [32].
The photobioreactors were sparged with air enriched to 1% carbon dioxide. The reactors were
maintained for at least 25 days, at the end of which the harvested algal culture was dewatered by
centrifugation at 10,000× g for 15 min while using a Beckman Avanti® J-E centrifuge (Beckman Coulter,
Indianapolis, IN, USA) with a JA-10 rotor.

2.2. Algae Lipid Extraction

Raw algal lipids (RALs) were extracted from the dewatered algal pastes while using the total lipid
extraction method that was developed by Axelsson and Gentili [27]. Hexane-methanol at a volume
ratio of 2:1 was used instead of chloroform. The hexane-methanol solution was added to the algal
paste and the mixture was vigorously shaken until being well mixed. Subsequently, 0.8 vol. 0.73%
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sodium chloride solution was mixed with the algal suspension in 2:1 hexane-methanol. The mixture
was allowed to settle and the phases were then separated by decanting. The lipids in the hexane phase
were recovered by solvent evaporation (lipids are less volatile than hexane).

A portion of the dewatered algal lipid paste was used to produce FAMEs by direct transesterification.
The detailed transesterification protocol is found in Griffiths et al. [33]. The transesterification process used
hexane as the solvent, 0.5 N sodium hydroxide in methanol as the basic catalyst, and 5% hydrochloric
acid in methanol as the acid catalyst. Deionised water was used to quench the reaction. The recovery
of RALs and FAMEs from the hexane solvent was achieved while using a Heidolph Hei-VAP Value
rotary evaporator (Heidolph, Schwabach, Germany).

Lipid content analysis was completed while using gas chromatography (Varian 3900 GC with a
flame ionisation detector, ZB-WAXplus column (30 m long, 0.25 mm thick with a 0.25 µm film thickness)
(Zebron, South Africa), while using nitrogen as the carrier gas) [33,34]. Peaks on the chromatogram
were identified while using Supelco 37 Component FAME and C14:0 to C22:0 FAME reference standard
mixtures. The area under each peak on the chromatogram was used to quantify the identified lipids
and the sum of the total area gave the total lipid content in mg/L or percentage dry-cell weight.

2.3. Waste Coal

Two samples from different geographical locations were used to assess the performance of the
raw algal lipids and the fatty acid methyl acids on fine coal flotation. The first sample, which was
identified as Site 1 discards, was from a site in the Waterberg area and the second sample, identified as
Site 2 tailings, was sourced from a coal mine in the eMalahleni area, both being located in South Africa.
The Site 1 discards represented a high-ash, high-sulphur sample with 49% ash and 5.71% total sulphur,
while the Site 2 tailings contained 26% ash and 0.91% total sulphur.

Particle size reduction was done on both samples while using a laboratory scale rod mill with 10
rods (Φ25 × 288 mm), such that at least 75% of particles were less than 150 µm. Figure 1 shows the size
distributions, determined using a Malvern Mastersizer 2000 (Malvern Instruments, Worcestershire, UK).
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2.4. Flotation Experiments

The flotation experiments were performed in a batch 500 mL Leeds-type sub-aerated flotation
cell. The cell was charged with 34 g of solid feed to achieve 6% solids loading. The flotation cell was
operated at a 5 L/min. (10 vvm) aeration rate and 170 rpm agitation speed. Following appropriate
collector addition, a conditioning time of five minutes was allowed. Methyl isobutyl carbinol (MIBC)
frother was then added to all of the tests at a dosage of 0.28 kg/t, with a subsequent conditioning time
of one minute. A 2 mL aliquot of the feed sample was collected before the start of flotation, after which
the concentrates were collected at 0.5, 1, 2, and 5 min.

The following variables were experimentally tested: Biocollector type (RALs or FAMEs); biocollector
concentration at fixed dosages of 1.20, 2.00, 2.79 (baseline concentration), 3.20 and 3.70 kg/t; and, pH
between 2.7 (the natural pH of the coal waste sample) and 7.0. All of the flotation experiments were
done in triplicate. Concentrated sodium hydroxide was titrated into the pulp until the desired pH was
achieved, with a concentrated sulphuric acid being used when the pH was a point or two above the
desired value, since the coal sample used for pH tests was naturally acidic. A Metrohm 704 pH meter
and probe, calibrated at pH 1.0, 4.0 and 7.0 before use, was used for measurements. Concentrated
solutions were used to avoid the over-dilution of the pulp. Oleic acid and dodecane were used as
positive control reagents, being dosed at 2.79 kg/t [8].

