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Abstract Coal preparation solid waste, which is a major environmental issue for coal-producing areas in China, may be

microbiologically digested and transformed into a product suitable as a soil amendment to increase soil organic matter

content and prevent and enhance plant/crop growth. Coal preparation waste collected from a coal sorting plant in Inner

Mongolia, China was digested in bioreactors inoculated with microbial enrichments prepared from activated sludge and

cow manure. The effluent solids from the coal preparation waste bioreactors were analyzed for their suitability as organic

soil amendments, which complied with China standards. Plant growth tests were conducted in sandy soil from a semi-arid

region in Colorado, which was amended with the effluent solids. Kentucky bluegrass (Poa pratensis L.) and chives (Allium

schoenoprasum) were used as the representative plants for the growth tests, where results indicated substantially higher

yields of Kentucky bluegrass and chives for the sandy soils amended with the effluent solids when compared to a

commercial organic fertilizer. The number and average length of Kentucky bluegrass shoots were 10 and 5.1 times higher,

respectively, in soils amended with the effluent solids. Similarly, the number and average length of chives shoots were 10

and 1.7 times higher, respectively, in soils amended with the effluent solids. Overall, the microbial digestion of coal

preparation waste for application as an organic soil amendment is a viable alternative and beneficial use of coal preparation

solid waste.

Keywords Coal processing waste � Coal washing slime � Soil amendment � Soil restoration � Waste beneficiation �
Anaerobic digestion

1 Introduction

Coal industry waste, particularly wastes from coal prepa-

ration (washing), is a continuing environmental issue for

coal producing areas in China. Coal preparation solid

wastes are currently one of the largest industrial hazards in

China in terms of land area and accumulation, which

amplifies the environmental hazards associated with the

wastes (Fu et al. 2012; Zhou et al. 2014; Li et al. 2015;

Liang et al. 2016; Zhao and Luo 2017). To mitigate the

accumulation of coal preparation waste, remedies devel-

opment has primarily focused on beneficial reuse of the

material, which includes uses in construction materials,

zeolites, activated carbons, and a variety of sorbents (Li

et al. 2006; Yan et al. 2010; Zhou et al. 2014; Gao et al.

2015); however, these uses have not been developed to a
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level where the demand utilizes any significant quantities

of coal preparation waste. Alternative uses that have the

potential to require substantial quantities of coal prepara-

tion waste may be for the agricultural and land manage-

ment/restoration industries.

Soil degradation and alkalinization are major agricul-

tural and environmental issues, especially in areas such as

the Inner Mongolia Autonomous Region in China

(Akiyama and Kawamura 2007). Major crop production is

hindered by the prevalence of alkali soil in arid and semi-

arid regions such as Inner Mongolia. A major characteristic

of these soils is the lack of organic matter. Organic matter

is important for soil health, where it enhances soil structure

and aggregation, improves water holding capacity, and

supports microbial activity that are important to nutrient

cycling. Low-rank coals (e.g., lignite) have been used as

raw materials for soil amendments to improve soil organic

matter content, primarily from the humic material that

exists in low-rank coals (Kwiatkowska et al. 2008; Gian-

nouli et al. 2009; Kirn et al. 2010; Cubillos-Hinojosa et al.

2015), where commercial potential of using low-rank coals

for soil amendments has been explored (Fiscor 2016);

however, coal compounds are typically not immediately

available and readily degradable for soil microorganisms,

which increases the time for realizing the benefits of low-

rank coals as soil amendments. One solution is the

microbial digestion of low-rank coals prior to their use as

soil amendments.

It has long been known that microorganisms can digest

coal compounds and this capability has been exploited and

enhanced for processes such as biogasification (bioenergy),

biodesulfurization, and production of other potentially

beneficial substances (Stoner et al. 1990; Faison 1991;

Isbister and Barik 1993; Gupta and Birendra 2000; Gokcay

et al. 2001; Jin 2007; Fallgren et al. 2013a, b; Gupta and

Gupta 2014; Sudheer et al. 2016; David et al. 2017).

