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Abstract: Globally, open-pit coal mining is associated with severe land use impact and
contamination of soil and water resources with heavy metals. Thus, in growing economies like
India, where coal is a significant energy source, the heavy metals contamination of soil and water
become ubiquitous. Remediation of such a large stretch of mined-out land is a major challenge and
a costly process for the mining industry. In recent years, the application of biochar for the
remediation of such heavy metals-contaminated soil has been widely practiced. However, applying
biochar and cultivating plants in field conditions becomes challenging. This study uses a unique
remediation approach by developing biochar-bentonite-based seed balls encapsulating Shorgham
grass seeds at their core for application in the contaminated soil. The seed ball was developed by
using the bentonite biochar composite in varying weight fractions of 0.5 - 5 % with respect to the
kaolinite, whose fractions in the seed ball also varied at one, three, and five parts. The seed balls
were applied to the pots containing 3 kg of heavy metals contaminated soil for a pot-culture study
in a polyhouse for a period of four months. Initial soil analysis results indicated that the mine soil
samples showed poor nutrient and organic matter content and were contaminated with heavy
metals such as Ni, Zn, Cr, and Cd. Post-pot-culture soil analysis results indicated that the application
of seed balls containing five fractions of biochar composite with its combination with three and five-
weight fractions of kaolinite showed substantial improvement in the pH, available nutrients,
organic matter content, soil enzymes, and overall soil fertility index compared to the controlled
study and other cases. The same combination of seed balls also significantly reduced the plant-
available fractions of Ni, Zn, Cr, and Cd in the soil and the translocation of these heavy metals from
the rhizosphere zone to the grass’s aerial parts, indicating stabilization of heavy metals within the
soil matrix. Moreover, the application of seed balls also substantially improved the plant physiology
and reduced the release of stress hormones such as proline and glutathione within the plant cells
indicating improvement in the plant’s biotic and abiotic stress factors. Thus, the application of seed
balls in heavy metals contaminated soils, particularly over a large stretch of land, could be a low-
cost and viable remediation technique.
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1. Introduction

Globally, heavy metal contamination in the soil has become ubiquitous. The heavy metals are
released into the soil, usually through geogenic sources and anthropogenic activities such as mining,
coal processing, and other industrial activities. Coal mining activities are crucial in fulfilling the
energy demands of a growing economy like India. However, mining operations are associated with
changes in landscape and land use, soil organic matter and nutrients loss, contamination, and heavy
metals leaching [1]. Such degraded and contaminated soil in the mining-affected areas makes it
challenging for post-mining uses of the disturbed lands. Various methods have been developed and
reportedly used for the remediation and reclamation of such contaminated soil, such as physical,
chemical, and biological remediation processes [2,3]. Among the reported methods, chemical and
biological methods have attracted many benefits due to low-cost treatment and easy operations. The
most commonly used chemicals for the remediation of contaminated soils are lime, fly ash, blast
furnace slag, and bio-solid [4]. However, their application for soil amendment has some limitations.
For instance, the application of fly ash in contaminated acidic soil neutralizes the soil pH due to the
presence of carbonates but may release additional heavy metals in the soil. Similarly, applying slag
or other industrial waste in the soil may release heavy metals into the soil matrix depending on pH
[5]. Also, the unavailability of data on the long-term uses of such industrial waste in the soil further
limits their application [6].

In this context, during the last few years, the application of biomass-waste-derived porous-
carbon material called biochar and its composites has gained much attention [7-9]. The application
of biochar and its composites in degraded and contaminated soil is considered a low-cost in-situ
remediation technique. They reportedly improved the soil's physicochemical properties and reduced
the mobility of heavy metals [10-12]. Lin et al. [13] reported the application of Fe-Mn-modified
biochar in As-contaminated soil. Their results indicated that modified biochar treatment in the
contaminated soil significantly improved the soil’s physicochemical properties and habitat for
microbes, subsequently increasing the soil redox potential and reducing the availability of As. Zhang
et al. [14] reported the application of pinewood sawdust-derived phosphate-functionalized biochar
for the remediation of arable soil contaminated by Pb (9240.50 mg kg') and Cd (10.71 mg kg ). The
study results indicated that the phosphate-functionalized biochar effectively immobilized Pb and Cd
in the soil with an immobilization efficiency of 45.2 — 96.2 %. Shao et al. [15] developed Fe-Mn-Mg
layered double hydroxide composite for the remediation of Cu and As contaminated soil and found
that biochar composite substantially reduced the availability of Cu and As in the soil by 35.54 — 63 %
and 8.39 —29.04 %, respectively. Sun et al. [16] investigated the effect of Ca-modified biochar on Cd-
contaminated soil. Based on their field experiment, the authors concluded that the presence of Ca-
modified biochar in the soil substantially reduced the availability of Cd in the soil and subsequently
helped in reducing the phytoaccumulation of Cd in the plant’s cell.

