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ABSTRACT

The escalating water and soil contamination, due to industrialization and urbanization, poses
significant threats to human health and ecological safety. Among various pollutants, pesticides
and heavy metals, are alarming due to their potential to bioaccumulate in organisms, disrupting
the food chain and exposing humans. Bioremediation with microbial cells is promising but
faces challenges such as microbial loss or reduced survival due to high pollutant concentration,
uneven growth, cell washout and prolonged process time. In recent years, microbial
immobilization technology has rapidly advanced for pollutant removal, with a focus on low-
cost carriers with high removal efficiency. Biochar stands out as an efficient carrier due to its
high porosity and strong adsorption capabilities, providing a habitat for microorganisms. This
work explores the potential of microbial cell-immobilized biochar in removing cadmium,
nickel, and chlorpyrifos from contaminated water and soil. Different combinations of biochar
and microbial cells were tested, with the most efficient biochar selected for further pollutant
removal experiments. The effect of various operating conditions, pH, temperature, biocatalyst
dosage, and initial metal ion concentration, on cadmium and nickel removal efficiency were
examined. Pseudomonas stutzeri immobilized on rice husk biochar showed significant
efficacy, removing up to 95% of cadmium and 92% of nickel. Moreover, efficiently remediated
cadmium-contaminated soil, converting exchangeable cadmium to less bioavailable residual
fractions. Other combinations of microbial cell-immobilized biochar, such as Pseudomonas
stutzeri immobilized sawdust biochar, Bacillus sp immobilized rice husk biochar, and
Pseudomonas stutzeri immobilized coconut shell biochar were also efficient in metal ion
removal. Additionally, Aeromonas veronii immobilized on rice husk biochar effectively
degraded chlorpyrifos, with a removal rate of 96.25% in water within 24 h and 92.4% in soil
within 42 days. The mechanism of metal ion and pesticide removal involves biochar-mediated
adsorption, microbial cell-mediated bioaccumulation for metal ions, and microbial metabolism
and biochar-mediated adsorption for pesticides. This combined biochar and immobilized
microbial cell approach presents an innovative, sustainable solution for remediating metal ions

and pesticide-contaminated environments.

Keywords: Biochar, immobilization, microbial cells, metal ions, chlorpyrifos,

bioremediation, biodegradation, bioavailability, plant growth studies.
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CHAPTER 1

INTRODUCTION

1.1 HEAVY METAL AND PESTICIDE POLLUTION: AN ENVIRONMENTAL
MENACE

Rapid industrialization, urbanization, and intensive agricultural activities have resulted in
the depletion of natural resources and the production of vast volumes of hazardous waste that
pollute water and soil, threatening the environment and human health (Razzak et al. 2022).
Heavy metals, mainly originate from industrial processes like mining, smelting, and disposal
of storage battery effluents (Deng et al. 2023) which are not biodegradable and tend to
accumulate in living organisms through the food chain (Manikandan and Nair 2022). Heavy
metals exhibit bioaccumulation and biomagnification characteristics despite their low
concentrations and are toxic to living organisms (Adnan et al. 2022). Aside from the harm to
humans, heavy metals in water bodies destroy aquatic habitats and cause harm across the food

chain when contaminated water is absorbed by plants (Alengebawy et al. 2021).

Heavy metal contamination presents a significant global challenge, with studies revealing
varying concentrations across continents, such as Europe (14%), America (30%), Africa (2%),
and notably high levels in Asia (53%) (Roy et al. 2022). Factors like urban development,
population density, and economic conditions influence these variations. Asian countries like
China, India, Bangladesh, Jordan, and Pakistan report widespread heavy metal pollution,
impacting groundwater, air quality, and agricultural lands (Elumalai et al. 2023). The Ministry
of Environment, Forest and Climate Change has identified 320 high-risk sites for heavy metal
contamination and pesticide pollution nationwide, with Uttar Pradesh, West Bengal, and
Odisha having the highest concentration of affected areas. Industrialization is a key factor in

this contamination, with the Ganga River being particularly affected by pollutants such as



chromium, copper, and nickel. Three-quarters of river monitoring stations in India report
alarming levels of heavy toxic metals. The Ganga, a focal point of the Centre's Namami Gange
mission, exhibits elevated levels of lead, iron, nickel, cadmium, and arsenic, according to the
State of Environment Report 2022 by the Centre for Science and Environment (Simon and
Joshi 2022). Recent studies from Bengaluru highlight significant heavy metal contamination
in vegetables, urging immediate action for effective soil remediation. Research by the
Environment Management and Policy Research Institute indicates that the use of wastewater
for vegetable cultivation exceeds permissible limits set by the Food and Agriculture
Organization, resulting in elevated concentrations of heavy metals in samples obtained from

various outlets, posing substantial health risks to consumers.

Cadmium (Cd) and nickel (Ni) are common carcinogenic pollutants, relatively widespread
in the environment, and can reach the aquatic ecosystem through wastewater discharges (Wang
et al. 2020b). Cd is commonly found in mining, smelting, and rechargeable battery sewage
(Agoro et al. 2020). WHO recommended Cd levels in drinking water is 0.005 mg L' (Guidi et
al. 2020). Exposure to Cd causes liver damage, renal dysfunction, and bone degeneration
(Rahman et al. 2022) (Figure 1.1). Ni is another potentially toxic element commonly found in
soil and water systems and can be discharged into the environment from nickel alloy industries,
pigment manufacturing processes, tannery industry wastewater, etc. Ni levels in fresh water
and oceans are typically less than 0.02 mgL' (Hadzi et al. 2024). It mainly targets the
respiratory tract, cardiovascular system, and immune system, resulting in the outbreak of

diseases like allergies and asthma (Sharma et al. 2021).
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Figure 1.1. The effects of pesticides and heavy metal exposure on humans (Manikandan et al.

2023) .

India has played a pivotal role in ensuring crop protection and enhancing productivity
through chemical pesticides, particularly during the green revolution (Gupta et al. 2022).
However, the extensive application of pesticides has resulted in notable environmental issues,
including soil and water pollution, adverse effects on non-target organisms, and potential
health hazards. These chemicals, designed to improve food security, often release toxic
materials into the surrounding environment, leading to detrimental consequences. Alarmingly,
a significant portion of pesticides, up to 90 %, harm non-target organisms and can spread

through air and soil pollution (Yang et al. 2023).

Chlorpyrifos (CP), a broad-spectrum chlorinated organophosphate pesticide widely used
against a large number of insects and pests, infesting economically important crops, beetles,
along with earth inhabitants (Hamadeen and Elkhatib 2022; Jacob et al. 2020). Despite being
insoluble in aqueous solutions, CP and their by-products have been found to migrate into soil,
water, and food chains (Mali et al. 2022). While some developed countries have banned CP, it

continues to be widely used in developing countries, leading to its detection in various food



products (Yadav et al. 2021). CP, a banned pesticide in multiple countries due to its severe
health risks, has garnered international attention, notably with the European Commission
raising concerns over its detection in imported turmeric powder from India (Carrasco Cabrera
and Medina Pastor 2022). Despite being among 27 deadly pesticides initially proposed for
banning by the Indian government in 2020, pressure from the agrochemical industry led to a
scaled-back decision, allowing its continued use alongside similar toxic pesticides (Yang et al.
2023). Numerous Indian studies have highlighted CP's detrimental effects on crops, human
health, and the environment. A study conducted in Punjab in 2015 found CP residues in 6.4%
of milk samples, accounting for 20.2% of all pesticide residues detected. Environmental
research from West Bengal and Tamil Nadu indicated the genotoxic effects and histological
alterations in organisms exposed to CP (Ray and Shaju 2023). Additionally, the main
biodegraded product of CP, 3,5,6-trichloro-2-pyridinyl (TCP), is categorized as toxic and
persistent, leading to secondary pollution. Various studies showed that less than 1 % of
organophosphate pesticides are sufficient for controlling pests, and the remaining part
contaminates the natural resources in the environment (Yadav et al. 2021). The high
persistence and migration of CP in the environment have raised concerns about their impact

on ecosystems.
1.2 SYNERGISTIC EFFECT OF HEAVY METAL AND PESTICIDE POLLUTION

The synergistic effect of heavy metals and pesticides presents a multifaceted threat to
environmental health, impacting water, soil, plants, and ultimately human well-being
(Alengebawy et al. 2021). Studies have shown that simultaneous exposure to heavy metals and
pesticides can lead to increased toxicity in living organisms, affecting various physiological
systems. For instance, in aquatic ecosystems, combined pollution of heavy metals and
pesticides can disrupt water quality and harm aquatic life. In soil systems, the presence of
pesticides alongside heavy metals can alter metal species behavior, potentially increasing their
solubility of metal ions and bioavailability to plants (Alengebawy et al. 2021). This can result
in contaminated crops and subsequent human exposure through food consumption.
Uwizeyimana et al. (2017) found that combinations of cadmium with certain insecticides
exhibited synergistic effects on earthworm mortality. Similarly, in plants, the synergistic effect

of 2,4-dichlorophenol with zinc and copper in ryegrass-planted soil led to increased solubility



and toxic activity of heavy metals compared to 2,4-DCP-free samples (Chen et al. 2004). These
interactions can affect various aspects of plant physiology, such as root and shoot growth
inhibition, changes in tissue structure, and alteration of enzyme activities. Daily exposure to a
combination of heavy metals and pesticides poses an increased threat to human organs also but
limited knowledge exists about the toxicity of these mixtures. Animal studies indicate severe
consequences, due to combined exposure to Cd and diazinon. Cytotoxicity analyses reveal
lipid accumulation in hepatocytes when exposed to a mixture of Cd and CP, intensifying

hepatic toxicity (Wallace and Buha Djordjevic 2020).

1.3 CONVENTIONAL REMEDIATION APPROACHES

During the last few decades, the separation of pollutants from water systems and soil via
several methods has been developed and successfully applied (Manikandan et al. 2022).
Technologies such as membrane filtration, ion exchange, and chemical precipitation have been
utilized to remove pollutants. Chemical precipitation is a frequently used method because it is
simple, inexpensive, and effective. However, chemical precipitation results in secondary
pollution and eventually leads to additional difficulties in cleaning up the trace contaminants
from large areas. lon-exchange resin offers fast kinetics and is highly efficient for pollutant
removal. However, the need for an acidic environment restricts their application in various
contexts (Wu et al. 2021). Membrane filtration-based technologies can remove toxic
substances with high efficiency, but the production of membrane materials is typically intricate
and comes with a substantial cost. Hence it is observed that conventional pollutant remediation
methods are not eco-friendly and produce toxic chemical sludge, as a result, there is an urgent
need to improve sustainable, efficient, and low-cost technologies for monitoring and treating
toxic environmental pollutants. A sustainable remediation method should exhibit high
pollutant removal performance, economical, simple operation, and environmentally friendly
processes. One such promising alternative is the use of biological methods for remediation.
These methods involve using microorganisms, plants, or enzymes to naturally degrade,
accumulate, or immobilize pollutants, making it a more environmentally friendly and

sustainable option.



1.4 BIOREMEDIATION: A SUSTAINABLE SOLUTION

Bioremediation, a cost-effective and eco-friendly technique, relies on microorganisms to
utilize organic pollutants as carbon sources for oxidation and decomposition and by reducing
the toxicity of metals through various mechanisms. Diverse microorganisms play pivotal roles
in bioremediation, with bacteria emerging as particularly advantageous in various studies as it
targets a broad range of contaminants with specific metabolic pathways. Bioremediation can
be effective even for contaminants in low concentrations that cannot otherwise be removed by

chemical or physical methods.

Various bacterial strains, including Bacillus cereus, Enterobacter sp., Pseudomonas
aeruginosa, Bacillus licheniformis, fungi such as Penicilium notatum, Trichoderma
brevicompactum, Aspergillus niger, and microalgae like Chlorella vulgaris, are employed for
heavy metal removal (Sharma and Shukla 2021; Zhang et al. 2020). Bacteria can bio adsorb,
bioaccumulate, or bio-transform the heavy metals permanently at a low operating cost and
without the generation of harmful secondary products (Huang et al. 2020). The diversity and
metabolic activity of the microorganisms are influenced by the presence of heavy metal ions,
which compels the microorganisms to develop resistance systems for overcoming this toxic
metal ion stress. Furthermore, microorganisms convert toxic metal ions into inactive forms and
can thus be utilized for bioremediation. One approach involves bioremediation through redox
state change. This method transforms pollutants such as arsenic, mercury, and hexavalent
chromium Cr (VI)) into less toxic forms through alteration of their oxidative states. Bacterial
enzymes like arsenite oxidase catalyze the oxidation of toxic As (III) to less harmful forms,
while Cr (VI)-reducing enzymes convert toxic Cr (VI) into non-toxic Cr (III) (Rahman et al.
2023). Various microorganisms, including bacteria like Bacillus and Pseudomonas, participate
in these transformations. Biomineralization is another effective strategy where microorganisms
facilitate mineral synthesis, immobilizing heavy metals in the mineral phase (Robles-
Fernandez et al. 2022). Bacteria such as Staphylococcus epidermidis and Sporosarcina
ginsengisoli utilize biomineralization to immobilize lead and chromium, respectively. Fungi
like Penicillium chrysogenum also contribute to biomineralization. Bio-volatilization involves
microbial enzymatic activities that convert pollutants into volatile compounds. Bacterial
enzymes like arsenic methyltransferases and mercury reductases facilitate the transformation

of arsenic and mercury into less toxic volatile species, aiding in their removal from
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contaminated sites. Filamentous fungi such as Scopulariopsis brevicaulis also participate in
bio-volatilization, Biosorption processes involve the attachment of pollutants to active
components of microbial cell walls through various binding mechanisms (Manikandan et al.
2023). Functional groups on cell components such as hydroxyl, carboxyl, and amine facilitate
the accumulation of heavy metals through chemical and physical interactions. Pesticide
bioremediation involves biodegradation and biotransformation. In biodegradation, biological
reactions modify the compound’s chemical structure, decreasing its toxicity. Several microbial
strains such as Sphingobacterium sp, Staphylococcus aureus, Dyadobacter jiangsuensis,
Cupriavidus, Micrococcus luteus, Bacillus subtilis Pseudomonas aeruginosa, Pseudomonas
putida, Klebsiella, Arthrobacter and Streptomyces etc, have been reported for pesticide
bioremediation (Jacob et al. 2020; Mali et al. 2022; Yadav et al. 2021; Yue et al. 2023).