Microbial coal digestion is conducted by a consortium of

facultative and anaerobic microorganisms, where Fig. 1

shows a simplified process for microbial coal digestion

typically found in enhanced systems (i.e., bioreactors or

in situ coalbed treatments) and is based on the mechanisms

presented by Strapoc et al. (2008, 2011). The first step of

microbial coal digestion is coal fragmentation and

depolymerization into smaller coal components. This step

is primarily conducted by aerobic and facultative

microorganisms due to their abundance and production

enzymes capable of oxidizing and hydrolyzing complex

compounds under conditions favorable to aerobic/faculta-

tive pathways. Further depolymerization and activation of

coal components are conducted by both facultative and

anaerobic microorganisms, producing both insoluble and

soluble intermediates. Fermentation of the intermediates by

anaerobic microorganisms results in compounds that are

utilized by methanogenic microorganisms to produce

methane. Typically, most coal components are very

recalcitrant toward microbial depolymerization; therefore,

only a small fraction of the coal is transformed into gas,

while the remaining coal components are insoluble frag-

mented and activated solids. Chemical pretreatments to

increase coal depolymerization has been explored for

increasing methane production for energy recovery (Huang

et al. 2013; Liu et al. 2019, Wang et al. 2019); however, for

the purpose of transforming low-rank coal to more

bioavailable form for soil amendments, the loss of impor-

tant coal components as methane is greater with these

chemical pretreatments. Without any chemical pretreat-

ment, the microbial digestion of low-rank coal is expected

to produce solids consisting of fragmented and activated

coal components, while producing biogas (methane and

carbon dioxide) that indicate the level of digestion.

A substantial portion of coal preparation waste contains

the organic fractions from coal, the use of coal preparation

waste as a soil amendment has been previously explored

(Wang et al. 2009); however, the same limitations are

present as with the original coal parent material. Since coal

preparation waste currently produced in China are com-

posed of high fractions of organic carbon (the parent coal

itself), the coal preparation waste may be microbiologically

digested and transformed into a product suitable as a soil

amendment to increase soil organic matter content and

prevent or reverse soil degradation and enhance plant/crop

growth. The objective of the following research was to

demonstrate the microbial digestion of coal preparation

waste and the suitability of the resulting effluent solids on

enhancing plant growth.

2 Methods and materials

2.1 Coal processing waste

The coal processing (washing) waste solids used for the

experiments were acquired from a coal preparation plant

located near Baotou (Inner Mongolia, China). This coal

preparation plant processes low-rank coals from several

mines in Inner Mongolia, and it uses froth flotation as its

processing (washing) method. The slime from the coal

processing was dewatered and air-dried prior to collection.

The parent material of the coal processing waste solids is

lignite from a mine in the Ordos Basin (Inner Mongolia,

China), where samples of lignite from this mine were also

acquired for the experiments.
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2.2 Bioreactors setup and operation

2.2.1 Microbial enrichment (Inner Mongolia)

The Inner Mongolia microbial enrichment was prepared by

using materials sourced in the Baotou, Inner Mongolia

area. For the microbial digestion of coal processing waste

solids, sources for both facultative and anaerobic

microorganisms were sourced from activated sludge and

cow manure. Dewatered activated sludge was collected

from a municipal wastewater treatment plant in a rural area

near Baotou. The cow manure was collected from a dairy

farm near Baotou. Groundwater was used as the liquid

medium and was collected from a well in Baotou. The

groundwater was autoclaved for 1 h prior to use.

The microbial enrichment was prepared under nitrogen

(N2) purging, where a proprietary nutrient mixture was

added to the groundwater, which was based on growth

media described in Fallgren et al. (2013a, b) and Jin

(2007). Under continuous stirring and N2 purging, the

activated sludge was added to a concentration of 1 g/L.

Similarly, the cow manure was added to the enrichment

medium to concentration of 1 g/L. The pH of the

enrichment mixture was adjusted to 6.8, and then the

mixture was incubated in a sealed reactor at 35 �C for 7 d

prior to use. The gas produced from the enrichment med-

ium was released and collected in gas bags.

2.2.2 Bioreactor startup, operation, and monitoring

Glass batch bioreactors with 5 L capacities were con-

structed to be sealable and gas-tight. Each reactor was

constructed with one liquid sampling port and valve, and

one gas outlet with a sampling port. The gas was collected

in a separate vessel, which displaced water. The gas pro-

duction volume was determined from the volume of the

displaced water from the gas collection vessel. The batch

bioreactor temperatures were controlled using heated water

baths.

