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Abstract
This paper deals with the characterisation of inorganic constitutions generated at various operating conditions in the context of
underground coal gasification (UCG). The ex situ small-scale experiments were conducted with coal specimens of different rank,
from the SouthWales Coalfield,Wales, UK, and Upper Silesian Coal Basin, Poland. The experiments were conducted at various
gaseous oxidant ratios (water: oxygen = 1:1 and 2:1), pressures (20 bar and 36 bar) and temperatures (650°C, 750°C and 850°C).
Increasing the amount of water in the oxidants proportionately decreased the cationic elements but increased the concentrations of
anionic species. The temperature played minor impact, while the high-pressure experiments at temperature optimum to produce
methane-rich syngas (750°C) showed significant reduction in cationic element generation. However, both coal specimens
produced high amount of anionic species (F, Cl, SO4 and NO3). The “Hard” bituminous coal from Poland produced less
gasification residues and condensates than the South Wales anthracitic coal due to its higher reactivity. The inorganic compo-
sition found in the solid residue was used in the theoretical calculation to predict the dissolved product concentrations when the
solid residue interacts with deep coal seam water in the event of UCG cavity flooding. It was evident from the solubility products
of the Cr, Ni and Zn that changes in the groundwater geochemistry occur; hence, their transportation in the subsurface must be
studied further.
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Introduction

Underground coal gasification (UCG) has been studied in
situ to explore the feasibility of gasifying unmineable coal
seams (Perkins 2018). The field trials conducted at shal-
low level with operating pressure higher than the hydro-
static pressure showed that high level of contamination
escaped to the groundwater environment (Australian

government’s environmental protection notice 2016;
Gemmell 2016). The UCG operations at deeper coal
seams appear to be viable due to the possibilities of in-
creasing the operation pressure to get optimum production
of syngas with high-value components and reduced threat
of contamination transport. There are presumptions that
operating deeper than the groundwater table and below
the impermeable barriers would minimise the impact on
groundwater. However, the UCG trial conducted at El
Tremedal (550 m deep) showed water ingression to the
cavity, and the produced water has been characterised as
toxic (Sury et al. 2004). There is limited information on
the characterisation of groundwater/produced water from
the UCG conducted at deeper coal seams. To address the
issue, contaminations quantified from the experiments
conducted at laboratory scales can be used as a bench-
mark to understand the impact on the groundwater and
the rock strata, which is the focus of present research.
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Many studies addressed the contaminants generated
from UCG, and the main interest was focused on organic
contaminants such as phenol, benzene, toluene, ethyl-
benzene and xylene (Smoliński et al. 2012). Likewise,
inorganic contaminants would have an impact on the
groundwater and cap rock-water interaction. So, the
present study focuses on the quantitative characterisation
of the inorganic constitutions of condensate and gasifi-
cation residues generated from small-scale laboratory ex-
periments. The major inorganic constitutions found in
and near UCG cavity are sodium (Na+), calcium (Ca2+),
sulphate (SO4

2-), bicarbonate (HCO3
-), chlorine (Cl-),

ammonia (NH3+), fluoride (F-) and bromide (Br-)
(Humenick and Mattox 1978; Campbell et al. 1979; Liu
et al. 2007; Kapusta and Stańczyk 2011; Kapusta et al.
2013). More volatile trace elements transported by gas
phase emission during UCG could condensate in the
cooler parts of the reactors, and less volatile trace ele-
ments such as Ni and Cr can be found in the solid ash
(Liu et al. 2006a; Liu et al. 2006b). The emission of
hazardous trace elements along with the gases would
primarily affect the gas cleaning process and would have
an impact on the components of the fuel cells if integrat-
ed with gasification (Yoshiie et al. 2011). The escaping
contaminants from the UCG cavity would cause change
in concentrations of major ions in the groundwater and
influence the rock-water equilibrium. Consequently, the
equilibrium shift might influence the rate of rock disso-
lution. Further, the ash left in the cavity contains high
concentrations of inorganic elements (Sadasivam et.al.,
2020a). The dissolution of inorganic constitutions from
the ash left in the cavity would moderately affect the
groundwater quality near the cavity. The gas cleaning
process during the UCG also produces effluent with in-
organic metals, nonmetals and metalloids. The quantity
of contaminants generated was correlated with the oper-
ating conditions and coal ranks. The condensates gener-
ated at high-pressure operating conditions exhibited low-
er concentrations of inorganic species than the experi-
ments conducted at atmospheric pressure (Sadasivam
et al. 2020a). “Hard” coal specimens released signifi-
cantly higher concentration levels of inorganic contami-
nants than the lignite coal (Kapusta and Stańczyk 2015).