The mass of each concentrate fraction was determined by filtering using standard grade qualitative
filter paper of a known mass, drying at 80 ◦C for at least 24 h in a Memmert UM500 oven and weighing.

The combustible matter content of the feed samples, concentrates and flotation tailings was
determined gravimetrically while using an ashing test. A pre-weighed 1 g sample was placed in a
crucible and heated in a furnace (Carbolite High-Temperature Box Furnace) at 850 ◦C for a period of
three hours. The ash that remained in the crucible was cooled in a desiccator and then weighed to
determine the ash and combustible matter percentages of the sample.

The total sulphur of the samples was measured while using LECO analysis.
Equations (1) to (5) detail the standard performance indicators used to evaluate the fine coal

collection by flotation using RALs and FAMEs as biocollectors. They were determined while using
the wt. % data for ash content (CA—concentrate ash content, TA—tails ash content, nd FA—feed ash
content) and sulphur content (CS—concentrate sulphur content and FS—feed sulphur content).

The overall percentage yield (Y), which was equivalent to the overall percentage mass recovery,
was calculated as the ratio of the total mass of the concentrate (MC), relative to the mass of feed (MF).
The floatability of the different feed components was assessed by calculating percentage recovery of
the combustibles, ash, and sulphur (RC, RA, and RS) to the concentrate relative to the feed. Finally, a
flotation efficiency index (FEI) was used to quantitatively describe the separation efficiency of a collector,
i.e. its ability to separate the valuable material from gangue material. This was calculated as the
difference between combustibles recovery and ash recovery, with alternative calculation mechanisms
also given.

Overall yield: Y (%) = 100 ×MC/MF = 100 × (TA − FA)/(TA − CA) (1)

Combustibles recovery: RC (%) = Y × (100 − CA)/(100 − FA) (2)

Ash recovery: RA (%) = Y × (CA)/(FA) (3)

Sulphur recovery: RS (%) = Y × (CS)/(FS) (4)

Flotation efficiency index: FEI (%) = RC − RA (5)



Minerals 2020, 10, 70 5 of 14

3. Results

3.1. Site 1 Sample—Flotation Results

3.1.1. Effect of Collector Type

While using the sample from Site 1, no significant difference in flotation performance was
observed between RALs, FAMEs, and oleic acid with regards to overall yield and combustible matter
recovery, as shown in Table 1. The two bioflotation reagents present the same collecting ability as
oleic acid at the standard dosage. It is hypothesised that this similarity in performance is attributed to
similarities in chemical structures. Oleic acid has a polar head (–COO−) and a hydrophobic or non-polar
hydrocarbon chain (–C17H31). RALs are mainly made up of triglycerides and they are non-polar and
hydrophobic, even though they have polar carbonyl groups (–C=O). Hydrolysis of the triglycerides
by transesterification produces fatty acid methyl esters that also have a polar carbonyl group easily
accessible to oppositely charged polar sites on coal surfaces and a hydrophobic or non-polar tail.
Dodecane, which is a non-polar collector, resulted in the lowest total mass recovery and combustibles
recovery at the same dosage as oleic acid or the two bioflotation reagents under investigation. This
result is in agreement with Kazadi Mbamba et al. [21] and Iroala [7], who observed that non-polar
collectors require higher dosages to achieve the same yield as polar collectors.

The FEI results showed that the RALs were less efficient than FAMEs at separating the combustible
material from ash material. No significant difference was observed between the FEI for the FAMEs and
oleic acid. The FEI of 12.6% when dodecane was used showed that pure non-polar reagents are the
least efficient at concentrating coal waste when compared to RALs (27.8%), FAMEs (31.7%) and oleic
acid (34.0%).

When comparing the resultant product quality, as given in Table 2, it is seen that the lower FEI for
RALs corresponds to a product of a lower quality in terms of the ash content (26.1%). This might be
attributed to the fact that RALs are a mixture of lipids, with different molecular weights (saturated
(C12 to C22), mono- (C17:1, C18:1 and C19:1) and poly-unsaturated lipids (C18:2 and C18:3)), with
different collecting abilities. It is recognised that selectivity is a weak function of hydrocarbon chain
length, while yield is a strong function of this. Hence, low molecular weight collectors, while slightly
more selective, are less effective when compared to high molecular weight collectors, so their presence
in RALs might reduce the overall effectiveness of the RALs as compared to use of a pure lipid collector
of higher molecular weight. This is in agreement with the discussion by Han [35], where higher yields
are obtained, without compromising the selectivity, when higher molecular weight collectors are used.
The product quality that was obtained while using FAMEs was equivalent to that obtained using oleic
acid (24.1 ± 0.1% ash for FAMEs and 23.5 ± 0.7% ash for oleic acid). The dodecane results confirmed
that purely non-polar reagents are not suitable for enhancing the flotation separation of particles that
do not have great natural hydrophobicity, which is typical of coal waste [19,20].