The experimental batch bioreactor runs were conducted

with three different feed mixtures: (1) Inner Mongolia

microbial enrichment (5 L liquid); (2) coal processing

waste solids (500 g) and Inner Mongolia microbial

enrichment (4.5 L liquid); and (3) lignite (500 g) and Inner

Mongolia microbial enrichment (4.5 L liquid). All biore-

actors were loaded and sealed while being purged with N2.

Fig. 1 Microbial digestion of coal process
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The bioreactors were heated in water baths with reactor

temperatures being maintained at 35 �C. Gas production

was monitored daily by measuring the volume of displaced

water from the gas collection vessel. The batch bioreactor

runs were stopped after 120 days.

The slurries in the bioreactors with solid/liquid mixtures

were discharged, dewatered, and dried, where the solid

products were collected and characterized. Characteriza-

tion parameters were based on the China standard for

organic soil amendments. These parameters included:

moisture, organic matter, pH, nitrogen (N), phosphorus (as

P2O5), potassium (as K2O), arsenic, mercury, lead, cad-

mium, chromium, locust/ascaris eggs mortality, and total

coliforms. The raw coal-processing waste solids were also

characterized for comparison.

2.3 Plant growth tests

2.3.1 Bioreactor for effluent solids production

Glass batch bioreactors similar to the bioreactors con-

structed as described in Sect. 2.2.2 were used for producing

the effluent solids required for the plant growth tests. These

bioreactors used a Colorado microbial enrichment that was

prepared by using materials sourced in the Northern Col-

orado (USA) area. The microbial enrichment was prepared

the same way as that described in Sect. 2.2.1, except for the

following: (1) the activated sludge was collected from the

Drake Water Reclamation Facility (Fort Collins, Colorado,

USA); (2) the cow manure was collected from a dairy farm

near Fort Collins, Colorado; and (3) the groundwater was

collected from a well near Fort Collins, Colorado.

The batch reactor runs for producing effluent solids for

the plant growth tests were conducted with two different

feed mixtures: (1) Colorado microbial enrichment (5 L

liquid); and (2) coal processing waste solids from Inner

Mongolia (500 g) and Colorado microbial enrichment (5 L

liquid). All bioreactors were loaded and sealed while being

purged with N2. The bioreactors were heated in water baths

with reactor temperatures being maintained at 35 �C. Gas
production was monitored daily by measuring the volume

of displaced water from the gas collection vessel. Biore-

actor headspace gas samples were also collected and ana-

lyzed for methane and carbon dioxide composition. The

batch bioreactor runs were stopped after 120 days, where

the bioreactor contents (slurry) were discharged, dewa-

tered, and dried prior to use for the plant growth tests.

2.3.2 Plant growth tests setup and monitoring

The sandy soil used for the growth tests was collected from

a sand pile at a landscaping material supplier in Loveland,

Colorado. The sandy soil was added to pots divided into

three sets: (1) sandy soil only; (2) commercial organic

fertilizer-amended sandy soil; and (3) microbial digestion

effluent solids-amended sandy soil. The commercial

organic fertilizer (Nature’s Care Organic & Natural Plant

Food, Ohio, USA) was added to the sandy soil at a rate

equivalent to 1.5 kg/m2. Similarly, the effluent solids were

added to the sandy soil at a rate equivalent to 1.5 kg/m2.

The soil amendments were mixed in with the soil in the

pots prior to use.

The plant growth experiments were conducted for two

different plants: Kentucky bluegrass (Poa pratensis L.) and

chives (Allium schoenoprasum). Each plant growth exper-

iment included the three soil conditions described above.

The Kentucky bluegrass growth tests were conducted by

planting 120 seeds in each pot for each soil condition. The

pots were watered daily and incubated at approximately

20–23 �C under a growth lamp set for 12 h/day. The

Kentucky bluegrass growth tests run was stopped after

42 days. The chives growth tests were conducted by

planting 30 seeds in each pot for each soil condition. These

pots were also watered daily and incubated at approxi-

mately 20–23 �C under a growth lamp set for 12 h/day.

The chives growth tests stopped running after 25 days.

During the growth test period, the number of grass or

chives stalks and mean plant heights were monitored. After

the stop of the growth tests, the grass or chives were har-

vested where the mean total plant lengths, mean root

lengths, mean number of root branches, and total bio-

masses were determined.

2.4 Analytical

Bioreactor headspace gas samples were analyzed for

methane and carbon dioxide compositions, which were

measured by a gas chromatograph (Shimadzu 8A, Japan)

equipped with a thermal conductivity detector and a Car-

boxen 1000 packed column (4.6 m 9 1/8 in 9 2.1 mm).