1.5 CHALLENGES IN CONVENTIONAL BIOREMEDIATION APPROACHES

The application of microorganisms in the remediation of contaminated soil and water has
demonstrated effective pollutant removal capabilities, however, there are some limitations,
which have shown to affect the bioremediation process with time. Poor survival and
proliferation of microorganisms in contaminated environments, mainly due to limited
availability of nutrients, and competition with native microorganisms pose challenges for
sustaining operational stability and achieving efficient recovery and reuse in bioremediation
processes (Sun et al., 2020). The survival and reproduction of microorganisms are determined
by external factors (e.g., temperature, pH, humidity) and microorganisms can only play a role
when the external environmental conditions allow growth activities. To address these
limitations of using free cells (bacteria alone), microbial cell immobilization has emerged as
an effective approach, exploring various natural and synthetic materials (Manikandan et
al.2023). Immobilization provides an ideal habitat for the survival and functioning of bacteria
under biotic and abiotic environmental conditions (Sun et al.,, 2020). Therefore, the
development of promising materials for microorganism immobilization holds significant
importance. Microbial support material needs to exhibit specific characteristics: cost-
effectiveness, environmental friendliness, high mechanical and chemical stability, ample space
for immobilized cells, prevention of protein denaturation, and the facilitation of interactions
between the substrate and the immobilized cells (Manikandan et al. 2023). Commonly

employed materials for microbial immobilization include natural materials such as cellulose,
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agar, agarose, chitosan, alginate, and biomasses like wood chips and wheat straw (Mehrotra et
al. 2021), as well as synthetic polymers and inorganic materials. Natural materials like
chitosan, cellulose, alginate, and carrageenan possess high surface area and uniform pore size,
but they are chemically inert, require proper activation, and are susceptible to high
contamination rates and limited shelf life. Inorganic polymers like silica and ceramics exhibit
good biocompatibility but are limited by mechanical stability and diffusion constraints
(Manikandan et al. 2023). Conversely, synthetic matrices like polyurethane offer diverse
functional groups and strong binding, though they suffer from relatively low diffusion
coefficients, harsh immobilization conditions, and complex, time-consuming synthesis

PROCESSES (MEHROTRA ET AL. 2021).

1.6 BIOCHAR AS AN IMMOBILIZATION SUPPORT

Biochar is a carbonaceous material that is produced through the thermal treatment of
diverse biomass sources, such as crop residues and biosolids (Noronha et al. 2022). Biochar
production can be achieved via various processes, including slow or fast pyrolysis, flash
carbonization, gasification, hydrothermal carbonization, torrefaction, etc. (Sahoo and Remya
2022). The key goal when designing the synthesis of biochar is that the final material should
possess high porosity, a large specific surface area, and elevated surface chemistry
heterogeneity, as with oxygen-containing functional groups and minerals. Such characteristics
encourage biochar’s rising application in waste water treatment, soil improvement, and
bioremediation highlighting its versatility. In recent years, biochar has garnered significant
attention as a promising candidate for use as an immobilization support material in various
environmental applications. This rise in interest can be attributed to biochar's exceptional
attributes, including its high carbon content, cation exchange capacity, porosity, inherent

stability, and abundant surface functional groups.

Various mechanisms are involved in biochar-mediated pollutant removal, such as
physisorption, complexation, precipitation, ion exchange, and electrostatic interactions (Zhou
et al. 2022). Notably, biochar's high surface area and pore volume confer an enhanced affinity
for pollutants heavy metals, and pesticides, physically entrapping them within its surface pores.
The negatively charged surfaces of biochar can adsorb positively charged metal ions via

electrostatic attraction. When used as a microbial support, biochar offers an ideal substrate for



microbial attachment. Microbial cells anchor themselves to biochar through mechanisms like
adhesion, utilizing extracellular appendages and interacting with surface functional groups,
including oxygen-containing moieties, which form hydrogen bonds and electrostatic
interactions. Furthermore, biochar's porous structure creates a conducive environment for
microbial colonization and provides favorable conditions for growth (Mukherjee et al. 2022)
Within the biochar matrix, microbial cells have access to essential nutrients, water, and oxygen,

enhancing their metabolic activity and overall performance.

1.7 MICROBIAL CELL IMMOBILIZED BIOCHAR

The concept of microbial cell immobilized biochar involves a coordinated approach
wherein contaminant-tolerant microorganisms are combined with biochar to enhance
environmental remediation processes. This leads to the mass transfer of contaminants from
polluted environments to the degrading microbial community, fostering the enrichment of
degrading bacteria and facilitating the formation of biofilms. Biochar, recognized for its
capacity to improve soil quality and adsorb pollutants in both soil and water, takes on a pivotal
role in this synergy. Biochar's multifaceted contributions extend to enhancing soil fertility and
biological community composition through physical adsorption, facilitating microbial
oxidation and decomposition of pollutants via metabolic processes (Rombel et al. 2022). Its
porous structure provides an ideal environment for microbial growth and reproduction, along
with a crucial source of nutrients that help counter the adverse effects of external environmental
factors (Wahla et al. 2022). Especially, biochar can increase biosorption by alleviating
pollutant concentrations and changing environmental conditions to reduce the inhibition of
excessive pollutant concentrations on the growth of microorganisms. Therefore, microbial cell
immobilized biochar is a promising and innovative remediation strategy for addressing

wastewater and soil contamination challenges.

The present study explores the promising potential of microbial cell immobilization using
biochar to efficiently remove heavy metals Cd, Ni, and pesticides CP from water and soil
environments. Initially, the bacterial strain P. stutzeri, known for its heavy metal tolerance, is
immobilized on rice husk biochar. The study optimizes the biochar pyrolysis conditions for
immobilization and evaluates its efficiency in removing Cd and Ni from water. The

characterization of biochar and microbial cells immobilized biochar reveals information about



their structure and functional groups. Furthermore, the study investigates the mechanisms
underlying heavy metal removal by P. stutzeri immobilized rice husk biochar. The work
extends to the remediation of Cd -contaminated soil, evaluating the efficacy of Cd removal and
its impact on plant growth using Spinacia oleracea are analyzed to assess the overall
remediation effectiveness. In addition to P. stutzeri immobilized rice husk biochar, other
combinations, such as P. stutzeri immobilized sawdust biochar, also tested for Cd and Ni
removal from water. Similarly, Bacillus sp immobilized rice husk biochar and P. stutzeri
immobilized coconut shell biochar are utilized for Cd removal from soil. Another significant
aspect of the research involves exploring the removal of the pesticide, CP from water and soil
using A.veroni immobilized rice husk biochar. The process is optimized to enhance CP
degradation in water. Further soil study is carried out, and soil fertility and remediation
efficiencies are assessed through plant growth studies using Vigna unguiculata. Finally, the
potential degradation pathway of CP by the A.veronii immobilized rice husk biochar was

elucidated.
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CHAPTER 2

LITERATURE REVIEW

2.1 HEAVY METALS AND PESTICIDES AS POLLUTANTS

Soil and water contamination is a pressing issue arising from industrial and agricultural
activities, introducing both inorganic (e.g., heavy metals) and organic (e.g., pesticides)
pollutants (Manikandan et al. 2022). Heavy metals, encompassing cadmium, lead, mercury,
nickel, chromium, arsenic, copper, and zinc, result from natural and human-induced sources,
contaminating soil through mining, industrial emissions, and improper waste disposal (Amin
and Chetpattananondh 2019). Industrial processes, exhaust gases, and sewage irrigation
intensify heavy metal contamination. Additionally, atmospheric deposition from combustion
and the use of chemical fertilizers contribute to this environmental concern. These persistent
heavy metal contaminants resist natural biodegradation, posing risks to ecosystems and human
health, impacting soil productivity, and fertility, and leading to bioaccumulation in the food
chain, which raises serious health concerns as depicted in Figure 2.1. Certain heavy metals,
such as cadmium, arsenic, and mercury, exhibit high toxicity even at low concentrations,
adversely affecting soil quality, productivity, and human health (Priyadarshanee and Das
2021). Exposure to these metals can result in severe consequences, including growth
abnormalities, carcinogenesis, neuromuscular defects, mental illnesses, and metabolic

dysfunction.

In tandem, the escalating use of pesticides, driven by the demand for increased agricultural
yields, poses a significant challenge to sustainable agriculture. Runoff and improper waste
disposal contribute to long-term contamination, creating sites with high pesticide
concentrations. Pesticides, including insecticides, fungicides, and others, play a vital role in

pest and disease control, enhancing agricultural productivity. However, their inefficiency in
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application, with less than 0.1 % reaching the target, leads to their accumulation in soil (Das
and Adhya 2015). Presently, organophosphates (OP) are extensively used in agriculture due to
their lower environmental persistence and higher efficiency compared to organochlorine and

carbamate pesticides.
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Figure 2.1. Heavy metal and pesticide pollution sources and consequences.
2.1.1 Cadmium

Cd is ranked as the seventh most hazardous metal according to the Agency for Toxic
Substances and Disease Registry (Tully et al. 2000). Prolonged exposure to Cd contamination
significantly impacts both humans and animals, primarily through inhalation or ingestion from
various sources such as metal industries, spoiled food, cigarettes, and Cd-related products in
factories and work areas (Beesley and Marmiroli 2011). The indirect oxidative stress caused
by Cd is likely associated with its carcinogenic and mutagenic properties, leading to serious
health risks like kidney damage, prostate dysfunction, bone diseases, and cancer. Recognized
as a highly toxic and nonessential heavy metal, Cd is known for its inhibitory effects on
enzymatic reactions, inducing oxidative stress and nutritive deficiencies in plants (Irfan et al.
2013). Its ability to replace calcium in minerals due to similar ionic radius, charge, and
chemical behavior adds to its toxic nature. Unlike other toxic elements such as Hg, and As, Cd

primarily enters the human diet through terrestrial pathways, notably via vegetables. Chronic
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Cd poisoning, known as itai-itai disease and first identified in Japan in the early 20th century,
results in renal tubular dysfunction, osteomalacia, and osteoporosis due to competition with
calcium and other nutrients. According to WHO (2011), the tolerable monthly Cd intake is set
at 25 pg kg'! body weight due to its extended biological half-life in humans, ranging from 10
to 35 years. Previous studies have explored the occurrence and behavior of Cd in soils and
groundwater concerning agricultural aspects (bioavailability) and environmental remediation
(Khan et al. 2017). Cd typically exists in soil water up to 5 pg L' and in groundwater up to 1
ng L' (Naseem et al. 2014).

2.1.2 Nickel

Ni, a potentially harmful element, is commonly present in soil and water systems. It
exhibits four oxidation states (+1, +2, +3, and +4), with its primary oxidation state being +2.
Ni is more toxic in its cationic form than in its complexes and is released into the environment
from both human-made and natural sources (Manikandan and Nair 2022). Examples include
emissions from Ni alloy industries, pigment manufacturing processes, and tannery industry
wastewater, as well as through weathering and pedogenesis. Inadequate disposal of industrial
wastes and airborne deposition of contaminants can result in increased levels of Ni in soil and
water. Ni contamination can be directly transferred from air and soil to surface water bodies
through deposition and soil runoff, or indirectly to groundwater through leaching (Boros-
Lajszner et al. 2018). Excessive amounts of Ni beyond the permissible limits in soil (35 mg
kg ") and water (0.02 mg L") pose toxicity risks to all living organisms. Elevated Ni intake
can lead to severe health issues in humans, such as allergies, cancer, and reduced lung function
(Zambelli et al. 2016). Consequently, the presence of high concentrations of Ni in drinking
water, soil, or its entry into the food chain through plant uptake poses significant health threats
to both humans and animals, threatening the ecological sustainability of the global system

(Rinklebe and Shaheen 2017).
2.1.3 Chlorpyrifos

Chlorpyrifos (O, O-diethyl O-(3,5,6-trichloro-2-pyridyl) phosphorothioate), is a
commonly used diethylphosphorothionate organophosphate pesticide (Figure 2.2) Dow
chemical company introduced CP in 1965 as a foliage pesticide for extensive use in major

crops (Sobiecka et al. 2022). CP has been commercially employed in various formulations,
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including emulsifiable concentrates, wettable powder, and granules. OP accounts for more than

36 % of the global market share, with millions of kilograms applied annually.
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Figure 2.2. Structure of CP.

CP operates by inhibiting the acetylcholinesterase enzyme, leading to overstimulation of
the nervous system, paralysis, convulsions, and, ultimately, the death of mammals and insects
(Bakshi et al. 2021). CP is employed to control a broad spectrum of insect pests, including
leathoppers, cutworms, leaf folders, corn rootworms, gall midges, cockroaches, flies, grubs,
termites, flea beetles, lice, fire ants, and both larval and adult mosquitoes (Hamadeen and
Elkhatib 2022; Jacob et al. 2020) The fate of CP is influenced by its water solubility and various
environmental conditions. Natural organic matter in soil facilitates the transport of pesticides
from soil to water, impacting soil's storage, buffering, filtering, inactivation, and degradation
potentials (Aziz et al. 2021). This transport occurs through interflow, leaching, surface
overflow, underground drainage, and mineral nutrient transfer from soil to the human food
chain. CP undergoes rapid hydrolysis, resulting in the formation of its moderately mobile
primary metabolite, 3, 5, 6-trichloropyridinol (TCP) (Rochaddi et al. 2019). Hydrolysis also
generates other intermediary derivatives, including diethyl thiophosphoric acid (DETP) and
small quantities of chlorpyrifos oxon, desethyl chlorpyrifos, desethyl chlorpyrifos oxon, and
3,5,6-trichloro-2 methoxypyrimidine (Das and Adhya 2015). Chlorpyrifos oxon and TCP

byproducts are more hazardous than the parent CP compound.
2.2 DETECTION AND ANALYSIS OF HEAVY METALS AND PESTICIDES
2.2.1 Heavy metal detection and analysis in water and soil

The detection and quantification of heavy metal concentrations in water and soil are

imperative before selecting an effective remediation approach. The chosen technique should
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fulfill criteria such as cost-effectiveness, environmental friendliness, selectivity, and sensitivity
to detect traces precisely (Mali et al. 2022). The advancement and incorporation of various
techniques such as electrochemical, optical, and spectroscopic methods for detecting metal

ions now facilitate the accurate measurement of heavy metal concentrations.

Electrochemical techniques lie in various approaches such as potentiometric, amperometric,
voltammetric, coulometric, impedance, and electrochemiluminescent methods (Malik et al.
2019). An emerging field in this domain involves biosensors, leveraging enzymes and other
biological molecules, either independently or in conjunction with nanostructured metallic
materials. This innovation has facilitated the identification of a broader range of contaminants
in water samples (Gumpu et al. 2015). The procedures associated with these techniques are
relatively straightforward and adaptable to portable devices for on-the-spot monitoring
(Bansod et al. 2017). Despite their affordability, user-friendliness, reliability, and quick
analytical detection times, electrochemical methods exhibit higher detection limits. Notably,
their effectiveness diminishes when coexisting with other metal cations in a sample, reducing
detection sensitivity (Chen et al. 2018). Consequently, electrochemical methods face
challenges in achieving ideal levels of selectivity and sensitivity. Specifically, Voltammetry, a
prominent electrochemical method, faces challenges when analyzing heavy metal ions in soil
samples due to their complex matrices, which can introduce interferences affecting
measurement accuracy (Buledi et al. 2020). In contrast, I[CP-OES is less susceptible to such
matrix effects as it efficiently atomizes and excites the sample in the plasma, minimizing
interference. Additionally, voltammetry is more prone to interference from solution-phase
electroactive species, leading to inaccurate determination of analyte concentration compared

to ICP-OES (Meng et al. 2023).

