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Amorphous calcium lignosulphonate (CaLS), a by-product of the paper industry, was evaluated as an adhesive to
bind demineralised bituminous coal fines in various weight percentage ratios. Sequential acid (HCI, HF, HCI)
leaching was used to reduce mineral matter content in the coal fines. The pyrolysis and gasification of the
samples were investigated in laboratory-scale experiments to determine the effect of the CaLS addition on the
pyrolysis and gasification reactivities. Coal-CaLS blends consisting of 5, 10, and 15% calcium lignosulphonate
were prepared, compressed into pellets, and characterised using proximate, X-ray diffraction, and X-ray fluo-
rescence analyses. An increase in binder concentration increases the mechanical strength of the pellets due to the
increased interparticle contact area. The relative coal gasification reaction reactivity (1/Tmax and 0.5/Tsgp), which
was determined from the derivative thermogravimetry curves, increases with CaLS addition. The experimental
results revealed that these wastes (coal fines and calcium lignosulphonate) could be utilised in thermochemical
processes. Utilising these wastes will reduce the environmentally unfriendly volumes of amorphous calcium

lignosulphonate and coal fines particles.

1. Introduction

Coal utilisation plays a significant role in the global- and local
economies. Due to South Africa’s large coal reserves and growing pop-
ulation, coal will continue contributing to energy production. Over 90%
of South Africa’s energy needs are met by coal-fired processes [1].
However, due to intensive mining activities such as processing and
handling coal, which includes washing, screening, and crushing to
satisfy basic energy needs, coal fines are produced, discarded into slimes
dams, drinking water sources, and old underground workings [2,3].

The coal fines, which are regarded as waste, pose serious threats to
the environment, including acid mine drainage, spontaneous combus-
tion risk, explosion, and the disadvantage of adding more waste to the
environment [2,3]. Apart from problems associated with transportation,
processing, recovery, and tailings disposal, coal fines possess good
thermal processing potential [2,4,5,6]. Coal fines are classified as
low-grade coals as a result of their high mineral matter content. The
utilisation of coal fines may improve South Africa’s energy situation and
limit coal mine waste deposits.

Research is ongoing regarding the utilisation of coal fines. Benefi-
ciation of coal fines either by demineralisation or density separation and
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possible utilisation in coal conversion processes has proven to have the
potential [7,8]. Lump coal is required for various industrial applications
[2,5]. Pelletisation of coal fines is a process where fine particles can be
transformed into mechanically strong agglomerates with good calorific
value, producing a valuable fuel for domestic and industrial utilisation
[5,9].

Pyrolysis is a thermal process used to degrade organic matter to yield
pyrolytic products such as char, tar, pyrolytic water, and gases. Gasifi-
cation is the chemical reaction of solid organic carbonaceous com-
pounds in CO, or steam to produce mainly CO and H,. These two
thermal processes are important steps in the transformation of coal into
useful products. Various factors have been identified to critically impact
product distribution and reactivity during pyrolysis and gasification
processes. These factors include composition, heating rate, particle size,
and temperature.

Coal fines can be repurposed with the use of binders as agglomer-
ating agents. Lignosulphonate, in either calcium or sodium forms, is
known to have certain properties such as binding, dispersing, blending,
and complexing [10]. In this study, calcium lignosulphonate (CaLS), a
waste product in the paper industry, will be used as an agglomerating
agent to bind coal fines and demineralised coal fines. CaLS have become
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easily accessible due to their production as waste material in the pulp
and paper industry [10].

The application of calcium lignosulphonate as an agglomerant has
been reported by Strydom et al. [5] and Leokaoke et al. [2]. Their studies
showed that the blended pellets have adequate compressive strength to
be used in industrial applications.

Ca-based additives can influence product distribution and reactivity
during pyrolysis and gasification [11]. Calcium is classified as an
essential alkaline earth metallic element that exhibits catalytic activity;
however, its reaction with clay minerals in coal is lower when compared
to other alkaline earth metallic elements, and they hardly devolatilised
during thermal treatment. Various researchers have shown that Ca salts
are a better choice for catalytic gasification than other alkaline salts
[12-14].

A study carried out by Walker [12] on the gasification reactivity of
calcium-loaded coal in air, CO5, and steam showed that coal samples
with added calcium demonstrated improved reactivity in gasification
atmospheres compared to the samples without Ca-loading. Similarly,
Murakami et al. [14], in their study, on the catalytic gasification of coal,
compared two Ca-salts in their investigation (CaCO3 and Ca(OH),), and
results from their research show that CaCO3 had a better catalytic per-
formance as compared to Ca(OH),. Shuai et al. [13] also reported that
CaCOj3 has proven to be a good catalyst. There is no literature on the
pyrolysis and gasification of calcium lignosulphonate.