Solids moisture was determined by the drying-weighing

method (Chinese standard method GB/T8576-2010). Solids

organic matter was determined by the potassium dichro-

mate volumetric method (Chinese standard method

NY525-2012). Solids slurry pH was determined by using a

FE28 pH meter (Mettler Toledo Instruments Shanghai Co.,

Ltd., Shanghai, China). Solids nitrogen (as N) content was

determined by digesting samples with an aluminum film

block digester then quantified by a K1305B Kjeldahl unit

(Shanghai Shengsheng Automatic Analysis Instrument Co.,

Ltd., Shanghai, China) by following Chinese standard

method NY525-2012. Solids phosphorus (as P2O5), potas-

sium (as K2O), lead (Pb), cadmium (Cd), and total chro-

mium (Cr) were measured by the ICP-Mass (Thermo

Fisher, Maryland, USA). Arsenic (As) and mercury (Hg)

were determined by an atomic fluorescence
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spectrophotometer (Beijing Haiguang Instrument Co., Ltd.,

Beijing, China). The locust/ascaris eggs mortality in the

solids was determined by the biomicroscopy method

(Chinese standard method (GB/T19524.2-2004)). The total

coliforms in the solids were determined by Gram staining.

3 Results and discussion

3.1 Microbial digestion of coal processing waste

Microbial digestion, such as anaerobic digestion (AD), has

long been used to convert wastes (food and agriculture

Fig. 2 a Cumulative total gas production from the microbial digestion bioreactors amended with the Inner Mongolia microbial enrichment.

(Note: Nm3 = normal cubic meters; MT = metric ton) b Total gas production rates from the microbial digestion bioreactors amended with the

Inner Mongolia microbial enrichment
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wastes, sewage sludge, livestock wastes) and energy crops

into primarily two useful by-products: biogas and fertil-

izer/soil amendments (Nkoa 2014). Typically, the readily

biodegradable fraction of these feedstocks are converted to

biogas, leaving behind a stabilized organic matrix (com-

posed of more recalcitrant compounds) that has agronomic

value; therefore, the level of biogas production is an indi-

cator of the level of solids degradation and transformation.

However, unlike the wastes and energy crops, coal requires

fragmentation, depolymerization, and activation. In this

case, the biogas production level is an indicator of the level

of activation of coal compounds.

The biogas production was monitored in AD reactors

containing coal preparation waste and the parent coal

material (i.e., lignite). Biogas production was analyzed in

terms of normal cubic meters (Nm3) gas production per

metric ton (MT) of total reactor contents (i.e., solid-liquid

slurry or water with the microbial enrichment) in the

reactors. From the total produced gas accumulation

(Fig. 2a), AD reactors containing lignite and coal prepa-

ration waste produced significantly more gas (27.3 and

8.84 Nm3/MT from reactors with lignite and coal prepa-

ration waste, respectively) than the reactor containing only

the microbial enrichment (3.76 Nm3/MT). This indicates

that microbial digestion of the lignite and coal preparation

wastes were occurring in the reactors, where higher

amounts of organic compounds from lignite were available

for gas production by the microorganisms than were pre-

sent from the coal preparation waste (mean difference in

gas production through 120 days was determined be

8.84 Nm3/MT). Daily gas production rate monitoring

indicated that the majority of the gas produced from lignite

was produced between 8 and 19 days after reactor startups

(Fig. 2b), where rates of 0.64–1.36 Nm3/MT per day were

observed (approximately 72%–266% higher than observed

from coal preparation waste). This indicates the presence of

relatively smaller and more bioavailable compounds in the

lignite parent material. Huang et al. (2018) observed that a

small fraction of smaller lees complex coal compounds

from low rank coal are readily dissolved in water, which

may be more quickly converted to gas early in a reactor

run. Fallgren et al. (2013a) observed that trapped volatile

organic compounds in coal may significantly contribute to

microbial gas production after microbial coal fragmenta-

tion and depolymerization. After 19 days, the gas produc-

tion rate from lignite decreased and stabilized to similar

levels as the gas production rates from AD reactors con-

taining coal preparation waste (mean gas production rate of

0.149 Nm3/MT per day).

Coal preparation waste is composed of the parent lignite

material; however, the majority of more volatile organic

compounds and other smaller less complex compounds

have been removed during the coal preparation (washing)

