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ABSTRACT: Wet coal beneficiation in Colombia is prohibitive due to
the high cost and scarcity of commonly used dense media. The practical
value of this study is that it demonstrates for the first time that a common
fertilizer, calcium nitrate, can be used in the beneficiation of low-grade
Colombian coals. Three high-ash low-grade Colombian coals (Valle,
Cundinamarca, and Antioquia) commonly used in Colombian sugar mill
stoker furnaces were tested. Coal mineralogy and prevalence were
analyzed before and after washing using mineral liberation analysis. The
swelling potential of the coals was assessed using a novel application of
thermal mechanical analysis (TMA) and an ash fusion oven (AFO).
Calcium nitrate reduced ash levels across all size fractions, even for high-
ash coals like Valle (29% to below 7%) to acceptable levels for coke
manufacturing or pulverized fuel combustion. The novel use of TMA and
AFO to analyze coal swelling demonstrated that swelling varies under constrained and unconstrained conditions and the small
sample size allows for rapid testing of coal swelling. This study has demonstrated that the use of common fertilizers can allow
beneficiation to become a processing option for low-grade coals in Official Development Assistance countries where conventional
dense media is prohibitively expensive.

1. INTRODUCTION

Colombia is the fourth largest exporter of thermal coals and
has substantial coal reserves.1 The majority of Colombian coal
is considered to be high-quality coal for power generation.2

Colombia also has large deposits of high-ash coal,3 which are
predominantly found in the South-Western region and
commonly used in Colombian sugar mill stoker furnaces.
Colombian sugar mill stoker furnaces produce steam for sugar
production and also progressively more for energy production
to meet Colombia’s increasing electricity demand.4 However,
incomplete combustion issues have been experienced with
domestic Colombian coals. The higher heating value (HHV)
and coal utilization efficiency of these low-quality coals could
be improved via coal beneficiation due to their high ash
content.5 This is of particular benefit for coals, which could
then be used a metallurgical or coking coals, as they are
categorized as a critical raw material in the EU6 and have a
higher economic value than thermal coals.7−9 Despite this, in
Official Development Assistance (ODA) recipient countries
such as Colombia, coal beneficiation is limited by the
availability of chemicals for density separation and the cost
of such processes.10 Thus, there is a need for low-cost and
sustainable upgrading techniques that use more readily
available separation chemicals in ODA countries.

There are two types of coal beneficiation: wet and dry.11

These methods are based on differences in physical and
chemical properties between organic and mineral matter, such
as specific density, hydrophobicity, and particle size.12 Wet
beneficiation, particularly flotation, is the most common
method due to its high recovery rates and the quality of the
resultant product.13,14 Froth flotation exploits the differences in
surface hydrophobicity of the different constituent minerals to
selectively separate the valuable minerals from gangue by
attaching them to air bubbles and recovering them from the
mineral-laden froth.15 It has relatively low capital costs and
space requirements, as well as relatively high recovery
achievable under a wide range of operating conditions.5

However, flotation uses large quantities of water and result in
the loss of millions of tons of coal in tailing ponds. It also
works most effectively for fine particle sizes (<600 μm),16

which precludes its use on stoker furnace lump coals, as they
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are in the 6−25 mm particle size range.17 For lump coal, the
wet method of dense medium separation (DMS) is widely
used.18−21 DMS is regarded as a sink-and-float process, which
can remove undesirable impurities from run-of-mine coal and
upgrade the coal quality by simultaneously enabling lighter
minerals to float and denser minerals to sink.22 After this
separation, the dense medium is recovered via evaporation and
the beneficiated coal is cleaned by washing.23 Commonly used
dense media include organic solutions (carbon tetrachloride
(CCl4) and dichloromethane (CH2Cl2)

24), magnetite suspen-
sion,25−27 and salt solutions of zinc chloride (ZnCl2)