The current study characterised the inorganic constitutions
of the condensate and the solid residue generated from two
coals of different rank gasified at various operating conditions
in terms of pressure, temperature and oxidants ratios.
Additionally, the inorganic species were studied theoretically
for their solubility product species concentrations when the
solid residue interacts with coal seam water to understand
the impact of gasification residues on the groundwater and
subsurface.

Materials and methods

The coal specimens used in the study were procured from
South Wales Coalfield, UK (referred as “Six Feet”) and

Table 1 Proximate and ultimate characteristics of the coal specimens
used for the gasification tests

No. Parameter Coal sample

“Six Feet” “Hard” coal

As received

1 Total moisture Wt
r, % 1.15 ± 0.40 3.60 ± 0.40

2 Ash At
r , % 4.61 ± 0.30 8.74 ± 40

3 Volatiles Vr, % 9.92 ± 0.12 27.67 ± 0.50

4 Total sulphur St
r, % 1.55 ± 0.04 0.31 ± 0.02

5 Calorific value Qi
r, kJ/kg 33,416 ± 220 28,798 ± 200

Analytical

6 Moisture Wa, % 0.84 ± 0.30 2.18 ± 0.27

7 Ash Aa, % 4.62 ± 0.30 8.87 ± 0.63

8 Volatiles Va, % 9.95 ± 0.13 28.08 ± 0.92

9 Heat of combustion Qs
a, kJ/kg 34,414 ± 228 30,317 ± 161

10 Calorific value Qi
a, kJ/kg 33,527 ± 221 29,258 ± 201

11 Total sulphur Sa, % 1.55 ± 0.04 0.31 ± 0.08

12 Carbon Ct
a, % 87.31 ± 0.66 75.35 ± 1.13

13 Hydrogen Ht
a, % 3.97 ± 0.28 4.61 ± 0.40

14 Nitrogen Na, % 1.29 ± 0.12 1.20 ± 0.22

15 Oxygen Od
a, % 0.50 ± 0.05 7.65 ± 0.1

16 Specific gravity, g/cm3 1.35 ± 0.028 1.40 ± 0.018

Table 2 Summary of operating conditions and measurements of mass
of the post-gasification solid residues and volume of the condensate
obtained for the tests conducted on “Six Feet” coal (South Wales, UK)
and “Hard” coal (Silesia, Poland)

Test
No.

T
(°C)

P
(bar)

H2O:O2

ratio
Mass of the
gasification solid
residue (g)

Volume of
condensate (mL)

“Six
Feet”
coal

“Hard”
coal

“Six
Feet”
coal

“Hard”
coal

1 650 20 1:1 12.51 9.02 10 12

2 650 20 2:1 11.13 9.33 72 30

3 850 20 1:1 8.18 4.29 8 28

4 850 20 2:1 7.92 5.35 20 32

5 650 36 1:1 16.52 2.90 52 10

6 650 36 2:1 8.16 16.78 108 50

7 850 36 1:1 13.21 14.28 11 10

8 850 36 2:1 13.2 11.27 70 128

9 750 20 2:1 11.51 6.64 78 40

10 750 36 2:1 18.18 14.06 130 58
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Upper Silesian Coal Basin, Poland (referred as “Hard” coal).
The properties of the two coal specimens are presented in
Table 1.

A bespoke experimental rig was used to perform the gasi-
fication tests. The experimental rig (Figure 1) can operate at
maximum of 50 bar pressure and 900°C temperature.

Mass flow 

controller 

HPLC pump for water 

Temperature controlled 

UCG reactor

Coal sample 
Pressure gauge 

Condenser 

Chiller Tar trap 

Gas analyser 

Figure 1 Schematic of bespoke small-scale ex situ UCG experimental simulation rig

Table 3 Concentrations and
method used in the gasification
residue-groundwater interaction
to calculate concentrations of the
solubility products

Concentration of species in 1 kg of groundwater
(measured from a coal seam water, South Wales
Coalfield)

Amount of species in 1 g of gasification residue
(average value of the elements in the gasification
residue generated from “Six Feet” coal from South
Wales Coalfield, converted to oxide equivalents)