process. Therefore, coal preparation waste the gas pro-

duced is primarily from the products of the fermentation of

compounds activated after depolymerization. Similar to

AD of other materials, the biogas production rate decreases

with less readily bioavailable and soluble compounds. This

decrease in gas production rate is an indicator the microbial

digestion level of the solids, and their readiness for use as

soil amendments. Gas production from the coal preparation

Table 1 Material analysis results for raw coal preparation (washing)

waste and the microbial digestion effluent solids. The characterization

parameters are based on the China standard requirements for organic

soil amendments

Parameter Raw coal

preparation

(washing)

waste

Microbial

digestion

effluent

solids (dried)

Organic soil

amendment

standard

(China)

Moisture (%) 31 23 B 30

Organic Matter (mg/

kg)

149 97 C 45

pH 7.4 7.2 5.5–8.5

Nitrogen (N) (%) 0.7 0.5 -

Phosphorus

(P2O5) (%)

1.0 1.0 -

Potassium (K2O) (%) 0.1 0.6 -

N ? P2O5 ? K2O (%) 1.8 2.1 C 5.0 (for

fertilizer)

Arsenic (As) (mg/kg) 0.8 2 B 15

Mercury (Hg) (mg/kg) \ 0.1 \ 0.1 B 2

Lead (Pb) (mg/kg) 3 10 B 50

Cadmium (Cd) (mg/

kg)

0.4 0.6 B 3

Chromium (Cr) (mg/

kg)

6 14 B 150

Locust/ascaris eggs

mortality (%)

100 100 C 95

Total coliforms (cfu/g) 43 \ 3 B 100

cFig. 3 a Cumulative total gas production from the microbial

digestion bioreactors amended with the Colorado microbial enrich-

ment. ‘‘Enrichment Only’’ bioreactors contained no coal preparation

waste solids. ‘‘AD Treatment’’ bioreactors contained both the

microbial enrichment and the coal preparation waste solids.

b Methane composition of the gas produced from the microbial

digestion bioreactors amended with the Colorado microbial enrich-

ment. ‘‘Enrichment Only’’ bioreactors contained no coal preparation

waste solids. ‘‘AD Treatment’’ bioreactors contained both the

microbial enrichment and the coal preparation waste solids. c Carbon
dioxide composition of the gas produced from the microbial digestion

bioreactors amended with the Colorado microbial enrichment.

‘‘Enrichment Only’’ bioreactors contained no coal preparation waste

solids. ‘‘AD Treatment’’ bioreactors contained both the microbial

enrichment and the coal preparation waste solids
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Fig. 4 a The number of grass shoots in soil amended with coal preparation waste anaerobic digestion effluent solids and a commercial fertilizer.

b The average height of grass shoots in soil amended with coal preparation waste anaerobic digestion effluent solids and a commercial fertilizer
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waste started decreasing after 90 days and the reactors

were stopped after 120 days of operation. The microbial

digestion (AD) effluent solids from the coal preparation

waste reactors were collected, dried, and analyzed based on

the China organic soil amendment standards. Table 1 lists

the analytical results for the microbial digestion effluent

solids and the raw coal preparation waste. The uptake of

heavy metals, such as mercury, by crops entering the food

chain is an important concern that should be investigated in

any process feedstock and products. As shown in Table 1,

the feedstock material and the effluent solids complied with

the organic soil amendment standards, where all metals of

concern (including mercury) were substantially below the

standards. A 35% decrease in organic matter content was

indicated when comparing the results between the raw coal

preparation waste and the effluent solids. This indicates

that the more readily biodegradable compounds were

converted to biogas and potentially microbial biomass,

while the remaining organic fraction of the effluent solids

was primarily composed of the fragmented, depolymer-

ized, and activated coal compounds.