A diverse array of optical sensors and test strips has been devised to detect heavy metals in
aqueous solutions. Noteworthy techniques include the application of fluorophores or indicator
dyes, biosensor tests, or the combination of an ionophore with a pH indicator (Lukyanenko et
al. 2019). Another approach involves utilizing nanoparticles and receptor molecules to
ascertain the concentration of a single analyte by gauging the light absorbance of the sample
(Kurup et al. 2017). Valuable research has been conducted on portable optical enzymatic

biosensors, particularly for swiftly identifying pollutants in water samples (Lukyanenko et al.
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2019). While several optical molecular detectors promise rapid analyses, many are constrained

by poor selectivity (Malik et al. 2019).

Highly sensitive and selective spectroscopic methods, including Atomic Absorption
Spectroscopy (AAS), X-ray Fluorescence (XRF), Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES) facilitate the detection of heavy metals with low limits of
detection in the femtomolar range (Zamora-Ledezma et al. 2021a). For example, AAS exhibits
relatively low detection limits, such as 2, 3, and 0.2 pg L™! for Cw Pb and Cd ions, respectively
(Kurup et al. 2017). While spectroscopic techniques offer advantages in the simultaneous
determination of a wide range of heavy metal concentrations, their complexity, cost, and the
need for specialized personnel limit their applicability in portable field versions, which often
exhibit lower sensitivity and accuracy (Kurup et al. 2017). Portable XRF equipment, for
instance, has higher detection limits, making it less useful for trace detection (Kodom et al.

2012). Detection limits of heavy metal Cd and Ni are represented in Table 2.1.

Table 2.1. Detection limits of Cd, Ni, and CP as reported by various techniques.

Heavy metal | Technique | Limit of detection Reference
Cd ICP-MS 0.01 pg L! (Malik et al. 2019; WHO 2017)
AAS 2ugL!
ICP-OES 0.0010 pg mL"!
Potentiometry | 1 x 1077 mol L™!
Amperometric | 1.78 x 107" mol L"!
Ni ICP-MS 0.1 pg L (Malik et al. 2019)
AAS 0.5ugL!
ICP-OES 10 ug L
CpP LC-MS 0.4- 13 ngL™! (Nandhini et al. 2021)
HPLC-UV 0.3-0.6 ug™!
GC MS 0.2-3.5 ngL!
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ICP-OES stands out as a powerful analytical technique for the comprehensive analysis of
heavy metals in water and soil. This method utilizes a high-temperature inductively coupled
plasma to atomize and excite the sample, followed by optical emission spectrometry to
quantify the elemental composition (Fu and Wang 2011). ICP-OES is particularly
advantageous for heavy metal analysis due to its exceptional sensitivity, allowing for the
detection of trace concentrations in both water and soil matrices (Kos et al.1996; Lu et al.
2018). Its broad dynamic range accommodates the measurement of various heavy metals, and
the simultaneous multi-element capability enables a comprehensive assessment of metal

profiles in environmental samples (Lu et al. 2018).
2.2.2 Detection of pesticides from water and soil

Pesticide analysis in water and soil is commonly conducted through gas chromatography
and liquid chromatography, both coupled with various detectors. Multiresidue methods,
employing liquid chromatography or gas chromatography-tandem mass spectrometry, are
extensively utilized for monitoring environmental contaminants due to their quantification
capabilities, even at low concentrations. Recent advancements in sensor-based methods have
demonstrated high sensitivity, making them suitable for analyzing specific pesticide groups
(Hassani et al. 2017). Sample preparation is a critical step in pesticide analysis, typically
involving conventional methods such as liquid-liquid extraction and solid-phase extraction

(Khalili-Zanjani et al. 2008).

Gas chromatography (GC) exhibits superior performance for volatile and thermolabile
molecules and can be coupled with detectors like electron capture detector (ECD), flame
photometric detection, flame ionization detection (FID), or mass spectrometry (GC-MS). For
instance, GC-FPD has been applied to water samples for the analysis of organophosphorus
pesticides demonstrating rapid and efficient extraction (Khalili-Zanjani et al. 2008). Another
study utilized GC-FID after single-drop microextraction for the analysis of pesticides in water,
highlighting advantages such as simplicity and minimal solvent and sample volume

requirements (de Souza Pinheiro and de Andrade 2009).

In addition to GC methods, liquid chromatography with ultraviolet detection (HPLC-UV)
has been applied to detect OP and their metabolites in water samples, showcasing advantages

such as reusability and selectivity using molecularly imprinted polymer as a solid-phase
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extraction sorbent (Arias et al. 2023). Liquid chromatography (LC) is suitable for polar,
nonvolatile, and thermolabile substances and can be coupled with various detectors, including
ultraviolet diode array detection, fluorimetric detection, and tandem mass spectrometry (LC-
MS/MS). LC-MS/MS has gained popularity for its sensitivity and confirmation capabilities,
especially for closely related compound groups like sulfonamides, glyphosate, CP, and its

metabolite.

Multiresidue pesticide analysis in water and wastewater samples involves low-resolution
mass spectrometers like LC-triple quadrupole MS (TQ-MS) and high-resolution mass
spectrometers like LC-QTOF. These are highly selective, and less commonly used due to cost
considerations and maintenance issues. Sensor-based methods, employing nanocomposites,
and biosensors, represent a promising area of research in pesticide analysis. These methods
aim to meet criteria such as user-friendliness, sensitivity, selectivity, reusability, and low cost,
although challenges exist, especially in determining multiple pesticides in complex samples

like seawater and wastewater (Hassani et al. 2017).
2.2.3 Methods for simultaneous detection of pesticides and metal ions

Electrochemical biosensors have emerged as promising tools for detecting pesticides and
heavy metal ions in water due to their portability, low cost, simplicity, selectivity, and
sensitivity (Hara and Singh 2021). Chouteau et al. (2005) devised a method involving a bi-
enzymatic whole cell conductometric biosensor utilizing immobilized Chlorella vulgaris
microalgae. It utilizes alkaline phosphatase and acetylcholinesterase enzymes, which are
inhibited by heavy metals and pesticides, respectively. The immobilized algae within bovine
serum albumin membranes on conductometric electrodes enable the detection of local
conductivity variations caused by enzyme activities. The biosensor exhibits sensitivity to
specific heavy metal ions like Cd and Zn, with limits of detection of 10 ppb after a 30 min
exposure. Another method as described by Tekaya et al. (2014) involves bi-enzymatic
conductometric biosensor for detecting heavy metal ions and pesticides in water samples,
based on enzymatic inhibition in Arthrospira platensis. The biosensor immobilizes Spirulina
cells on gold interdigitated transducers, where phosphatase and esterase activities are inhibited

by heavy metals and pesticides, respectively. The biosensor exhibits quantification limits for
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Cd and Hg at 102° M in mixtures and pure solutions, and for parathion-methyl, paraoxon-

methyl, and triazine at 102 M, 10" M, and 102° M, respectively.

These techniques, while offering significant advantages for detecting pesticides and heavy
metals in water, also come with challenges. The complexity of water matrices in environmental
samples can lead to interference with electrochemical measurements, compromising the
accuracy and reliability of results (Hara and Singh 2021). Additionally, these biosensors are
often designed for specific analytes or classes of compounds, limiting their ability to
simultaneously detect a wide range of contaminants without customization (Rao et al. 2011).
Issues related to durability and stability, such as electrode fouling and degradation of sensing
elements, can affect long-term performance (Chouteau et al. 2005). Electrochemical biosensors
offer cost advantages over traditional methods, initial setup costs and ongoing maintenance
expenses can still be significant, potentially limiting their accessibility for smaller research

laboratories or monitoring agencies with limited budgets.
2.3 HEAVY METAL AND PESTICIDE REMEDIATION METHODS
2.3.1 Heavy metal remediation

The removal of heavy metals from wastewater involves various conventional and non-
conventional methods. Chemical precipitation is a conventional technique where chemical
precipitants react with heavy metals to form insoluble precipitates, facilitating their removal
(Chen et al. 2018). Coagulation/flocculation is a physicochemical method that agglomerates
fine particles into larger ones, enhancing their removal through settling. Ion exchange involves
reversible ion exchange between solid and liquid phases, effectively treating inorganic
effluents. Membrane technologies wuse selective barriers to separate compounds.
Electrochemical technologies, including electrocoagulation and electrodeposition, are
environmentally friendly but can be capital-intensive. The advantages and disadvantages of
conventional technologies for removing heavy metals from wastewater are illustrated in Table

2.2,
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Table 2.2. Advantages and disadvantages of different technologies for removing heavy

Technology

metals from wastewater.

Advantages

Disadvantages

Reference

Chemical

precipitation

Ion exchange

Coagulation—

flocculation

Membrane

filtration

Electrochemical

treatment

Process simplicity
Not metal
selective
Inexpensive
capital cost

Metal selective
Limited pH
tolerance

High regeneration
Bacterial
inactivation
capability

Good sludge
settling

Low solid waste
generation

Low chemical

consumption

No chemical
required

can be engineered
to tolerate

suspended solids

A large amount of
sludge containing
metals

Sludge disposal
cost

High initial
capital cost

High maintenance
cost

Chemical
consumption
High sludge

volume

High initial
capital cost
High maintenance

cost

High initial
capital cost
Production of
Ha(with some

processes)

(Azimi et al. 2017,
O’Connell et al.
2008)

(Kurniawan et al.

2006)

(Azimi et al. 2017)

(Bashir et al. 2019)

(Azimi et al. 2017,
Bashir et al. 2019)

Non-conventional treatments include adsorption, microbial fuel cell nanotechnology, and

Fenton-like reactions. Adsorption, a widely used method, involves materials like activated
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carbon, polymeric substances, agricultural residues, and industrial wastes to capture
contaminants (Zamora-Ledezma et al. 2021). Microbial fuel cell technology employs microbes
to produce electricity while simultaneously removing heavy metals. Nanotechnology-based
treatments, using nanomaterials like carbon nanotubes and graphene, leverage their unique
properties for efficient heavy metal adsorption. Fenton-like reactions involve the generation of

highly reactive hydroxyl radicals for metal removal.

The remediation of heavy metals from soil involves a multi-faceted approach,
incorporating physical, chemical, and biological methods. Physical methods, such as soil
washing and thermal desorption, exhibit a broad spectrum of applicability but often incur high
costs and necessitate further processing (Santos et al. 2015). Electro remediation, leveraging
low electric currents, proves effective in confining and recovering pollutants, yet its
operational temperatures pose challenges (Bahemmat et al. 2016). Chemical remediation
techniques encompass vitrification, chemical leaching, chemical fixation, and electrokinetic
methods (Dhaliwal et al. 2020). Vitrification technology, despite its efficiency, is complex and
energy-intensive. Chemical leaching transfers heavy metals to the liquid phase, but drawbacks

include by-product formation and increased downstream processing (Dhaliwal et al. 2020).
2.3.2 Pesticide remediation

The detection and elimination of pesticides from soil and water are imperative due to their
severe threats to human health and the environment. Physical techniques, such as adsorption,
oxidation, catalysis, degradation, and membrane filtration, have been employed for pesticide
removal in the environment, specifically from soil and water (Nandhini et al. 2021). However,
conventional approaches for pesticide degradation often require pre-sample processing,
involving mechanical treatments like cleaning, drying, filtering, grinding, and sieving before
instrumental analysis. Methods like soil washing, and different adsorbents can reduce
organophosphates pesticide levels, but their persistent nature limits the effectiveness of these
approaches. Disposal methods such as deep well burial, landfill, and open burning have raised
environmental and health concerns. Issues such as land requirements, leaching, slow
decomposition, and climatic variations further hinder their application in the removal of
pesticides from soil. Table 2.3. summarizes the advantages and disadvantages of various

techniques used for pesticide removal.
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Table 2.3. Advantages and disadvantages of different technologies for removing pesticides

from wastewater.

Technology Advantages Disadvantages Reference
Incineration e Complete degradation of Ash disposal challenge (Ferguson and
pesticides to ash Generation and release of | Wilkinson
cyanides into the environment 1984)
Zero-valence e Iron is inexpensive Action diminishes over time as | (Shoiful et
iron oxide layer formation obstructs al. 2016)
active sites.
Electrokinetic e Low concentrations of Optimal pH range is typically | (Ajiboye et
combined with iron in the solution narrow, preferably between 3 | al. 2020)
Fenton e Easy recycling of the and 5 in most cases
process catalyst
Fenton e Easy to implement High cost (Shoiful et
oxidation e Able to degrade a wide It is pH-sensitive al. 2016)
range of contaminants High organic content soil needs
a large amount of oxidant
Supercritical e Toxic gases and Problem  associated  with | (Xuetal.
oxidation particulates are  not construction of super critical 2015)
released oxidation unit
Electrokinetic e Decrease the surface Surfactant consumption varies | (Shoiful et
combined with tension of the liquid based on type and | al. 2016)
surfactants e Improve contaminant environmental factors
solubility.
Soil washing e selectively target and The process employs chemicals | (Ajiboye et
remove specific with potential environmental al. 2020)
pesticides impacts
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Advanced Oxidation Processes (AOP), such as photocatalysis, Fenton reactions, electro-
Fenton reactions, and radiation, offer a promising avenue for pesticide removal by generating
reactive oxygen species that facilitate simultaneous oxidation and destruction of contaminants
(M’Arimi et al. 2020). Challenges associated with AOP include the cost of radiation devices
and potential material breakdown. Ozonation, coupled with UV irradiation or hydrodynamic
cavitation, enhances CP degradation, but concerns about byproducts and cost-effectiveness
persist. Electrochemical oxidation technologies, including Sono electrochemical methods and
ultrasound-induced acoustic cavitation, present alternative approaches (Joseph et al. 2009).
Heterogeneous Fenton processes and nanomaterials, like nanoparticles and nanocomposites,
contribute to photocatalysis, albeit with challenges like nanoparticle recovery and potential

toxicity.

