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Abstract

The global coal industry yields a vast amount of tailings waste, and the utilisation of these tailings necessitates innovative
efforts contributing to the United Nations Sustainable Development Goals. One of such novel initiatives is to reuse coal
tailings (CT) safely, ecofriendly, and cost-effectively in agroecosystems as a soil conditioner to enhance the productivity
of lands. This study aimed to evaluate the potential utilisation of coal tailings waste in the soil amelioration to improve
plant performance. The physico—chemical characteristics of coal tailings from two Australian mining sites (CT1 and CT2)
showed that the tailings samples are alkaline with loamy and loamy sand textures, respectively. The tailings have ~3% of
macronutrients, high carbon (C), and low heavy metals and metalloids (As, Cd, Se, Cu, Zn, and Pb). The germination rate
of tomato seeds was improved in the low-rate CT treatment. Greenhouse tomato plants exhibited an increase in leaf’s K, Ca,
and Mg contents in CT1 and CT2 treatments. More importantly, the CT treatment-induced accumulation of heavy metals in
plants was mostly insignificant in both CT treatments. Therefore, we highlight the potential application of coal tailings as
a soil conditioner because of the beneficial effect of improved carbon and nutrients (N, P, K, Mg, and Ca) in tomato leaves.
Further amendment of the coal tailings should focus on the adjustment of pH and the addition of other beneficial materials
for the improvement of soil properties for crops in both the greenhouse and the field.

Keywords Coal waste - Soil amendment - Mineral nutrients - Sustainable agriculture - Heavy metals - Solanum
lycopersicum L.

Introduction

Globally, coal is a vital energy resource, which provides
nearly 30% of the world’s energy consumption (Zhou et al.
Miing-Tiem Yong and Mohammad Babla have contributed equally 2021). The energy supplied by coal consumption is expected
to this work. to reduce to 24% of the total energy supply in 2040 (U.S.
Energy Information Administration 2016), but future growth
in coal consumption is expected to be mainly contributed
from the developing countries in Asia (Clark et al. 2020).
Coal production is one of the main industries in Australia,
contributing to the Australian economy and national energy
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Processing raw coal into saleable coal inevitably gen-
erates large amounts of wastes that adversely affect the
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environment and increase greenhouse gas emissions. Coal
processing typically produces around 30% of coal wastes
from raw coal, including about 25% coarse coal gangue
and 5% coal tailings (Adiansyah et al. 2017; Mohammadi
et al. 2020). In addition, coal combustion generates other
major wastes—more than 1000 Mts of fly ash and bottom
ash from coal-fired power plants worldwide (Han et al. 2021;
Zhou et al. 2021). Most of the coal wastes were either land-
filled or stockpiled for future use (Dellantonio et al. 2010;
Mohammadi et al. 2020). Therefore, it has drawn increasing
research interests to find alternative uses of coal wastes to
lessen the pressure on the storage facilities and to eliminate
the hazards to the environment and human health. While
significant research progress has been made in utilising fly
ash, bottom ash, and coal gangue (Zhou et al. 2021), there
is limited research work into the utilisation of coal tailings
(CT). In China, it was reported that only a small amount of
coal tailings has been used in manufacturing construction
materials (Liu 2010). Therefore, there is an urgent need to
conduct comprehensive research to transform CT into sus-
tainable products as an alternative coal waste disposal solu-
tion (Babla et al. 2022).

Coal wastes usually have a good amount of carbon,
macronutrients, and micronutrients (Haynes 2009). The total
carbon contents in coal wastes were frequently reported to
be between 20 and 50%. Brown coal waste, fly ash, bottom
ash, and gauge were reported to be used as soil condition-
ing materials that can increase soil organic carbon content,
which is directly correlated to soil organic matter (Amoah-
Antwi et al. 2020; Zhou et al. 2021). Organic matter has an
important impact on soil physical structure, microbial activi-
ties, and nutrient retention capability for crop production.
The beneficial effects of soil organic matter are indirect and
reflected in the long-term by improving the overall proper-
ties of soil (Azadi et al. 2019). In addition, coal waste with
high carbonate content has a strong liming effect of amelio-
rating acidic soil (Manoharan et al. 2010). Effective amelio-
ration of alkaline soil was also reported by using coal wastes
with a high sulphate content (Chen et al. 2013). Budak et al.
(2020) reported that Ca and Al contents in soil increased
after CT treatment alone, while a combined treatment of CT
and mycorrhizal fungi improved the germination rate, shoot
length, root number, root length, and N and P contents in
the root and shoot in perennial ryegrass and Kentucky blue-
grass. Tremain et al. (2014) pointed out the potential benefit
of applying charcoaled coal tailings to soil to improve soil
physical structure of both sandy and clayey soils.