All the above data and discussion from previously reported research indicate the efficiency and
utility of biochar composites for the remediation of contaminated soil. However, in the mining
industry, particularly, the remediation of open pit mines poses a significant challenge for the industry
owing to the high remediation cost and the inaccessibility of significant stretches of land due to
geographical and safety concerns. Concerning this problem, in recent years, a new approach called
the ‘seed ball’ technique has emerged as a low-cost and simple technique for distributing seeds over
alarge stretch of land in a short time [17].  As the name suggests, a ‘seed ball’ consists of clay material
with seeds encapsulated at the ball's core [18]. The seed ball protects the seed from abiotic factors
during the early growth of the seedling in contaminated lands. It also supplies nutrients and moisture
to the seed required during the early growth period. An important benefit of using seed balls is that
they can easily be applied to inaccessible land through various transportation techniques such as
vehicles and drones. Another benefit is that seed ball application for seedling growth and plantation
avoids the physical activities of plantation and, thus, saves a lot of time and money. The present work
developed seed balls using bentonite-biochar composite encapsulating Shorgham grass seeds
within its core. Based on a pot-culture study, the present work uniquely studies and, for the first time,
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reports the potential application of seed balls for the remediation of the coal mining impacted
contaminated soil through the biochar-based seed balls-assisted phytoremediation approach.

2. Materials of methods

2.1. Study area

The study area is in the Majri area, Chandrapur district, Nagpur, Maharashtra, India. The Majri
opencast mine project was operative under Western Coalfield Limited. The geographical stretch of
the study area is from 20.134790 °N to 79.021365 °S. The mine spreads over a total geographical stretch
area of 479.16 hectares. The total coal reserves in mining are 38 million tonnes (MT). The mining
started in 2011; the last expansion was done in 2017. The graphical representation of the study area
is given in Figure 1.

Figure 1. Graphical representation of the study area.

2.2. Soil sample collection

The soil sample was collected from the top of the overburden dumps following the grid design
sampling method in such a way as to represent the entire mine spoil dumping area (Maiti 2012).
Briefly, a grid of 2 m x 2 m was marked on the top of the dump, and subsequently, vegetation cover
was removed, and the soil samples were collected from all four corners and the center of the grid. A
total of 30 such grids were marked all over the dump area, and aggregate soil samples were collected.
The collected soil samples from each grid were subjected to coning and quartering process to collect
an aggregate sample representing the study area. Subsequently, the aggregate volume of the soil
samples was stored in the zip log bags, brought to the laboratory, and stored in the refrigerator at 4
°C for further analysis and pot-culture study.

2.3. Soil physicochemical characterization

2.3.1. pH and Electrical conductivity (EC)

The pH and EC of the sieved soil sample (particle size < Imm) were determined using the EPA
method [20]. Briefly, the soil sample was mixed with distilled water in a 1:1 w/v ratio, stirred for 15
minutes, and allowed to stand still for 1 hour to settle the clayey fraction. After that, the soil samples
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were centrifuged to extract the liquid fraction. The extracted soil aqueous solution was analyzed for
pH and EC using the multiparameter analyzer (Orion Versa Star Pro, Thermo Scientific, USA).

2.3.2. Exchangeable nutrients, cation exchange capacity (CEC), and organic matter

The exchangeable soil nutrients (NH4-N, Na, K, Ca, and Mg) were determined using the method
described in a soil analysis handbook (Maiti, 2012). Briefly, the soil samples were mixed with 1N
ammonium acetate (NHsOAc) in a 1:5 w/v ratio and shaken on an orbital rotary shaker at 150 rpm
for 2 hours. Subsequently, the solid fraction was separated from the liquid fraction using the
centrifuge and analyzed for exchangeable nutrients using Ion chromatography (Dionex Aquion IC
System, Thermo Scientific, USA). The available phosphorous content in the soil sample was
determined using Bray’s method (Maiti, 2012). The soil’s cation exchange capacity was determined
using the EPA method 9081, also known as the sodium acetate method [22]. The organic matter
content of the soil samples was determined using the loss-on-ignition method [23].

2.3.4. Heavy Metals and soil enzymes

The soil sample was digested using the EPA method [24] to determine the total heavy metals
content in the soil. Briefly, 0.5 g of soil sample was dried at 60 °C and subsequently mixed with the
acid mixture of HCL and HNOs in a v/v ratio of 1:3. The acid soil solution mixture was then
transferred into a ceramic container and digested using a microwave digestor (SK-15, Milestone
Technologies, Italy). The digested soil samples were diluted and filtered using 0.22-micron ashless
filter paper (Whatman) through a vacuum filtration unit. The filtered soil samples were then analyzed
for heavy metals (Mn, Ni, Cu, Zn, Co, Pb, Cr, and Cd) using the Atomic Absorption
Spectrophotometer (AAS, iCE 3500, Thermo Scientific, USA). The DTPA exchangeable fraction of the
heavy metals in the soil samples was determined using the method reported in an earlier study [25],
followed by the analysis of heavy metals using the AAS (iCE 3500, Thermo Scientific, USA). The soil
catalase in the soil samples was determined using the method reported in an earlier study [26]. The
B-glucosidase enzyme in the soil samples was determined using the method reported in an earlier
study [27]. The urease enzyme in the soil samples was determined using the method reported in an
earlier study [28].