Increased production of coal fines remains a growing concern in
South Africa. The blending of two undesirable waste products (South
African coal fines and South African calcium lignosulphonate) has not
been investigated in the past. This paper aims to indicate the effect of
calcium-based lignosulphonate waste during pyrolysis and gasification
of South African coal fines and demineralised samples of these coal fines.
These samples and their derived char samples were submitted for
proximate analyses, thermogravimetric analysis (TGA), and X-ray
diffraction (XRD), and X-ray fluorescence (XRF) analyses.

2. Experimental procedure
2.1. Coal sample and demineralisation

A medium Rank-C bituminous coal sample from the South African
Highveld was obtained using the international organisation for stand-
ardisation (ISO) standard methods, ISO 1988:1975 and
1SO13909-4:2016 for sampling procedures. The coal sample was pulv-
erised to —300 pm particle sizes and immediately sealed to avoid the
samples’ possible oxidation. The coal was demineralised using a
sequential acid leaching method described previously [15]. Koening
et al. [16]; Strydom et al. [17] stated in their study that HCl assisted in
the decomposition of carbonates minerals in coal. HF dissolves most of
the coal mineral matter (inherent mineral matter and extraneous min-
erals), including quartz and alumino-silicates [18,19].

The coal sample (80 g) was leached with 320 ml of a 10.2 M HCI
solution for 24 h. The resulting solution was filtered and washed using a
vacuum pressurized Buchner funnel. The residual sample was then
leached with 320 ml of a 22.6 M HF solution for 24 h to dissolve mineral
matter insoluble in HCl. The resulting slurry was again filtered and
washed using a vacuum pressurised polypropylene Buchner funnel. The
treatment final stage involves the leaching of resulting residues with
320 ml of 10.2 M HCI for 24 h. The residual product from the final stage
of the acid treatment is regarded as the demineralised coal fines and is
vacuum filtered and washed with distilled water. The washing process
was continued until no evidence of acid was observed in the samples
using a pH metre. The final product was left to dry in the oven at 80 °C.
The acid treatment procedures were conducted at ambient temperature,
and the demineralised coal fines samples were stored in a nitrogen
pressurised desiccator. The efficiency of the demineralisation, E4, was
quantified using the following formula:
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A, —A
Es = {A—d} x 100 ¢))

where A, denotes the% ash yield of the coal fines before demineralisa-
tion and A4 is the% ash yield of the demineralised residue (wt.%, db).

2.2. Sample preparation

Mechanical size reduction and sieving following the ISO 1988:1975
and ISO13909-4:2016 sampling procedures were used to obtain the
required sizes of the particles. Calcium lignosulphonate, received from a
South African local pulping company, was used as a binder and sieved to
the desired size. The coals and additives were mixed using a mortar and
pestle and an electric mixer.

2.3. Pellet preparation

Coal-binder samples with loadings of 0 wt.%, 5 wt.%, 10 wt.%, 15
wt.% calcium lignosulphonate and 5 wt.% CaCOs3 were prepared using
both the coal fines and the demineralised coal fines. The coal-binder
mixtures were then pressed using an LRX Plus tensile test machine
(Ametek Lloyd Instruments). Approximately 1 g of a mixture was loaded
into a cylindrical die set with 13 mm internal diameter. The mixture was
compressed using a force of 4000 N and a pressing rate of 10 mm/min.
The samples were kept at the maximum pressure reached for 10 s. The
pressed pellets were cured at 100 °C in an oven for a 24 h period and
then stored in a closed container before testing the compressive
strengths. This procedure was utilised to prevent the samples from
oxidisation prior to analysis.

2.4. Tube furnace char preparation

A scrubbing system fitted with glass bottle scrubbers was connected
to a high-temperature Elite thermal system TSH 12/75/
610-2416CG+2116 O/T tube furnace. 25 g of the prepared samples
(one parent coal fines sample, one demineralised coal fines sample,
demineralised coal fines with 5%. wt., 10%. wt. and 15 wt.% of CaLS,
with and without 5% CaCO3) were weighed in a boat crucible. 100 mL of
1 M KOH scrubber solutions absorb the gases emitted during thermal
treatment. The nitrogen flow through the tube was 100 mL/min. The
program was set to a heating rate of 10 °C/min from ambient temper-
ature up to a maximum temperature of 1000 °C. Once the maximum
temperature was reached, the samples were allowed to cool to room
temperature under nitrogen. The mass loss as a function of temperature
was recorded. All samples were subjected to the same experimental
conditions, and multiple runs were performed to ensure repeatability.
The chars produced were further screened to —212 pm and submitted for
the proximate, XRD, and XRF analyses. From henceforth the samples
will be reconganised as: Coal fines (CF-0%); Coal fines char (CFC-0%);
Coal fines + 5% CaLs (CF-5%); demineralised coal fines (DCF-0%);
demineralised coal fine char (DCFC-0%); demineralised coal fines 4+ 5%
CaLs (DCF-5%); demineralised coal fines + 10% CaLs (DCF-10%);
demineralised coal fines + 15% CaLs (DCF-15%); demineralised coal
fine char + 5% CaLs (DCFC-5%); demineralised coal fine char + 10%
CaLs (DCFC-10%); demineralised coal fine char + 15% CaLs (DCFC-
15%).