O2(aq) = 2.5 mg/kg 16.37 mg of Na2O

pH = 8.88 24.7 mg of CaO

HCO3
- = 656.6 mg/kg 5.02 mg of MgO

NO3
- =.02 mg/kg 1.5 mg of K2O

F- = 2.44 mg/kg 248.3 mg of Al2O3

Cl- = 79.8 mg/kg 0.35 mg of MnO

SO4
-- = 24.33 mg/kg 14.21 mg of BaO

Fe++ = .09 mg/kg 1.98 mg of Cr2O3

Na+ =540 mg/kg 7.21 mg of NiO

Ca++ = 2.87 mg/kg 2.75 mg of SrO

Mg++ =1.29 mg/kg 3.32 mg of TiO2

K+ = 10.03 mg/kg 10.37 mg of ZnO

Mn++ = .07 mg/kg 21.65 mg of Fe2O3

H2AsO4
- = .18 mg/kg Method: the React programme in the GWB and the

thermodynamic data base supplied along with GWB
was used in the calculations. The groundwater
concentrations were used to set the input constrains.
The average value of elements was converted into
oxides and input as simple oxide reactants in React
programme. The pH was slid from 8.88.

B(OH)3(aq) = 0.86 mg/kg

Cd++ = .001 mg/kg

CrO4
-- = .022 mg/kg

Cu++ = 0.003 mg/kg

MoO4
-- = 0.017 mg/kg

Ni++ = 0.01 mg/kg

Pb++ = .02 mg/kg

Sb(OH)3(aq) = 0.014 mg/kg

SeO3
-- = 0.11 mg/kg

Ti(OH)4(aq) = 0.005 mg/kg

Zn++ =0.01 mg/kg

Sr++ = 0.1 mg/kg

Al+++ = 0.001 mg/kg

Ba++ = 0.001 mg/l
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Experiments were carried out at 36 bar and 20 bar pressure
conditions and at 650 °C, 750 °C and 850 °C temperature
settings for 90 min. Mixture of H2O and O2 was used as the
oxidants. The flow rates of oxidants were adjusted to keep the
molar ratio of the H2O and O2 at 1:1 (H2O:O2) and 2:1. The
matrix of the operational procedure (pressure, temperature and
oxidants flow rates) is explained in Table 2, and further details
on the experimental setup and procedures have been described
in Sadasivam et.al. (2020b).

Each experiment was carried out with 30 g of intact coal
specimens. Deionised water was used in the experiments to
estimate the inorganic ions generated in the UCG reaction.
The condensates from the UCG experiments were collected
in the tar trap (Figure 1). The volume of condensates and mass
of the coal residue were measured after each experiment
(Table 2). The collected condensates had been stored at 4°C
until the chemical analysis. The pH and EC (electric conduc-
tivity) were measured using Mettler Toledo SevenMulti pH/
ECmeter, and the alkalinity was measured by titration method
as described in APHA (2005).

The condensates were filtered to remove the tar and
digested using con. HNO3 prior to analysing in a Perkin
Elmer Optima 2100 inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) for the inorganic cations. The
major anions were measured using a Dionex ICS 2000 ion
chromatography configured with hydroxyl column.

The gasification residue specimens were digested using an
acid mixture of HF, HNO3, HCL and H3BO3 in an Anton Parr
Multiwave 3000 microwave digestion system. The resulting
solution was analysed for the concentrations of cationic ele-
ments using ICP-OES, and the results were calculated back to
represent the concentration in the solid residue.

Computer-based geochemical application software
Geochemist’s Work Bench (GWB) was used to calculate the
solubility product of Fe, Al, Ni, Cr and Zn species when the
residue interacts with groundwater from the South Wales
Coalfield. The React programme of GWB was used to calcu-
late the solubility product concentrations when 1 g of the
residue (average values of the residue generated by “Six
Feet” coal, Table 3) interacts with 1 kg of groundwater
(Table 3). The pH value was slid from the natural pH (8.88)
value of the groundwater to 2.5 and to 11.5.

Results and discussions

Mass of the UCG solid residues and volume of the
condensate

Table 2 presents the summary of mass of the post-
gasification residues and volume of the condensates ob-
tained after the gasification of “Six Feet” coal (South

a) b) 

Figure 2 Gasification residues: (a) “Six Feet” coal and (b) “Hard” coal

Table 4 Parameters determined in the condensed matter obtained from tests conducted on “Six Feet” coal (South Wales, UK)

Parameter Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8 Test 9 Test 10

pH 2.43 2.58 8.60 Nm 5.22 5.56 8.30 7.80 6.79 6.78

EC (mS/cm) 8.99 9.11 9.00 Nm 8.51 5.05 15.00 13.86 8.45 6.54

Total alkalinity as CaCO3 (mg/L) Nm Nm 18,100 Nm 210 230 20,050 6670 2030 2620

Table 5 Parameters determined in the condensed matter obtained from tests conducted on “Hard” coal (Silesia, Poland)