However, the possible presence of an excessive amount
of trace elements in coal wastes can result in pollution to
soil, water, plants, and food, affecting humans and ani-
mals (Yunusa et al. 2012; Diao et al. 2018; Fu et al. 2019;
Han et al. 2021; Wang et al. 2021). Moreover, Singh et al.
(2016) reported that the heavy metal content in crops was
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correlated to the heavy metal content in the soil. The coal
gauge treatment led to an increased heavy metal content
in soil with increasing times of application (Li et al. 2011;
Zhang et al. 2018). Further investigation is still needed on
the ameliorative effect of CT and possible heavy metal
contamination to agricultural soil.

In this study, we evaluated the potential application
of CT waste as a soil conditioner for sustainable agricul-
ture and compared heavy metals content in tomato plants
receiving different CT treatments. We hypothesised that
CT treatment at a low application rate could improve
tomato crop growth without heavy metal contamination in
plants. Firstly, the physical and chemical characterisation
were conducted on coal tailings collected from two min-
ing sites in Queensland and New South Wales, Australia,
respectively. The measured properties include particle size
distribution, pH, electric conductivity (EC), and chemical
composition. Then the effect of CT on plant growth was
evaluated by applying CT to tomato plants in comparison
with the control in the greenhouse. Measurements of plant
growth and photosynthesis were conducted on the tomato
plants. The feasibility of using CT as a carbon and nutrient
source to improve soil fertility was evaluated.

Materials and methods
Characterisation of coal tailings

Coal tailings slurry was collected from two mining sites
in Australia, and the corresponding tailings samples were
designated as CT1 and CT2, respectively. The tailings
slurry was then oven-dried at 105 °C for 4 days to remove
moisture. The dried samples were hand-ground and sieved
through 2 mm sieves. The pH and EC were measured
according to Tirez et al. (2014). The sample solution was
prepared by mixing one part of sample with five parts of
distilled water (w/w). The sample solution was mechani-
cally shaken overnight. EC and pH were measured after
half-hour of stabilisation. Particle size analysis of the
tailings was conducted according to the Australian stand-
ards AS 1289.3.6.1 (Standards Australia 2009) and AS
1289.3.6.3 (Standards Australia 2020). The samples for
measuring the total carbon and nitrogen contents were pre-
pared by fine grinding using a ball miller MM 400 (Retsch,
Verder Scientific, Germany) at a frequency of 30 Hz for
2 min. The total carbon (C) and nitrogen (N) contents in
the CT were quantified using a LECO TruMac CN analyser
(LECO Corporation, USA). Based on the Dumas method
(Wang et al. 2015b), 200 mg of dried and ground samples
were combusted at 1100 °C for each measurement.
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Element analysis of coal tailings and tomato leaves

Contents of key elements (K, P, Ca, Mg, Al, Fe, Mn, Zn,
Cu, Cd, Pb, As, and Se) in the CT were measured using
Inductively Coupled Plasma Mass Spectrometry (ICP-MS,
Perkinelmer NexION 5000 Multi-Quadrupole) according
to EPA (2007). Sieved samples were milled using a Retsch
ball miller MM 400 at a frequency of 30 Hz for 2 min. A
150 mg of sample was digested in ultrapure concentrated
nitric acid (4 ml) and hydrogen peroxide (2 ml) mixture. The
digestion was carried out in a closed vessel system (Speed-
wave 4 microwave digester) at 220 °C, > 25 bars pressure,
for 2 h. The digested sample was then diluted into 100 ml
and filtered using 22 um filters. The elemental content in
the sample solution was measured using ICP-MS within the
detection range from 0.001 to 1 mg L™!. The sample solution
was further diluted 10 and 100 times with 2% HNO; solution
for the abundant elements.