2.4 ROLE OF BIOCHAR IN THE REMOVAL OF HEAVY METALS AND
PESTICIDES

Biochar is a carbon-rich material derived from biomass such as wood, manure, or leaves
upon thermal treatment at high temperatures with minimal or in the absence of air (Noronha et
al. 2022). Various processes, such as pyrolysis, gasification, and hydrothermal carbonization,
are applied in biochar generation (Yaashikaa et al. 2020). Biochar, with its porous structure
and diverse surface-functional groups, efficiently adsorbs pollutants through hydrophobic and
polar interactions. Its eco-friendly nature and low-cost production, along with simple large-
scale synthesis, contribute to economic efficiency in the (bio) economy cycle. Biochar has been
well established as a low-cost adsorbent that has adsorption capacities similar to carbon-based

adsorbents, such as activated carbon, porous graphitic carbon nitride, graphene oxide, etc
2.4.1 Biochar production

Biochar production usually involves biomass collected from various plant/animal sources
or wastewater sludge and thermal treatment using oxygen-deficient conditions, particularly
pyrolysis. Pyrolysis in oxygen-free conditions comprises the decomposition of lignocellulosic
material, volatile matter release, and the reduction of carbonaceous material for plant biomass
(Ogura et al. 2021). The types of pyrolysis include slow, fast, microwave-assisted, hydro- and
co-pyrolysis. Slow pyrolysis operates for h in the temperature range of (300700 °C), whereas

fast pyrolysis with lower residence time (< 2-5 s).

23



Variations in high-temperature processes have also been tested in the context of biochar
production. Microwave-assisted pyrolysis for biochar generation has also been demonstrated,
with variations in absorbable power observed for biochar property analysis, with the
demonstrated advantages of larger surface area and improved porosity characteristics (Kostas
et al. 2020). Hydro-pyrolysis is usually conducted within a temperature range of 250-550 °C,
with hydrogen gas application, ensuring the hydrocracking of the biomass (Akhil et al. 2021).
Co-pyrolysis involves multiple biomass sources for biochar pyrolysis. The resultant
physicochemical properties mainly depend on the biomass sources’ blending ratios and
pyrolysis temperature, improving the biochar sample’s pore structure (Ahmed and Hameed
2020). Gasification is another method of generating biochar in the presence of steam/oxygen
at 750-900 °C, with the products being syngas and a low biochar yield. Torrefaction is
conducted under oxygen-deficient conditions similar to those for biochar, apart from a
temperature of 200-300 °C and a residence time of less than 30 min. Another method explored
extensively for biochar production is hydrothermal carbonization, with an operating
temperature range from 160 to 800 °C (preferably at lower temperatures) in the presence of
water. The low-temperature environment results in higher O/C and H/C content, along with
the creation of functional groups on the biochar surface; the process yields a low aromaticity
level and low-porosity biochar (hydrochar). The conversion of the non-carbonized
(amorphous) part of the biomass into a carbonized form can be enhanced by increasing the
pyrolysis temperature, which also increases the aromaticity, m electron availability, etc.
(Ahmed and Hameed 2020). Both the negative effect of pore-size thermal shrinkage due to the
collapse of micropore walls and the positive effect of pore-size increment due to the removal
of volatile matter can be observed with increasing temperature conditions. Increasing the
pyrolysis temperatures also decreases the biochar’s stability in terms of chemical oxidation
resistance (Xu et al. 2021).

The biomass source influences the final physicochemical features of biochar. For instance,
plant sources include olive pomace and rapeseed straw cereal waste, animal sources include
crustacean shells and animal manure, and municipal wastewater sludge has also been used as
biomass for biochar production (Kostas et al. 2020; Li et al. 2017; Park et al. 2021; Wang and
Wang 2019; Zhang et al. 2021; Ding et al. 2019). Fibrous biomass sources such as wheat/rice
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straw generate tubular structures (Igalavithana et al. 2017). In contrast, the usage of sludge
biochar prevents the formation of such structures in the biochar matrix (Leng et al. 2021).
2.4.2 Biochar: physicochemical properties and characterization

The properties of biochar play a pivotal role in determining its efficacy as catalyst support,
adsorbent for pollutant removal, and soil amendment. Key characteristics such as surface area,
pore structure, pH, functional groups, elemental composition, and stability are crucial for
assessing biochar's performance in various applications. A larger surface area is generally
desirable for effective pollutant removal, and this is influenced by factors such as temperature,
time, and feedstock. Functional groups and pore volume are equally important considerations
when utilizing biochar as a carrier, emphasizing the role of biochar in enhancing the overall
effectiveness.

Several characterization analyses can be conducted to elucidate biochar’s physical and
chemical properties. The proximate analysis involves the quantification of ash, fixed carbon,
volatile matter, and moisture. High ash and fixed carbon contents are good indicators of high
adsorbent capacity. Ultimate analysis, i.e., the quantification of C, H, N, and O composition in
biochar samples, especially the H/C ratio and O/C and (O + N)/C ratios, is an indicator of the
aromaticity and polarity of biochar (Ding et al. 2019). The textural features, with an emphasis
on the sizes and the volume of the pores and the specific surface area (Sger), are usually
estimated via N sorption tests at 77 K, using the Barrett—Joyner—Halenda (BJH) or density
functional theory (DFT) methods for the pore analysis and the Brunauer—Emmett—Teller (BET)
theory for the Sger. The definition of pore size category (micro-, meso--, and macropores)
decides the interaction ability of biochar with the required moiety. For instance, biochar
systems with microporous structures would show a lower adsorption capacity of higher
molecular-weight pesticides, although a higher one is needed for metal cations (Yaashikaa et
al. 2020).

Surface pH analysis, zeta potential, and electrical conductivity can define the range in
which biochar—pesticide and biochar—metal ion interactions are maximized. The graphitization
and alkalinity of the produced char increase at higher pyrolysis temperatures (Cuixia et al.
2020). Surface functional group analyses are used to evaluate the biochar’s adsorption capacity

and microbial support. Fourier transform infrared spectroscopic (FTIR) analysis also provides
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insight into the biochar matrix’s multiple bond formation, with additional information on post-
adsorption studies.

The morphological and structural properties can be explored by scanning electron
microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), and
atomic force microscopy (AFM). The surface chemistry can be analyzed by IR, Raman
spectroscopy, and X-ray photoelectron spectroscopy (XPS). It is always crucial to determine
the surface pH and the point of zero charge since they play a key role in the adsorption
performance and activity when biochar is used as an adsorbent in aqueous phases. The most
important techniques for the physicochemical characterization of biochar are presented in

Figure 2.3.
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Figure 2.3. The predominant technique for the physicochemical characterization of biochar-

based materials (Manikandan et al. 2023).

2.4.3 Application of biochar in remediation of heavy metals and pesticides

Heavy metals and pesticides can be directly adsorbed onto the biochar’s surface.
Moditying the outer surface of biochar via activation by tuning the chemical heterogeneity can
lead to elevated and selective adsorption efficiency, exceptional stability, easy separation

efficiency, and better recyclability (Akhil et al. 2021). Modification, including
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physical/thermal activation such as steam (for —OH functional group increment) and CO;
activation, ball milling and sonication/ultrasonication, acid treatment (for deashing and
demineralization) and base treatment, functional group activation, such as amine-
functionalization, impregnation with metal oxides, doping, electrochemical treatment, plasma
treatment, etc., can enhance the properties of biochar as an adsorbent (Vijayaraghavan 2019).

Regarding the analysis of metal ions or pesticide removal using biochar-based materials,
Langmuir and Freundlich’s isotherm models are the most established ones. In general, a
Langmuir versus Freundlich isotherm comparison explains monolayer adsorption
vs./multilayer adsorption. Other isotherm models/approaches, such as the Jovanovich, Elovich,
and Dubinin—Radushkevich (D-R) models, are also used to present an additional
understanding of the role of adsorption conditions (Rahman et al. 2021; Sakulthaew et al.
2021). In addition, pseudo-first-order and pseudo-second-order models are the most widely

applied models for kinetic studies for biochar—heavy metal/pesticide systems (Park et al. 2019).

2.4.3.1 Heavy metals

The application of adsorbents for the removal of heavy metal ions involves physical and/or
chemical adsorption via electrostatic interactions, ion exchange, complexation, reactions that
have taken place on the material’s surface, and/or precipitation (Inyang et al. 2016). When
interacting with biochar, some metal ions undergo reduction and oxidation reactions,
precipitation, and co-precipitation (Imran et al. 2021). Multiple experimental condition
parameters can affect the adsorption and removal capacity. The elevated adsorption of metal
ions can be due to an increase in the specific surface area of the biochar as a result of optimizing
the synthetic protocol, for instance, modifying the pyrolysis temperature (Cuixia et al. 2020).
A high pH directly affects the adsorbent’s surface due to protonation, thus competing with
metal ion adsorption (Zhang et al. 2020). Conversely, in alkaline pH conditions, hydroxy-
complex formations can compete with other ions and impede adsorption (Park et al. 2021).
Preferably, the point of zero-charge pH should be in the acidic region to efficiently adsorb
metal ions and form complexes with a negative surface charge (Fan et al. 2020). Cation-
exchanging capacity also plays a crucial role in metal ion adsorption. For instance, Ma et al.

(2021) discovered that cation exchange significantly contributed to removing Cu from lobster-
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shell-derived (HCl-treated) biochar, with 53-74 % removal contributed by the cation
exchange.

Biochar surface modifications are primarily conducted to improve the adsorption
efficiency, and some of them are summarized in Table 2.4. A zirconium and iron composite
with sludge biochar was generated to increase As>* adsorption via complexation. The Zr-Fe
biochar composite had a maximum adsorption capacity of 62.5 mg g”! compared to the pristine
biochar capacity of 15.2 mg g™!. The probable mechanism was suggested as the inner-sphere
complexation of As®" on the Zr-O-Fe surface (Rahman et al. 2021). Khan et al. 2020 studied
MoS>-modified magnetic biochar with a maximum adsorption capacity of 139 mg g™ and
hypothesized the presence of complexation, cation exchange, and Cd-n interactions. The
deashing of biochar with acid solutions and potassium acetate improved lead adsorption, due
to the pore size increment (unblocking SiOx particles out of biochar) and complexation of Pb**
and C=C (n-electrons) (Zhang et al. 2020).

The impact of biochar differs in soil versus water concerning metal mobility. Soil pH
significantly influences metal movement. Biochar, typically alkaline, alters soil pH,
immobilizing metals and mobilizing oxyanions (Almaroai et al. 2013). Higher soil pH due to
biochar favors metal sorption; for instance, Pb binds more strongly to kaolinite at elevated pH
levels, forming strong inner-sphere bidentate surface complexes (Griafe et al. 2007).
Biochar exhibits potential for mitigating chromium contamination in soil due to its reactivity
and ability to donate electrons (Choppala et al. 2012). The presence of various oxygen-
containing acidic and basic functional groups in biochar facilitates the supply of protons for
Cr(VI) reduction, ultimately leading to the adsorption or surface complexation of Cr(III) with
organic amendments (Hsu et al. 2009). However, biochars with high pH values may hinder the
dissociation and oxidation of phenolic and hydroxyl groups, limiting proton supply for Cr(VI)
reduction (Choppala et al. 2012). Additionally, soil microbes can contribute to Cr(VI)
reduction to Cr(IIl) using biochar-derived carbon as an energy source (Zimmerman, 2010).
This reduction leads to the immobilization of Cr, reducing its mobility and transport (Choppala
et al. 2012). This higher sorption capacity for organic contaminants can be attributed to the
high surface area and microporosity of biochar. In contrast, ion exchange, electrostatic
attraction, and precipitation mechanisms prevail in the remediation of inorganic contaminants

by biochar. The specific type of contaminant also plays a crucial role in determining biochar's
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effectiveness in sorbing contaminants. Polar and non-polar, ionic, and non-ionic organic

contaminants have different affinities for biochar compared to cationic and anionic metals.
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Table 2.4. Various biochar involved in heavy metal removal.

Pyrolysis Adsorption | Adsorption rate
Biomass Type | Temperature | Modification | Metal Ion | System | Capacity (mg (mg g min") Reference
(°C) gh
Sb** 498 1.66
Crab shell 350 Fe-La doped Water (Zhang et al. 2021)
SbOs’~ 337 1.12
Cattle manure 500 Fe-impregnated Sb>* Water 58.3 0.91 (Park et al. 2019)
Sesbania bispinosa MnO 7.35 0.24
450 AsO4~ | Water (Imran et al. 2021)
CuO 12.47 0.41
Cd* 45.1 0.37
Rice straw 500 Thiol-modified Soil (Fan et al. 2020)
Pb** 61.4 0.51
Cu* 714 0.17
Lobster shell 600 HCI treatment Water (Ma et al. 2021)
Ccd* 126 0.30
Peanut shell 600 MnO-embedded Sb** Water 248 16.53 (Wan et al. 2020)
Corn straw 600 Fe-impregnated | HAsO4* | Water 6.80 0.14 (He et al. 2018)
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Canola straw 700 Steam activation Pb** Water 195 3.25 (Kwak et al. 2019)
Wood chip 600 Sulfurized Hg?* Water 107.5 0.89 (Park et al. 2019)
. HA/Fe-Mn oxide-| Cd*' 67.11 0.1
Rice husk 500 Water (Guo et al. 2019)
loaded As™ 35.59 0.14
1 kW 0.07
Rice husk (mi ) Fe304-magnetic Cr%* Water 8.35 (Liu et al. 2016)
microwave
Pomelo peel 300 K>FeO4-promoted Cr®* Water 209.64 0.14 (Yin et al. 2020)
Amino- Sb>* 241.92 0.33
functionalized
Sawdust 180 Water 0.22 Deng et al. 2020
g
(HNOs, Cré* 132.74
nicotinamide)
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Therefore, the suitability of biochar for remediating contaminated soil or water on a large
scale should be carefully considered, given the variation in its effectiveness depending on
contaminant type, biochar properties, and environmental conditions. A general outline for
adsorption and the removal mechanisms for heavy metal biochar systems are shown in Figure
2.4.
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Figure 2.4. The overall involvement of biochar in heavy metal and pesticide remediation

(Manikandan et al. 2023).

2.4.3.2 Pesticides

The common mechanisms for pesticide adsorption onto biochar are the hydrophobic
effect, m—m electron donor—acceptor interaction, pore filling, electrostatic interactions, ionic
bonding, and H-bonding (Binh and Nguyen 2020; Ding et al. 2019). Several studies regarding
the adsorption/removal of pesticides by biochar have been evaluated in Table 2.5, wherein the
parameters of biochar pyrolysis temperature and surface modifications have been compiled,
along with the adsorption capacity values. The pyrolysis temperature has a similar effect on
biochar-pesticide adsorption as on biochar-heavy metal adsorption. The adsorption of
carbendazim on dewatered sludge biochar was at a maximum at 700 °C, owing to the increased

surface area and the increment in the partition coefficient (Ding et al. 2019). Pore size governs
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the definitive adsorption capacity for pesticide—biochar interaction. Dichlorvos and
pymetrozine had molecular sizes that were comparable to pore diameter; thus, adsorption was
facile in both cases (Binh et al. 2020). A decrease in the original biochar’s H/C and O/C atomic
ratios is expected to enhance the n—m electron donor-acceptor interactions, contributing to the
sorption of certain pesticides, such as oxytetracycline and carbaryl (Li et al. 2017). Binh and
Nguyen 2020 concluded that a pH of 2 is a more favorable condition for the adsorption of 2,4
dichlorophenoxy acetic acid on corn-cob biochar based on the electrostatic interactions. In
addition to the inherent functional groups and mechanisms involved in metolachlor adsorption
onto biochar, Liu et al. (2021) incorporated fulvic acid and citric acid into walnut-shell biochar
that augmented the functional groups with oxygen. The removal capacity was also observed to
decrease after 3 cycles in the metolachlor-simulated sewage biochar system.