2.4. Development of bentonite-biochar composite-based seed balls

The bentonite biochar composite was developed using the one-pot synthesis method using the
biochar produced from rice straw through pyrolysis at 600 °C. The synthesis method is briefly
discussed in the author's previous publication (Medha et al., 2023, Environmental Management). The
detailed methodology for developing bentonite-biochar composite seed balls can be understood in
Figure S2 (Supplementary Material). Briefly, the biochar composite was mixed with kaolinite clay in
varying w/w ratios. Firstly, the percentage of kaolinite clay fixed at 1 part and the ratio of biochar
composite varied at 0.5, 1, 3, and 5 % (w/w) of the clay fraction (coded as 0.5B1C, 1B1C, 3B1C, 5B1C).
Similarly, in the next set, the proportion of clay content was fixed at three parts, and the weight
fraction of biochar composite varied at 0.5, 1, 3, and 5 % (w/w) of the clay fraction. The subsequent
samples' names were coded as 0.5B3C, 1B3C, 3B3C, and 5B3C. Similarly, in another set, the weight
fraction of local clay was fixed at 5, the weight fractions of biochar composites varied as above, and
the samples' names were coded as 0.5B5C, 1B5C, 3B5C, and 5B5C. All the seed balls were cast using
a cylindrical shape using a hand pelletizer by pre-filling with 10 — 15 Sorghum grass seeds.
Subsequently, the casted seed balls were air-dried for 48 hours to achieve some strength.
Subsequently, the seed ball samples from each set were tested for physicochemical properties such
as pH, exchangeable nutrients, organic carbon, and cation exchange capacity.

2.5. Pot-culture study

A pot-culture-based study was done using the set of seed balls mentioned in the above sub-
section (2.4.1). Each pot was filled with 3 kg of mine soil and placed in a polyhouse for acclimatization
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to the local weather conditions. All the pots were initially drained with distilled water to achieve
minimum soil moisture and water-holding capacity. Subsequently, each pot was amended with two
sets of respective seed balls pre-containing Sorghum grass seeds. Each pot containing the respective
seed balls was triplicated to avoid biased data and achieve scientific data validity. Total 36 pots were
placed in a polyhouse, and the study was continued for four months (Nov 2020 — Feb 2021). The
temperature inside the polyhouse was measured using the digital temperature sensor. The average
mean temperature inside the playhouse during the study was about 27.24 °C. All the pots were
cultivated with distilled water every third day till sapling and, subsequently, every fifth day till
plants achieved maturity. The soot and root length of the plants grown in the pots were measured
using the measuring tape during and after the completion of the study, respectively.

2.6. Plant analysis

2.6.1. Chlorophyll content

The total chlorophyll content of the plant’s leaves was determined using the spectrophotometric
method [30]. Briefly, leaf samples were collected from each pot and cleaned using distilled water
several times to remove dirt and other impurities. Subsequently, leaf samples were chopped into
small pieces, and about 0.50 g of leaf samples were homogenized with 85 % acetone in a mortar pestle.
The homogenized leaf samples were extracted using centrifugation at 4000 rpm. After the extraction
process, the chlorophyll content in the supernatant was determined by taking absorbance at 662 and
644 nm using a spectrophotometer (UV 1900i, Shimadzu). The chlorophyll a and chlorophyll b, and
the total chlorophyll content in the leaves were determined using the following equations:

Chlorophyll a =10.05 Aes2 — 0.766 Acss 1)
Chlorophyll b =16.37 Agsu — Ace2 2)
Total Chlorophyll = 1000 A0 — 1.280 Ca — 56.7Cb/230 3)

where Ass2 is spectrophotometric absorbance at 662 nm, Asu spectrophotometric absorbance at 644
nm, Ca is Chlorophyll a, and Cb is chlorophyll b

2.6.2. Soot and Root Biomass

The soot and root biomass of the grown plant in the individual pots were calculated using the
gravimetric method. Briefly, the leaves and root samples were collected after the completion of the
pot-culture study and vigorously cleaned using distilled water. Subsequently, all the shoot and root
samples were oven dried at 60 °C for 24 hours or until a constant weight was achieved. Afterward,
the dried shoot and root samples' weight was recorded using a digital weighing balance designated
as shoot and root biomass. The shoot and root parts of the plants grown in the pots were measured
using a measuring tape and designated as shoot and root length.

2.6.3. Bioaccumulation and Translocation Factor

The bioaccumulation and translocation factors are calculated to estimate the translocation of
heavy metals or pollutants from the soil environment to the plant shoot and root parts and from the
plant’s root to shoot parts, respectively. The bioaccumulation and translocation factors can be
calculated using the followings equations [31,32]:

Concentration of heavy metals in the shoot part (%)

Bioaccumulation Factor (BFshoot) =
( Shom) Concentration of heavy metals in the soil (%)

Concentration of heavy metals in the root part (%)

BFRoot =

Concentration of heavy metals in the soil (%)

Concentration of heavy metals in the shoot part (%)

Translocation Factor (TF) = - - g
Concentration of heavy metals in the root part (T)
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2.6.4. Glutathione and Proline Content