28 or
sodium polytungstate.29−31 Water-based recovery methods are
generally attractive from health, safety, and environmental
perspectives, as they use low-toxicity materials, and be easily
recovered from the coal and mineral matter particles.23 While
zinc chloride, chlorine salts, and magnetite are the preferred
mediums for coal DMS,32−34 they are prohibitively expensive
to import into Colombia and have environmental and health
pollution issues.1,35,36 Calcium nitrate, Ca(NO3)2, however,
has a similar density range to other separation mediums, with
high solubility (1290 g/L) in water. It is widely used as a
fertilizer in Colombia,37 with low environmental risk and
similar cost to magnetite at $280−310 per ton,1,12,38 compared
to $830 per ton (€720) for zinc chloride.39 While calcium
nitrate has been proposed as a dense medium for fine coal
beneficiation,40−42 to date, only calcium chloride solutions
have been used on an industrial scale,43 and there is no study
on its use as a dense media for the beneficiation of lump coal.
The poor combustion of coal can be related either to fuel or

furnace operational issues. When fuel-related, one of the key
issues is oxygen diffusion during combustion. For high-ash
coals, this can be attributed to ash film inhibition, particularly
during the later stages of combustion, as oxygen diffusion is
limited by an ash film surrounding char particles.44 Another
consideration is how the coals behave on the stoker furnace
bed. Coking coals swell during combustion,45 while lump
thermal coals generally do not.46 The swelling of lump coal is
different from that of small particles of coal. The deformation
of fine coal particles during pyrolysis takes place in all
directions, while the swelling trend of lump coal occurs along
the laminated structure.47 The swelling of coals has been
analyzed via image analysis and compared to the free swelling
index (FSI) and found that conventional methods of
measuring swelling of small particles, such as the FSI, cannot
be used to predict the swelling of lump coal.48

This paper explores the potential to upgrade low-quality
Colombian coals commonly used in Colombian sugar mill
stoker furnaces using calcium nitrate DMS. The macro-scale
swelling of the coals, before and after beneficiation, was
explored using two novel approaches, thermomechanical
analysis and an image-based method using an ash fusion
oven, to identify the potential of the coals to be upgraded for
use as higher-value coking coals.

2. RESULTS AND DISCUSSION
2.1. Coal Characterization. The proximate and elemental

analysis of the three coals is detailed in Table 1, with their
mercury, higher heating value (HHV), and vitrinite reflectance
are given in Table 2. Valle has the highest ash content of all of

the samples (29.6%), and Antioquia has the lowest ash content
(9.6%). The fixed carbon content of Valle is lower (38.8%)
than that of Antioquia (46.4%). Valle is a high-sulfur coal
(>3%), and coal washing has been shown to reduce sulfur
content by 30−50%.49 The high ash and sulfur contents of
Valle make it an ideal candidate for coal washing.
All three coals have mercury contents close to average values

(Table 2), which is 100 ± 10 μg/kg for bituminous, sub-
bituminous, and lignite rank coals.50 Mercury is considered to
be a “coal-philic” element with a strong affinity to inorganic
and organic coal matter as well as being authigenic in its origin.
Furthermore, mercury tends to concentrate in pyrite, and thus
the removal of ash via coal washing could be expected to result
in lower mercury concentrations.51,52 Based on the vitrinite
reflectance levels (Table 2), Antioquia is a sub-bituminous
coal, and Valle and Mayagüez fall into the bituminous coal
rank.53 Figure 1 shows the coal used for the coal washing tests
had particle size in the range of 0−20 mm.

2.2. Coal Washing. 2.2.1. Ash Removal from the Coals.
All three coals were successfully demineralized using calcium
nitrate DMS (Table 3). The optimal dense medium was

Table 1. Proximate and Elemental Analyses of As-Received Antioquia, Valle, and Mayagüez Coals

proximate analysis (dry basis) elemental analysis (dry basis)

sample
inherent moisture

(%)
volatile matter

(%)
fixed carbon

(%)
ash
(%)

total carbon
(%)

hydrogen
(%)

nitrogen
(%)

sulfur
(%)

oxygen
(%)

Antioquia 8 49 40 11 67.3 3.7 1.4 0.9 13.4
Valle 1 30 41 29 53.9 4.1 1.0 3.6 7.5
Mayagüez 2 33 55 12 76 4.5 1.7 0.9 4.9

Table 2. Mercury, Higher Heating Value (HHV), and
Vitrinite Reflectance of As-Received Antioquia, Valle, and
Mayagüez Coals

sample mercury (μg/kg) HHV (MJ/kg) vitrinite reflectance (%)

Antioquia 116 26.5 0.45
Valle 147 21.9 0.84
Mayagüez 106 30.1 0.78

Figure 1. Particle size range vs cumulative passing for the coals used
in the washing tests.
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between 1.3 and 1.4 g/cm3 depending on the coal. Valle
showed the greatest reduction in ash content (76.7%), which
was not unexpected, given it had the highest initial ash content
(29.6%). Antioquia and Mayagüez had lower initial ash
contents, 9.6 and 11.6%, respectively, and also showed
significant ash reductions via calcium nitrate DMS (35.1 and
55.6%, respectively). All coals had ash contents below 7% after
DMS, making them suitable as thermal and metallurgical
coals.54,55