Application of biochar is reported to increase the sorption and decrease the dissipation of
pesticides which can consequently minimize the risk of human exposure to pesticides (Figure
2.5). Jones et al. (2011) evaluated investigated the impact of biochar on soil contaminated with
simazine. They found that the strong absorption of simazine into the micropores of biochar
inhibited its breakdown and prevented it from leaching into groundwater. Similar studies by
Yu et al. (2009) revealed that biochar derived from woodchips and cotton straw, produced at
850°C, significantly reduced the dissipation of CP, carbofuran, and fipronil from the soil. This
reduction was attributed to their high absorption capabilities, leading to decreased availability
of these compounds. This biochar also showed a marked reduction in the uptake of these
pesticides by plants in contaminated soils, unlike biochar produced at temperatures lower than
450 °C, which proved less efficient. A key factor influencing the efficiency of pesticide
adsorption in soils is the potential interaction of biochar with dissolved organic matter in the
soil. This interaction might coat biochar particles, hindering the pesticides' access to absorption
sites (Zhang et al. 2010). Moreover, the absorption of atrazine by the organic carbon content
of'biochar derived from dairy manure at 450 °C indicates that higher levels of dissolved organic
carbon in the soil could impede atrazine absorption by blocking the biochar's pores (Cao et al.
2011). Generally, biochar produced at higher temperatures demonstrates greater efficiency in
absorbing organic contaminants from soil and water. Various mechanisms contribute to this
absorption, such as the electrostatic attraction between the charged surfaces of biochar and

ionic organic compounds. To ensure optimal results, biochar production should adhere to
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specific pyrolysis conditions, and the properties of biochar should be thoroughly evaluated

before implementing it for the remediation of particular organic contaminants in soil or water.
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Figure 2.5. Biochar application in soil for pesticide removal (Manikandan et al. 2022).

Biochar usually possesses a greater sorption capacity of pesticides from the soil due to its
charge density, large surface area, and negative surface charge. Studies by Yang et al. (2003)
showed that the biochar synthesized by burning crop residues had a high sorption capacity of
pesticides in the soil. Additionally, modified biochar has shown greater potential to effectively
remove a variety of organic contaminants from water as a sorbent. In another work, Zheng et
al. (2010) the ability of biochar to adsorb two triazine pesticides, atrazine and simazine was
evaluated. A green waste biochar was produced in this study by heating the waste biomass at
450°C under oxygen-limiting conditions. The sorption affinity of the biochar for the pesticides
increased with decreasing the pH and solid/solution ratio. It also observed that the aging of
biochar can lead to lower sorption capacity with time. This is important for the control of

herbicide efficacy in biochar-amended soil (Martin et al.2012).
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Table 2.5. Various biochar involved in pesticide removal.

Pyrolysis Adsorption |Adsorption rate
Biomass Modificati C it
Temperatur Pesticide System apacity (mg g"' min™) Reference
Type . on
e (C) (mg g™)
Cow manure 600 HCI/HF Carbaryl Water ~55 0.12 (Li et al. 2017)
Sludge 700 - Carbendazim Soil 0.144 0.01 (Ding et al. 2019b)
2,4-dichloro- 0.17 _
Corn cob 600 HF o Water 31.87 (Binh and Nguyen 2020)
phenoxyacetic acid
Coconut fiber]| 600 HCI Dichlorvos Water 90.9 1.51 (Binh et al. 2020)
Walnut shell 700 Fulvic acid Metolachlor Water 99.01 3.30 (Liu et al. 2021)
powder 700 Citric acid Metolachlor Water 74.07 2.46 (Liu et al. 2021)
Bagasse 500 - Carbofuran Water 18.9 - (Vimal et al. 2019)
Fe*'/Fe* 0.14
' 205
Switchgrass 425 magnetic Metribuzin Water (Essandoh et al. 2017)
- 223 0.15
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2.4.4 Biochar as soil enhancer

The potential effects of biochar on soil during the remediation process are multifaceted.
Biochar has been studied for its ability to bind and mitigate pollutants, which can lead to
improved soil quality and reduced environmental risks. Additionally, biochar can enhance soil
structure and water retention, promoting better overall soil health. Alterations induced by
biochar in soil properties have been extensively explored in numerous studies, examining the

biological, chemical, and physical dimensions.
2.4.4.1 Biochar induced modifications in soil

Biochar exhibits unique properties, influencing the physical attributes of soil. Biochar
enhances soil porosity, but the effect can differ, with factors like biochar type and application
rates influencing the relative contribution of different pores in the soil (Shilli et al. 2023).
Biochar's application also affects soil bulk density, showing a negative correlation as higher
application rates lead to reduced bulk density (Liu et al. 2016). Additionally, biochar promotes
soil aggregation, particularly in sandy soils, contributing to improved stability (Burrell et al.
2016). Biochar application has significant implications for soil chemical properties. The
composition of biochar plays a crucial role, with its high pH contributing to increased soil pH
(Song et al. 2018). Biochar enhances carbon reserves in the soil, promoting nutrient retention,
soil fertility, and carbon sequestration (Ouyang et al. 2014; Song et al. 2018). It also affects
the nitrogen and phosphorous cycle, reducing leaching and enhancing retention, ultimately
benefiting crop growth (Chan et al. 2008; Major et al. 2012). Biochar application positively
influences microbial populations, contributing to soil carbon sinks and reducing CO; emissions
(Zhang et al. 2014). Enzymatic activity is affected by biochar, with both positive and negative
outcomes depending on soil type and biochar application (Ouyang et al. 2014). The influence
on mycorrhizal associations is multifaceted, affecting soil nutrient availability, soil organisms,

and chemical detoxification (Warnock et al. 2007).
2.4.4.2 Role of biochar on plant growth

The relationship between biochar and crop yield is complex and depends on factors such
as biochar quantity, soil type, and the specific crop. Plants require a variety of macro and
micronutrients to function properly, and these play a major role in controlling plant growth and

development (Mehmood et al. 2021). Biochar helps in accumulating soluble nutrients in the
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seedling embryo. Nguyen et al. 2018 reported that improved rice growth after the biochar
amendment in loamy soil could be directly attributed to the nutrients P and K in amended
biochar. It was suggested to be effective in soil nutrients and enzyme promotion (Noronha et
al. 2022). Early seedling growth is a pivotal determinant for the vitality and progression of
plant species. Rondon et al. (2007) observed increased biomass production of beans due to
enhanced seed germination and early seedling growth facilitated by biochar addition. The
positive impact of biochar on crop yield is attributed to factors such as improved water-holding
capacity, nutrient availability, and soil microbial and physical properties. In general, biochar
is more effective in enhancing crop yield in medium to low-fertility soils compared to fertile
soils (El-Naggar et al. 2018). Major et al. (2010) reported that maize yield was not immediately
enhanced by biochar addition, but significant improvements were observed in subsequent
years. Combining biochar with fertilizers, especially biochar-based fertilizers, has been shown
to enhance crop yield in various crops (Shilli et al. 2023). The effects of biochar amendment

on various plant growth are listed in Table 2.6.

Abd El-Mageed et al. 2021 reported that water content is one of the most commonly
reported soil hydraulic parameters and a key indicator of soil quality and productivity. Biochar
amendment can affect the hydraulic conductivity of the soil-biochar mixture by influencing
soil aggregation and the formation of accommodation pores between biochar and surrounding
soil (Das and Ghosh 2022). Biochar amendments are likely to reduce the bulk density of most
mineral agricultural soils because the bulk density of most biochar (0.3-0.6 g cm?) is
significantly lower than that of typical agricultural soil (Verheijen et al. 2019). Biochar’s high
porosity substantially impacts soil water retention. The increase in water retention assists the
soil in retaining more water, increasing the available moisture in the root zone and allowing

for longer intervals between irrigations (Ghorbani et al. 2023).
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Table 2.6. The effects of biochar amendment on plant growth and crop yield.

Biochar

Plant

Crop yield

References

Maize straw

Maize (Zea mays)

Increase in maize dry weight up to 62—113 %, dry biomass to

115- 600 %

(Khan et al. 2022)

Poultry waste

Mustard (Brassica

campestris)

Improved photosynthetic and accessory pigments production

(Fiaz et al. 2014)

Vine pruning

Tomato (Solanum

50 % increase in plant height, number of leaves, and collar

(Calcan et al. 2022)

lycopersicum) diameter
Wheat straw Rice (Oryza sativa) Increased rice yield by 16.6 % (Bian et al. 2014)
Corn cob Soybean (Glycine max) | Increased seed vigor, germination percentage, shoot length, (Hafeez et al. 2017)
membrane stability index, and chlorophyll contents
Corn Wheat (Triticum Increased grain mass per plant of the wheat by 27.7 % (Lin et al. 2015)
aestivum)
Bamboo Rice (Oryza sativa) Increased rice yield by 19.8 % and enhanced nitrogen (Dong et al. 2015)

retention
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Wheat straw Wheat (Triticum Enhanced grain yield of 6.61 t ha™! (91%) (Lashari et al. 2013)
aestivum)
Corn straw Cotton (Gossypium Increased the cotton lint yield by 8.0-15.8 %, Enhanced soil (Tian et al. 2018)
arboretum) organic carbon and total nitrogen
Cotton stalk Cotton (Gossypium Higher leaf water content, chlorophyll stability index, and (Velusamy 2017)
arboretum) seed cotton yield
Wood residues Rice (Oryza sativa) Higher grain yields with low P availability (Asai et al. 2009)
Acacia Apple (Malus Altered plant water status, photosynthetic capacity, and leaf (Eyles et al. 2015)
domestica) micro-nutrients
Peanut hull Quinoa (Chenopodium Improved growth promotion, soil conditions; increased (Kammann et al.
residues quinoa) photosynthetic and accessory pigment production 2011)
Almond shell, pine Sunflower Enhanced sunflower seed germination; improved soil (Alburquerque et al.
wood Olive stone properties and crop production 2014)

wheat straw

(Helianthus annuus)
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2.4.5 Biochar as a catalyst support

Biochar emerges as a versatile and eco-friendly catalyst support, leveraging its
physicochemical properties. The application of biochar photocatalysts in pollutant remediation
has gained significant attention due to their promising capabilities (Fito et al. 2022). These
nanocomposite materials leverage the combined effects of adsorption and photocatalysis to
enhance the removal of pollutants. The biochar-based photocatalyst showcases, enhanced
photocatalytic activity, increased mechanical hardness, enhanced thermal stability, chemical
inertness, magnetic permeability, reduced energy band gaps, improved reusability, and
simplified recovery processes (Fito et al. 2022; Sutar et al 2022). Furthermore, it demonstrates
diminished recombination rates of electron-hole pairs, a favorable characteristic for effective
photocatalytic applications. Farahbakhsh et al. (2022) demonstrated the degradation of CP
through the utilization of a biochar nanocomposite, derived from grapefruit skin and modified
with Fe3O4 and CdS nanoparticles (biochar/CdS-Fe3Os), resulting in an impressive 97 %
removal rate. Several studies have been conducted for enzyme-immobilized biochar, particularly
with laccase utilized as an enzyme to degrade pollutants (Pandey et al. 2020). The basic biochar—
enzyme immobilization techniques are adsorption and covalent bonding. Wang et al. (2021)
used laccase-immobilized biochar to degrade 2.4-dichlorophenol and obtained 64.6 %
degradation. The immobilized laccase improved the cation exchange capacity, organic matter

content, stability, and catalytic degradation effect.

2.5 ROLE OF MICROORGANISMS IN THE REMOVAL OF HEAVY METALS AND
PESTICIDES

Microorganisms play a crucial role in eliminating metal ions and pesticides from polluted
environments by adapting and thriving in harsh conditions (Castro et al. 2019). These
microorganisms employ diverse survival strategies, such as surface adsorption, micro-
precipitation, extracellular or intracellular sequestration, reduction, enzymatic degradation,

and more.
2.5.1 Factors influencing microbial remediation

Bioremediation is possible only when microbial activity and growth are allowed by

environmental conditions. In certain situations, environmental factors can be altered to allow
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microbial population growth to eliminate contaminants (Karimi et al. 2021). As shown in

Figure 2.6, various factors influence microbial remediation:

Environmental

factors

Properties
of
contaminated
site

Bioavailability

of Factors
contaminant . .
influencing
microbial
degradation

Microbial
growth and
degradation
capacity

Properties of

contaminant

Figure 2.6. Factors influencing microbial degradation (Manikandan et al. 2023).

2.5.1.1 Environmental factors

The pH can affect bioremediation by changing metal bioavailability; for instance, a
decrease in soil pH value generally causes an increase in metal bioavailability (Zhang et al.
2020b). This is because, at lower pH, the exchangeable capacity between metal cations and H*
on the surface of soil particles is more prominent than at higher pH. Additionally, an optimum
pH is essential for microbial growth, and some microbial degradation processes can be
inhibited at an extreme pH. Temperature is another crucial factor influencing the
bioremediation of heavy metals and pesticides (Zhang et al. 2020b). The solubility of these
contaminants is increased at higher temperatures, which leads to their increased bioavailability.
The physical nature and chemical composition of several organic pollutants and their
adsorption-desorption mechanism are governed by temperature. Temperature also influences

microbial growth, activity, and degradation potential. Furthermore, the soil moisture content
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is another parameter that affects the bioremediation process. A low soil moisture content limits

the growth and metabolism of microorganisms, while high values can reduce soil aeration.
2.5.1.2 Type of microorganism and degradation capacity

The microorganism that is selected for biodegradation should be able to survive in a high-
contamination environment and should be evaluated first for its degradation capacity before
employing it for in situ remediation. The survival of these strains can be ensured by providing
favorable growth conditions. It is also important to note that microbial strains selected for
pollutant removal may need to meet certain ecological requirements. One such requirement is
that the strains should be non-pathogenic. For instance, Staphylococcus aureus, as a typical
pathogen, was resistant to many antibiotics and showed high bioremediation efficiency for
heavy metals such as Cr and U through bioprecipitation (Tariq et al. 2019). However, certain
metabolites that formed during the degradation of contaminants can be toxic. Therefore, deeper
investigations of ecological security and the metabolic functions of microbial cells are

indispensable before their possible application in environmental pollution control.
2.5.1.3 Bioavailability of the contaminants

The bioavailability of the contaminants can be defined as the fraction of a contaminant in a
specific environment that is either adsorbed or degraded by the microbial cells within a given
time. The control of bioavailability is dependent on the diffusion, uptake, and desorption of the
contaminants. The slow mass transfer of contaminants into degrading microbes reduces their
bioavailability. The significance of bioavailability depends very much on the properties of the

pollutant, microorganism, and characteristics of the contaminated site (Karimi et al. 2021).
2.5.1.4 Aerobic or anaerobic operating conditions

Depending on the type of organism and contaminant, bioremediation can be either aerobic
or anaerobic. Most bioremediation systems work under aerobic conditions, but to effectively
degrade the recalcitrant molecules, it is better to run the microbial degradation tests under
anaerobic conditions. Apart from the abovementioned factors, the properties of the
contaminated site (soil type, soil porosity, soil nutrients) and the properties of the contaminants
(structure, hydrophobicity, recalcitrance, toxicity, solubility, and leaching ability) are also

important in bioremediation.
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Table 2.7. Microorganisms involved in heavy metal removal from water and soil.