2.5. Pyrolysis and gasification experiments

Thermogravimetric (TG) studies of the coal fines, demineralised coal
fines, and blends of the demineralised coal fines and CalS were con-
ducted using a TA Instruments SDT-Q600 thermogravimetric analyser.
15 mg each of the samples was loaded in alumina pans. To ensure the TG
chamber was inert prior to the pyrolysis experiment, the section was
flushed with nitrogen gas (purity 99.9%) for 10 min. The temperature
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Table 1
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Proximate analysis, demineralisation efficiency, and gross calorific value results of the coal fines and demineralised coal samples with different percentages CaLS and

CaCOs5 additions.

Sample identification A B C D E F J H I J
Inherent moisture (%) 6.1 1.7 6.1 4.8 4.6 3.1 2.8 3.2 2.8 3.1
Ash content (%) 27.4 37.4 29.3 40.6 1.1 1.6 3.2 4.2 4.6 3.5
Volatile Matter (%) 25.5 1.1 28.7 2.7 30.1 0.8 2.4 1.6 1.7 1.1
Fixed carbon (%) 41 59.8 35.9 51.9 64.2 94.5 91.6 91 90.9 92.3
Eq4 (%) 96 95.7 - - - - - - - -
Gross calorific value (MJ/kg) 19.5 - 18.2 - 28.5 - 27.6 26.2 26.8 27.1

Eq4- Effectiveness of demineralization; A= CF; B= CFC; C = CF-15%; DCFC- 15%; E= DCF-0%; F= DCFC-0%; G= DCFC-5%; H= DCFC-10%j; I= DCFC-15%; J= DCFC- 5%

CaCOs.

was allowed to stabilise at room temperature. The samples’ pyrolysis
was conducted by heating the samples from ambient temperature to
900 °C at a flow rate of 10 °C min*. A continuous flow of 75 mL min
nitrogen gas was used during the pyrolysis experiments. The samples
were then allowed to cool down (in situ) to room temperature under the
nitrogen atmosphere, to prevent the sample from oxidising.

After cooling the samples to ambient temperature, the atmosphere
was switched to COy (purity 99.9%). The samples were heated under
CO5 from ambient temperature to 1200 °C at a specified rate and a CO,
flow rate of 20 ml min~. CO, non-isothermal reaction conditions were
used in this investigation, using Heating rates of 5,10, 15, and 20 °C
min~! were used.

To quantitatively characterise the reactivities of the samples, the
following properties were used: initial weight loss temperature Tj,
maximum conversion rate temperature Tp,, and total weight loss tem-
perature T¢. These values were estimated using methods reported else-
where [20,21]. These parameters were used to calculate the gasification
index S, given in Eq. (2) [22].

(AX/) - (YA ey

S =
T2 . T¢

@

where (dx/dt),,,, is the maximum rate at which the gasification occurs
and (dx/dt),,.., gives the mean value of the gasification rate.

Conversion (X) at each value of mass at a time (t) from the non-
isothermal gasification experiments was calculated using Eq. (3).
Initial char weight is indicated by (mo) and final weight of the sample
after gasification is referred to as (m¢). The char weight at time (t) is
indicated by (m,). Eq. (4) was used to calculate the gasification rate (r),
while Eq. (5) was used to calculate the reactivity index at 50%
conversion.
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2.6. Proximate analysis

Proximate analysis of the coal fines, demineralised coal sample, and
blends and their char samples was conducted following the ISO
17,246:2010 standard at the laboratory of Bureau Veritas Testing and
Inspections SA (Pty) Ltd., Pretoria. A U-Therm FC-TGA-D automatic
proximate analyser was used.

2.7. XRD and XRF analyses

XRD analysis was conducted to qualify and quantify the proportions
of crystalline and amorphous phases in the samples [23,24]. The sam-
ples were subjected to mineralogical analysis using an X’Pert PRO
PANalytical (Philips)— Unit 2 XRD instrument with anode material co-
balt and Rietveld-based X’Pert HighScore Plus software. The samples
were first spiked with 20% Si.

The samples were also characterised by XRF analysis to determine
the concentrations of inorganic elements present in the ash [25]. The
ashed samples were fused into borosilicate discs and analysed using a
PANalytical (Axios Max) WD-XRF spectrometer equipped with a 50 kV
Rh-anode X-ray tube six filters, a P10 gas purge facility, and a
high-resolution silicon drift detector.