Macronutrient (K, P, Ca), micronutrient (Mg, Fe, Mn, Zn,
Cu, and Se), and heavy metal (Al, Cd, Pb, and As) contents
in tomato leaves were quantified using ICP-MS according
to O’Carrigan et al. (2014). The leave samples were pow-
dered using a Retsch ball miller MM 400 at 1800 RPM
for 2 min. For elemental measurements using ICP-MS, a
200 mg sample was digested in a mixture of 4 ml ultrapure
concentrated nitric acid and 1 ml hydrogen peroxide. The
digestion was carried out at 100 °C on a hot plate until the
sample was completely digested and the acid solution was
evaporated. The digested sample was diluted to 50 ml and
filtered using 22 pm filters. The elemental contents in the
sample solution were measured using ICP-MS within the
detection range from 0.001 to 1 mg/L. The sample solution
was further diluted 10 and 100 times with 2% HNOj solution
for abundant elements measurements.

Plant materials and growth condition

The short-term effect of coal tailings was performed in the
growth chamber [26 °C, RH 60%, 200 pmol m~2 s~! pho-
tosynthetically active radiation (PAR)]. Tomato (Solanum
lycopersicum L.) cv. Black Krim seeds were sown and ger-
minated in a 2 L pot filled with potting mix. 0-20% CT
(CT1 or CT2) treatments were premixed into the potting mix
based on the air-dried density of potting mix of 0.37 kg L.
The germination rate was counted at 10 days after sowing.
Aboveground tissue was harvested for biomass measurement
at 3 weeks old.

For the greenhouse trial, evaluation of CT1 and CT2 was
conducted in two separate batches as materials were received
separately. Trials of CT1 and CT2 were conducted in August
2020 and November 2020, respectively. Firstly, tomato seeds
were germinated in the seedling-raising potting mix. Healthy
and uniform tomato seedlings were grown for 4 weeks inside

a growth chamber with full-strength Hoagland nutrient solu-
tion weekly. To study the effect of coal tailings, 0-20% CT
(dry weight-based, W/W) were mixed into the potting mix.
Four weeks old seedlings were then transplanted into 3-L pots
with potting mix. The plants were grown in the greenhouse
for 11 weeks at around 300 pmol m~2 s™! of PAR throughout
the entire experiment. The general growth conditions were
26+2 °C (60% RH) during the day and 22 +2 °C (70% RH)
during the night under a 16/8 h light/dark cycle. The plants
were well-watered and fertilised at half strength with a com-
mercial fast release fertiliser (Hortico Aquasol, Yates, Victoria,
Australia) every fortnight during the two experimental trials.

Plant growth and biomass

Plant growth was determined by measuring the plant height
and the number of fully expanded leaves fortnightly. At the end
of the greenhouse trial, all the tomato plants were harvested
to determine the above ground fresh weight and then dried in
an oven at 70 °C for one week to determine their dry weight.

Gas exchange measurements

A portable LI-6400XT infrared gas analyser (Li-Cor Inc.,
Lincoln, NE, USA) was used to conduct the instantaneous
steady-state leaf gas exchange measurements from fully
expanded top canopy leaves, according to (Babla et al.
2020). Net CO, assimilation (A, umol m™~2 s_l), stomatal
conductance (g,, mol m~2 s 1), water use efficiency (WUE),
defined as the ratio of A to g, intercellular CO, concentra-
tion (C;, umol mol™"), and transpiration (7,, mmol m2s™)
were determined fortnightly. The conditions in the measur-
ing chamber were controlled at a flow rate of 500 mol s™!, at
saturating PAR of 1500 umol m™2s™!, 400 pmol mol~' CO,,
25 °C leaf temperature and a relative humidity of 60-70%.

Statistical analysis

Analysis of Variance (ANOVA), Student -test, and Dun-
can’s multiple range tests (DMRTs) were performed using
IBM SPSS Statistics IBM Corp. Version 24, USA). Figures
and tables were generated using SigmaPlot (Systat Software
Inc., Version 14.5, USA) and Microsoft Excel (Microsoft
Inc., Officel6, USA).