Figure 2 illustrates how the ash content of the coals varies by
particle size before and after washing for particles below 4.75
mm. All three samples had lower ash contents at the larger
particle sizes compared to their finer coal particles but greater
percentage ash reduction for the finer particle sizes. After
washing, the ash content in the fine fractions has dramatically
reduced in most size fractions for Antioquia and Mayagüez
(Figure 2A,C), with ash contents in the 4.75 mm size fraction
remaining at similar levels to before DMS. Particles sink or
float according to their density relative to that of the liquid, but
the rate of movement, or their ambient velocity in the liquid, is
the determining factor in the separation process.56 The most
important properties of a DMS process are the stability of the
suspension (the tendency for a solid phase to settle) and
viscosity (resistance to flow).57 The lower final ash content of
the coarser fraction was potentially due to there being too
much ash in the finer fractions to separate effectively for the
given process conditions. The finer fractions had a greater
percentage reduction of ash relative to their initial ash content
compared to the coarse fractions. The ash content of the 4.75
mm size fraction was roughly 6−7% before DMS, indicating
that DMS may only be effective in removing ash to this level,
and other treatments would be required if a lower ash level was
required. Valle exhibited reductions in ash content in all size
fractions (Figure 2B), and thus DMS is an effective method of
ash removal for high-ash coals.
2.2.2. Washed Coal Analysis. Mineral liberation analysis

(MLA) was used to analyze the mineral quantity and location
in the as-received Valle (Figure 3A) and Antioquia (Figure 4A)
coals; the washed float section for Valle (Figure 3C), Antioquia
(Figure 4C), and Mayagüez (Figure 5A); and the washed
residue for Valle (Figure 3B), Antioquia (Figure 4B), and
Mayagüez (Figure 5B). The mineral quantities for these
fractions are given in Table 4.
The as-received Valle coal shows the highest ash content of

all of the coals at 29.6% (Table 1 and Figure 6). The MLA of
the as-received Valle coal shows that a wide range of minerals
is concentrated in large regions throughout the coal matrix
(Figure 5A). As the coal fragments into smaller pieces, the
minerals become increasingly liberated. While it is clear that
some minerals are intrinsically linked to the coal particles, the
large amounts of liberated minerals in the finer fractions mean
that mineral reduction and removal through washing should be
straightforward,5 and this is evidenced by the large reductions

in ash content for the fine size fractions of Valle during the
DMS process (Figure 2B). Antioquia has a lower initial ash
content of 11% (Figure 6), and Figure 5A shows that it is
primarily formed of coal with small ribbons of finely dispersed
kaolinite in the coal matrix. However, there is one large piece
of iron-based clay with only a small amount of included coal,
which demonstrates that some minerals are still concentrated
in large fragments within the coal matrix. The Mayagüez as-
received coal was not available for MLA.
Washing the coal significantly alters the proximate (Figure

6) and mineral (Figures 3−5) composition of the coals. This
change is most notable for Valle, which had a high starting dry
ash concentration of 29%. Valle washed residue has a dry ash
content was 49%, while Valle float was less than 7%. Valle’s dry

Table 3. Yield and Ash Content for Gravity Separation Tests
of Antioquia, Cundinamarca, and Valle Coals

sample

medium
density
(g/cm3)

mass
yield

(% p/p)

ash in
beneficiated
fraction
(% p/p)

ash in
original
coal

(% p/p)

ash
reduction

(%)

Mayagüez 1.30 49.2 5.1 11.55 55.6
Antioquia 1.40 51.1 6.2 9.56 35.1
Valle 1.35 48.9 6.9 29.62 76.7

Figure 2. Ash content by particle size for Antioquia and Antioquia
Beneficiated (A), Valle and Valle Beneficiated (B), and Mayagüez and
Mayagüez Beneficiated (C). NB. AB = Antioquia, VB = Valle
Beneficiated, AB = Antioquia Beneficiated, Myz = Mayagüez, and MB
= Mayagüez Beneficiated.
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fixed carbon increased from 41% in the as-received coal to 59%
in the washed float and 26% in the washed residue. Antioquia’s
dry ash reduced from 11% in the as-received coal to 9% in the
washed float, with 24% dry ash in the washed residue. The
fixed carbon increased from 40 to 49% in Antioquias washed
float section. Interestingly, Antioquia’s dry fixed carbon in the
washed residue remained at 40%. Mayagüez produced a
washed float with 5% dry ash and 25% dry ash in the washed
residue. Mayagüez’s dry fixed carbon content was the highest
of all of the washed float samples at 57%, with 45% dry fixed
carbon in the washed residue.
The calcium nitride DMS washing process not only