Table 1. Performance results from Site 1 batch flotation experiments using raw algal lipids (RALs) and
fatty acid methyl esters (FAMEs) compared to oleic acid and dodecane controls at a fixed dosage of
2.79 kg/t and at pH 2.7.

Collector Type Overall Yield
(%)

Combustibles
Recovery (%)

Ash Recovery
(%)

Sulphur
Recovery (%)

Flotation Efficiency
Index (%)

RALs 34.1 ± 1.2 47.1 ± 1.6 19.2 ± 0.7 25.3 ± 3.4 27.8 ± 1.8
FAMEs 35.3 ± 0.7 50.3 ± 1.4 18.4 ± 0.6 24.1 ± 2.4 31.7 ± 1.6

Oleic Acid 34.3 ± 0.6 50.7 ± 1.2 16.7 ± 0.6 18.9 ± 1.7 34.0 ± 1.3
Dodecane 15.4 ± 0.1 21.4 ± 0.2 8.8 ± 0.1 11.1 ± 0.6 12.6 ± 0.3
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Table 2. Quality of coal recovered from Site 1 discards using RALs and FAMEs when compared to oleic
acid and dodecane controls at a fixed dosage of 2.79 kg/t and at pH 2.7.

Collector Type Ash Content (%) Sulphur Content (%)

(Feed) (49.0) (5.71)
RALs 26.1 ± 0.3 2.6 ± 0.3

FAMEs 24.1 ± 0.1 2.8 ± 0.3
Oleic Acid 23.5 ± 0.7 2.4 ± 0.2
Dodecane 27.0 ± 0.3 2.6 ± 0.1

3.1.2. Effect of Collector Dosage

Increasing the biocollector dosage was shown to result in an increase in the overall yield (overall
mass recovery) and combustibles recovery (Figure 2). It was also observed that increasing the biocollector
dosage did not have a significant effect on the product ash content. The slight increase in product ash
content could have been due to the increased flotation of material with a low degree of liberation between
the combustible material and ash material or to the increased entrainment of ash-bearing materials.

When comparing performance across collectors presented in Figure 2, FAMEs as biocollector
gave consistently better yield and combustibles recovery than RALs, especially at lower reagent
concentrations. FAMEs resulted in a product with lower ash content than that obtained while using
RALs at the same dosages. For example, at a dosage of 1.20 kg/t RALs lipids produced a product with
an ash content of 25.3%, while FAMEs gave a product with an ash content of 23.1% at the same dosage.
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Figure 2. Overall yield, combustibles recovery and product ash content for Site 1 flotation experiments
as a function of RAL and FAME dosage at pH 2.7.

Figure 3 shows the calculated FEI values that were achieved while using RALs and FAMEs at
different dosages. For RALs, the FEI increased as the reagent dosage was increased from 1.20 kg/t to
3.20 kg/t. A further increase of the RAL dosage to 3.70 kg/t did not significantly increase the separation
efficiency. For FAMEs, the FEI increased throughout the whole range of biocollector dosages tested.
When comparing the biocollectors, FAMEs and RALs gave similar FEI values with FAMEs showing
potential for slightly improved FEI, except at 3.20 kg/t. However, RALs resulted in a product with a
higher ash content at this dosage when compared to that obtained while using FAMEs.
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3.1.3. Effect of pH