The total glutathione content in the plant cells indicates the plant’s oxidative stress arising from
environmental stresses, such as drought, salinity, and heavy metals pollution [33]. The Glutathione
levels in the plant cells were determined using a spectrophotometric method reported in an earlier
study [33]. Briefly, the plant’s leaf samples were collected from each pot after the completion of the
pot-culture study and chopped into small pieces. Subsequently, 0.25 g of the chopped leaf samples
were mixed with 2 ml of 6 % Metaphosphoric acid containing one mM of EDTA and crushed to a
paste using a chilled mortar pestle. The semi-solid samples were taken in the 15 ml centrifuge tubes
and centrifuged for 15 minutes at 4 °C at 10000 x g equivalent force. After centrifugation,
approximately 0.4 mL of supernatant was collected from the tubes and mixed with 1 mL of 0.5 M
potassium phosphate buffer having pH 7.5 in a glass test tube. Thereafter, 100 uL of 10 mM DTNB
(5,5' — dithiobis (2 nitrobenzoic acid), 200 pL of 10 mM BSA (N,O-bis(trimethylsilyl)acetamide), and
100 uL 0.5 mM of NADH (nicotinamide adenine dinucleotide hydrogen) were added to mixture in
the test tube and incubated for 15 minutes at 37 °C in the incubator. Subsequently, the concentration
of total glutathione in the plant samples were determined by taking the absorbance reading at 412
nm using a UV-Visible spectrophotometer (Model: 1900i, Shimadzu Corporation, Japan). The proline
content in the plant cells, which is an indicator of oxidative stress in the plants, was determined using
a spectrophotometric method reported in an earlier study [34]. About 100 mg of leaf samples were
collected from the plants from each pot and chopped into small pieces. The chopped leaf sample from
each pot was mixed with 3 % Sulfosalicylic acid (@ 5 uL/g of leaf sample) and grinded using a mortar
pestle, and extracted using the centrifugation process by centrifuging the samples at 10000 x g for 5
minutes. About 100 uL of supernatant was collected from each tube and mixed into the mixed
solution containing 100 pL of 3 % sulfosalicylic acid, 200 uL of glacial acetic acid, and 200 uL of acidic
ninhydrin in a separate glass tube. The entire mixture solution containing leaf extract samples was
incubated at 96 °C for 1 hour, followed by immediate contact with an ice pack to end the reaction
process. After that, 1 ml of toluene was added to each extracted sample solution, vortexed for 40 — 50
seconds, and left for 5 minutes to complete the reaction. Subsequently, the proline concentration in
the leaf cells was determined by taking the absorbance at 520 nm using a UV-Visible
spectrophotometer (Model: 1900i, Shimadzu Corporation, Japan).

2.7. Statistical analysis

The data generated from soil and pot-culture analysis were statistically analyzed. Briefly, data
from each group of pot-culture analysis for soil and plant were tested for normality and equal
variance using SPSS 21. Subsequently, data from sub-groups of pot-culture analysis for soil and plant
were tested for the significant mean difference using one-way ANOVA analysis at a 95 % confidence
interval using Origin Pro version 2023.

3.0. Results and Discussion

3.1. Initial soil physicochemical characteristics

The initial soil characterization was done to access the baseline physicochemical properties of
the soil collected from the mining area, as shown in Table 1. Initial particle size analysis indicated
that the soil has a silty loam texture having sand, silt, and clay content of 47.70, 45.79, and 6.71 %,
respectively. The soil showed acidic characteristics having a mean pH of 6.16 units and conductivity
of 102 uS cm™. The organic matter and total organic carbon content in the soil were deficient, having
values of 1.24 % and 0.722 %, respectively, indicating a very low fertility level. Furthermore, the
soil's exchangeable Na, K, Ca, and Mg contents were 122.89, 83.26, 131.42, and 24.86 mg kg
respectively, which are very low compared to the average fertile soil. Also, the available
phosphorous, N, and CEC of the soil were very low, thus, considering it in the category of degraded
soil [35,36]. Moreover, the soil was also found to be contaminated with the presence of multiple heavy
metals (Table 1). Remarkably, the concentrations of acid-extractable heavy metals such as Cr, Zn, Cd,
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and Ni were found to be more than the permissible limits of WHO 1996. Moreover, the soil enzymatic
activities were also low compared to the average fertile soil. Thus, the present soil can be categorized
as degraded and contaminated soil.

Table 1. Initial Physicochemical Characteristics of mine soil.

Soil parameter Values
Sand 47.50 % .
Particle size Silt  45.79 % S,}lé)iiizn
Clay 6.71%
pH 6.16 +0.11
EC (uS cm™) 102.87 £ 5.24
Total organic carbon (%) 0.722 £ 0.08
Organic Matter (%) 1.24 +0.11
Exchangeable Na (mg/kg) 122.89+4.19
Exchangeable K (mg/kg) 83.26 £2.30
Exchangeable Ca (mg/kg) 131.42+3.79
Exchangeable Mg (mg/kg) 24.86 £ 0.91
Available P (mg/kg) 0.72 £ 0.02
Available N (mg/kg) 152.38 £ 5.01
Cation exchange capacity, CEC (cmol/kg) 5.83+0.24
Manganese, Mn (mg/kg) 291.90 + 8.05
Nickel, Ni (mg/kg) 49.97 +1.55
Copper, Cu (mg/kg) 20.30 £ 0.56
Zinc, Zn (mg/kg) 62.19+1.72
Cobalt, Co (mg/kg) 22.11+0.86
Lead, Pb (mg/kg) 24.82 £1.02
Chromium. Cr (mg/kg) 133.82 +5.13
Cadmium, Cd (mg/kg) 1.14 +0.03
DTPA- extractable Mn (mg/kg) 75.66 + 3.83
DTPA- extractable Ni (mg/kg) 9.49 + 0.36
DTPA- extractable Cu (mg/kg) 519+0.21
DTPA- extractable Zn (mg/kg) 19.20 +1.53
DTPA- extractable Co (mg/kg) 5.01£0.17
DTPA- extractable Pb (mg/kg) 543 +0.21
DTPA- extractable Cr (mg/kg) 41.83+1.23
DTPA- extractable Cd (mg/kg) 0.30 £ 0.03
Soil catalase (0.1 mol KMnO4 g-1 of soil) 0.432 £ 0.015
[3 — glucosidase (mol PNF g-1 h-1) 0.539 £ 0.014
Urease (ug N-NH4 kg-1 h-1) 0.231 +0.077