3. Results and discussion
3.1. Proximate analysis

The proximate analysis results determined on an air-dried basis are
presented in Table 1. The coal fines sample has a relatively high per-
centage ash yield of 27.4 wt.% with low fixed carbon content (41.0 wt.
%) with the ash yield comparable to reported data for South African coal
fines [9,26]. The ash yield for the demineralised coal sample is 1.1 wt.%,
indicating effective removal of almost all of the aluminosilicate and
minerals present in the waste coal. Table 1 also shows that the demin-
eralisation efficiency of the demineralised coal samples and its derived

20

Demineralised coal fines(Dcoal) plus and blended

samples. I

DCF-15%

—_
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(b)
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Sample Identification

—
o

Compresssive Strength (MPa)

DCF-5% CaCO3

Fig. 1. Compressive strength values of the (a) coal fines and (b) demineralised coal fines samples and their different blends.
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Table 2
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XRD analysis results of coal fines and demineralised coal samples with different CaLS loading (wt.%, gfb).

Sample names

Mineral A B C D E F G H I J
Quartz 4.3 17.3 3.6 16.8 - - - - - -
Kaolinite 14.6 0.0 12.2 0.0 - - - - -

Calcite 0.1 0.0 0.2 0.0 - - 1.3 1.7 2.8 3.8
Muscovite 1.6 0.7 0.8 2.4 - - - - - -
Microcline - 0.3 - 0.3 - - - - - -
Anatase - 0.2 - 0.5 - - - - - -
Rutile - 0.1 - 0.1 - - - - - -
Graphite - 0.9 - 0.7 - - - - - -
Anorthite 0.0 7.2 - 8.1 - - - - - -
Mullite 0.0 2.6 0.0 1.4 - - - - - -
Gypsum 0.3 0.4 0.6 0.5 - - - - - -
Bassanite - 0.3 - 0.0 - - - - - -
Anhydrite - 0.6 - 1.2 - - - - - -
Oldhamite - 2.3 - 3.0 - 0.5 0.7 1.2 1.8
Pyrite - 0.4 - 0.1 0.8 1.3 - - - -
Magnetite - 0.6 - 0.6 - - - -
Pyrrhotite 0.1 0.7 0.2 1.1 - - - - - -
Haematite - 0.2 - 0.3 - - 0.8 0.5 0.7 0.8
cristobalite - 0.5 - 0.3 - - - - - -
Portlandite - 0.1 - 0.1 - - - - - -
Amorphous 75.6 64.6 78.0 62.5 99.1 98.7 97.5 97.2 95.3 93.8

-Not determined.

A= CF-0%; B= CFC-0%; C= CF-15%; D = CFC-15%; E= DCFC-0%; F= DCFC-5%; G= DCFC-10%; H= DCFC-15%; I= DCFC- 5% CaCOs3.

chare was 96%.

Table 1 shows that after demineralisation, the volatile matter and
fixed carbon contents of the demineralised coal sample increased
compared to those of the untreated coal fine samples due to the sub-
stantial reduction in the ash yield of the demineralised sample.

Pyrolysis of the demineralised coal fines causes a reduction in the
volatile matter content, while the fixed carbon content increased as
expected. The char samples of the demineralised CaLS blends (5,10, and
15 wt.%) show a slight increase in ash yield and a decrease in the fixed
carbon contents as the percentages of CaLS increases in each sample.

The calorific value is significant to indicate energy efficiency [27].
The gross calorific value of the coal fines was 19.4 MJ/kg, and that of the
demineralised coal fines 28.5 MJ/kg (Table 1). The higher calorific
value of the demineralised coal fines is due to the higher fixed carbon
and volatile matter contents (64.2 and 30.1 wt.% a.d.b, respectively).
Coal fines have lower fixed carbon and volatile matter contents (41.0
and 25.5 wt.% a.d.b, respectively). Slight decreases in the calorific
values were observed for the samples with calcium lignosulphonate
(CaLS) additions.

3.2. Compressive strength

The mechanical strength of the coal fines, demineralised coal, and
their blends were evaluated. The coal fines, demineralised coal, and
blended samples were pelletised and left to dry overnight in an oven at
100 °C temperature. The compressive strength test values determined as
described are summarised in Fig. 1. The demineralised and blended
samples showed lower compressive strengths than those of the coal fines
and its blended samples. The higher compressive strength of the coal
fines was attributed to the aluminosilicate and fluxing elements present
in the coal fines, which helped harden the produced pellets and thus
increased the strengths. Fig. 1 shows that the compressive strength
values increased with increasing CaLS addition (5, 10, and 15 wt.%) for
untreated coal fines and demineralised coal fines samples. CaCO3
addition does not significantly increase the compressive strength values
of the coal fines or the demineralised coal fines samples, implying that
CaCOgs is not acting as a binder.