Figure 4 shows the overall yield on varying the flotation pH between 2.7 to 7.0. The best yield was
achieved at pH 4.0 for RALs, FAMEs, and oleic acid and at pH 7.0 for dodecane. The behaviour of oleic
acid at different pH conditions has been extensively reported in literature [36–39]. At a pH near the
pKa (4.8 for the carboxylic group), there is an equal concentration of the protonated and deprotonated
form of the oleic acid [36]. Deprotonation is enhanced at a pH below the pKa, while increasing the
pH beyond the pKa results in the protonation of all available deprotonated molecules, which results
in the formation of lamellar or liquid-crystalline aggregates. Similarly, for the coal surface, there
is a pH at which a balanced concentration of protonated and deprotonated coal particles is found.
At this pH, flotation is optimum [40]. At pH 4.0, there is anticipated to be a higher concentration of
deprotonated carboxylic groups, which easily hydrogen bond or associate with oppositely charged
groups on coal surface particles by Van der Waals forces, hence the high yield that is observed in
Figure 4. The decrease in performance above pH 4 could be due to one or both of two reasons. Firstly,
the lamellar or liquid-crystalline aggregates that formed at higher pH results in a fewer molecules
available for easy attachment to coal surface particles, which results in a drop in yield as the pH is
increased beyond 4.0. Secondly, an increase in pH was shown to result in the precipitation of iron
ions on coal particle surfaces [40]. This precipitation has a depressing effect on coal flotation, without
affecting selectivity. The same response observed in oleic acid flotation tests is expected since FAMEs
are a mixture of fatty acids of different chain lengths.

Dodecane, which is a low molecular weight non-ionic collector, is not affected by pH, hence the
performance that is observed in Figure 4 is only due to the effect of pH on the coal sample. Increasing
pH results in an accumulation of protons on the coal particles surface, decreasing the electrical charge
(coal particles become more hydrophobic as pH increases). This causes more hydrophobic interactions
between the coal particles and the dodecane molecules, which results in an increase in yield as more
hydrophobic coal particles becomes available.

The trend for combustibles recovery (Figure 5) followed that of overall yield across all of the pH
values tested. The bioflotation reagents outperformed oleic acid at pH 4.0. Further, good flotation
performance in terms of both yield and recovery of combustibles was maintained with FAMEs across
the pH range 4.0 to 6.0, whereas, with RALs and oleic acid, the yield decreased some 50% on increasing
pH from 4.0 to 6.0. The FEI results given in Figure 6 confirm the flotation performance. It was observed
that pH had no statistically significant effect on the product ash content for all of the reagents tested
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(Figure 7a), but significantly affected the product sulphur content (Figure 7b). Figure 7b shows that the
best pH with respect to sulphur content reduction was 2.7 for RALs and 7.0 for FAMEs.
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Figure 7. The (a) ash and (b) sulphur content of the product obtained using RALs, FAMEs, oleic acid,
and dodecane collectors at a fixed dosage of 2.79 kg/t.

It was observed that the best operating pH for RALs was 2.7 while taking all of the performance
indicators into account (the natural of the sample), as this gave the cleanest product with respect
to sulphur content, while pH 7.0 was found to be the best operating pH for FAMEs, based on the
same reason.

3.2. Site 2 Sample—Flotation Results

3.2.1. Effect of Collector Type

Tables 3 and 4 show the results of the Site 2 tailings flotation analyses. The Site 2 tailings, which
were low in ash and sulphur when compared to the Site 1 discards, gave a significantly higher overall
yield (Table 3) than the Site 1 flotation tests (Table 1). This is in agreement with the observations
presented by Han [35], in which the high ash content, associated with high pyrite content, resulted in
low floatability of coal, owing to hydrophilic gangue material. The biocollectors performed significantly
better when compared to oleic acid and dodecane at the same fixed dosage of 2.79 kg/t. Thus the data
show that biocollector performance is strongly dependent on coal waste type. However, ash recovery
and, thus, resultant ash content of the product was higher while using the biocollectors than for oleic
acid, which resulted in a lower FEI for the biocollectors (Table 3) and limited improvement in coal
quality in the concentrate (Table 4).
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Table 3. Performance results from Site 2 batch flotation experiments using RALs and FAMEs compared
to oleic acid and dodecane controls at a fixed dosage of 2.79 kg/t and at pH 2.7.

Collector Type Overall Yield
(%)

Combustibles
Recovery (%)

Ash Recovery
(%)

Sulphur
Recovery (%)

Flotation Efficiency
Index (%)

RALs 95.2 ± 0.1 97.6 ± 0.2 87.8 ± 0.4 86.7 ± 5.3 9.8 ± 0.5
FAMEs 96.0 ± 0.1 97.8 ± 0.2 90.3 ± 0.4 97.7 ± 5.3 7.5 ± 0.01

Oleic Acid 86.2 ± 0.3 91.0 ± 0.3 71.3 ± 0.4 73.5 ± 11.1 19.7 ± 0.01
Dodecane 61.7 ± 0.9 68.9 ± 1.1 40.0 ± 1.2 - 28.9 ± 0.03

Table 4. Quality of coal recovered from Site 2 tailings using RALs and FAMEs compared to oleic acid
and dodecane controls at a fixed dosage of 2.79 kg/t and at pH 2.7.