Initial )
) ) C tration| IMCubation Degradation
Heavy Metal Microorganism oncentration . Reference
Time | Efficiency (%)
(mg L)
Bacteria
Bacillus cereus BPS-9 - 48 h 77.57 (Sharma and Shukla 2021)
Pb Oceanobacillus profundus KBZ 3-2 50 24 h 97 (Mwandira et al. 2020)
Enterobacter sp. FM-1 100 24 h 93.85 (Lietal. 2021)
Bacillus subtilis SZMC 6179J 55 24 h 93.50 (Liu et al. 2020)
Pseudomonas aeruginosa 20 21 days 89.67 (Oyewole et al. 2019)
Pseudomonas stutzeri L1 100 24 h 97 (Sathishkumar et al. 2017)
Cr
(Kumaresan Sarankumar et
Bacillus cohnii 100 25h 94
al. 2020)
(Kumaresan Sarankumar et
Bacillus licheniformis 100 25h 95

al. 2020)
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Cd Weissella viridescens Y -6 NM 2h 69.45-79.91 (Lietal. 2021a)
Zn Oceanobacillus profundus KBZ 3-2 2 24 h 54 (Mwandira et al. 2020)
Cu Pseudomonas aeruginosa 15 14 days 90.89 (Oyewole et al. 2019)
Bacillus sp. 100 72 h 53.29 (Dey et al. 2016)
As
Aneurinibacillus aneurinilyticus 100 72 h 50.37 (Dey et al. 2016)
Fungi
Trichoderma brevicompactum
Pb 50 5 days 97.5 (Zhang et al. 2020a)
QYCD-6
Trichoderma brevicompactum
Cr 100 5 days 31.83 (Zhang et al. 2020a)
QYCD-6
Penicillium notatum 10 14 days 77.67 (Oyewole et al. 2019)
Cd Trichoderma brevicompactum
30 5 days 20.13 (Zhang et al. 2020a)
QYCD-6
Trichoderma brevicompactum
Cu 50 5 days 64.46 (Zhang et al. 2020a)
QYCD-6
Ni Aspergillus niger 20 28 days 81.07 (Oyewole et al. 2019)
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Microalgae

Desmodesmus sp. MAS1 5 7 days >58 % (Abinandan et al. 2019)
Heterochlorella sp. MAS3 5 7 days >58 % (Abinandan et al. 2019)
Cd
Live cells—95.2
Chlorella vulgaris 100 5-15 min (Cheng et al. 2017)
Dead cells—96.8
Zn Chlorophyceae spp. 3 3h 91.9 (Saavedra et al. 2018)
Chlorella vulgaris 1.9-11.9 12 days 39 (Rugnini et al. 2017)
Cu
Chlorophyceae spp. 3 10 min 88 (Saavedra et al. 2018)
As Scenedesmus almeriensis 12 3h 40.7 (Saavedra et al. 2018)
Ni Chlorella vulgaris 1.9-11.9 12 days 32 (Rugnini et al. 2017)
Mn Scenedesmus almeriensis 3 3h 99.4 (Saavedra et al. 2018)
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2.5.2 Removal of heavy metals using microorganisms

The removal of heavy metals by microorganisms is considered economical and
sustainable. Any environmental stress can be withstood by microorganisms through rapid
mutation and evolution, leading to toxic heavy metal resistance. They can sequester heavy
metal ions, either intracellularly or extracellularly. Additionally, microorganisms can
transform and reduce the metal ions to inactive forms. Table 2.7 summarizes the

microorganisms used for various heavy metal remediation conditions in recent years.
2.5.3 The mechanism of heavy metal removal by microorganisms

Microorganisms can adopt several mechanisms to survive in heavy-metal toxicity
conditions. These mechanisms are depicted in Figure 2.7 and include biotransformation,
extracellular polymeric substances secretion, metallothionein synthesis, etc. Heavy metal
degradation by microorganisms can be described in two ways: biosorption and
bioaccumulation. Biosorption is the reversible physicochemical interaction of living (or dead)
biomass or biomass-secreted products that act as biosorbents with sorbate molecules (e.g.,
heavy metals). It was previously categorized as metabolism-dependent and metabolism-
independent biosorption. Recently, the former has been widely accepted as bioaccumulation
(also called active biosorption), and only the metabolism-independent processes are considered
to be biosorption (Ilyas et al. 2020). A metabolism-independent mechanism occurs passively
on the dead or the living biomass cell surface. However, the biosorption of metal ions carried
out by dead biomass is superior to that carried out by living cells. Cheng et al. (2017) studied
the biosorption of Cd*" in the living and dead cells of the microalgae Chlorella vulgaris. The
dead algal biomass removed 96.8 % of the total Cd while the live algal biomass achieved 95.2
% of Cd adsorption. The steps involved in toxic heavy metal biosorption include binding the
metal ions to various extracellular functional groups present on the microbial cell wall, via
surface precipitation, chemical bonding (complexation/chelation), adsorption, or ion exchange.
Physical adsorption depends on intermolecular or inter-ionic attraction forces. Complexation
or chelation occurs due to the dative covalent bonds between metal ions, surface functional
groups, and the ligands of biomass. When metal ion concentrations are higher than the
solubility limit, surface precipitation or micro-precipitation has been observed. The exchange

involves electrostatic interaction between the metal cations and the negatively charged
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functional groups on the cell surface; the interchange of the cations resulted in the metal ion
being bound to the surface (Escudero et al. 2019; Ilyas et al. 2020). Surface-binding is found

to be the principal phenomenon governing the biosorption of metal ions (Hansda et al. 2016).
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Figure 2.7. Mechanism of the microbial bioremediation of heavy metals
(Manikandan et al. 2023).

The extracellular sequestration of metal ions often occurs due to various biological
structures produced by microbial cells, including extra-cellular polymeric substances,
siderophores, glutathione, and biosurfactants. Under heavy metal stress, microorganisms often
secrete extra-cellular polymeric substances or exopolysaccharides (EPS) as a protective
response. EPS are constituted of proteins, lipids, complex carbohydrates, nucleic acids, uronic
acid, humic acid, etc., which prevent the entrance of heavy metals into the cell (Gupta and
Diwan 2017; Mwandira et al. 2020). Generally, EPS contain negatively charged functional
groups and can interact electrostatically with heavy metals, resulting in the immobilization of
the metal ions within the EPS. Some examples include the accumulation of Pb** and Zn** in
the soluble EPS secreted by Oceanobacillus profundus KBZ 3-2 (Mwandira et al. 2020), and
Pb?" adsorption onto EPS of Enterobacter sp. FM-1 (Li et al. 2021) and Cd*" adsorption onto
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the EPS secreted by living cyanobacteria, Synechocystis sp. PCC6803 (Shen et al. 2018).
Siderophores are secreted by microbes and act as metal chelators, with an extreme affinity for
ferric iron. They can reduce the metal’s bioavailability and toxicity by binding metal ions with
variable affinities that have a similar chemistry to that of iron (Xie et al. 2021).

Biosurfactants are amphiphilic compounds that are produced extracellularly by
microorganisms for the solubilization, desorption, complexation, and mobilization of
pollutants in solutions. The induction of biosurfactants in microbe-heavy metal systems
facilitates the extracellular sequestration and formation of biosurfactant—-metal complex
(Mishra et al. 2021). Rhamnolipids produced by Pseudomonas aeruginosa showed 53 % As,
90 % Cd, and 80 % Zn extraction capacity from contaminated soil (Lopes et al. 2021).
Ayangbenro and Babalola (Ayangbenro and Babalola 2020) observed that a lipopeptide
biosurfactant generated by Bacillus cereus NWUABOI could remove 69 % of Pb, 54 % of Cd,
and 43 % of Cr from the soil. Several microorganisms, including Pseudomonas sp., Bacillus
subtilis, Candida tropicalis, Candida sp., Burkholderia sp., and Citrobacter freundii can
produce biosurfactants, demonstrating heavy metal removal capacity (Mishra et al. 2021).
2.5.4 Removal of pesticides using microorganisms

The major types of pesticides and persistent organic pollutants include insecticides,
herbicides, and fungicides. As with heavy metals, the microbial remediation of these persistent
pesticides is economical and sustainable, compared to physical or chemical removal processes.
It involves the degradation of complex pesticide molecules into simpler inorganic chemicals.
Table 2.8 includes the commonly used microorganisms for the removal of pesticides.
Indigenous soil microbial consortia have been more effective for the microbial degradation of
pesticides than the non-indigenous strains, as non-indigenous strains are exposed to pesticide-
contaminated regions exhibiting unfamiliar conditions. Several studies have reported on the
degrading ability of indigenous microbes. Some of them show organophosphate degradation
by indigenous Kosakinia oryzae (Dash and Osborne 2020), herbicide glyphosate degradation
by Providencia rettgeri (Xu et al. 2019), and herbicide atrazine remediation by indigenous
microbial consortia (Kolekar et al. 2019). Individual or mixed microbial cultures can degrade
the various sources of pesticides. Single microbial cells abide by their metabolic pathways for
pesticide degradation, whereas mixed microbial cultures can achieve the same result through

coupled metabolic pathways (Bhatt et al. 2021). Thus, pesticides can rapidly be degraded by
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applying the combined microbial consortia isolated from indigenous sites. Certain recalcitrant
pesticides have resilience against biodegradation by the indigenous microbial community. In
such situations, bio-augmentation and bio-stimulation are considered promising approaches
for the remediation of contaminated sites. Bio-augmentation involves the introduction of
specific exogenous microbes to improve the degradative capacity of the contaminated sites.
The two main strategies of bio-augmentation are autochthonous bio-augmentation, where the
microbes are isolated from the same site and then re-injected, and allochthonous bio-
augmentation, where the microbes are cultured from another site (Cycon et al. 2017). In one
study, bio-augmentation with Paenarthrobacter sp. W11 significantly accelerated the
degradation rate of atrazine in soil and dampened its toxic effect on wheat growth (Chen et al.
2021). Bio-stimulation can be performed by providing the necessary nutrients or electron

acceptors, such as oxygen or nitrate, to promote the proliferation of indigenous microbes.
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Table 2.8. Microorganisms involved in pesticide removal from water and soil.

Initial Pesticide | Incubation Degradation
Pesticide Microorganism Reference
Concentration Time Efficiency (%)
Bacteria
_ Pseudomonas nitroreducens _
Chlorpyrifos 100 mg L"! 8h 97 (Aswathi et al. 2019a)
AR-3
Chlorpyrifos Lactobacillus plantarum 0.20-0.80 mg kg'! - 249-34.4 (Zhang et al. 2016)
Malathion Escherichia coli IES-02 50 ppm 4h 99 (Sirajuddin et al. 2020)
Mesotrione Bacillus megaterium Mes11 I mM 5h 99 (Carles et al. 2018)
Carbofuran Enterobacter sp. 4 pg mL! 7 days 80 (Ekram et al. 2020)
Fungi
Chlorpyrifos 32
: Aspergillus sydowii CBMAI
Methyl parathion 035 50 mg L 30 days 80 (Soares et al. 2021)
Profenos 52




Pyrethroid mixture

( hri A I 500 mg L"! 15d 100 (Kaurand
cypermethrin, spergillus sp. mg L~ ays = .
' . Balomajumder 2020)
cyfluthrin, cyhalothrin)
Microalgae
Paraoxon, Malathion
o Coccomyxa subellipsoidea 0.1 mg mL! 10 days - (Nicodemus et al. 2020)
and Diazinon
40 pg L 83.0
Atrazine Chlorella sp. 8 days (Hu et al. 2021)

80 ug L 64.3
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2.5.5 Mechanisms involved in pesticide removal by microorganisms

There are several mechanisms by which microorganisms transform pesticides into their
non-toxic forms in a contaminated site. Some include the surface adsorption, enzymatic
degradation, or co-metabolism of the pesticide molecules, as depicted in Figure 2.8.
Adsorption of the pesticide molecules is categorized as a passive process and involves the
direct interaction of molecules with the microbial cell surface. As a result, the efficiency of
pesticide adsorption by microorganisms is primarily determined by the available surface-active
groups. The ultimate result of adsorption is the reduced mobility of the toxic pesticides. The
extent of removal and degradation efficiency is influenced by various components, such as the
charge, polarity, solubility, volatility, and solubility of the pesticide molecules. Extra-cellular
polymeric substances (EPS) and biosurfactants produced by the microorganisms also aid in the
removal of pesticides. Gupta et al. (2019) observed 98 % carbofuran degradation within 96 h
by Cupriavidus sp. with simultaneous EPS production. Satapute and Jogaiah (2022) reported
that surfactin, a biosurfactant produced by a bacterial strain, could degrade 91% of
difenoconazole.

Microbial enzymes can catalyze the breakdown of pesticides. The enzymatic degradation
processes may include an alteration in the structural components, the removal of undesirable
pesticide properties, oxidation, and reduction (Kumar et al. 2021). The enzymatic degradation
of pesticides can either be performed by intracellular enzymes that are present in the microbial
cell or by extracting the enzymes capable of degradation from the cells. Sirajuddin et al. (2020
isolated the E. coli IES-02 strain from a site contaminated with the organophosphate malathion,
and the strain showed efficient degradation, utilizing it as the sole carbon source. They also
purified carboxylesterase enzyme from the IES-02 strain and achieved 81 % malathion
degradation under optimized conditions within 20 min, whereas the IES-02 cell degradation
was completed from 99.0 % to 95.0 % within 4 h. However, the extracted enzymes can be
affected by solution properties, such as pH, temperature, etc. Depending on the environmental
factors, enzymes may lose their degradation potential due to varied ambient conditions
(Marican and Durdn-Lara 2018). Some studies that have reported enzymatic degradation are
on cypermethrin by esterase and laccase (Gangola et al. 2018), carbendazim by carbendazim
hydrolase (Zhang et al. 2017b), malathion by phosphotriesterase (Bigley et al. 2019), and

isoproturon, procymidone, CP, dichlorophos, and monocrotophos by laccase (Chauhan and Jha
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2018; Sarker et al. 2020; Zeng et al. 2017). The enzymatic biodegradation mechanism of
pesticides is often complex, and this diverse biodegradation pathway needs further

investigation to understand enzyme involvement properly.
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Figure 2.8. The mechanism of the microbial bioremediation of pesticide.