dramatically reduces the ash content of the coals but also
influences which minerals remain in the coal matrix. Large
levels of minerals were removed from the coal and left in the
residue during the washing process, as illustrated in Figures 3B,
4B, and 5B. The remaining ash tends to be in the finer
particles, and mainly constitutes of the clay groups (Figures
3C, 4D, and 5A). This is notable in mineral concentrations in
Table 4, with the iron clay mix remaining at similar levels
between the as-received coal and washed float but significantly
reduced in the washed residue for both Valle and Antioquia.
Most other minerals which were present in the as-received coal
are concentrated in the washed residue for Valle and
Antioquia, with only low levels remaining in the washed float.
2.3. Coal Swelling. The swelling potential of coals is a key

difference between thermal and metallurgical coals.58 Bottom

ash samples obtained from Colombian sugar mills indicated
that some of the low-grade domestic Colombian coals used in
Colombian stoker furnaces were swelling during combustion. If
ash content could be reduced to less than 10%, then potentially
these low-grade Colombian coals could be used as metal-
lurgical coals,54 and command a much higher price in the
global coal market.8

Ash fusion ovens (AFO) are usually used to investigate the
slagging and fouling characteristics of fuels,59 but this study has
identified a novel use for AFO to analyze coal swelling. Lumps
(<6 mm) of Cundinamarca and Antioquia were placed in an
AFO and heated to 900 °C in air and recorded using an
externally mounted camera.60 Video 1 shows the coals swelling
as they are heated up to 900 °C. Antioquia (right) started to
combust at 323 °C, as the top of the coal becomes bright
white. As the temperature increases, the bright white glow
progresses down the coal lump. At 370 °C, Cundinamarca
(left), violently erupts and the coal swells to 2−3 times its
original size. This violent eruption and swelling continue up to
420 °C when Cundinamarca starts to collapse rapidly, with a
total collapse by 580 °C. Antioquia retains most of its original
shape and continues to glow until around 720 °C but only
shows a minimal change in shape at 900 °C.
To investigate the swelling of the as-received coals, small

fragments of Antioquia, Cundinamarca, and Valle were heated
to 1000 °C in the AFO, and 800 °C in a thermal mechanical
analyzer (TMA). Unfortunately, none of the as-received

Figure 3. Mineral liberation analysis (MLA) of as-received Valle <6 mm (A), removed residue (B), and remaining coal (C).
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Figure 4. Mineral liberation analysis (MLA) of as-received Antioquia <6 mm (A), removed residue (B), and remaining coal (C).

Figure 5. Mineral liberation analysis (MLA) of Mayagüez remaining coal (A) and removed residue (B).

Table 4. MLA Mineral Composition by Weight Percentage of the As-Received, Washed Residue and Washed Float Coals

sample
Valle <6 mm

(wt %)
Valle bottom

(wt %)
Valle float
(wt %)

Antioquia <6 mm
(wt %)

Antioquia bottom
(wt %)

Antioquia float
(wt %)

Mayagüez
bottom (wt %)

Mayagüez float
(wt %)

Coal 48.87 39.64 83.96 88.82 71.43 84.80 41.18 98.74
Pyrite 4.56 4.11 0.74 0.16 0.37 0.15 0.18 0.29
Vermiculite 0.03 0.40 0.00 0.00 0.09 0.01 0.01 0.00
Gypsum 0.22 1.34 0.18 0.06 0.19 0.18 0.03 0.01
Quartz 2.66 7.68 0.21 0.05 1.13 0.20 1.33 0.40
Kaolinite 0.07 1.98 0.02 0.15 0.73 0.09 0.79 0.01
Apatite 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00
Zeolite
Kaolinite Mix

3.28 0.76 0.03 0.19 0.29 0.06 0.30 0.28

Kfe Clay Mix 34.98 25.42 0.86 4.94 8.70 2.70 14.37 0.19
Kaolinite-Coal
Mix

2.89 15.46 14.00 5.40 12.54 11.36 41.14 0.03

Kaolinite Mix 2.43 3.19 0.01 0.19 3.19 0.43 0.67 0.03
Calcite 0.00 0.01 0.01 0.03 1.34 0.02 0.00 0.01