Parameter Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8 Test 9 Test 10

pH 7.39 6.60 8.09 7.79 Nm 5.84 7.93 6.89 5.99 6.92

EC (mS/cm) 13.08 8.70 19.10 23.05 Nm 7.66 19.50 9.40 11.10 11.40

Total alkalinity as CaCO3 (mg/L) 2220 1460 7320 8980 Nm 720 8380 3160 660 3600
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Wales, UK) and “Hard” coal (Silesia, Poland). The
amount of solid gasification residue and volume of con-
densate produced by “Hard” coal was lower than the “Six
Feet” coal. The pore structure difference between coals of
different rank has an impact on the gasification and even-
tually the amount of ash produced (Kim et al. 2011;
Mishra et al. 2018). Due to heterogenous structure of
lower-rank coals, containing macropores, mesopores and
micropores, more water can penetrate into the coal

structure to participate in reactions. So, the solid residues
generated with “Hard” coal were lower than the “Six
Feet” coal which implies that more coal was consumed
during the gasification of Silesian “Hard” coal due to its
higher reactivity (Figure 2). The “Six Feet” anthracitic
coal from South Wales Coalfield produced more methane,
hydrogen and carbon monoxide than the “Hard” bitumi-
nous coal, owing to its higher effective carbon content
during the stable gas production phase (Sadasivam et al.

a) b)

Figure 3 Condensed matter: (a) “Six Feet” coal and (b) “Hard” coal.
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Figure 4 Variation of the major cations’ concentrations upon experimental conditions for (a) “Six Feet” and (b) “Hard” coal
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2020b). The volume of water condensate reflects this, as
the methane-generating reactions (CO+3H2→CH4+H2O,
CO2+4H2→CH4+2H2O) indicate more water condensate
generation with high-rank coals, and the unreacted water
(due to the lower reactivity of the high-rank coal) also
adds up to the excess water generated during the gasifi-
cation of “Six Feet” coal. This demonstrates that the dif-
ference in the coal rank plays a major role in the amount
of coal involved in the reactions generating high-value
syngas components.

UCG post-processing condensed matter
characterisation

From the post-gasification condensed matter collected
from the tar trap, as shown in Figure 3, it is visibly ap-
parent that the “Hard” coal produced more tar content
than the “Six Feet” coal specimen. It can be explained
by the higher content of volatiles of the “Hard” coal sam-
ple, i.e. 27.67% compared to 9.92% for the “Six Feet”

coal. The results of pH, electric conductivity (EC) and
alkalinity characterisation analysis obtained on the post-
gasification condensed matter of “Six Feet” coal (South
Wales, UK) and “Hard” coal (Silesia, Poland) are given in
Tables 4 and 5, respectively. The complete results of the
analysis are given in tables in the supplementary data. The
pH of the condensates generated at lower temperature ex-
periments (test 1, test 2, test 5 and test 6, at 650°C) were
in acidic condition and independent of the pressure.
Comparing the pH values with the contents of anions
presented in Figure 5, correlation between acidic anion
SO4

2- and pH value (negative correlation) is apparent.
The data show that more SO4

2- ions were observed at
the lower gasification temperature. Possibly, sulphur
may have evaporated at higher temperatures and formed
gaseous compounds that were transported along with
UCG gas. For example, test numbers 5 and 6 that were
conducted lower temperature showed higher SO4 ion con-
centration, relatively low bicarbonate ion concentration
and acidic pH. The trend is reversed at higher temperature
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Figure 5 Variation of the major anions’ concentrations upon experimental conditions for (a) “Six Feet” and (b) “Hard” coal
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and is reflected by the pH value. Comparing both coals,
“Hard” coal produced higher dissolved ion concentration
which led to its higher EC value.

Figures 4 and 5 show the concentrations of major cat-
ions (Na, K, Ca and Mg) and anions (F, Cl, SO4 and NO3)
in the condensate generated from both coals, respectively.
In terms of cations, comparison of the results from tests 1,
3, 5 and 7 with 2, 4, 6 and 8 shows that the concentration
levels were higher in experiments with 1:1 (H2O:O2) ox-
idant ratio than 2:1. In terms of temperature, tests 6 and 8
show that the temperature increase had minor impact and
the oxidant ratio played a major role in contaminant gen-
eration. Experiments 9 and 10 with both coals clearly
show the reduction in concentrations at 36 bar pressure
compared to 20 bar pressure. This pattern has been
reflected in other minor and trace elements as well

(Figure 6). In terms of anions, the tests with 2:1 oxidant
ratio generated more anions and the experiments with
higher pressure and temperature marginally reduced the
concentration levels of the major anions (Figure 5). The
“Hard” coal released more Cl- ions than the “Six Feet,”
whereas for SO4

- ions, it is vice versa. The interpretation
must not be confused with anion/cation balances as large
number of organic complexes are present in the
condensates.