2.6 CHALLENGES OF USING MICROORGANISMS AS A CATALYST

The microbial degradation of metal ions and pesticides tends to be an appealing approach
for bioremediation, even though certain challenges hinder their commercial application. These
include (1) the loss of microorganisms or reduced microbial survival because of the toxicity to
microorganisms at a higher metal ion or pesticide concentration, (i) reduced microbial
proliferation, (iii) uneven microbial growth with high concentrations of the pollutant, (iv) the
washing out of the microbial cells during the application, (v) the longer time required for the
completion of the process, (vi) the presence of other co-existing metal ions and organics that
can positively or negatively affect the remediation process.

Microbial immobilization on a support material can overcome the above drawbacks by
fixing the free microbial cells to a specific carrier, either chemically or physically, and keeping

them active for longer. An ideal carrier provides operational stability and cell protection from
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the toxic external environment, leading to efficient biodegradation. A support material retains
the microbes and contributes to the sorption of the pollutants (Sun et al. 2020). Hence,
immobilizing the microorganism accelerates the pollutant’s biodegradation capacity, enhances
the robustness of the immobilized strains, and improves their tolerance to high pollutant

concentrations.

2.7 MICROBIAL CELL IMMOBILIZED BIOCHAR FOR REMOVAL OF METAL
IONS AND PESTICIDES

Bioremediation with free microbial cells is generally inefficient due to the lesser amount of
microbes utilized for degradation, microbial loss, and inhibition of growth and functioning
from indigenous microorganisms (Wang et al. 2019). Immobilizing microorganisms creates a
safe environment for microbial cells to perform specific functions, such as highly efficient
physiochemical sorption and microbial metabolisms. Pollutant adsorption/binding on the
carrier material allows degrading cells to outcompete indigenous microbes, overcoming the
limitations of using free cells for bioremediation (Yu et al. 2020a). Biochar has been a
prominent carrier for microbial cell immobilization due to its minimal toxicity and abundant
generation. Immobilized microbes commonly have been observed for better remediation

efficiency than pristine biochar or free cells (Zhang and Wang 2021).
2.7.1 Immobilization methods

Microbial immobilization entails placing free microorganisms within restricted spaces
through physical or chemical methods. This enhances microbial activity and facilitates their
reusability. The application of carriers augments the activity and stability of microorganisms
and also ensures the preservation with abundance. The key interaction mechanisms between
various carriers with a focus on biochar carriers and microorganisms primarily involve surface
adsorption and pore-filling, electrostatic interaction, covalent bonding, and ion grid formation

(Zhang et al. 2014: Vasilieva et al., 2021; Liu et al 2020) (Figure 2.9)

Surface adsorption is a simple and inexpensive method for immobilizing microorganisms
(Ha et al. 2021; Manikandan et al. 2022). Most microorganisms can adhere to the surface of
the carrier material by secreting adhesion substances. Microorganisms can grow on the surface
and pores of the carrier material during the process of immobilization. Adsorbed cells colonize

the biochar after being transferred from a bulk solution to its surface. The adsorption technique
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involves physical interactions such as van der Waals forces, ionic interactions, and hydrogen
bonding between surface functional groups of microorganisms and functional groups on the
surface of carriers, particularly oxygen-containing groups such as carboxylic, phenolic, and
sulphonate groups. Microorganisms have a low affinity for carriers; there will be a high rate of
desorption of cells from carriers. As a result, appropriate carriers with high cell binding are
required for improved remediation. With a relatively weak interaction between the carrier and
microbial cells, immobilization does not affect the intrinsic structure of the original microbes
if the adsorption method is utilized. Microorganisms with large volumes and faster growth
rates are suitable for attachment to pores, which may be related to the physicochemical
properties of biochar. As a result, this method is better suited for immobilizing viable cells

and biodegrading pollutants in the laboratory.

Electrostatic interaction serves as the key mechanism for immobilizing microbes through
adsorption, Microorganisms contain predominantly negatively charged surfaces, and utilizing
carrier materials with a positive surface charge expedites the immobilization process (Vasilieva
et al. 2021). Microorganisms, adhere to biochar surfaces through electrostatic interaction
involving glycoproteins, phospholipids, proteins, and polysaccharides. Electrostatic
interaction has gained prominence in microorganism immobilization, while challenges like

unstable fixation and limited microbial toxicity resistance still exist.

Surface functional groups of microbial cells, such as sulthydryl, amino, and hydroxyl,
form covalent bonds with carriers This method offers stability and repeatability but is
constrained by stringent processing conditions, limiting its practicality except for immobilized
enzymes. The complex cell surface structure, encompassing various membrane proteins and
lipopolysaccharides, poses challenges to covalent binding between cells and carriers (Ahmad

and Khare, 2018).

Ion grid formation, also known as gel embedding, entails incorporating microorganisms into
the fine grid of polymer gels. This grid prevents microbial leakage while permitting matrix
infiltration and product diffusion (Liu et al. 2020). Certain microorganisms adhere to the
surface and pores of biochar through electrostatic adsorption, ultimately becoming embedded
in the biochar via entrapment. This loose embedding in biochar fosters microbial development,

enhancing tolerance to pollutants and facilitating biodegradation. Alginate gel is effectively
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embedded in biochar through a gel microgrid, enhancing porosity and minimizing diffusion

resistance (Zhao et al.2020).

= / v

Surface adsorption
and pore filling

Ion grid formation

Figure 2.9. Microbial cell immobilization methods on biochar.

2.7.2 Factors that influence bioremediation using immobilized microorganisms

The effective pollutant removal capacity of MCB is affected by pollutant concentration
and its bioavailability, incubation time of the cell, and various parameters such as temperature,
pH, etc. The microbial cell immobilization technology requires a thorough understanding of

the best conditions for maximum contamination removal.

Initial pollutant concentration influences the removal of pollutants, wherein setting initial
pollutant concentration until saturation point increases the adsorption capacity of biosorbed
pollutants per unit weight of MCB (Shen et al. 2017). The bioavailability of pollutants is
defined as the total amount of a contaminant that is either available or may be made available
for uptake by microorganisms from its surroundings within a given period. The significance of
bioavailability depends on the pollutant's physicochemical properties, microorganisms, and
contaminated site characteristics (Karimi et al. 2021). Incubation time is another critical
parameter affecting bioremediation because it has been observed to affect the growth pattern
of microorganisms directly. Proteus mirabilis YC801 immobilized on biochar achieved 42.5

% Cr bioreduction and adsorption capacity after 6 h of incubation (Huang et al. 2020). The
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temporal requirement is high for microbial degradation, and the reaction time for complete
degradation is higher compared to other methods. The time scale of the microbial degradation
process can be reduced by selecting suitable microorganisms with quicker growth phases for
pollutant degradation or removal. However, choosing biochar with a high adsorption potential

for pollutants is critical for reducing bacterial adaptation time.

The pH value also influences microbial metabolic processes, particularly growth, cell
membrane transport, the zeta potential of sorbate, and changes in sorbent surface
characteristics (Chojnacka 2010). Huang et al. 2020 observed an increase in Cr®" reduction
with a pH increment from 6.0 to 7.0, with a maximum removal of 83.7 % at pH 7.0. However,
alkalifying the Cr®* MCB system from pH = 8.0 to 10.0 inhibited the removal capacity of MCB
for Cr®*. Similarly, the highest Cr bioreduction was found at 30 °C, similar to the optimal
culture temperature for strain. Bioreduction significantly decreased with a further increase in
temperature above 30 °C, which might be attributed to the loss of cell viability and the
inhibition of essential enzymes and proteins responsible for microbial growth and

biodegradation at elevated temperatures (Abu Talha et al. 2018; Huang et al. 2020).

Temperature and pH significantly influenced tebuconazole degradation by Alcaligenes
faecalis WZ2, and degradation efficiency was strongly correlated with bacterial growth (Sun
et al. 2020). Tebuconazole degradation efficiency reached 88.5 % under ideal conditions
(temperature 30-35 °C and pH 6-8). Because of bacterial growth inhibition and a decrease in
catalytic activities of microbial enzymes involved in tebuconazole degradation, efficiency was

significantly reduced below the ideal temperature and pH.
2.7.3 Microbial cell immobilized biochar for heavy metal removal

Using biochar and bioremediation in tandem with functional microbial strains is a viable
and emerging strategy for the long-term remediation of contaminated water and soil. Numerous
microbial strains with strong metal tolerance or adsorption capability have been isolated and
used for bioremediation either as free-living cells or by immobilizing microbial cells with a
specific carrier substance. Metal-tolerant microorganisms immobilized on biochar have been
used as a bio-augmentation method to improve heavy metal remediation, indirectly reducing
heavy metal contamination in soil. Incorporating bacteria immobilized on biochar into the soil
may indirectly improve Cd removal by promoting plant growth and the phytoremediation

effect (Chuaphasuk and Prapagdee 2019). Cd-resistant bacteria immobilized on biochar
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improved phytoextraction efficiency by Chlorophytum laxum R. Br, via Cd phytoaccumulation

in the shoots and roots, and Cd translocation from the roots to the shoots.

Insoluble phosphate solubilization can be achieved through microbial phosphate
solubilizers (PSB). Teng et al. 2020 observed that combining PSB and biochar improved Pb**
immobilization by forming a stable crystal texture on its surface. Zhang et al. 2017 used the
PSB bacteria Pseudomonas chlororaphis for lead removal. However, the organism could not
proliferate in indigenous bacteria, whereas the addition of PSB-immobilized biochar (PIB)
improved bacterial growth and reduced Pb concentrations to less than 1 mg kg™!. As a result,
soil inoculation with PIB can be used as a substitute for Pb immobilization, avoiding secondary

pollution caused by phosphorus toxicity.

The microorganism immobilization with biochar carrier was also influential in remediating
soil polluted with a combination of heavy metals. Tu et al. 2020 applied Pseudomonas sp. NT-
2 loaded onto maize straw biochar into Cd-Cu mixed soil. The application of Pseudomonas sp.
NT-2 loaded biochar effectively reduced the bioavailability of Cd and Cu and increased soil
enzymatic activities in the soil system. Qi et al. (2021) used three strains of mixed bacteria,
Bacillus subtilis, Bacillus cereus, and Citrobacter sp. loaded biochar for U and Cd removal.
They discovered that MCB promoted growth in celery and reduced U and Cd

phytoaccumulation compared to free cell and biochar treatments.

Research on Cr®" removal by immobilized microorganisms with biochar has increased
interest recently. The metal ion resistant bacterium Proteus mirabilis YC80 was immobilised
using biochar derived from the bloom-forming cyanobacterium D. flos-aquae (Huang et al.
2020c). The ability of biochar-immobilized Proteus mirabilis PC801 to remove Cr®" was
superior compared to a free cell. The removal efficiency of Cr®" by PC801-immobilized
biochar was 100 %, with 87.7 % total Cr immobilized on the carrier and only 12.3 % Cr**
remaining in the solution. Table 2.9 includes microbial cell immobilized biochar reported for

heavy metal and pesticide abatement.

Physical adsorption, ion exchange, surface complexation, precipitation, and
biotransformation are some of the mechanisms involved in MCB-mediated heavy metals
removal. Biochar containing oxygen functional groups, mineral components such as
carbonates and phosphates, and microbial surface functional groups contribute to the removal

of metal cations. Shen et al. (2017) investigated the mechanism of Cd removal using biochar-
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immobilized microalgae. They discovered that electrostatic attraction, surface complexation,
and ion exchange were responsible for Cd removal (maximum adsorption 217.41 mg g!) from
wastewater. Similarly. Tu et al. (2020) noted that surface complexation with different
functional groups on cells, as well as cation exchange and surface complexation on biochar,
contributed to the enhanced stability of Cd*" and Cu?" in the contaminated soil.
Microorganisms secrete enzymes that mediate redox reactions and surface complexation.
These are the mechanisms involved in removing As®*, As>", Cr%", U™ and Mn?*. Youngwilai
et al. (2020) examined the mechanism of Mn?" removal by Streptomyces violarus strain
immobilized on biochar. They found that the two processes, biological oxidation by

immobilized strain and adsorption by biochar, work together.
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Table 2.9. Microbial cell immobilized biochar for heavy metal and pesticide removal.

Microorganism Catalyst support Pollutant type Mechanism System Removal Reference
water/ soil Efficiency
Bacillus sp. TZ5 Coconut shell Ccd* Adsorption Soil 48.49 % (Ma et al. 2020)
Delftia sp B9 Corn stalk Ccad* Adsorption Soil 81 % (Liu et al. 2020c¢)
Chlorella sp. Water hyacinth Cd* Adsorption Water 92.5 % (Shen et al. 2017b)
Leclercia Rice hull Pb** Entrapment Water 93 % (Teng et al. 2020a)
adecarboxylata
Bacillus subtilis Pig manure Hg?", Pb** Adsorption Water 69 mg g! Hg | (Wang et al. 2018c)
co-contamination 1123 mg g' Pb
Bacillus subtilis Corn straw Hg**, Pb** Adsorption Water 53.7 mg g! Hg; | (Wang et al. 2018c¢)
co-contamination 83.0mg g' Pb
Arthrobacter sp. Maize straw Atrazine Adsorption Water 59.7 % (Yu et al. 2020)
ZXY-2
P.putida Corncob Paraquat Adsorption Water 421 mgg! (Nguyen et al.
2023)
Serratia Abandoned fungus | Thifensulfuron- Adsorption Soil 89.37 % (Zhu et al. 2021)
marcecens N80 substrate biochar methyl
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2.7.4 Microbial cell immobilized biochar for pesticide removal

Pesticide degradation can be enhanced by providing exogenous free cells to polluted soil.
However, this method has several drawbacks, including the growth and survival of microbial cells,
inadequate nutrients, lesser adaptability to surroundings, and competition with native
microorganisms (de-Bashan and Bashan 2010; Zhang et al. 2017a). Immobilizing exogenous pollutant-
degrading bacteria on a support material can be an alternative strategy. This can be an ideal
environment for their survival in different soil conditions (Chen et al. 2012). Microorganisms
immobilized in biochar have the potential to directly or indirectly reduce environmental pollution
while also allowing for the long-term maintenance of catalytic activity. Due to its superior porosity,
ample surface area, and functional groups, biochar is an ideal medium and rich nutrient composition

for immobilizing and reproducing microbial cells (Sun et al. 2020).