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c05346
ACS Omega 2022, 7, 3348−3358

3352

https://pubs.acs.org/doi/10.1021/acsomega.1c05346?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05346?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05346?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05346?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05346?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05346?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05346?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05346?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Mayagüez coal was available for these tests. Figure 7 compares
the swelling behaviors from the TMA and AFO techniques.
Antioquia exhibited no swelling in either test, which matches
the behavior seen in Video 1. Cundinamarca and Valle both
exhibited swelling in the AFO and TMA tests. All samples
showed a height change at a lower temperature in the AFO
compared to the TMA.
Antioquia was the only coal that did not visibly swell in the

AFO. The image analysis results show that it started to collapse
at 310 °C in the AFO, while collapse did not commence until
400 °C in the TMA (Figure 7A). In the AFO, Antioquia
showed a gradual collapse between 300−450 °C to 60−70% of
its original height up to 800 °C and then collapsed to 25% of
its original size by 1000 °C. In the TMA, Antioquia showed a
gradual collapse of around 80% of its original size between 400
and 600 °C. At 600 °C, there was a sudden collapse to 30% of
its original size, finally decreasing to 20% of its original size by
800 °C.
Cundinamarca and Valle both swelled before collapsing in

both tests. Both tests show the same profile for each coal,
although the TMA has more defined steps. For Cundinamarca
(Figure 7B) in the AFO, swelling starts at 352 °C, with a
height increase of 29% at approximately 390 °C. Around 510
°C, the sample collapses to 66% of the original height, with a
final relative height of 53% at 1000 °C. In contrast, in the
TMA, Cundinamarca swelling begins around 390 °C. At
roughly 430 °C, there is a sharp peak as the height increases to
55% above its starting height. This is subsequently followed by
a sharp collapse to 19% of the original height at 636 °C, with
the final relative height of 18% at 800 °C. Valle exhibited
similar temperature expansion and collapse points for both
methods (Figure 7C). The TMA shows a slightly delayed
change in height in comparison to the AFO, but when
expansion or collapse does occur, the steps are more defined
and pronounced, with sharper rises and falls, and clearer peaks.
Furthermore, Valle had higher peaks and lower final points
than Cundinamarca and Antioquia.
The results indicate that constrained coals (TMA) will have

delayed expansion compared to unconstrained coals (AFO).

However, once expansion and contraction start for the
constrained coals, it will be more rapid and explosive. This
difference in coal swelling behavior of the AFO and TMA is
due to the differences in the experimental setup of the two
systems. In the AFO system, the particles are not constrained
and collapse under their weight. In the TMA system, the
particles are constrained under a force of 0.02 N as part of the
macro-expansion probe which measures the change in height.
Thus, when the samples collapse, the force pushes down the
sample. Hence, the two systems are modeling two different
types of swelling; the AFO system models unconstrained
swelling, while the TMA system models constrained swelling.
Stoker furnaces are effectively packed beds that allow particles
to swell in both a constrained and unconstrained manner.
Thus, the two swelling methods provide useful and
complementary data in understanding material swelling in a
packed bed, with applications beyond stoker furnaces to other
applications such as gasifiers.61 Further work is required to
understand how these tests could be used in conjunction or as
an alternative to the standard free swelling index of coal test.62

The swelling of the as-received coal, washed float section,
and washed residue section was compared in a TMA (Figure
8). All coals show the same trend; if the swelling was present in
the as-received coal, then swelling occurred in the washed float
section, with minimal swelling in the washed residue section.
Swelling roughly occurs in the washed float and as-received
coal around the same temperature and peaks around the same
temperature for a given coal. However, there was a larger
difference in the amount of swelling observed. Valle washed
float swelled by 132% above its original height, while the Valle
as-received coal swelled to 59% above its original height. Both
Valle as-received and washed float experienced a dramatic
collapse in height at around 650 °C. Valle as-received coal
reduced to 30% of its original height at 690 °C and reduced to
16% for the washed float. In contrast, the Valle washed residue
swelled to 8% above its base height at 440 °C, and then
gradually dropped to 89% of its original height by 800 °C. The
results indicate that removing ash from high ash coal does not