Test results

Properties and elemental characterisation of coal
tailings

Compared to CT2, CT1 had higher clay (20% vs 15%) and
silt (30% vs 15%) contents and lower sand content (50%
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vs 70%) (Table 1). CT1 and CT2 were classified as loam
soil and sandy loam soil, respectively, according to the soil
texture classification chart (Skaggs et al. 2001). Both CT1
and CT2 were slightly alkaline (pH: 8-9) and non-saline
(EC:<1dS m™") (Table 2).

The elemental analysis indicated that C is the most
abundant component in both CT1 and CT2 (Table 2). The
total C content of 476.5 g kg~! in CT2 was significantly
(t-test, P <0.01) higher than the corresponding value of
243.6 g kg~! in CT1. The next most abundant components
in both CT1 and CT2 were Al (111.8-120.3 g kg™!) and Fe
(~35 g kg™!), which can be harmful to plant growth when
their presence in the environment is in exchangeable forms
and large quantities. Important plant macronutrients Mg, Ca,
N, P, and K in both CT1 and CT2 were in the range between
0.81 and 23.9 g kg~!. The contents of macronutrients in CT1
were mostly lower than those in CT2. Compared with the
contents of other macronutrients, the P content was the low-
est in both CT1 (0.81 gkg™") and CT2 (1.0 gkg™}), followed
by the Mg and Ca contents (7.26-8.60 g kg™!). The N con-
tent in CT2 (11.2 g kg~") was significantly (¢-test, P <0.01)
higher than that in CT1 (6.4 g kg™"). The K content was the
highest among the macronutrients in CT1 (21.3 gkg™") and
CT2 (23.9 gkg™).

The heavy metal contents in both CT1 and CT2 were
overall below the safe levels specified by the Australian
standard AS 4454-2012 (Table 3). The metalloid As con-
tent in both CT samples was close to the allowed limits for
soil conditioner products. It is followed by the Se contents
ranging between 45 and 65% of the standard limit of 5 mg/
kg and the Zn contents ranging between 25 and 40% of the
300 mg/kg limit. The remaining elements were below 40%
of the allowed limits.

Tomato growth at early growth and vegetative
stages

In response to CT treatments, germination of seeds sown
in potting mix with CT1 treatments was the highest at low-
rate treatments (1% and 5%) (Fig. 1A). There is no differ-
ence observed between the control and 10% treatment, but
the germination rate was significantly reduced in the 20%
treatment. Overall, all CT2 treatments improved germina-
tion rates of tomato seeds. Similar to CT1 treatments, the

Table 1 Particle size distribution of tailings from two Australian coal
mining sites

Sample Clay Silt (0.002—-  Sand Texture
(<0.002 mm) 0.05mm) (%) (>0.05mm)
(%) (%)

CT1 ~20 ~30 50 Loam

CT2 ~15 ~15 70 Sandy loam
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Table2 Chemical properties of tailings from two Australian coal
mining sites

CT1 CT2
pH & EC
pH 8.7+0.3 8.1+0.03
EC 0.91+0.01 0.61 +£0.02%%*
Elemental content (g
kg™
N 6.40+0.04 11.19+0.14%%*
P 0.81+0.12 1.01+0.06
K 21.29+1.92 23.92+0.60
C 243.59+0.88 476.49 +0.60**
Al 111.75+13.54 120.26 +4.92
Ca 7.63+1.51 7.47+0.40
Fe 34.89+3.47 34.85+1.24
Mg 7.26+0.66 8.60+0.21

The data are mean values (= SE, n=4)

**Indicates significant Student r-test between CT1 and CT2 at
P<0.01

germination rate was higher at lower rates of treatment.
After 3 weeks of growth (Fig. 1B, C), the overall growth of
tomato plants was adversely affected by the CT treatment
(ANOVA, Treatment effect, P <0.001). A significant inter-
active effect (ANOVA, Treatment X Time effect, P=0.001)
suggested that the difference between samples (CT1 & CT2)
became significant when a higher application rate of CT was
used. While CT?2 did not significantly affect the early plant
growth at a low concentration treatment (1%), the adverse
effect of CT2 became evident at a higher application rate
(5-20%) in comparison with the CT1 treatment. It was also
shown in Duncan’s Multiple Range Test result, where the
biomass of plants with 10% and 20% treatments fell within
the lowest-ranked groups (Group d and e).