3.2. Physicochemical Characteristics of seed balls

The physicochemical characteristics of the constituting components of seed ball, i.e., kaolinite
clay and bentonite-biochar composite, are shown in Table S1 and S2 (supplementary material). The
physiochemical characteristics of seed balls produced varying the wt % of the bentonite-biochar
composite form (0.5 - 5 %) with respect to the fixed weight of kaolinite clay (50, 100, and 150 g) are
shown in Table S3 (supplementary material). It can be referred from Table S1 that kaolinite clay
showed a slightly alkaline pH having low CEC and surface area having moderate exchangeable
nutrient content. The bentonite-biochar composite showed alkaline pH, higher specific surface area
and CEC (78 and 75 %, respectively, higher than kaolinite clay), and higher exchangeable Mg and Na
content. The biochar composite's carbon and mineral matter content was about 41.67% and 32.12 %,
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respectively. The physiochemical characteristics of seed balls (Table S3) showed that for a fixed
fraction of kaolinite clay, the pH and exchangeable nutrients in the seed balls increased with the
increase in the weight fractions from 0.5 to 5 %. Likewise, the CEC and organic carbon fractions also
increased with an increase in the biochar composite fractions with respect to the fixed weight of
kaolinite in the seed balls. Such a trend of an increase in the pH, CEC, and exchangeable nutrients in
the seed balls with an increase in the biochar composite fraction in the seed balls can be attributed to
the physiochemical characteristics of the bentonite biochar composite. As reflected in Table S2 that
the bentonite-biochar composite is rich in carbon content and has intrinsic high exchangeable
nutrients. The seed ball's high nutrient content, specific surface area, and organic carbon support the
initial seedling growth when it lands in the soil.

3.3. Post-pot-culture soil physicochemical characteristics

3.3.1. pH, available N, organic matter, and CEC

The post-pot-culture characterization of the soil was done to assess the effect of the application
of bentonite-biochar-based seed balls on the soil properties. The change in the pH, available N,
organic matter, and cation exchange capacity of the soil are shown in Figure 2. It can be observed
from Figure 2a that the application of seed balls in the soil significantly (p < 0.05) improved the pH of
the soil compared to the controlled study. Further, an increase in the biochar composite fraction in
the seed balls from 0.5 to 5 % (w/w) substantially improved the soil pH in all categories of the clay
content, i.e., 1C, 3C, and 5C. Moreover, the increase in the clay fraction content in the seed balls by
five times also substantially increased the pH compared to the lower clay content in the seed balls.
The increase in the soil pH with the application of seed balls may be attributed to the liming effect of
the biochar composite due to the release of carbonate and bicarbonate ions in the soil matrix. The
ammonical nitrogen content in the treated soil was significantly higher (p = 0.0032) than control study.
It can be observed (Figure 2b) that the NHs-N in the soil increased with the increase in the biochar
fraction from 0.5 to 5 % (w/w) in all types of clay fractions (1C, 3C, and 5C). Moreover, the
concentration of NHs-N in the soil also substantially increased by an increase in the clay fraction in
the seed balls containing by fives times. The increase of NHs-N in the soil can be linked to the
bounded form of nitrogen in the clay part and amine functional groups on the biochar’s surface. The
organic form of nitrogen in the clay fraction and nitrogen-containing functional groups in the biochar
composite might have mineralized into the soil due to the microbial enzymatic actions. A similar
increase in the nitrogen mineralization rate with the co-application of bio-solids and biochar in clayey
soil was reported in an earlier study [37]. Similarly, the organic matter content in the soil treated with
biochar composite-based seed balls was significantly higher (p =0.00048) than in the controlled study.
Moreover, the organic matter content in the soil significantly increased with the increase in the
biochar and clay fractions in the seed balls. The increase in the organic matter content can be linked
to the increase in the organic carbon fractions in the soil with the increase in the biochar composite’s
fractions from 0.5 to 5 % (w/w) and the increase in the microbial enzymatic activities in the soil that
might have increased the rate of biochemical reactions. A similar observation was reported in an
earlier study that reported an increase in the soil organic carbon content with the application of
biochar [38,39]. The cation exchange capacity of the soils amended with biochar composite-based
seed balls was significantly higher (p = 0.00568) than in the controlled study. Also, an increase in the
CEC of the treated soils was observed with the increase in the biochar and clay fractions in the seed
balls from 0.5 to 5 % and one to five parts, respectively. The increase in the CEC of the soil can be
linked to the abundance of exchangeable nutrients in the bentonite biochar composite and the
kaolinite. A similar trend was observed in the earlier studies, where the soil's CEC increased with
biochar application [40,41].
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Figure 2. Effect of the application of the variation of biochar and clay fractions in the seed balls on (a)
pH; (b) NHs-N content; (c) organic matter; and (d) CEC of the treated and cultivated soil.