Figure 6. Proximate analysis of as-received Antioquia and Valle coal, and Antioquia, Mayagüez, and Valle washed residue and float section.
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inhibit its swelling potential, and thus could make it suitable for
use as coking coal.
Mayagüez also exhibited swelling in its washed float section

and minimal swelling in its washed residue (Figure 8B). The
swelling started for the washed float around 370 °C and
peaked at 465 °C, with an increase of 69% above its original
height. The coal then gradually reduced in height to 29% above
its base height at 620 °C, followed by a sudden collapse to 8%
around 700 °C. The washed residue experienced a small
amount of swelling, which peaked at 7% above its base height
at 420 °C. The coal then gradually reduced in height to 79% at
720 °C. Mayagüez washed residue then collapsed in height to
22% at 730 °C, and then continually decreased to its final
height of 12% at 800 °C. Mayagüez washed residue contained
a lower level of ash (25%) than Valle (49%), and much higher
carbon (45% compared to 26%). Thus, the final collapse in

Mayagüez washed residue could be a result of the higher
percentage of swelling coal in the Mayagüez washed residue.
Virtually no swelling was observed in any of the Antioquia

sections (Figure 8C). Both the washed float and residue
sections had minimal swelling of 3% around 415 °C. Antioquia
as-received coal gradually reduced in height to 81% at 575 °C,
but then experienced sudden collapse to 32% at 600 °C. Both
Antioquia washed float and residue experienced this sudden
collapse. This was most pronounced for the washed float,
which reduced from 83% of the base height at 620 °C to 34%
at 630 °C. The washed float experienced a more gradual
collapse, from 89% of the base height at 605 °C to 70% at 660
°C, with a final height of 56% at 800 °C.

2.4. Potential of Calcium Nitrate DMS to Upgrade
Low-Grade Colombian Coals. This study has shown that

Figure 7. Swelling of Antioquia (A), Cundinamarca (B), and Valle
(C) in an ash fusion oven (AFO) up to 1000 °C and via thermal
mechanical analysis (TMA) in air up to 800 °C. Figure 8. Swelling of Valle (A) and Antioquia (B) as-received, washed

float, and washed residue coals, and Mayagüez washed float and
residue coal (C) in a TMA.
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calcium nitrate DMS has the potential to upgrade low-grade
Colombian coals. Ash contents were reduced to below 7% in
all of the coals, which represents a 35−77% reduction in ash
content. The washed coals ash content is now within the
standard for thermal coals used in pulverized fuel boilers and
for metallurgical coals used in coke making.54,55 Stoker furnace
coal particles are generally in the range of 6−25 mm,17 and
large-size (5−30 mm) coal lumps are typically processed in
wet dense medium cyclones.63 Calcium nitrate is an attractive
separation medium for Colombia due to its widespread use as
a low-cost fertilizer and has been used successfully as a
separation media in a dynamic medium separation system for
plastics separation.64 For coal, calcium nitrate has been shown
to improve coal liquefaction for coal particles in the 63−250
μm range in a dense medium cyclone,41 and successfully used
at pilot scale using a hydro-cyclone and froth flotation.40

Furthermore, it has been demonstrated that calcium nitrate can
be used to wash coal below 100 mesh (150 μm) in a decanter
centrifuge configuration at an industrial scale, but processing
costs were identified as an issue.42 To date, no studies in the
literature have been presented for beneficiating lump coal used
in stoker furnaces. Thus, the next stage is to trial its use in
pilot-scale wet dense medium cyclones with the same coals.
This pilot-scale trial would provide sufficient data for a life
cycle assessment and life cycle costing to quantify the
environmental and economic benefits of using calcium nitrate
DMS for the beneficiation of low-grade Colombian lump coals.
The study should also explore the contamination and reuse of
the process water used, as well as the impact of pH and time
on the process.
Another consideration for scale-up is the environmental

issues concerning Calcium nitrate. Exposure to Calcium nitrate
can cause headaches, dizziness, nausea, and vomiting,65 and the
excessive use of nitrates has been linked to land and water
toxicity concerns.66 These concerns would need to be
addressed in the scale-up of the process. A future research
avenue should be the exploration of alternative calcium-based
media instead of calcium nitrate, such as shellfish shells and
eggshells, as has been done for microbial-induced carbonate
precipitation,67 or the potential to recover calcium nitrate from
wastes, such as lime-softening sludge.68 Finally, to maximize
the valorization of the process, it will be necessary to recycle
the calcium carbonate. Calcium nitrate can be recovered via
organic solvents in the production of potassium, although it
has not been explored for a DMS system and should be an area
of future research.69

The swelling of Valle coal during combustion suggests that it
is potentially better suited for use as coking coal rather than
thermal coal.54 This would significantly increase its value and
help make demineralization a more financially viable prospect.
To explore this potential further, washed Valle coal would need
to be characterized for its coking potential and tested in pilot-
scale coking ovens. In addition, novel coking methods, such as
microwave technology,45 have demonstrated that noncoking
coals can be coked rapidly, which may facilitate low-grade
coking coal to be used in blends to produce high-quality cokes.