Both coal specimens produced noticeable concentration
levels (ppm levels) ofMn, Cu, B, Cr, Ni, Sr and Zn. The acidic
nature of the condensates reflects on the concentrations of pH
dependant solubility of few cations (example Zn) which are
moderately higher than the condensates from higher tempera-
ture experiments. The Fe concentrations of “Hard” coal were
much higher than the “Six Feet” coal. Considerable amount of
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Figure 6 Concentrations of minor ions upon varying experimental conditions for (a) “Six Feet” and (b) “Hard” coal condensates
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Ni and Cr was found in condensate produced by both coal
specimens. Higher concentrations of sulphate measured in
the “Six Feet” coal condensates were the indications of hydro-
geology of South Wales Coalfield (Farr et al. 2016). The pH
and unsaturated nature of the elements in the condensate
would affect the cap rock dissolution into the groundwater.

Nm not measured
Nm not measured

Characteristics of UCG solid residues

As a certain amount of solid residue was required for
chemical analysis, only several experiments produced
the amount required to be considered for the analysis. In
particular, post-gasification residues obtained from test 1,
test 2 and test 3, test 4 and test 9 on “Six Feet” coal and
post-gasification residues obtained from test 1, test 3, test
4 and test 8 on “Hard” coal were analysed for concentra-
tions of particular elements. The results of the analysis are
presented in Table 6.

The mass percentage of elements in the residue shows that
the “Hard” coal residue contains higher amount of inorganic
constituents than the residue from “Six Feet” coal. Both coal
specimens produced considerable amount of iron in the resi-
due. The iron content in the residue can act as a sorbent for
other species in the event of cavity flooding (Sadasivam et al.
2020a). On the other hand, the dissolution of elements in the
residue would impact the surrounding groundwater quality.
Considering the temperature range of the UCG operations,
most of the elements in the residue would be in oxide forms.
The solubility of most of the oxide phases depends on the pH.

Figure 7 shows the solubility product species of a few
selected elements from Table 6. The average elemental com-
position of residue from the “Six Feet” coal in Table 6 was
used in the determination of the theoretical mineral dissolu-
tion. The calculations were made based on the solubility of
simple oxide form of the elements reacting with groundwater
at 20°C. The inorganic chemical species present in the
groundwater are shown in Table 3. The natural pH of the
groundwater used in the calculations was 8.88. Figure 7 shows

Table 6 Parameters determined
in post-gasification solid residues
obtained from tests conducted on
“Six Feet” coal (South Wales,
UK) and “Hard” coal (Silesia,
Poland)

Parameter “Six Feet” gasification residue (mg/g) “Hard” gasification residue (mg/g)