3.3.2. Available nutrients, soil enzymes, and soil fertility index (SFI)

The exchangeable and plant-available nutrients in the soil treated with biochar composite-based
seed balls are shown in Figure 3. It can be visualized from Figures 5.3a and 5.3b that the concentration
of exchangeable K and Ca has significantly (p = 0.0047) increased in the soil amended with seeds balls
compared to the controlled study. Also, it can be observed that the exchangeable fractions of K in the
treated soil increased with the increase in the fractions of both biochar composite and kaolinite
fractions in the seed balls from 0.5 to 5 and 1 to 5 folds, respectively. Likewise, the exchangeable
fraction of Ca was highest in the soil treated with seeds balls containing 3 % (w/w) of biochar
composite and five fractions of kaolinite compared to the other treatment combinations of the seed
balls. The exchangeable fraction of Mg, considered a vital soil micronutrient, significantly increased
by 35.19 % with the increase in biochar composite and kaolinite in the seed ball by three and five
folds, respectively. The increase in the fractions of exchangeable K, Ca, and Mg in the amended soil
can be linked to the nutrients in the seed balls (Table S1, S2, and S3) that might have been released
into the soil through mineralization and leaching processes. A similar increase in the available
nutrients in the soil treated with biochar was reported in earlier studies [42,43]. The concentration of
available P in the amended soil was significantly increased by 59.45 % (p = 0.00063) with the increase
in the fractions of biochar composite and kaolinite by ten times and five times, respectively. The
increase in the available P fraction in the amended soil can be linked to the abundance of available P
in the biochar composite and kaolinite-based seed balls (Table S3). The phosphorous present in the
seed balls might have been released into the soil through leaching and microbial mineralization
processes, subsequently retained by the biochar composites present in the soil. The high sorption
affinity of biochar-bentonite composite for nitrate and phosphate in the soil has already been
elucidated in the author’s previous research paper published in Environmental Management Journal
[29].

The variation in the soil enzymes, i.e., soil catalase, -glucosidase, and urease, with the
application of seed ball treatment in the soil, are shown in Figure 4. It can be observed from Figure
4a that soil catalase, a crucial soil redox enzyme that promotes humus formation in the soil and
prevents it from H2O2 toxicity, significantly increased in the treated soil compared to the control.
Moreover, the catalase content in the soil also substantially improved by increasing the fractions of
biochar composite and kaolinite content by ten (5 % w/w) and five folds, respectively, in the seed
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balls. Similarly, the p-glucosidase and urease enzymatic activities, indicators of early changes in
organic matter and nitrogen mineralization in the soil, respectively, were substantially (p = 0.00326)
increased with the increase in the biochar composite and kaolinite fractions in the seed balls. The f3-
glucosidase and urease enzymatic activities were increased by 70.23 and 68.54 %, respectively, when
the biochar composite and kaolinite fractions in the seed balls increased by ten and five folds,
respectively. The increase in the soil enzymatic activities can be linked to the increase in the soil
fertility index, nutrient content, and reduction in the heavy metals toxicity in the soil (Figure S2). A
similar increase in the soil enzymatic activity with the application of biochar and bentonite was
reported in earlier studies [44-46]. Finally, the soil fertility index (SFI) was calculated to assess the
overall impact of biochar composite and kaolinite-based seed balls in improving the fertility level of
the amended soil. The variation in the SFI of the amended soil with different combinations of seed
balls is shown in Figure 4a. It can be observed from the figure that the SFI of the amended soil was
significantly higher (ANOVA, p-value = 0.000673) than the control study. The SFI was increased by
17.44 % and 23.28 %, respectively, by increasing the biochar composite and kaolinite fractions in the
seed balls by ten and five folds, respectively (Combination of 5B5C). The increase in the SFI can be
linked to the improvement in the pH and nutrient content in the soil. A similar increase in the SFI
was observed in an earlier study with the application of hardwood-derived biochar and chemical
fertilizer [36].
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Figure 3. Effect of application of biochar composite and kaolinite-based seed balls: (a) variations in
exchangeable K; (b) variations in Exchangeable Ca; (c) variations in Exchangeable Mg; and (d)
available P compared to control study and within the sub-groups of the experimental design.
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Figure 4. Effect of application of biochar composite and kaolinite-based seed balls: (a) variations in
soil catalase; (b) variations in (-glucosidase; (c) variations in soil urease; and (d) soil fertility index
compared to control study and within the sub-groups of the experimental design.