3. CONCLUSIONS
This study has for the first time demonstrated that calcium
nitrate DMS can be used to beneficiate high-ash lump coals
commonly used in stoker furnaces. Thus, there is the potential
for beneficiation using low-cost fertilizers to become a
processing option for low-grade coals in ODA countries

where conventional dense media is prohibitively expensive.
Calcium nitrate DMS reduced the ash content below 7% for all
of the coals. This was particularly notable for Valle, whose ash
content dramatically reduced across all size fractions from 29%
to below 7%, which is an acceptable level for coking coals
(<10% ash). Further investigation is required to analyze the
potential for the washed Valle coal to be used as metallurgical
coal, as this would significantly increase its economic value and
the viability of scaling up the calcium nitrate beneficiation
process. Ash reduction to below 7% would also enable the
other coals to be suitable for other higher-value applications
such as pulverized fuel combustion.
The novel use of TMA and AFO to analyze coal swelling

demonstrated that swelling varies in constrained and uncon-
strained conditions. The small sample size allows for rapid
testing of coal swelling in comparison to the standard free
swelling index test. The expanded use of both TMA and AFO
in coal characterization has been identified as an area for
further research.

4. MATERIALS AND METHODS
4.1. Samples. This study analyzed three Colombian coals

commonly used in stoker furnaces in Colombian sugar mills.
Two were from distinct mining areas in Colombia: Antioquia,
and Valle, as well as a blend (Mayagüez), used at the Mayagüez
sugar mill in the Cauca Valley in Colombia. Basic coal
characterization and coal washing experiments were conducted
at Universidad del Valle in Cali, Colombia. Petrographic
analysis was conducted at Servicio Geoloǵico Colombiano in
Bogota,́ Colombia, and all coal swelling, MLA, and thermal
characterization experiments were conducted at the University
of Nottingham, U.K. Unfortunately, none of the as-received
Mayagüez blend coal was available for the UK-based tests. To
add more samples for the TMA and AFO test, a surrogate was
added to replace the missing Mayagüez coal. This fourth
sample was a Colombian coal (also commonly used in
Colombian sugar mills) called Cundinamarca.

4.2. Coal Compositional Analysis. Coal characterization
was done by proximate (TGA), ultimate (CHNS), and
petrographic analyses. All analyses were conducted in duplicate
with a total error lower than 1%. Compositional analysis of the
as-received coals was carried out by the Laboratorio de
combustioń y combustibles (Laboratory of combustion and
fuels) in the Universidad del Valle, Cali, and Servicio
Geolo ́gico Colombiano in Bogota, Colombia. Inherent
moisture, volatile matter, and ash were determined using
registered weight loss in a thermogravimetric analyzer (LECO
TGA-601). Fixed carbon was determined by difference
according to ASTM D3172.70 Carbon, hydrogen, and nitrogen
(CHN) determination was obtained by combustion of 1 g of
sample at 950 °C in an oxygen atmosphere on a LECO
TruSpec CHN according to ASTM D5373.71 Total sulfur was
determined using ASTM D4239 on a LECO S-144.72 Oxygen
was determined by difference. High heating value (HHV) was
obtained in a calorimeter bomb LECO AC600 according to
ASTM D5865.73 Mercury content was determined in a
Milestone DMA-80 mercury determination system following
ASTM D6722 procedure.74 Vitrinite reflectance was measured
in a microscope Olympus BX-51 with coupled J&M MSP 200
spectrophotometer, using the reflected light, monochromatic
polarized with an oil objective 50×, and an overall
magnification of 500×. Initially, the system was calibrated
using 5 reflectance standards. The mean reflectance was
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determined using ICCP and ASTM D2798 procedures.75