Test 1 Test 2 Test 3 Test 4 Test 9 Test 1 Test 3 Test 4 Test 8

Na 3.85 4.23 20.89 15.89 16.25 20.17 34.01 7.95 20.69

Ca 18.23 18.41 13.31 18.21 20.70 173.99 50.42 198.76 60.74

Mg 1.43 0.69 3.78 4.75 4.56 71.60 22.15 87.80 21.88

K 1.49 0.78 1.68 1.19 1.01 3.20 4.17 0.89 4.33

Fe 9.53 4.54 10.90 21.74 28.99 89.29 34.49 128.65 31.81

Al 137.69 123.99 124.39 147.33 156.40 30.33 129.24 19.02 124.04

Mn 0.10 0.06 0.37 0.48 0.34 2.57 0.66 3.45 1.18

Ba 6.44 41.30 4.44 5.42 5.86 1.41 2.77 1.05 2.19

Be 0.02 0.02 0.02 0.01 0.01 Nd 0.02 Nd 0.01

Cd 0.02 0.02 Nd Nd 0.00 Nd Nd Nd Nd

Co 0.34 0.12 0.09 0.11 0.11 Nd 0.13 Nd 0.09

Cr 0.83 0.67 2.33 1.24 1.72 0.97 0.53 0.48 0.37

Cu 0.56 0.38 0.45 0.45 0.68 0.17 0.24 0.16 0.24

Li 0.35 0.39 0.11 0.16 0.21 0.06 0.07 0.09 0.26

Mo 0.07 0.05 0.13 0.10 0.16 0.05 0.08 0.09 0.07

Ni 2.28 1.99 12.27 3.70 8.16 0.91 1.99 1.46 1.53

Pb 0.38 0.16 0.79 0.21 0.75 0.10 0.20 0.03 0.16

Sb 0.02 0.02 0.04 0.02 0.04 Nd Nd Nd 0.01

Se 0.01 0.02 0.05 0.03 0.04 0.01 0.01 Nd 0.01

Sr 4.09 3.97 0.72 0.90 1.17 0.61 0.32 0.53 0.25

Ti 1.23 1.15 2.62 1.97 3.04 0.48 1.35 0.34 1.42

Tl 0.02 Nd 0.03 0.02 0.01 0.02 0.01 0.02 0.01

V 1.04 0.33 0.19 0.24 0.38 Nd 0.29 Nd 0.23

Zn 5.93 7.91 18.82 4.71 4.46 2.27 3.24 1.46 1.75

Mass % in ash 19.60 21.12 21.84 22.89 25.51 39.82 28.64 45.22 27.33

Nd not detected
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Figure 7 Concentrations of different species in 1 kg of groundwater after interacting with 1 g of “Six Feet” coal gasification residue at varying pH: (a)
Cr, (b) Ni and (c) Zn
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the concentrations of Cr, Ni and Zn species at varying pH in
the groundwater, when 1 g of gasification residue interacts
with 1 kg of groundwater. The scenario explains, for example,
that the deep coal seam water with 0.01 mg/l Ni++ ion con-
centration would be increased to 1.3 mg/L by varying the pH
from 8.88 to 7.4 because of the residue dissolution
(Figure 7b). Cr dissolution from the residues produced tetra-
hedral chromate ions (CrO42-) in water. Acidification of
aqueous chromate solution breaks down the equilibria
(Butterworth-Heinemann 1997); HCrO4

- is formed as an in-
termediate compound at lower pH that dissociates at higher
pH (Figure 7a). The Zn+ ion species dominates the Zn species
in aqueous solutions with moderate chloride ion activity at
varying pH conditions (McMahon et al. 2019; Ruaya and
Seward 1986). The stability of zinc complexation with chlo-
ride is related to the chloride ion activity and thermodynamic
stability of the complexation. The condition provided in the
hypothetical dissolution of the gasification residue favours the
Zn+ dominance in the groundwater than the uncharged ZnCl2
which could be dominant in saline system. The aluminium
and iron were the predominant minerals in the residue.
Figure 8 shows the diaspore (aluminium mineral) and hema-
tite (iron mineral) minerals’ concentration changes in ground-
water before and after interacting with the residue at various
pH. This indicates that possible changes would occur in the
groundwater geochemistry because of the residue dissolution
when the UCG cavity floods.

Conclusions

Observations made in the present study add to the current un-
derstanding of the inorganic contaminants generated from dif-
ferent types of coal and their environmental implications. The
bituminous coal from Silesian Coal Basin, Poland, produced
lower amount of gasification residue and lower volume of con-
densate than the anthracitic coal from South Wales Coalfield,
which was the result of different reactivities of the coal speci-
mens. Both coals produced condensates with acidic pH range at
lower temperature (650°C). The oxidant ratio where the amount
of water is more produced lower level of concentrations in the
cationic species but high concentration of anionic species.
Among the trace elements, noticeable concentrations of Mn,
Cu, B, Cr, Ni, Sr and Znwere found, and “Hard” coal produced
high amount of Fe in the condensates. While the temperature
change had a minor impact on the contaminant generation, the
tests with high pressure (36 bar) at temperatures (750°C and
850°C) showed considerably lower concentrations of ions in
the condensates. Apart from the high amount of Al and Fe in
the gasification residue, Cr, Ni and Zi were present in consid-
erable amounts. The solubility product in the gasification resi-
due water system showed the presence of active species of the
above said elements at varying pH. Special attention needs to
be focused on the activity of the species of the elements present
in the gasification residue that would have an impact on the
groundwater in the event of cavity flooding.
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Figure 8 Concentrations of
aluminium and hematite minerals
in groundwater (a) before
interacting with “Six Feet”
residue and (b) after interacting
with “Six Feet” residue upon
varying pH from 8.88

2212 Environ Sci Pollut Res (2022) 29:2203–2213



Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11356-021-15780-8.

Author contribution Conceptualization: SS, RZ, KK, KS and HRT;
methodology: SS and RZ; analysis/investigation and data curation: SS;
writing—original draft preparation: SS; writing—review and editing: SS,
RZ, KK, KS andHRT; funding acquisition: HRT; resources: KK andKS;
and supervision: HRT.