3.3.3. Heavy metals

The total (acid-extractable) and DTPA-extractable heavy metals content in the amended soils
post-to-pot-culture study as well as their variation among the groups, is shown in Table 2 and Figure
5. The data presented in Figure 5 and Table S4 shows that the DTPA-extractable and total heavy
metals content in the treated and amended soils were significantly reduced (p-value = 0.00389 and
0.00763, respectively) compared to the control study. Moreover, the DTPA-extractable concentration
of heavy metals also substantially varied among the treatment groups, with variations in the biochar
composite and kaolinite fractions in the seed balls. The increase in the seed balls' biochar composite
and kaolinite fraction by ten and five folds reduced the phytoavalibility of Cr by 34.33 and 47.76 %,
respectively. Similarly, the phytoavailability of Cd was reduced by 72.22 and 33.33 %, respectively.
The sorption affinity of heavy metals in the soil treated with seed balls followed the order of Cd > Cr
>Ni>Pb > Co > Cu >Zn. The DTPA-extractable heavy metals results in the amended soil implicated
that the increase in the biochar composite and kaolinite fractions in the seed balls substantially
reduced the phyto-availability of the heavy metals. The reduction in the phyto-available heavy metals
content in the soil with the application of seed balls can be linked to the adsorption of heavy metals
within the soil matrix. The heavy metals might have adsorbed due to the interaction of heavy metals
ions with the biochar composite and kaolinite particles present in the seed balls through electrostatic
attraction between oppositely charged ions, as well as complexation of heavy metal ions with the
oxygen-containing functional groups present on the biochar composite [47]. A similar reduction in
the phyto-availability of heavy metals with the individual applications of biochar and kaolinite was
reported in earlier studies [45,47-49].
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Figure 5. Concentrations of DTPA-extractable heavy metals in the pot-cultured soil with the
application of seed balls having varying fractions of biochar composite and kaolinite: (a) variations in
the DTPA-extractable concentrations of Ni; (b) DTPA-extractable Cu; (c) DTPA-extractable Zn; (d)
DTPA-extractable Co; (€) DTPA-extractable Pb; (f) DTPA-extractable Pb; and DTPA-extractable Cd.

3.4. Plant analysis

3.4.1. Soot and root length and Biomass

The changes in the plant shoot, root length, and biomass are shown in Figure 6. It can be
observed from the figure that the plant species’ shoot and root length significantly increased (p-value
= 0.000673, 0.000459 (<0.05)) compared to the controlled study. Moreover, the shoot and root length
also substantially increased within the test groups with the increase in the biochar composite and
kaolinite fractions in the seed balls five and ten folds, respectively. The maximum shoot and root
lengths recorded within the sub-groups were 77.80 cm and 24.80 cm, respectively, with median
values of 55.50 and 16.30 cm. Similarly, the application of seed balls in the degraded and
contaminated soil significantly improved the shoot and root biomass, having mean values of 0.90 and
0.694 g, respectively, compared to the control study (shoot and root biomass = 0.55 and 0.46 g,
respectively). Further, the shoot and root biomass also substantially increased within the test groups
by 51 and 42.40 %, respectively, with an increase in the biochar composite and kaolinite fractions in
the seed balls. The increase in the shoot and root length, as well as biomass with an increase in the
fractions of biochar composite and kaolinite in the seed balls, can be attributed to the increase in the
fractions of plant-available nutrients in the soil, decrease in the plant stress hormones (Figure 8) and
heavy metals toxicity. A similar result in the increase in the plant shoot and root biomass with the
application of biochar and reduction in heavy metals toxicity was reported in earlier studies
[36,50,51].


https://doi.org/10.20944/preprints202307.1513.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 July 2023 do0i:10.20944/preprints202307.1513.v1

13

Signiticance Level: 0.05

90+
30
80+
704 S
g 60 - E
= =
%" 50+ %‘
Z 40 -
-4 =]
= =]
w30 =
204
10
_ (a)
0 -5 T . T e S
| O & O S R S S e S S ]
L T o o B o B ot T~ B o L LT /R " r R ¢ ] -
[ B < B = O = B = < T~ =~ T =~ N =~ -~ - ~ B~
) = & W W o e W = e W3
= = = &}
1.2
1.0
@ —
P &0
= z 0.8+
.E E def cdef
2 2 J
§ e 0.6
= 2
o
2 04
0.2
(d)
0.0

3B5C1

o
]
=]
n

OO LU LS VOLUUUO UV DD
SEEEEEEEEBEEC REEEZEEZEIEES
FEREERERERERERE = L B T R T R T L 1) - wi §
= =] =] o < = o

Figure 6. Effect of seed balls application on the (a) Plant shoot length; (b) Root length; (c) Shoot
biomass; and (d) Root biomass in the pot-culture study.