——CF-0% ——— CFC-0% DCF
DCFC-0% ——DCFC-5% ——DCFC-10%
——DCFC-15% ——DCFC- 5% CaCO3 Raw CaLS

Intensity

Fig. 2. X-ray diffractograms of coal fines, demineralised coal, and CaLS
blended coal samples.

3.3. XRD analysis

The XRD analysis results of coal fines, calcium lignosulphonate
(CaLS), and blends of coal fines and CaLS are given in Table 2 and Fig. 2.
The crystalline part of the untreated coal fines samples consists mainly
of kaolinite (14.6%), quartz (4.3%), and muscovite (1.6%) with minor
proportions of gypsum (0.3%), calcite (0.1%), and pyrrhotite (0.1%).
The presence of pyrrhotite in the coal fines was due to pyrite oxidation
during the sample ageing and weathering. Mullite present in all chars
resulted from the transformation of extraneous kaolinite at high tem-
peratures or via crystallisation of mullite from calcium-alumina-silicate
molten solution during the heating under nitrogen. Matjie et al. (2018)
confirmed the presence of anorthite and mullite in the chars of South
African coal and blends of coal and K2CO3 samples treated at elevated
temperature of 900 °C under nitrogen and air conditions.

The XRD results of the thermally treated coal fines and amorphous
CaLS (Table 2 and Fig. 2) show that these samples contain bassanite,
gypsum, and anhydrite. The transformed product (CaO) of calcite can
primarily react with SO from pyrite oxidation at elevated temperatures
to form anhydrite (Matjie et al., 2015). Organic Ca and organic sulphur
in the samples Matjie et al. [28] can interact at < 600 °C to form bas-
sanite, which transforms above 600 °C to anhydrite. The presence of
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Table 3

XRF and alkaline index results of coal fines and demineralised coal samples with different CaLS loading (wt.%).
Elements A B C D E F G H I J
SiO, 13.80 18.65 13.2 0.05 0.08 0.20 0.15 0.10 0.05 0.04
Al,03 7.76 9.96 7.6 0.13 0.19 0.15 0.18 0.17 0.10 0.01
TiOy 0.37 0.54 7.2 0.18 0.27 0.21 0.26 0.25 0.26 0.00
Fe,03 1.22 1.69 5.1 0.27 0.38 1.36 1.42 1.50 0.33 0.02
CaO 1.32 1.90 0.7 0.03 0.04 1.00 1.60 2.00 3.00 7.25
MgO 0.70 0.85 0.5 0.02 0.04 0.07 0.08 0.08 0.06 0.21
NaO 0.15 0.20 0.26 0.00 0.00 0.05 0.01 0.01 0.05 0.00
K0 0.26 0.51 0.2 0.00 0.00 0.05 0.08 0.03 0.03 0.11
MnO 0.02 0.03 0.1 0.00 0.00 0.00 0.01 0.02 0.00 0.05
Ash content 25.59 34.34 34.86 0.67 1.01 3.08 3.77 4.15 3.88 7.68
Moisture 4.76 4.55 5.20 3.85 7.54 7.21 7.16 7.12 6.49 8.09
LOI 69.27 60.20 70.34 95.23 91.18 90.25 90.00 88.23 87.33 84.20
SiO, +Aly03 +TiO5 (A) 21.93 29.15 28.00 0.35 0.54 0.56 0.58 0.51 0.42
Fe,03 + CaO + MgO + NayO + K20 (B) 3.64 5.16 6.76 0.32 0.46 2.52 3.18 3.62 3.47
B/A 0.17 0.18 0.24 0.93 0.85 4.48 5.46 7.04 8.30
B/A X ash content 4.25 6.08 8.42 0.62 0.86 13.82 20.57 29.20 32.24

A= CF-0%; B= CFC-0%; C = CFC-15%; D= DCF-0%; E= DCFC-0%; F= DCFC-5%; G= DCFC-10%; H= DCFC-15%; I= DCFC-5% CaCO3; J=Raw CalLS.

bassanite and gypsum in the chars can be attributed to anhydrite’s hy-
groscopic nature during cooling, storage, and analysis of these samples.
XRD analysis also reveals that oldhamite is present in all samples treated
at 1000 °C under nitrogen. At higher temperatures, oxygen concentra-
tion decreases sharply, which drives hydrogen sulphide (H2S) formation
Shirai et al. [29] and reduces calcite to oldhamite [28]. The amounts of
calcium sulfate, produced through reactions of CaO (from calcite) and
SO, (from the oxidation of pyrite), can be reduced in the presence of
carbon or carbon monoxide by generating oldhamite at temperatures in
the range of 950 - 1500 °C under inert atmospheres [30]. The bassanite,
oldhamite, and anhydrite in the chars of the coal fines were not present
in the original coal fines sample, amorphous calcium lignosulphonate, or
pellets of these wastes.