Collector Type Ash Content (%) Sulphur Content (%)

(Feed) (26) (0.91)
RALs 22.8 ± 0.1 0.8 ± 0.04

FAMEs 23.2 ± 0.1 0.7 ± 0.04
Oleic Acid 20.2 ± 0.1 0.7 ± 0.05
Dodecane 16.1 ± 0.4 -

3.2.2. Effect of Collector Dosage

Increasing the biocollector dosage beyond 2.79 kg/t did not significantly increase the yield for the
Site 2 tailings (Figure 8). At biocollector dosages of 1.20 and 2.00 kg/t, FAMEs outperformed RALs by
3.3% and 2.1% in overall yield, respectively. The best biocollector dosage was in the 1.2 to 2.79 kg/t
range on the basis of overall yield and product ash content.Minerals 2020, 10, 70 11 of 14 
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However, the FEI significantly decreased as biocollector dosage increased from 1.20 kg/t to 3.70
kg/t (Figure 9). Thus, the biocollectors became less selective for the combustible fraction with increasing
collector dosage. This is likely because the combustibles recovery was already very high at low dosages
(>90%), such that more of the gangue material was floated with increasing collector. The FEI trend for
the Site 2 tailings flotation experiments was, thus, opposite to the Site 1 discards flotation experiments.
For RALs, the FEI reached its minimum at a biocollector dosage of 3.70 kg/t while the minimum FEI for
FAMEs was reached at 2.79 kg/t. In both cases, the maximum FEI was at a collector dosage of 1.20 kg/t,
suggesting this as the maximum collector dosage to be used, owing to the small impact of increased
collector on combustibles recovery, but large impact on ash and sulphur recovery.
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Figure 10 shows the ash and sulphur content of the concentrates. The ash content of the concentrate
floated with the RAL and FAMEs was significantly higher than that recovered in the control experiments,
an undesirable result. The product sulphur content was found to be independent of the biocollector dosage.
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4. Conclusions

Raw algal lipids proved to be a good biocollector for the flotation of both high-ash, high-sulphur
and low-ash, low-sulphur fine coal waste from two different geographical locations in South Africa.
Their performance matched that of oleic acid, which has been demonstrated to be a suitable collector in
the desulphurisation of fine coal waste by froth flotation. Chemical modification of the raw algal lipids
to fatty acid methyl esters showed the potential to improve specificity as a collector, as exemplified by
the flotation efficiency index.

Bioflotation reagents both successfully reduced the ash content of the Site 1 discards from 49% to
below 28%, with the lowest recorded ash content at about 23% while using FAMEs. The ash content
of the Site 2 tailings was reduced from 26% to below 23%, with the lowest recorded ash content of
21%. The recovered product sulphur content was reduced from 5.7% to between 1.9% and 3.3% for the



Minerals 2020, 10, 70 12 of 14

feed for Site 1 tailings and from 0.9% to 0.7% and 0.8% for Site 2 tailings. These results show how the
performance is dependent on both collector and specific coal waste.

The choice of best flotation conditions for the Site 1 tailings (high ash, high sulphur) requires a
trade-off between higher overall yield, combustibles recovery and FEI (whose trends corresponded),
and maximum permissible ash or sulphur content in the final product. For example, the best FEI while
using RALs was found at pH 4.0, but the lowest ash and sulphur recovery values occurred at pH 2.7.
For waste coals similar to Site 2 tailings (relatively low ash, low sulphur) where high combustible
recovery is achieved at low collector dosages and decreasing FEI found with increasing biocollector
dosage, use of the lowest dosage that maintains a reasonable combustibles recovery is recommended
to maximise product quality.

Author Contributions: The following contributions were made by authors: Conceptualization, S.T.L.H.; methodology,
K.G.C., M.A.F.-E. and S.T.L.H.; validation, K.G.C.; formal analysis, K.G.C., M.A.F.-E. and S.T.L.H.; investigation,
K.G.C.; resources, M.A.F.-E. and S.T.L.H.; data curation, K.G.C.; writing—original draft preparation, K.G.C.;
writing—review and editing, K.G.C., M.A.F.-E. and S.T.L.H.; visualization, K.G.C., M.A.F.-E. and S.T.L.H.;
supervision, M.A.F.-E. and S.T.L.H.; project administration, M.A.F.-E. and S.T.L.H.; funding acquisition, S.T.L.H.
All authors have read and agreed to the published version of the manuscript.