Microbial digestion process for producing an organic

soil amendment, as shown in Fig. 1, is primarily consists of

fragmenting/depolymerizing and activating coal com-

pounds in the organic fraction of the coal preparation

waste. Since the parent material for the organic fraction of

the coal preparation waste was lignite, the likely transfor-

mation reactions that occurred during the microbial

digestion process were the hydroxylation of catechols and

compound side chains, methylation and hydroxylation to

form methoxyl groups, alkylation, formation of aryl ether

bonds, and increase in compounds similar to cellulose and

lignin (Strapoc et al. 2011). Carboxylation, methylation,

and hydroxylation of other coal compounds were also

likely activation reactions, where some product interme-

diates were converted to biogas and microbial biomass. A

fraction of the compounds may be similar to digestates

from AD of cellulosic waste materials (e.g., agricultural

residues), while other compounds may be similar to soil

organic matter (SOM), which is largely composed of humic

materials. These properties contribute to the potential of

using the microbially digested coal preparation waste as

organic soil amendments to enhance plant growth, espe-

cially in degraded arid soils.

3.2 Plant growth tests

The microbial enrichment utilizes activated sludge and cow

manure as sources of microorganisms capable of digesting

coal compounds. There is likely variation of overall

microbiomes from these sources globally; however, the key

microorganisms that digest complex organic compounds

(such as those in coal) are typically similar around the

world. For example, Wu et al. (2019) determined high

diversity between activated sludge samples from around

the world; however, a global core microbial community

linked to activated sludge performance was present in the

samples. The reactors used to produce effluent solids from

the digestion of coal preparation waste for use in the plant

growth tests were inoculated with a microbial enrichment

produced from activated sludge and cow manure sourced in

Colorado (USA) instead of from Inner Mongolia (China). It

was expected that the microbial digestion of the same coal

preparation waste would result in a similar product using

the Colorado microbial enrichment as with the Inner

Mongolia enrichment. As with reactors inoculated with the

Inner Mongolia enrichment, the cumulative gas production

was significantly higher in Colorado enrichment inoculated

reactors containing coal preparation waste than the pro-

duction from reactors with only the microbial enrichment

(Fig. 3a). After 113 days, the total gas production was

17.8 Nm3/MT, which was nearly the same amount pro-

duced from the Inner Mongolia enrichment inoculated

reactors (which produced 17.6 Nm3 total gas/MT).

Methane and carbon dioxide composition of the total gas

stabilized after 22 days (Figs. 3b, c), where the mean

methane composition was 71.0%.

The gas production was an indicator of the microbial

digestion of the coal preparation waste, which was stopped

after 113 days operation. The effluent solids were collected

and used as amendments in a sandy soil where Kentucky

bluegrass (P. pratensis L.) was planted. After 42 days of

growth, the number of grass shoots and the average height

of the shoots (above the soil surface) were 10 and 3 times

greater in the soil amended with the effluent solids than in

the soil amended with the commercial organic fertilizer

(Figs. 4a, b). No growth was observed in soil without any

Table 2 Kentucky bluegrass (P. pratensis L.) growth tests results

(after 42 days)

Parameter Commercial organic

fertilizer

Microbial digestion

effluent solids

Number of grass

shoots

10 100

Mean plant

length (cm)

2.5 12.8

Mean root

length (cm)

0.1 4.4

Mean number of

root branches

1 13

Total biomass

(wet) (g)

0.02 4.07

Total biomass

(dry) (g)

0.01 3.70
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amendments. Post-harvest analysis results indicated sub-

stantially greater grass lengths, root branching, and bio-

mass from the sandy soil amended with the effluent solids

than in soil amended with commercial organic fertilizer

(Table 2). Total mean grass lengths were 5.1 times greater

(note that the grass shoot height indicated earlier was for
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Fig. 5 a The number of chive shoots in soil amended with coal preparation waste anaerobic digestion effluent solids and a commercial fertilizer.

b The average height of chive shoots in soil amended with coal preparation waste anaerobic digestion effluent solids and a commercial fertilizer
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that observed above the soil surface and did not account for

shoot lengths below the soil surface), while the total dry

biomass was 370 times greater.

Chives (A. schoenoprasum) were also planted in the

sandy soil where the number of chive shoots and, after

25 days, the average height of the shoots were 10 and 20

times greater in the soil amended with the effluent solids

than in the soil amended with the commercial organic

fertilizer (Figs. 5a, b). After 25 days, the chives were

harvested, where post-harvest analysis results indicated

substantially greater chive lengths, and biomass from the

sandy soil amended with the effluent solids than in soil

amended with commercial organic fertilizer (Table 3).

Total mean chive lengths were 1.7 times greater, while the

total dry biomass was 35 times greater.