In terms of the long-term effect of the CT treatment in the
greenhouse, the influence of CT on the plant height and leaf

Table 3 Heavy metal contents in tailings from two Australian coal
mining sites

Element (mg CT1 CT2 AS 4454-2012
kg™

Cu 39.95+8.03 34.55+12.44 150

Zn 117.51+28.24 77.49+7.38 300

As 13.48+1.44 15.59+2.97 20

Cr 27.79+4.77 31.61+2.70 100

Pb 19.59+2.35 20.98 +2.32 150

Se 2.36+0.30 3.21+0.10% 5

Cd 0.17+0.02 0.22+0.02 1

The data are mean values (+ SE, n=4)
*Indicates significant Student ¢-test between CT1 and CT2 at P <0.05
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Fig. 1 Effect of coal tailings on seed germination and growth at the
seedling stage of tomato. A Germination rates of all seeds were meas-
ured after 10 days of germination. B Fresh weight, and C Dry weight
were measured after 3 weeks of growth. Different lowercase letters
indicate significant differences at P <0.05

numbers is not significant (Fig. 2B, C, ANOVA, treatment
effect, P>0.05). The appearance of the plants after 4 and
8 weeks of CT treatment is shown in Fig. 2A. Nonetheless,
plants with CT1 treatment showed an insignificant reduc-
tion in biomass at a 5% application rate followed by a slight

increase of biomass at a 10% application rate in contrast to
the control without CT treatment (Fig. 3A—C). Compared to
the control, plant biomass was not affected after a long-term
5% CT?2 treatment but was significantly reduced after a long-
term 10% CT2 treatment (Fig. 3A, C). The results suggested
that the raw CT treatment at a low percentage (e.g., 5%) did
not reduce the plant growth.

Leaf gas exchange

Leaf gas exchange and photosynthesis are key indicators of
plant health and yield potential (Babla et al. 2020). Table 4
shows the comparisons of five gas exchange parameters (A,
gs, WUE, VpdL, and Trmmol) between plants under different
rates of CT1 and CT2 treatments from Week 7 to Week 11
of treatment in the greenhouse. A two-way ANOVA analy-
sis (Interactive effects, P <0.01) indicates that the CT1
treatment led to a gradual increase in g, and Trmmol and
reduced VpdL of the leaves. The results indicate that the
plants with CT1 treatment had higher water consumption;
however, the CT treatment-induced water consumption did
not increase the net CO, assimilation rate. Leaf gas exchange
measurements of plants did not show a significant difference
between the control and plants with CT2 treatments apart
from the significant effect of time (week) of the CT2 treat-
ment (Table 4). The treatment effect and interactive effect of
treatment X time of five gas exchange parameters were over-
all insignificant. The results showed that the effect of CT2
treatment on the leaf gas exchange properties is insignificant.

Macronutrients, micronutrients, and heavy metals
in leaves

Tomato plants under coal tailings treatments generally had
higher nutrient (e.g., K, P, Ca, and Mg) contents in the
leaves. The content of these macronutrients in the leaves
of plants with 5% CT2 treatment was slightly higher than
that of the control. But the plants with 10% CT2 treatment
showed significantly (s-test, P <0.01) higher nutrients accu-
mulated in the leaves. For CT1 treatments, there was no
significant (z-test, P> 0.05) difference in the contents of K
and P between the control and the CT treated plants with 5%
and 10% CT (Table 5).

The Fe and Al contents in plants receiving CT treatments
were negligible (<0.2 g kg™!) (Table 5), indicating that the
abundant Fe and Al in CT samples were mainly present in
bound forms that are unavailable for plant uptake (Table 2).
The leaf samples of plants with 10% CT1 treatment showed
significantly higher As accumulation (z-test, P <0.05) in
comparison to those of the control and plants with 5% CT1
treatment (Table 6). Furthermore, the Cd content was signifi-
cantly increased in the leaves of samples treated with both 5%
and 10% CT1. Given the higher Cd content in CT2 samples
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Fig.2 Long-term effect of coal
tailings from the two mining
sites on the morphological
traits of tomato. The data are
mean values + SE (n=5) of A
appearance of plant after 4 &