As expected, the demineralised samples have a small proportion of
pyrite present with a significant fraction of amorphous carbon. The in-
crease in amorphous phase percentages in the demineralised coal sam-
ple compared to the coal fines sample is mainly ascribed to the mineral
matter removal by the acid leaching process, leading to an increase in
the volatile matter and fixed carbon percentages. The XRD results for the
coal fines and the demineralised coal samples clearly show the effective
removal of most of the crystalline mineral phase.

The X-ray diffractograms of the coal fines, demineralised coal fines,
and their blends are presented in Fig. 2. It can be observed that the coal
fines and its char show a peak at 26.64° and 30.38° (small peaks at 20 =
31.25°), which are assigned to the presence of SiO; in coal. This peak
was seen to be pronounced after pyrolysis treatment. The diffractograms
of the coal fines and the demineralised sample show that the mineral
peaks (kaolinite and quartz) present in the coal fines sample disappear
after the acid treatment.

The demineralised coal char with CaLS blends showed a small peak
at 20 = 38.25° This peak increases with a corresponding increase in CaLS
addition (5,10,15 wt.%). The peak in this region is attributed to CaS and
traces of haematite (which may overlap with pyrite), fluorite and calcite
minerals in the calcium lignosulphonate blends.

3.4. XRF analysis

The XRF analysis was performed to determine the elemental
composition of the coal ash (Table 3). The ash of the coal fines was
mostly Si, Al, Fe, and Ca presented in their oxide forms of SiO, AlyOs3,
FeyOs3, and CaO. For the demineralised coal sample, the inorganic
compounds are present in extremely low concentrations (< 0.4 wt.% on
an LOI basis), and these were Al;03, TiO,, and FeyO3. After deminer-
alisation, the concentrations of minerals are greatly reduced, as ex-
pected. As stated in previous study findings, acid leaching is useful in
decomposing extraneous minerals, such as aluminium silicate

0.12
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Fig. 3. DTG curves of coal fines, demineralised coal fines, and its additives
during pyrolysis.

compounds, pyrite, and carbonates in the coal [31-33].

N Fe,03 + CaO + MgO + Na,0 + K,O

5
Si0, + ALO; + P,0s )

Al = Ash yield (%)

The addition of calcium lignosulphonate to the demineralised coal
slightly increases CaO concentration in the blended samples. As ex-
pected, the addition of CaCOs to the demineralised sample resulted in
the highest CaO concentration, with a higher percentage of calcite also
observed in this sample (Table 2). Alkali index (AI) was evaluated using
Equation 5; results obtained from the Al are summarised in Table 3. The
base to acid ratios, which give the alkali indices, ranged from 0.62 to
32.24. The blended samples showed higher base to acid ratios, which
may affect the gasification reactivities of these samples.

3.5. Pyrolysis of samples

The DTG and the mass loss curves obtained during the pyrolysis of
the samples are presented in Figs. 3-5. Coal fines showed three distinc-
tive DTG peaks under an inert atmosphere (pyrolysis). The peaks found
between 100 and 200 °C are ascribed to the loss of inherent moisture in
the samples. The peaks in the range of 350-550 °C can be linked to the
loss of light aliphatic components from light organic species in the coal
[34]. The peak in the 550-800 °C region is ascribed to the trans-
formation of minerals (clays, carbonates, sulfides) present in the coal
chars. The demineralised coal fines sample showed only two peaks
during pyrolysis; the inherent moisture peak (100-200 °C) and the peak
at which volatiles was liberated (350-550 °C). No DTG peak associated
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Fig. 5. Mass loss curves for the coal fines, demineralised coal, and
blended samples.

with the mineral transformation (550-800 °C) was observed for the
demineralised sample, as expected.

The calcium lignosulphonate sample showed three DTG peaks
(Fig. 4). The first peak between 50 and 200 °C can be accredited to the
loss of inherent moisture from lignin [35,36]. A second peak observed in
the range of 170-450 °C is due to lignin degradation, and this is also the
pyrolysis zone, giving the largest response. In this zone, the higher
molecular mass components present in the CalS and lignin are
degraded, which leads to volatiles being released. A mass loss of
approximately 20% was observed at the final temperature of 900 °C. The
third very small DTG peak is due to the decomposition and trans-
formation of minerals in the amorphous calcium lignosulphonate sam-
ples. The demineralised coal and 5, 10, and 15 wt.% calcium
lignosulphonate and 5% CaCOs, blended samples show large peaks be-
tween 250 and 350 °C, with a shoulder onto the next peak at 450 °C. This
shoulder, which increases with increasing CaLS content in the blended
sample, is attributed to lignin degradation. According to Liodakis et al.
[37], calcium carbonate compounds are likely to decompose into CaO
and COs in the temperature range between 600 and 750 °C with a DTG
peak, usually at 700 °C.