Funding: The authors gratefully acknowledge the following for their generous financial support: The Water
Research Commission (WRC) and their support of WRC K5/2389, the Council for Scientific Industrial Research
(CSIR) for postgraduate scholarship funding of Kudzai Chiodza and the Department of Science and Technology
(DST) and National Research Foundation (NRF), South Africa for their support of the national SARChI research
chair in bioprocess engineering (UID 64788).

Acknowledgments: We are grateful to the Centre for Minerals Research (CMR), UCT for use of their laboratory
and equipment and to Shireen Govender and Juarez Amaral Filho for technical advice.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Department of Energy South Africa. Coal Resources. Available online: http://www.energy.gov.za/files/
esources/coal/coal_discards.html (accessed on 6 November 2018).

2. Kalenga, P.M.; Cukrowska, E.; Tutu, H.; Chimuka, L. Characterization of South African coal for metals,
inorganic and organic sulfur compounds. S. Afr. J. Chem. 2011, 64, 254–262.

3. Kgabi, N.A.; Waanders, F.B.; Taole, S.H. Iron-Sulphur compounds of South African coal. Eur. J. Sci. Res.
2009, 34, 190–195.

4. Maledi, N.B. Characterisation of Mineral Matter in South African Coals Using Micro-Raman Spectroscopy
and Other Techniques. Ph.D. Thesis, University of the Witwatersrand, Johannesburg, South Africa, 2017.

5. Chugh, Y.P.; Behum, P.T. Coal waste management practices in the USA: An overview. Int. J. Coal Sci. Technol.
2014, 1, 163–176. [CrossRef]

6. Komnitsas, K.; Paspaliaris, I.; Zilberchmidt, M.; Groudev, S. Environmental impacts at coal waste disposal
sites-efficiency of desulfurization technologies. Glob. NEST J. 2001, 3, 109–116.

7. Iroala, O.J. Combining Froth Flotation with Reflux Classification to Mitigate ARD Generating Potential of
the Waterberg and Witbank Coal Ultrafines via Sulfide Removal. Master’s Thesis, University of Cape Town,
Cape Town, South Africa, 2014.

8. Kazadi Mbamba, C.; Harrison, S.T.L.; Franzidis, J.-P.; Broadhurst, J.L. Mitigating acid rock drainage risks while
recovering low-Sulfur coal from ultrafine colliery wastes using froth flotation. Miner. Eng. 2012, 29, 13–21.
[CrossRef]

9. Kotsiopoulos, A.; Harrison, S. Enhancing ARD mitigation by application of benign tailings to reduce the
permeability of waste rock dumps. Adv. Mater. Res. 2015, 1130, 560–563. [CrossRef]

10. Harrison, S.T.L.; Broadhurst, J.L.; van Hille, R.P.; Oyekola, O.O.; Bryan, C.; Hesketh, A.; Opitz, A. A Systematic
Approach to Sulphidic Waste Rock and Tailings Management to Minimise ARD Formation; Report No. 1831/1/10;
South African Water Research Commission: Pretoria, South Africa, 2010.

11. Amaral Filho, J.R.; Firpo, B.; Broadhurst, J.L.; Harrison, S.T.L. The feasibility of South African coal waste for
production of “FabSoil’, a technosol. Miner. Eng. 2020, 146, 106059. [CrossRef]

http://www.energy.gov.za/files/esources/coal/coal_discards.html
http://www.energy.gov.za/files/esources/coal/coal_discards.html
http://dx.doi.org/10.1007/s40789-014-0023-4
http://dx.doi.org/10.1016/j.mineng.2012.02.001
http://dx.doi.org/10.4028/www.scientific.net/AMR.1130.560
http://dx.doi.org/10.1016/j.mineng.2019.106059


Minerals 2020, 10, 70 13 of 14

12. Firpo, B.; Amaral Filho, J.; André Homrich Schneider, I. A brief procedure to fabricate soils from coal mine
wastes based on mineral processing, agricultural, and environmental concepts. Miner. Eng. 2015, 76, 81–86.
[CrossRef]

13. Harrison, S.T.L.; Franzidis, J.-P.; Van Hille, R.P.; Mokone, T.; Broadhurst, J.; Kazadi Mbamba, C.; Opitz, A.;
Chiume, R.; Vries, E.; Stander, H.; et al. Evaluating Approaches to and Benefits of Minimising the Formation of Acid
Rock Drainage through Management of the Disposal of Sulphidic Waste Rock and Tailings; Report No. 2015/1/13;
South African Water Research Commission: Pretoria, South Africa, 2013.