Soil organic matter (SOM) is an important and neces-

sary soil component to facilitate plant growth, especially in

degraded sandy soils similar to that used for the growth

experiments. Microbial activity and growth is another

important component of overall soil health and plant

growth. Soil microorganisms (primarily bacteria and fungi)

contribute to nutrient cycling, nutrient bioavailability, and

soil aggregation, where the presence of SOM is necessary

to support and maintain these soil microbial activities

(Rashid et al. 2016). Both the microbial digestion effluent

solids and the commercial organic fertilizer added organic

matter to the soil; however, the growth experiment results

indicated higher yields of grass and chives for soil amen-

ded with the effluent solids when compared to commercial

fertilizer. The primary difference between the soil

amendments may have been the presence and quantity of

microorganisms important to facilitation plant growth.

Long-term effects of amending soil with lignite include

higher humic materials (the primary component of SOM)

due to slow release of compounds (Kwiatkowska et al.

2008); however, more immediate effects were apparent

with the amendment of the microbial digestion effluent

solids possibly due to the microorganisms present in the

solids. The sandy soil used for the growth experiments had

little SOM; therefore, the microbial activity and quantity

were likely low. Unlike the commercial organic fertilizer,

the microbial digestion effluent solids consisted of still

active and dormant microorganisms from the digestion

process. This added microbial activity in the soil, thus,

likely increased the bioavailability of nutrients and com-

pounds important to plant growth. Overall, through

microbial digestion, the coal preparation waste was trans-

formed into a product suitable as a soil amendment to

improve SOM content and enhance plant growth, with the

potential of reversing soil degradation.

Approximately 75 billion tons of soil (approximately

$400 billion worth) is lost each year (Eswaran et al. 2001),

where, in 2015, the U.S. lost 1.69 billion tons of cropland

soil due to erosion (USDA, 2018). Organic fertilizers

derived from manures, compost, and other sources (e.g.,

bone meal) add organic matter to the soil; however, the

amount of organic fertilizer that is produced is lower than

what would be demanded, due to the limited feedstock, and

the favorable effects of organic fertilizer amendments

typically do not last multiple growing seasons. The

microbial digestion of coal preparation waste into a soil

amendment may resolve the issues present with conven-

tional organic soil amendments, where coal preparation

waste as feedstock is significantly more abundant.

Assuming production of the microbial digestion effluent

solids is located in the same location as the coal prepara-

tion waste, the cost of the feedstock for producing the

effluent solids is negligible; therefore, production costs

would be similar to operation costs of other anaerobic

digestion processes that treat waste (e.g., wastewater

treatment where sludge is recovered and dried for use in

agriculture).

Another feature for the coal-based soil amendment is

that it does not contain residual antibiotics or other phar-

maceutical intermediates. The stringent screening of coal

material also eliminates the presence of hazardous metal.

In addition, the alternative exit for coal, especially lower

grade coal, as a fuel has significant social and economical

merits. First of all, the valorization of coal into soil

amendment is beneficial to both coal and agricultural

industries. Not only will the it raise soil quality and

enhance agricultural production, the long term deposit of

carbon from coal in the soil also results in the beneficial

sequestration of carbon that will be otherwise released in to

the environment from combustion.

Table 3 Chives (A. schoenoprasum) growth tests results (after

25 days)

Parameter Commercial

organic fertilizer

Microbial digestion

effluent solids

Number of chive

shoots

2 20

Mean plant

length (cm)

8.3 14.3

Mean root

length (cm)

1.4 4.7

Mean number of root

branches

4 6

Total biomass

(wet) (g)

0.02 0.55

Total biomass

(dry) (g)

0.01 0.35
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4 Conclusions

(1) The microbial digestion of the organic fraction from

coal preparation waste is feasible based on the pro-

duction of biogas;

(2) Microbial enrichments that utilize activated sludge

and cow manure from different parts of the world

perform similarly in digestion coal preparation waste

based on biogas production;

(3) The effluent solids from the microbial digestion of

coal preparation waste meets the standards for

organic soil amendments set by China;

(4) Growth of Kentucky bluegrass and chives can be

enhanced in sandy soil amended with the effluent

solids; and

(5) The amount of plant growth is substantially greater

in soil amended with the effluent solids compared to

a commercial organic fertilizer, possibly due to

microorganisms present in the effluent solids.

Overall, the microbial digestion of coal preparation waste

for application as an organic soil amendment is a viable

alternative and beneficial use of one of the most important

industrial hazards currently in China.
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