The mass loss curves of the coal fines, demineralised coal fines, and
blended samples are shown in Fig. 5. As expected, the mass loss per-
centages at 900 °C for the coal fines were observed to be higher than
those of the demineralised samples. The demineralised samples and the
samples with CaLS addition showed lower mass losses than those of the
coal fines, which increases as the ratio of the CaLS in the blends
increases.
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Fig. 6. (a)Relative mass loss (TG) (b) conversion curves of the chars derived
from the demineralised coal and blended samples in a CO, atmosphere.

The mass loss percentages of the samples at 900 °C were found to be
23.3, 58.0, 32.5, 33.7, 34.6, 37.2, and 37.9% for coal fines, calcium
lignosulphonate (CaLS), demineralised coal fines, DC-5% CaCOs, DCF-
5%, DCF-10%, DCF-15% respectively. The mass losses are consistent
with the volatile matter results, as summarised in Table 1.

3.6. Gasification of samples

Thermogravimetric mass loss curves and conversion curves of sam-
ples in a CO, atmosphere are presented in Fig. 6 (a, b). The mass loss
data in Fig. 6a obtained during the experiment were converted in Fig. 6b
using the conversion Eq. (3). These curves represent the samples’

1
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Fig. 7. DTG curves of the chars derived from the demineralised coal and
blended samples in a CO, atmosphere.
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Table 4
Temperatures at initial mass loss (T;), termination mass loss (Tf) and maximum rate of mass 10ss (Tpax)-
Sample ID T;(°C)  Tmax(°C)  Te(°C)  AT(T¢-T ( 1/ Tmax (°C ™ 1) $X10'?  dx/dt gax dx/dt mean tso(min)  0.5/tso
°C) x10* (min~Y) in~) (min™")
Coal fines
CF-0% 771 1032 1120 349 9.69 0.197 0.033 0.0040 186.2 0.0027
Dcoal + additives
DCF-0% 834 1100 1150 316 9.09 0.341 0.062 0.0041 192.9 0.0026
DCF-5% 789 1019 1050 261 9.81 0.416 0.063 0.0043 170.3 0.0029
DCF-10% 732 974 1033 301 10.27 0.441 0.065 0.0043 154 0.0032
DCF-15% 735 938 950 215 10.66 0.501 0.068 0.0047 140 0.0036
DCF-5% 749 850 970 221 11.76 0.461 0.051 0.0050 125 0.0040
CaCOs
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Fig. 8. Gasification mass loss and DTG curves using different heating rates: (a) DCFC-0% (DTG curve); (b) DCFC-0% (conversion curve); (¢ DCFC-5% (DTG curve);
(d) DCFC-5% (conversion curve); (e) DCFC-5% CaCOs3 (DTG curve), (f) DCFC-5% CaCOs-char (conversion curve).
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Table 5
Characteristic gasification parameters of demineralised coal samples with different CaLS loading chars at four different heating rates.
Char Heating rate ( °C Ti(°C)  Tmal(®C)  Tr(*C)  dx/dt max dx/dt mean SX10'?  1/Tyax tso 0.5/ts0
min~1) (min~") min~1) (—C) (min) (min™")
DCFC-0% 5 834 1048 1079 0.062 0.00414 0.34 0.00095 192.9 0.0025
10 848 1097 1151 0.093 0.00870 1.00 0.00091 100.9 0.0050
15 859 1124 1181 0.134 0.01309 2.02 0.00089 68.9 0.0072
20 881 1140 1213 0.167 0.01664 3.00 0.00088 53.1 0.0094
DCFC-5% 5 789 1019 1056 0.063 0.00432 0.42 0.00098 170.3 0.0029
10 835 1062 1108 0.106 0.00874 1.20 0.00094 96.8 0.0052
15 843 1077 1132 0.146 0.01302 2.40 0.00093 66.4 0.0075
20 851 1101 1162 0.178 0.01675 3.30 0.00091 50.8 0.0010
DCFC- 5% 5 749 888 986 0.068 0.00497 0.46 0.00113 125 0.0040
CaCO3
10 773 922 1059  0.126 0.00919 1.40 0.00108 87.3 0.0060
15 794 959 1092 0.153 0.01326 2.41 0.00104 60.7 0.0082
20 816 967 1110  0.170 0.01690 3.45 0.00103 45.4 0.0110
behaviour during gasification. Fig. 6 shows no substantial mass loss at 35
temperatures below 750 °C for all the samples. These findings indicate ’ DCF(G5%CaCOs
that gasification reactions start taking place at temperatures above 30 | DCFC-15g6
750 °C [38].
The coal fines and demineralised coal reached a total mass loss at the 25
final temperature of 1100 °C of 36% and 1%, respectively. The mass loss % DCFg-10%
behaviour did not differ significantly during the CO2 heat treatment for R
the demineralised coal fines and blended demineralised coal and cal- E s DCFC-5%
cium lignosulphonate samples. The demineralised coal sample showed a Z
much larger mass loss when compared to coal fines, consistent with the 10
proximate analysis results in Table 1 and the ash yields. The gasification CFG-0%
mass loss curves of the demineralised and blended samples show that the 5
samples mainly consist of carbon, with a very small percentage of DCFC
inorganic, as indicated in the proximate analysis and XRD results Ta- 0 * Ot
7 8 9 10 11 12 13

bles 1 and 2.