14. Harrison, S.T.L.; Broadhurst, J.L.; Opitz, A.; Fundikwe, B.; Stander, H.M.; Mostert, L.; Amaral Filho, J.;
Kotsiopoulos, A. An Industrial Ecology Approach to Sulphide-Containing Mineral Wastes to Minimize ARD
Formation Part 2: Design for Disposal and Extraction of Products of Value; Report No. WRC K5/2231b; South
African Water Research Commission: Pretoria, South Africa, in press.

15. El-Midany, A.A.; Abdel-Khalek, M.A. Reducing sulfur and ash from coal using Bacillus subtilis and Paenibacillus
polymyxa. Fuel 2014, 115, 589–595. [CrossRef]

16. Misra, M.; Smith, R.W.; Raichur, A.M.; Mouat, A.M.Y.; Bukka, K. Novel Microorganism for Selective Separation
of Coal from Pyrite and Ash; DOE Grant No.: DE-FG22-93PC93215; The Department of Energy: Pittsburgh, PA,
USA, 1995.

17. Vasumathi, N.; Kumar, T.V.V.; Rao, S.S.; Prabhakar, S.; Raju, G.B.; Kumar, S.S.; Raman, U. Eco-Friendly and
cost-Effective reagent for coal flotation. Int. J. Eng. Res. 2013, 2, 418–423.

18. Yi, Q.; Li, W.; Zhang, X.; Feng, J.; Zhang, J.; Wu, J. Tech-Economic evaluation of waste cooking oil to
bio-Flotation agent technology in the coal flotation industry. J. Clean. Prod. 2015, 95, 131–141. [CrossRef]

19. Dube, R.M. Collectors for Enabling Flotation of Oxidized Coal. Master’s Thesis, University of Kentucky,
Lexington, KY, USA, 2012.

20. Xia, W.; Yang, J.; Liang, C. Improving oxidized coal flotation using biodiesel as a collector. Int. J. Coal Prep.
Util. 2013, 33, 181–187. [CrossRef]

21. Kazadi Mbamba, C.; Franzidis, J.-P.; Harrison, S.T.L.; Broadhurst, J.L. Flotation of coal and sulphur from
South African ultrafine colliery wastes. J. South. Afr. Inst. Min. Metall. 2013, 113, 399–405.

22. Jera, M.K. An Economic Analysis of Coal Desulphurisation by Froth Flotation to Prevent Acid Rock Drainage
(ARD) and an Economic Review of Capping Covers and ARD Treatment Processes. Master’s Thesis,
University of Cape Town, Cape Town, South Africa, 2013.

23. Chisti, Y. Biodiesel from microalgae. Biotechnol. Adv. 2007, 25, 294–306. [CrossRef] [PubMed]
24. Schlagermann, P.; Göttlicher, G.; Dillschneider, R.; Rosello-Sastre, R.; Posten, C. Composition of algal oil and

its potential as biofuel. J. Combust. 2012, 2012, 1–14. [CrossRef]
25. Choi, K.J.; Makhost, Z.; Barzana, E.; Karel, M. Lipid content and fatty acid composition of green algae

Scenedesmus obliquus grown in a constant cell density apparatus. Food Biotechnol. 1987, 1, 117–128. [CrossRef]
26. Kumari, P.; Kumar, M.; Reddy, C.R.K.; Jha, B. Algal lipids, fatty acids and sterols. In Functional Ingredients from

Algae for Foods and Nutraceuticals, 1st ed.; Dominguez, H., Ed.; Woodhead Publishing Limited: Cambridge,
UK, 2013.

27. Axelsson, M.; Gentili, F. A single-Step method for rapid extraction of total lipids from green microalgae.
PLoS ONE 2014, 9, e89643. [CrossRef]

28. Ramuedzisi, H.E. Challenges in Recycling Used Cooking Oil to Produce Biodiesel in Polokwane. Master’s
Thesis, University of the Witwatersrand, Johannesburg, South Africa, 2016.