8 weeks of CT treatment (CT2),
B plant height, and C leaf
numbers. Plant height and leaf
numbers were measured weekly
from Week 6 to Week 10 after
transfer to greenhouse. Different
lowercase letters indicate sig-
nificant differences at P <0.05

(Table 3), it is surprising to observe the higher accumulation of
Cdin CT1 treated plants than in CT?2 treated plants. It indicates
that other properties of CT, such as types of tailings and pH,
may have affected the heavy metal uptake of tomato plants.
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Fig.3 Long-term effect of coal tailings from the two mining sites on
the biomass of tomato plant. The data are mean values +SE (n=5) of
A fresh weight, B dry weight and C water content of tomato plants
after 12 weeks of treatment. Different lowercase letters indicate sig-
nificant differences at P <0.05

to disastrous events, such as dam failure, toxic contami-
nation, and explosion due to self-ignition (Hatje et al.
2017; Park et al. 2019). Alternatively, coal tailings can

potentially be used to remediate soil fertility for crops
as the tailings might contain available nutrients and low
heavy metal contents. Meanwhile, CT generally contains
huge amounts of organic carbon and Ca/Mg carbonate
compounds that may act as an absorbent to reduce heavy
metal pollution and a liming agent to remediate acidic soil
(Spain and Tibbett 2012; Wang et al. 2015a). However,
further research should be conducted on the potential use
of CT for soil amelioration for agricultural application.

From this study, we found that CT from both sites con-
tain high amounts of plant macronutrients such as K, Ca,
and Mg and some N and P. However, the application rate
of 5% or above will be too high if we convert the rate to
tonne ha~! for field applications. We estimated that 1% of
coal tailings in the potting mix with an air-dried density of
370 g L' is equivalent to 11 tonnes ha™! based on a topsoil
depth of 30 cm. Therefore, the application of 5% or 10% CT
will introduce massive amounts of various elements to the
soil and plants [e.g., 5% CT application rate (tonnes ha™!):
C, 13-27; K, 1; N, 0.4-0.6; P, 0.05; Ca, 0.4; and Mg, 0.5).
The supplements of 5% CT in our study were higher than
the required nutrients for plants and higher than the supple-
ments applied in many other studies, except P (Ward 1964;
Kanai et al. 2011; Cheng et al. 2021). Surprisingly, our
results indicated that these nutrients in tomato leaves only
slightly increased with 5% CT treatments and significantly
increased with 10% treatments. Interestingly, the plant bio-
mass was not correlated to the nutrient content in leaves. In
both CT treatments, the 5% treatments did not show a sig-
nificant effect on the biomass of tomatoes in the long-term.
The 10% CT1 treatment only slightly increased biomass in
the long-term without a significant impact on the nutrient
content, whereas 10% CT2 treatment reduced biomass but
significantly increased the nutrient content. Phytotoxicity
due to excessive fertilisation or nutrient deficiency can be
excluded as the nutrient contents in leaves were within the
normal ranges for tomato reported elsewhere (Juan et al.
2007; Suzuki et al. 2015).

By measuring the heavy metal content in leaves, CT1
treated samples surprisingly had higher As and Cd accu-
mulation than CT2 treated samples, while the contents of
heavy metals in CT1 treated samples were slightly higher
than those in CT?2 treated samples (Tables 2 and 6). How-
ever, no biomass reduction was observed in CT1 treated
plants, and only a small reduction was found in 10% CT2
treated plants. Higher heavy metals in plants with CT1
treatment may be related to the high total carbon content in
CT2, which consists of organic carbon and inorganic carbon
(Ontl and Schulte 2012). Organic carbon content is directly
related to the soil organic matter content in the soil, and
inorganic carbon generally refers to the carbon in carbonate
form. Both organic and inorganic carbon have been reported
for their outstanding ability to remediate polluted soil via
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Table 5 Long-term effect of coal tailings on the nutrient contents in
tomato leaves