3.4.2. Translocation and bioaccumulation factors

The concentrations of heavy metals in the plant’s shoot and root cells are given in Table S5
(supplementary material). However, the translocation and bioaccumulation factors were calculated
to interpret the effect of biochar composite-based seed balls in immobilizing heavy metals in the soil
and reducing phytotoxicity in the plant cells. The translocation and bioaccumulation factors are
shown in Figure 7 (a-c). It can be observed from Figure 7c that the translocation factor (TF), an
indicator of the migration of heavy metals from root to shoot part, was substantially reduced in the
test groups compared to the controlled study for all heavy metals. This indicates that the application
of seed balls in the contaminated soil has substantially reduced the phytoavailability of heavy metals
and, subsequently, reduced the translocation of heavy metals from root to shoot part, reducing the
phytotoxicity levels. Moreover, it can also be observed that within the test groups, the maximum
reduction in the TF was observed for the test groups amended with seed balls having the highest
fractions of biochar composite and kaolinite. The lowest TF was observed for the test group (5B5C),
in which the following migration sequence of heavy metals was observed Cr < Cd < Cu <Ni <Pb <
Zn < Co. This indicates that the seed balls application substantially reduced the translocation of Cr
and Cd in the plant cells, which were present in the soil having concentration more than the WHO
permissible limit. The bioaccumulation factors for shoot and root parts, as shown in Figures 7a and
7b, indicated that the application of seed balls in the contaminated soil significantly reduced the
phytotoxicity levels in the plant cells within the test groups compared to the controlled study.
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Notably, the increase in the fractions of biochar composite in the seed balls to ten-fold substantially
reduced the phytotoxicity of heavy metals in both shoot and root parts. Also, the lowest phytotoxicity
level was observed in the test group supplemented with seed balls containing five and ten folds of
kaolinite and biochar composite, respectively. The application of seed balls in the contaminated soil
reduced the phytotoxicity of heavy metals in the shoot, following the sequence of Cd < Cr <Zn < Co
<Pb < Ni < Cu. Similarly, the heavy metals phytotoxicity in the root followed the sequence of Cr <
Cd <Zn<Co<Ni<Cu<Pb. The above results and discussion indicate that the combination of biochar
composite with kaolinite in the seed balls reduced the phytoavailability of heavy metals, more
specifically, for the Cr, Cd, Zn, and Co through their sorption within the soil matrix onto the biochar
composite. A similar reduction in the phytotoxicity of heavy metals with the application of biochar
and its composites was reported in earlier studies [36,44,52].
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Figure 7. Effect of biochar-composite-based seed balls within the test groups on (a) Bioaccumulation
factor in shoot part; (b) bioaccumulation of heavy metals in root part; and (c) translocation factor (TF).

3.4.3. Chlorophyll, Glutathione, and Proline Content

The chlorophyll, glutathione, and proline content of the plant cells within the test groups is
shown in Figure 8 (a—c). The total chlorophyll content (Figure 8c) in the test groups significantly
improved compared to the control study. Remarkably, the increase in the biochar composite fractions
in the seed balls from 0.5 % to 5 % (w/w) substantially increased the chlorophyll content. The proline
content in plant cells plays an essential role in protein synthesis, metabolism, cell development, and
antioxidative reactions within the cell. The release of proline and glutathione hormones in the plant
cells usually increases when subjected to toxicity and abiotic stresses, such as plant growth in
contaminated and degraded soils [53]. The application of seed balls in the test groups significantly
reduced (p-value = 0.000365) the release of plant stress hormones, i.e., proline and glutathione, in the
plant cells compared to the control group (Figure 8a and 8b). Moreover, within the test groups, the
5B5C test group showed the least values of proline and glutathione in the plant cells. This indicates
that the increase in the biochar composite and kaolinite fractions by ten and five folds substantially
reduced the plant cells' phytotoxicity. This result can be linked to the reduced toxicity of the heavy
metals in the plant cells treated with the seed balls, as also evident from the correlation plot among
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translocations factors, total chlorophyll content, and plant stress hormones (Figure S3). It is evident
from Figure 5.10 that the decrease in the translocation of heavy metals, particularly Cr, Cd, Pb, and
Co, substantially reduced the release the proline and glutathione release in the plant cells and
improved the total chlorophyll content. Similar observations of reduction in plant stress hormones
with a reduction in phytoavailability of heavy metals with the application of biochar in the soil were
reported in earlier studies [36,54,55].
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Figure 8. Effect of variation of the biochar composite in the seed balls on (a) Proline content in the
plant cells; (b) Glutathione content in the plant cells; and (c) Total chlorophyll content.

3.5. Conclusions and Future Prospects

The following observations can be interpreted from the results and discussion of the present
study:

(i) The soil collected from the coal mining area was characterized as degraded and contaminated
due to low organic matter and nutrient content and heavy metals such as Cr, Cd, Zn, and Co in
a concentration more than the WHO limits in the soil.

(ii) The application of seed balls containing Sorghum grass seeds assisted in seed germination and
sapling growth in the contaminated soil.

(iii) The application of seed balls containing biochar composite and kaolinite substantially improved
the soil’s physicochemical properties and reduced the metals' phytotoxicity.

(iv) The increase in the biochar composite fractions in the seed balls up to 5 % (w/w) of kaolinite
reduced the phytoavailability of the heavy metals (specifically Cd and Cr) in the soil and
increased the plant’s physiological structure.

(v) The seed balls application in the test groups substantially reduced the secretion of antioxidative
and stress hormones in the plant cell due to reduced abiotic stress factors and phytotoxicity.

The current study showed that the seed balls could be a low-cost and effective solution for the
remediation of contaminated and degraded soil in mining-affected or contaminated land. However,
there is a scope for further detailed and long-term field scale studies to ascertain the remediation
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potential of the seed balls. Also, individual researchers or research organizations can collaborate with
the mining industry to jointly study the application of seed balls in actual field conditions on a large
scale, and efforts can be taken to technology transfer and minimize the overall cost of remediation
and land restoration. Moreover, efforts can be made to enhance the design and quality of seed balls
with different biochar composites and other soil-ameliorating materials. There is also a scope to study
the utility of drone technology for the application of seed balls in contaminated and degraded lands
that are inaccessible to humans due to safety and health concerns.
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