29. Griffiths, M.J.; van Hille, R.P.; Harrison, S.T.L. Lipid productivity, settling potential and fatty acid profile of 11
microalgal species grown under nitrogen replete and limited conditions. J. Appl. Phycol. 2012, 24, 989–1001.
[CrossRef]

30. Naghdi, F.G.; Gonzalez, L.M.G.; Chan, W.; Schenk, P.M. Progress on lipid extraction from wet algal biomass
for biodiesel production. Microb. Biotechnol. 2016, 9, 718–726. [CrossRef]

31. Langley, N.; Harrison, S.T.L.; Van Hille, R.P. A critical evaluation of CO2 supplementation to algal systems
by direct injection. Biochem. Eng. J. 2012, 68, 70–75. [CrossRef]

32. Griffiths, M.J. Optimising Microalgal Lipid Productivity for Biodiesel Production. Ph.D. Thesis, University
of Cape Town, Cape Town, South Africa, 2011.

33. Griffiths, M.J.; van Hille, R.P.; Harrison, S.T.L. Selection of direct transesterification as the preferred method
for assay of fatty acid content of microalgae. Lipids 2010, 45, 1053–1060. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.mineng.2014.11.005
http://dx.doi.org/10.1016/j.fuel.2013.07.076
http://dx.doi.org/10.1016/j.jclepro.2015.02.020
http://dx.doi.org/10.1080/19392699.2013.776962
http://dx.doi.org/10.1016/j.biotechadv.2007.02.001
http://www.ncbi.nlm.nih.gov/pubmed/17350212
http://dx.doi.org/10.1155/2012/285185
http://dx.doi.org/10.1080/08905438709549660
http://dx.doi.org/10.1371/journal.pone.0089643
http://dx.doi.org/10.1007/s10811-011-9723-y
http://dx.doi.org/10.1111/1751-7915.12360
http://dx.doi.org/10.1016/j.bej.2012.07.013
http://dx.doi.org/10.1007/s11745-010-3468-2
http://www.ncbi.nlm.nih.gov/pubmed/20820931


Minerals 2020, 10, 70 14 of 14

34. Jones, S.M.J. Mixing, Mass Transfer and Energy Analysis across Bioreactor Types in Microalgal Cultivation
and Lipid Production. Ph.D. Thesis, University of Cape Town, Cape Town, South Africa, 2015.

35. Han, C. Coal Cleaning by Froth Floatation. Ph.D. Thesis, Iowa State University, Ames, IA, USA, 1983.
36. Salentinig, S.; Sagalowicz, L.; Glatter, O. Self-Assembled structures and pKa value of oleic acid in systems of

biological relevance. Langmuir 2010, 26, 11670–11679. [CrossRef] [PubMed]
37. Pashkovskaya, A.A.; Vazdar, M.; Zimmermann, L.; Jovanovic, O.; Pohl, P.; Poh, E.E. Mechanism of long-Chain

free fatty acid protonation at the membrane-Water interface. Biophys. J. 2018, 114, 2142–2151. [CrossRef]
[PubMed]

38. Shu, X.; Meng, Y.; Wan, L.; Li, G.; Yang, M.; Jin, W. pH-Responsive aqueous foams of oleic acid/oleate solution.
J. Dispers. Sci. Technol. 2014, 35, 293–300. [CrossRef]

39. Kurniawan, J.; Suga, K.; Kuhl, T.L. Interaction forces and membrane charge tunability: Oleic acid containing
membranes in different pH conditions. Biochim. Biophys. Acta (BBA)-Biomembr. 2017, 1859, 211–217. [CrossRef]

40. Humeres, E.; Debacher, N.A. Kinetics and mechanism of coal flotation. Colloid Polym. Sci. 2001, 280, 365–371.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/la101012a
http://www.ncbi.nlm.nih.gov/pubmed/20578757
http://dx.doi.org/10.1016/j.bpj.2018.04.011
http://www.ncbi.nlm.nih.gov/pubmed/29742407
http://dx.doi.org/10.1080/01932691.2013.785363
http://dx.doi.org/10.1016/j.bbamem.2016.11.001
http://dx.doi.org/10.1007/s00396-001-0618-3
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Algal Cultivation 
	Algae Lipid Extraction 
	Waste Coal 
	Flotation Experiments 

	Results 
	Site 1 Sample—Flotation Results 
	Effect of Collector Type 
	Effect of Collector Dosage 
	Effect of pH 

	Site 2 Sample—Flotation Results 
	Effect of Collector Type 
	Effect of Collector Dosage 


	Conclusions 
	References