Funding This work was a part of theMEGAPlus project supported by the
EU Research Fund for Coal Steel, under the Grant Agreement number
800774–MEGAPlus–RFCS-2017.

Availability of data and materials Not applicable.

Declarations

Ethics approval and consent to participate Not applicable.

Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

American Public Health Association (APHA) (2005) Standard method
for examination of water and wastewater, 21st edn. APHA,
AWWA, WPCF, Washington

Australian government’s environmental protection notice (2016) (https://
apps.des.qld.gov.au/enforcement-tools/pdf/stat1111.pdf)

Butterworth-Heinemann, 1997, Chromium, Molybdenum and Tungsten,
Editor(s): N.N. Greenwood, A. Earnshaw, Chemistry of the
Elements (Second Edition). Pages 1002-1039

Campbell JH, Wang FT, Mead SW, Busby JF (1979) Groundwater qual-
ity near an underground coal gasification experiment. J Hydrol 44:
241–266. https://doi.org/10.1016/0022-1694(79)90134-3

Farr G, Sadasivam S, Manju M, Watson I, Thomas H, Tucker D (2016)
Low enthalpy heat recovery potential from coal mine discharges in
the South Wales Coalfield. Int J Coal Geol. https://doi.org/10.1016/
j.coal.2016.05.008

Gemmell C., (Rev.). (2016). Independent review of underground coal
gasification– report. https://www.gov.scot/binaries/content/
documents/govscot/publications/independent-report/2016/10/
independent-review-underground-coal-gasification-report/
documents/00507473-pdf/00507473-pdf/govscot%3Adocument/
00507473.pdf

Humenick MJ, Mattox CF (1978) Groundwater pollutants from under-
ground coal gasification. Water Res 12:463–469. https://doi.org/10.
1016/0043-1354(78)90153-7

Kapusta K, Stańczyk K (2011) Pollution of water during underground
coal gasification of hard coal and lignite. Fuel 90:1927–1934.
https://doi.org/10.1016/j.fuel.2010.11.025

Kapusta K, Stańczyk K (2015) Chemical and toxicological evaluation of
underground coal gasification (UCG) effluents. The coal rank effect.
Ecotoxicol Environ Saf 112:105–113. https://doi.org/10.1016/j.
ecoenv.2014.10.038

Kapusta K, Stańczyk K, Wiatowski M, Chećko J (2013) Environmental
aspects of a field-scale underground coal gasification trial in a shal-
low coal seam at the Experimental Mine Barbara in Poland. Fuel
113:196–208. https://doi.org/10.1016/j.fuel.2013.05.015

Kim YT, Seo DK, Hwang J (2011) Study of the effect of coal type and
particle size on char–CO2 gasification via gas analysis. Energy Fuel
25(11):5044–5054. https://doi.org/10.1021/ef200745x

Liu S, Wang Y, Yu L, Oakey J (2006a) Thermodynamic equilibrium
study of trace element transformation during underground coal gas-
ification. Fuel Process Technol 87:209–215. https://doi.org/10.
1016/j.fuproc.2005.07.006

Liu S,Wang Y, Yu L, Oakey J (2006b) Volatilization of mercury, arsenic
and selenium during underground coal gasification. Fuel. 85:1550–
1558. https://doi.org/10.1016/j.fuel.2005.12.010

Liu S, Li J, Mei M, Dong D (2007) Groundwater pollution from under-
ground coal gasification. J China Univ Min Technol 17:467–472.
https://doi.org/10.1016/S1006-1266(07)60127-8

McMahon ME, Santucci RJ Jr, Scully JR (2019) Advanced chemical
stability diagrams to predict the formation of complex zinc com-
pounds in chloride environment. RSC Adv 9:19905–19916.
https://doi.org/10.1039/C9RA00228F

Mishra A, Gautam S, Sharma T (2018) Effect of operating parameters on
coal gasification. Int J Coal Sci Technol 5(2):113–125. https://doi.
org/10.1007/s40789-018-0196-3

Perkins G (2018) Underground coal gasification – part I: field demon-
strations and process performance. Prog Energy Combust Sci 67:
158–187. https://doi.org/10.1016/j.pecs.2018.02.004

Ruaya JR, Seward TM (1986) The stability of chlorozinc (II) complexes
in hydrothermal solutions up to 350°C Geochim. Cosmochim Acta
50:651–661

Sadasivam S, Zagorščak R, Thomas HR et al (2020a) Characterisation of
the contaminants generated from a large-scale ex-situ underground
coal gasification study using high-rank coal from the South Wales
Coalfield. Water Air Soil Pollut 231:519. https://doi.org/10.1007/
s11270-020-04888-1