Granulometric distribution of the used coals in the
beneficiation separation was obtained using sieve analysis.
The sieve sizes used were 4.75, 2.36, 1.00, 0.42, 0.25, 0.125,
0.075, and 0.032 mm.
The thermal composition of the as-received and washed

samples was analyzed using thermogravimetric analysis (TGA)
at the University of Nottingham. The analysis also provided
accurate fixed carbon contents of each sample. Thermal
profiles were produced using TA Instruments Q500 TGA
(New Castle, DE). TGA tests used 10−15 mg of a sample with
a particle size range of 75−300 μm. The method and analysis
of the TGA profiles were based on the slow pyrolysis method
developed by Lester et al.76 The sample was heated in a
furnace at 5 °C/min in 100 ml/min of Nitrogen from
atmospheric temperature to 900 °C, after which the gas was
switched to air at 100 mL/min. The composition of the
samples is given by moisture, dry volatile, fixed carbon, and dry
ash contents following BS ISO 17246:2010.77

4.3. Mineral Composition. Mineral liberation analysis
(MLA) was conducted at the University of Nottingham. MLA
provides detailed information on the association of minerals, as
well as the composition of single particles and particle
populations exposed on the cross-sectioned surface of a grain
mount. The samples were prepared in carnauba wax with an
epoxy resin backing, ground using 800/1200/2400 grit silicon
carbide paper, and polished with 6 μm diamond solution.
Polished blocks were coated with a 10 nm carbon film using a
Quorum Q150T Thin-Film Coater and MLA was conducted
on a Scanning Electron Microscope model FEI Quanta 600i
SEM with energy-dispersive X-ray.78 The FEI MLA 3.1
software was used to relate mineral content in the coal particle
to its surface area. Grain-based X-ray mapping (GXMAP)
measurements combine X-ray mapping with the XBSE image
processing steps of back-scatter electron (BSE) image
acquisition, particulation, and segmentation before X-ray
spectra collection. Custom BSE gray value triggers and specific
X-ray spectrum triggers were defined for detailed X-ray
mapping of coal grains of interest. The X-ray spectra of each
grain were used to identify the individual mineral phases using
the EDAX Genesis 4000 energy-dispersive (EDS) software.
The EDS classification involves matching collected spectra to a
spectra database. The surface area of the various classified
particles is computed to generate the wt % composition of
minerals.
4.4. Coal Swelling Analysis. 4.4.1. Thermal Mechanical

Analysis. The swelling potential of Cundinamarca, Valle, and
Antioquia coal was tested using a TA Instruments Q400
Thermal Mechanical Analyzer (TMA) at the University of
Nottingham; 1 mm thick pieces of coal with flat parallel
surfaces were placed in the macro-expansion probe with a
constraining force of 0.02 N. The samples were heated to 800
°C in air at a ramp rate of 10 °C/min, and the expansion and/
or contraction of the coal was measured using the TA
Instruments Universal Analysis software. The measurements
were then converted into a percentage change in height relative
to the starting height of the sample.
4.4.2. Swelling in an Ash Fusion Oven. Coal swelling was

also measured for Cundinamarca, Valle, and Antioquia coal in
a Carbolite Gero Ash Fusibility Test Furnace−CAF G5 using
the advanced ash fusion test developed by Daley et al.60 at the
University of Nottingham; 1 mm pieces of coal with flat
parallel surfaces were placed on Carbolite Gero 25 mm × 25

mm recrystallized alumina ceramic tiles and loaded in the
furnace. The furnace temperature was increased from 25 to
1000 °C at a rate of 7 °C/min under oxidizing conditions
(airflow rate of 4 L/min at 27.5 kPa (4 psi)). Images were
taken every 1 °C on an integrated HD 1.3 Mb camera with an
image size of 1280 by 1024 pixels. MATLAB (version R2017b)
was used to analyze each image and measure the change in
height of the sample. The measurements were then converted
into a percentage change in height relative to the starting
height of the sample.

4.5. Coal Washing. Coal washing was conducted at the
Universidad del Valle using DMS techniques. In preliminary
tests, the coal-dense medium pulp was prepared using 15% w/
w with different medium densities of calcium nitrate. For a
medium density of 1.3 g/cm3, all of the particles floated,
whereas at 1.45 g/cm3 density, all particles sunk. DMS was
carried out using long plastic bags to observe the separation of
particles in the dense medium in the density range of 1.0−1.5
g/cm3. After 36 h, the concentrated organic and mineral matter
was located at the top and bottom of the medium, allowing
both fractions to be separated. Beneficiated coal from the top
and concentrated mineral matter from the bottom was washed
with water to remove the solution of calcium nitrate and then
dried at room temperature. ASTM D317379 and D317480 were
used to evaluate the mass yield and organic recovery of the
beneficiated coal. Ash content was obtained via ASTM D3174
after sieving.
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