Nutrient Sample Treatment 0% Treatment 5% Treatment 10%
(gkeg™
K CT1 34.15+6.15 3456+593  36.99+2.07
CT2 18.19+1.34 20.5+£3.07  32.05+1.64**
P CT1 4.07+0.57 4.17+0.25 4.70+0.10
CT2 3.06+0.29 3.3+0.63 5.11+0.18%*
Ca CT1 519+2.84 1292+0.14  12.05+0.50
CT2 7.52+0.80 8.27+0.87  12.26+0.64%*
Mg CT1 4.19+1.33 7.25+0.32 6.82+0.37
CT2 5.34+0.63 6.07+0.94 8.60+0.10%*
Fe CT1 0.06+0.00 0.06+0.00 0.08 +£0.00
CT2 0.12+0.02 0.2+0.02 0.13+0.01
Al CT1 0.03+0.00 0.02+0.00 0.03+0.00
CT2 0.02+0.00 0.02+£0.00 0.03+£0.00

The data are mean values (= SE, n=4)

**Indicates significant Student #-test analysis at P <0.01 compared to
the control

Table 6 Long-term effect of coal tailings on the heavy metal accumu-
lation in tomato leaves

Element Sample Treatment 0% Treatment5% Treatment 10%

(mg

kg™

As CT1 0.04+£0.01 0.05+£0.01 0.11+0.01%*
CT2 0.04£0.00 0.05+£0.01 0.06£0.01*

Cd CT1 0.04+£0.01 0.07+0.00%  0.10+0.01%**
CT2 0.06£0.03 0.05+£0.01 0.04£0.00

Cu CT1 6.8+1.39 5.77+£0.27 6.17+£0.28
CT2 7.34+£0.45 7.23+£0.95 9.8+0.46*

Pd CT1 0.53+0.02 0.92+0.26 0.75+0.11
CT2 1.00£0.16 0.97+0.19 0.64+0.1

Se CT1 0.11+£0.02 0.14+0.01 0.18+£0.01
CT2 0.11+£0.01 0.12+0.01 0.15+0.01

Zn CT1 1552+1.78 14.12+1.2 20.62+2.32
CT2 1299+1.71 17.55+342 16.65+1.45

The data are mean values (+SE, n=4)

* and **Indicate significant Student z-test analyses at P<0.05 and
P <0.01, respectively compared to the control

locking down different plant pollutants, such as heavy metals
and pesticides (Sktodowski et al. 2006; Ouhadi et al. 2010;
Placek et al. 2017; Carpio et al. 2021). Furthermore, the
content of plant extractable heavy metals was found to be
affected by the particle size distribution of soil (Clemente
et al. 2020; Carpio et al. 2021). Small soil particles were
found to have higher plant extractable Zn and As contents.
We found that the clay and silt contents in CT1 are much
higher than those in CT2 (Table 1), thus leading to higher
extractable heavy metals in CT1 for uptake by the tomato

plants. The stomatal conductance of plants was maintained
or increased in response to CT treatment, which may indi-
cate that an increased accumulation of low levels of heavy
metals in the tomato plants were not sufficient to trigger
phytotoxicity (Biatowiec et al. 2019).

Potential use of coal tailings in the amendment
of acidic soils by modifying their pH value

Across the world, acidic soils limit crop production because
of reduced accessibility of soil nutrients and increased pos-
sibility of metal toxicity, such as Al and Mn (Bojérquez-
Quintal et al. 2017). Many agricultural activities, such as
the application of fertilisers (e.g., urea, sulphur) and organic
material decomposition, were reported to increase soil acid-
ity. CT could be valuable to agriculture and environmental
restoration of acid soils as the soil amendment is of global
interest (Feng et al. 2020; Liu et al. 2021). Our study dem-
onstrates that the alkaline CT has a measured pH between 8
and 9, which may be due to the presence of carbonate com-
pounds (Wang et al. 2015a). Therefore, we propose that CT
could be used to provide liming amelioration to acidic soils
along with other coal wastes (e.g. fly ash) (Ram and Masto
2014). For this purpose, CT might be sold as commercial
products (such as soil conditioners) without the need for
further processing and manufacturing with other additives.
Alternatively, an acidic agent can be added to reduce the pH
of the CT to a range of 67 for conditioning of all kinds of
soil. The option of acidic agents includes but is not limited to
the use of lime (Bezdicek et al. 2003; Moir and Moot 2010),
elemental sulphur (Liu et al. 2015), iron sulphate (Simiele
et al. 2020), and acidic food waste/compost (Sundberg et al.
2013). Lime, sulphur, and compost can also improve the
soil’s physical structure and provide nutrients for microor-
ganism growth. For instance, iron sulphate supplement was
found to reduce As availability in soil (Simiele et al. 2020).