The DTG curve of samples in a CO, atmosphere is presented in Fig. 7.
The DTG curves are used to identify characteristic reactivity tempera-
tures. The temperatures are identified as: the temperature at which the
gasification process started (Tj), the temperature at which the highest
rate of mass loss occurs (Thax), and the temperature where the mass loss
is concluded (Tg) [20-22]. The coal fines DTG curve was shown to be
broader, while the demineralised coal and the blended samples’ DTG
curves were observed to be narrower.

Table 4 summarises the maximum rate of mass loss temperature
(Tmax) and the time needed for 50% mass loss per reaction per sample
(ts0). The gasification reactivities (1/Tmax) evaluated from Tpax is also
presented in Table 4. The 1/Tp,x values indicated that an increase in
CaLS in the blends increases the gasification reactivities. The Ti tem-
peratures of the chars showed the following increasing order of gasifi-
cation onset (and thus reactivity): DCFC-5%CaCO3<DCFC-15% <
DCFC-10%< DCFC-5%< CFC-0%< DCFC-0%. Tpax, as well as T¢ of char
samples, follow the same order. The 50% conversion of the DCFC-15%
sample was recorded as the highest, followed by those of the DCFC-5%
CaCO3 and DCFC-10%.

The time to reach a 50% mass loss of the gasification reaction (or
conversion of 0.5 for the gasification reaction) was also used to indicate
the reactivity. Eqgs. (2) and 4 were used to obtain reactivities tabled in
Table 4. An increase in the amounts of CaLS in the blends (5, 10, and 15
wt.%) leads to increases in the reactivity values. The higher reactivity
values for the coal fines char compared to the demineralised coal fines
char sample are attributed to the mineral matter present in the coal fines
char.

3.7. Gasification parameter (S)

Fig. 8 gives the mass loss curves at 4 different heating rates. The mass
loss values at the different heating rates were used to determine the
gasification parameters (S) as given in Eq. (2), and these are summarised
in Table 5. The gasification index (S), dx/dtmean, and dx/dtyax increased

Reactivity (1/Tp. (°C)

Fig. 9. Correlation between reactivity expressed at 1/T,x and alkaline indices
of samples.

as heating rate increases. The demineralised coal fines were shown to
have a lower gasification index and a higher t5 than those blended with
CaLS at the different heating rates. This indicates that the Ca-containing
minerals in the blends may aid in facilitating the gasification reaction
process.

3.8. Correlation of alkali index and reactivities

Fig. 9 presents the correlation between the alkali indices and the
gasification reactivity expressed as 1/Tpyax as previously described [39,
40]. Researchers have shown that alkali compounds containing potas-
sium, sodium, and calcium play catalytic roles during gasification re-
actions. In their study, Zhang et al. [41] stated that
potassium-containing compounds are the strongest gasification cata-
lysts, followed by sodium and calcium compounds. A direct correlation
between the samples’ reactivities and their amounts of added CaLS in
the blends was observed (Fig. 8). The char samples produced with the
5% CaCOs showed the highest reactivity, with the demineralised coal
fines sample having the lowest reactivity. These reactivities increased
with an increase in the CaLS blend ratio. The Ca present in the CaLS
seems to act as a catalyst during the non-isothermal CO reactivity tests.
The increase in reactivity can be ascribed to the catalytic effect of the
alkaline earth metal in the CaLs and the residual char from the additive
(Fig. 5). As seen in Fig. 5 increase in additive loading leads to a decrease
in the amount of char.

4. Conclusion

The compression strengths of the pellets of coal fines samples in-
creases in blends with increasing CaLS percentages for both the
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untreated and demineralised coal fines samples. The proximate analysis
shows that the acid leaching resulted in a high dissolution efficiency of
mineral matter by decreasing the ash yield from 27.4% to 1.1%. Ther-
mogravimetric analysis results of the prepared coal char samples with
CaLS and CaCOs indicate that the added compounds influenced CO,
gasification reaction reactivity. The relative coal gasification reactivity,
measured as 1/Tpay, With Tppay, the temperature at a maximum rate of
the reactions, increased with increasing CaLS loadings and for the char
prepared from the 5% CaCOs, addition. Experimental results obtained
reveal that these wastes (coal fines and calcium lignosulphonate) may be
utilised in thermochemical processes to decrease costs and volumes of
amorphous calcium lignosulphonate and fine coal particles linked to
transporting and disposing of these wastes.
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