Sadasivam S, Zagorščak R, Thomas HR, Kapusta K, Stańczyk K, 2020b.
Experimental study of methane-oriented gasification of semi-
anthracite and bituminous coals using oxygen and steam in the con-
text of underground coal gasification (UCG): effects of pressure,
temperature, gasification reactant supply rates and coal rank. Fuel
268, article number: 117330. https://doi.org/10.1016/j.fuel.2020.
117330

Smoliński A, Stańczyk K, Kapusta K et al (2012) Chemometric study of
the ex situ underground coal gasification wastewater experimental
data. Water Air Soil Pollut 223:5745–5758. https://doi.org/10.1007/
s11270-012-1311-5

Sury M, White M, Kirton J, Carr P and Woodbridge R, 2004. Review of
environmental issues of underground coal gasification. Report No.
COAL R272 DTI/Pub URN 04/1880, 2004. Page 27-28

Yoshiie R, Taya Y, Ichiyanagi T, Ueki Y, Naruse I (2011) Emissions of
particles and trace elements from coal gasification. Fuel. 108. https://
doi.org/10.1016/j.fuel.2011.06.011

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

2213Environ Sci Pollut Res (2022) 29:2203–2213

https://doi.org/10.1007/s11356-021-15780-8
http://creativecommons.org/licenses/by/4.0/
https://apps.des.qld.gov.au/enforcement-tools/pdf/stat1111.pdf
https://apps.des.qld.gov.au/enforcement-tools/pdf/stat1111.pdf
https://doi.org/10.1016/0022-1694(79)90134-3
https://doi.org/10.1016/j.coal.2016.05.008
https://doi.org/10.1016/j.coal.2016.05.008
https://www.gov.scot/binaries/content/documents/govscot/publications/independent-report/2016/10/independent-review-underground-coal-gasification-report/documents/00507473-pdf/00507473-pdf/govscot%3Adocument/00507473.pdf
https://www.gov.scot/binaries/content/documents/govscot/publications/independent-report/2016/10/independent-review-underground-coal-gasification-report/documents/00507473-pdf/00507473-pdf/govscot%3Adocument/00507473.pdf
https://www.gov.scot/binaries/content/documents/govscot/publications/independent-report/2016/10/independent-review-underground-coal-gasification-report/documents/00507473-pdf/00507473-pdf/govscot%3Adocument/00507473.pdf
https://www.gov.scot/binaries/content/documents/govscot/publications/independent-report/2016/10/independent-review-underground-coal-gasification-report/documents/00507473-pdf/00507473-pdf/govscot%3Adocument/00507473.pdf
https://www.gov.scot/binaries/content/documents/govscot/publications/independent-report/2016/10/independent-review-underground-coal-gasification-report/documents/00507473-pdf/00507473-pdf/govscot%3Adocument/00507473.pdf
https://doi.org/10.1016/0043-1354(78)90153-7
https://doi.org/10.1016/0043-1354(78)90153-7
https://doi.org/10.1016/j.fuel.2010.11.025
https://doi.org/10.1016/j.ecoenv.2014.10.038
https://doi.org/10.1016/j.ecoenv.2014.10.038
https://doi.org/10.1016/j.fuel.2013.05.015
https://doi.org/10.1021/ef200745x
https://doi.org/10.1016/j.fuproc.2005.07.006
https://doi.org/10.1016/j.fuproc.2005.07.006
https://doi.org/10.1016/j.fuel.2005.12.010
https://doi.org/10.1016/S1006-1266(07)60127-8
https://doi.org/10.1039/C9RA00228F
https://doi.org/10.1007/s40789-018-0196-3
https://doi.org/10.1007/s40789-018-0196-3
https://doi.org/10.1016/j.pecs.2018.02.004
https://doi.org/10.1007/s11270-020-04888-1
https://doi.org/10.1007/s11270-020-04888-1
https://doi.org/10.1016/j.fuel.2020.117330
https://doi.org/10.1016/j.fuel.2020.117330
https://doi.org/10.1007/s11270-012-1311-5
https://doi.org/10.1007/s11270-012-1311-5
https://doi.org/10.1016/j.fuel.2011.06.011
https://doi.org/10.1016/j.fuel.2011.06.011

	Characterisation...
	Abstract
	Introduction
	Materials and methods
	Results and discussions
	Mass of the UCG solid residues and volume of the condensate
	UCG post-processing condensed matter characterisation
	Characteristics of UCG solid residues

	Conclusions
	References