Application of coal tailings for improving soil
fertility

Size of soil particles and the carbon content in soil have a
direct impact on several soil features, such as water reten-
tion capacity (Singh and Verma 2011), nutrient retention
capacity (Ersahin et al. 2006), and retention capacity of pes-
ticides and fertilisers (Gaines and Gaines 1994; Farlin et al.
2013). Maintaining these capacities is essential for sustain-
able agricultural production. In general, these capacities are
the strongest in clay, moderate in silt, and the weakest in
sand. Nonetheless, sandy soil could improve water drainage
properties, which is beneficial for heavy clayey soil. While
clayey soils are usually highly susceptible to compaction
due to intensive agricultural activities on the land or reduced
tillage (Baumgartl and Horn 1991), loamy soil is considered
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the most suitable soil type for agricultural production. The
latter has the right clay—silt—sand mixture (Parikh and James
2012). Our results showed that CT?2 has a better soil texture
for agricultural applications in comparison with CT1. The
former is more suitable for direct field application to provide
nutrients or alleviate soil acidity.

The current agricultural practices (e.g., fertilisation, irri-
gation, mechanical harvesting, pesticide applications) are
associated with organic matter decomposition and increased
CO, emission (Trost et al. 2013). Organic carbon in soil
is an integral component affecting several key soil proper-
ties, such as the soil structure, soil fertility, water holding
capacity, and erosion resistance (Godde et al. 2016). These
properties are generally insufficient for Australian soils as
they are highly weathered. Since carbon is the most abun-
dant element in the tailing samples, it can be inferred that
the application of CT as a soil conditioner will significantly
increase the organic carbon content in the soil. Furthermore,
carbonate in CT can provide liming effect, and the Ca sup-
plement can support better soil aggregation and promote
soil microbial activities (Holland et al. 2018). In addition,
soil microbial activities are correlated with the particle size
distribution as increased microbial diversity was found in
smaller-sized particles. Several studies indicated that N-fix-
ing bacteria such as Nitrosospira and Nitrosomonas prefer-
ably hosted nitrification on the surface of silt particles (Lowe
and Hinds 1983; Catroux and Schnitzer 1987; Hemkemeyer
et al. 2018). Therefore, the clay and silt components in CT
could be beneficial for promoting soil microbial activities.
With large amounts of organic matter and nutrients in CT,
there is no doubt that CT can be used for bio-inoculation of
beneficial microbiota in poor soil.

Conclusions

Coal tailings from two Australian mining sites have been
evaluated for their potential use in soil amelioration. It
is found that the coal tailings are alkaline with loamy or
loamy sand textures. The tailings contain a reasonable
amount of macronutrients (~3% w/w), high carbon (C),
and low heavy metals and metalloids (As, Cd, Se, Cu, Zn,
and Pb). The tailings have been used as a soil conditioner
to treat greenhouse tomato plants. After the treatment,
there was an increase in leaf K, Ca, and Mg contents. This
study highlights the potential utilisation of coal tailings
as a soil conditioner as they contain high levels of carbon,
and macro & micronutrients. The high pH of CT may be
the factor hindering tomato growth in the high-rate treat-
ment. The coal tailings could be further processed by
reducing the pH value and adding other beneficial materi-
als. The improved coal tailings might be used for crops

@ Springer

in both the greenhouse and the field. Alternatively, the
alkaline coal tailings might be directly used to provide
liming amelioration to acidic soils.

In conclusion, the application of CT in agriculture is
likely to provide a new avenue towards global sustain-
able development goals by converting coal waste into soil
conditioners that can reduce the environmental impact of
coal waste and chemical fertilisers and potentially increase
agricultural productivity in the future. However, further
research should be conducted to assess the effect of CT on
the photosynthetic rate of crops. It should be noted that the
tomato plants in the greenhouse failed to produce enough
tomato fruits due to insufficient pollination. Further field
trials should be conducted to study the effect of coal tailings
on the quality and yield of tomato fruits.
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