Biochar can improve the soil's pollutant adsorption capacity while providing nutrients for
microbial growth and function (Zheng et al. 2019). Adsorption and covalent binding methods were
used to immobilize Pseudomonas putida onto coconut fiber-derived biochar. The efficacy of MCB
in paraquat removal from contaminated water was studied by Ha et al. 2021. After 48 h of incubation,
MCB could convert paraquat to 4,4-bipyridyl and malic acid. According to Wahla et al. 2020,
immobilization of MB3R consortium on biochar remediated soil contaminated with metribuzin.
Immobilization of a microbial consortium on biochar increased the rate of cypermethrin degradation
and removal efficiency while lowering the cypermethrin bioavailability to indigenous organisms
(Liu et al. 2017a). Sun et al. (2020) isolated and identified Alcaligenes faecalis WZ-2 as a
tebuconazole-degrading strain and supported on wheat straw biochar as a carrier. The biochar-
immobilized WZ-2 reduced the half-life of tebuconazole in soil from 40.8 to 13.3 days and affected

microbial population and enzyme activities in polluted soil.

o increase the cell immobilization efficiency, proper physical and chemical modifications are
commonly involved in changing the biochar properties, which can facilitate cell adhesion and
metabolism through improving surface func tional groups, charge, and porosity of pristine biochar
(Chen et al. 2019; Tao et al. 2019). The methods of biochar modi f ication mainly include acid—base
modification, oxidation modification, magnetic modification, and doping functional element
modification (Ogura et al. 2021). For instance, Youngwilai et al. (2020) revealed that using
hydrogen per oxide modified biochar could immobilize twice the amount of Streptomyces violarus

strain SBP1 than the raw biochar. Moreover, the immobilized strain provides the highest man ganese
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removal efficiency from the wastewater. The reason for this can be attributed to the fact that the
modified biochar captures the additional strain SBP1 and creates a better envi ronment or additional
nutrients for these cells, resulting in a synergistic manganese biotransformation. While research on
the use of modified biochar to immobilize microorganisms for remediation of water and soil
contamination has been growing in recent years, only a few studies have reported the use of modified
biochar as a carrier to immobilize microor ganisms for efficient pesticide degradation/removal.
Among them, Tao et al. (2019) reported that Acinetobacter Iwoffii DNS32 loaded onto iron-modified
corn stalks biochar effec tively accelerated the degradation of herbicide atrazine in culture solution.
They stated that the modified biochar facili tates the interaction of the degrading strain and atrazine,
which is conducive to atrazine degradation. However, the use of modified biochar to immobilize
degrading microor ganisms undoubtedly has some limitations, such as difficulty of manipulation,
high cost, reduced vitality of immobilized microorganisms, and risk of secondary contamination.
Henceforth, it is highly desirable to develop optimal immo bilization methods for specific functional
microorganisms by comparing the modification methods to achieve better pesti cide degradation

efficiency and environmental compatibility.
2.7.5 Activated biochar for microbial cell immobilization

Enhancing the efficiency of cell immobilization often involves utilizing physical and chemical
activation or modifications to alter the properties of biochar, aimed at boosting cell adhesion and
metabolism by enhancing the surface functional groups, charge, and porosity of the original biochar
(Han et al. 2023). Methods for modifying biochar typically include treatments such as magnetic
modifications, incorporation of functional elements acid-base adjustments and oxidation processes
(Pretti Ogura et al. 2021). Youngwilai et al.(2020) demonstrated that biochar modified with
hydrogen peroxide could immobilize twice as much Streptomyces violarus strain SBP1 compared to
unmodified biochar and showed superior efficiency in removing manganese from wastewater. This
improvement is due to the modified biochar's ability to capture additional SBP1 strain, thereby
creating a more conducive environment or providing extra nutrients for these cells, resulting in
enhanced manganese biotransformation. While research into the use of modified biochar for
immobilizing microorganisms to address water and soil contamination has grown in recent years,
only a limited number of studies have explored the potential of modified biochar as a carrier for
efficient pesticide degradation or removal. Tao et al. (2020) demonstrated that Acinetobacter Iwoffii

DNS32 loaded onto iron-modified corn stalk biochar significantly accelerated the degradation of the
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herbicide atrazine in culture solution. They suggested that the modified biochar facilitates interaction
between the degrading strain and atrazine, thereby promoting its degradation. However, utilizing
modified biochar for immobilizing degrading microorganisms poses certain challenges, including
difficulties in modification, high costs, reduced vitality of immobilized microorganisms, and the risk

of secondary contamination.
2.8 Microbial cell immobilized biochar interaction in soil: enhancing plant growth

The interaction between microbial cell-immobilized biochar and soil holds significant promise
in enhancing plant growth and addressing challenges in soil remediation. Biochar, derived from
agricultural waste at specific temperatures, has been proven to extend the survival of beneficial
strains, promoting crop biomass and yield. This is particularly noteworthy in the context of microbial
bioaugmentation, a minimally invasive technique for mitigating the hazardous effects of
contaminants in soil without disrupting agricultural activities. Despite the potential limitations of
nutrient-deficient contaminated soils, biochar emerges as a solution by releasing essential nutrients
to provide carbon and energy sources for microbial growth. Moreover, as a porous material, biochar
creates an ideal habitat for microorganisms, offering a conducive micro-environment for their
proliferation. Studies indicate that the introduction of microbial inoculants into biochar pores and
surfaces allows these microorganisms to effectively colonize plant host roots. Microbial inoculants
often employ various nutrient-acquisition strategies, such as nitrogen fixation, phosphorus
solubilization, iron uptake, and competitive mechanisms. These strategies not only enhance plant
health but also support the growth and reproduction of the introduced bacteria (Chuaphasuk and
Prapagdee 2019; Qi et al. 2023). Biochar's ability to support microbial proliferation and abundance
further underscores its role in promoting nutrient availability in the soil (Teng et al. 2020). This dual
compatibility ensures that beneficial bacteria can thrive alongside native soil microorganisms,
creating an environment conducive to plant growth as illustrated in Figure 2.10. (Zhu et al. 2017).
The dynamic relationship between biochar and bacteria in soil not only promotes soil health and
nutrient availability but also enhances plant disease resistance through various mechanisms (Liu et

al. 2017).
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2.9 SCOPE & OBJECTIVES

» Research Gaps

e Synergistic effect of biochar and functional bacteria on metal ion removal has not been
clearly understood.

e Utilization of Box-Behnken studies to optimize chlorpyrifos remediation from water using
microbial cell immobilized biochar.

e The mechanism underlying chlorpyrifos remediation through microbial cell-immobilized
biochar remains largely unexplored, both in water and soil environments.

e The effectiveness of remediation on plant growth in pollutant-remediated soil has not been
adequately analysed.

> Objectives

The present study aims to explore the immobilization of microbial cells on biochar and to

investigate the mechanism and efficiency of pollutant removal from water and soil.
The specific objectives are as follows:

e Optimization studies for microbial cell immobilization on biochar for heavy metal removal
from water.

e Investigating the performance of microbial cell immobilized biochar for heavy metal
removal from soil.

e To investigate the application of microbial cell immobilized biochar for removal of pesticide
from water and soil.

e To propose the mechanism involved in the bioremediation of different pollutants using

microbial cell-immobilized biochar.
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CHAPTER 3

MATERIALS AND METHODS

3.1 MATERIALS

Various biomasses, including rice husk (RH), peanut shell (PS), sugarcane bagasse (SC), sawdust
(SD), and coconut shell (CS), were collected from Palakkad, Kerala, India. The bacterial strain
Pseudomonas stutzeri MTCC 101 and Bacillus MTCC 3166 were purchased from Microbial Type
Culture Collection and Gene Bank, Chandigarh, India. Soil samples were collected from the
Palakkad district of Kerala, India (10° 47' 4.9308" N,76° 39' 11.3220" E). Spinacia oleracea L.
(spinach), Solanum lycopersicum L. (tomato), and Vigna unguiculata L. (cow pea) seeds were
collected from the local market. Farmyard manure (FYM) was collected from a local agriculture

farm, in Palakkad, Kerala.

Cadmium nitrate tetrahydrate (Cd (NO3)2.4H>0) was obtained from Loba Chemicals Pvt. Ltd.
and nickel sulfate heptahydrate (NiSO4.7H>0) from CDH Chemicals Ltd, India. CP, 3,5,6-trichloro-
2-pyridinol (TCP) (99%), dichloromethane, acetonitrile, and Bradford reagent were purchased from
Sigma-Aldrich. Luria Bertani (LB) broth and agar from HiMedia Laboratories Pvt. Ltd., Mumbai.
Chemicals such as disodium hydrogen phosphate (Na,HPOj4), dipotassium hydrogen phosphate
(K2HPOg4), glucose, sodium chloride (NaCl), ammonium chloride (NH4Cl), magnesium sulfate
(MgSO0s), and calcium chloride (CaClz) for minimal salt solution preparation were obtained from

Merck, India. Deionized water was employed for the preparation of all solutions.
3.2 METHODOLOGY

3.2.1 Microbial cell immobilization and optimization of biochar condition

67



3.2.1.1 Growth of P. stutzeri in the presence of metal ions

Bacterial strain P. stutzeri MTCC 101 has been reported for heavy metal tolerance and used for
Cd and Ni removal (Deb et al. 2013). Heavy metal tolerance of P. stutzeri in different concentrations
(10, 50, and 100 mg L") of Cd and Ni was tested. 1% of an overnight culture grown in LB medium
was used as inoculum. The cultures were incubated at 37 °C, and the growth patterns in the presence
and absence of metal ions were monitored by a spectrophotometer at 600 nm at intervals of 4 h for

48 h.
3.2.1.2 Biochar preparation

Various biomasses for biochar preparation were washed twice and oven-dried (80 °C) for 24 h
and stored in polythene bags. The pre-processed biomasses were weighed, taken into the ceramic
crucible, and kept in a muffle furnace at different temperature. The pyrolysis temperature was set to
(300 °C, 500 °C, and 700 °C) for three different periods of 30, 60, and 120 min at a heating rate of
20 °C min!. After the biochar was cooled to room temperature, sieved through a 0.15 mm sieve.
The percentage biochar yield for each biomass at different pyrolyzing and time was calculated using

equation (3.1) (Jia et al. 2018)

Mass of biochar obtained (final weight)

% Biochar yield = x 100 (3.1)

Mass of biomass loaded(initial weight)
3.2.1.3 Optimization of biochar condition based on microbial cell immobilization

Biochar prepared at different temperature and time period were used for immobilization of P.
stutzeri. The microbial cell biomass was harvested by centrifugation (5,000 g, 5 min). The harvested
pellet was resuspended in 10 mL of fresh LB medium. 2 mL of condensed bacterial suspension was
inoculated aseptically into a 250 mL conical flask containing sterilized 5 g (dry weight) biochar in 100
mL LB media. The samples were incubated for 24 h at 37 °C on a rotary shaker (160 rpm) until the
microbial cells were immobilized onto the biochar surface and pore structure. Following the
incubation, microbial cell immobilized biochar culture solution was separated using Whatman filter
paper and rinsed with sterile water to remove free cells. 0.1 g (wet weight) biochar was soaked in 10
mL LB medium, and microbial cells immobilized on biochar extracted using a sonication bath (10
min) and vortex mixing (3 min, twice). Serial dilution and plating were performed to determine the

number of microbial cells immobilized on the biochar (Huang et al. 2020; Manikandan and Nair 2022).
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The number of bacterial colonies was enumerated and expressed as colony-forming units (CFU) per

gram of biochar, as depicted in Equation (3.2).
CFU g ! = [(average colony count/ 0.1 mL)/g of biochar] x dilution factor (3.2)

Various combinations of microbial cell immobilized biochar are represented in Table 3.1. Further,

the biochar having maximum immobilization efficiency was selected for metal ion removal.

Table 3.1 Various combinations of microbial cell immobilized biochar.

MCB Description

PRHB P. stutzeri immobilized rice husk biochar
PSDB P. stutzeri immobilized sawdust biochar
PSCB P. stutzeri immobilized sugarcane bagasse biochar
PPSB P. stutzeri immobilized peanut shell biochar

3.2.1.4 Characterization of biochar and microbial cell immobilized biochar

Biochar having maximum microbial cell immobilization capacity was evaluated for its
elemental composition, thermal stability, microstructural morphology, surface functional groups, and
mineral composition. The elemental analysis was performed using a CHONS analyzer (LECO
Truspec Micro Analyser). Thermogravimetric analysis (TGA) was carried out under a nitrogen (N3)
atmosphere using a TGA 4000 Perkin Elmer analyzer. Extractable mineral concentrations in biochar
were determined using Inductively Coupled Plasma — Optical Emission Spectrometry (5100 ICP-OES;
Agilent Technologies, USA.) after acid digestion (Kim et al. 2015). Fourier-transform infrared
spectroscopy was used to determine the change in functional groups on the biochar. The spectra were
recorded using a Spectrum 2 FTIR Spectrometer (PerkinElmer, Singapore) with resolutions ranging
from 450 to 4000 cm™. The functional group involved in microbial cell immobilized biochar was also
analyzed and spectra were recorded using a Nicolet IS50 spectrometer. Surface morphology and
elemental components analysis was carried out using High Resolution-Field Emission Scanning
Electron Microscopy or HR-FESEM (GEMINI 300, Carl Zeiss) with Energy Dispersive X-ray
analysis or EDAX (EDAX Octane super EDS System-SDD 70mm) following sputter-coating of the
samples with gold. BET-specific surface area, pore volume, and average pore radius of biochar were

determined based on nitrogen adsorption at 77.3 K using a surface area analyzer Autosorb-iQ
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(Quantachrome, Boynton Beach, USA). The specific surface area was calculated using the Brunauer-
Emmett Teller (BET) method. The organic and mineral fractions of RHB samples were analyzed via
XRD (Empyrean 3rd Gen, Malvern PANalytical, Netherlands). The diffraction angle was scanned
from 10° to 90° (20) with Cu Ka radiation (K = 0.15418 nm). The surface states of the biochar were

characterized by Thermofisher X-ray photoelectron spectroscopy (XPS).
3.2.2 Cd and Ni removal using PRHB from water

Cd and Ni removal study was carried out using RHB, P. stutzeri, and PRHB in a set of 250 mL
Erlenmeyer flasks of LB medium containing 50 mg L™ metal ion solution. To ensure the cell count
was consistent for all treatments, 1.2 mL free cells of P. stutzeri (final density ~ 10° CFU mL™) and
0.1 g PRHB (~10° CFU mL") were added to 100 mL metal ion-containing LB broth. After incubation,
it was sampled from each flask and filtered through a 0.45 pm pore syringe filter. The total Cd and Ni
in the solution were analyzed using ICP-OES. The removal percentage of the metal ions was calculated

using Equation. (3.3):

ci—Cf
ci

Removal(%) = x 100 (3.3)

Here Ci and Cf (mg L) are the initial and final concentrations of metal ions in the aqueous

solution, respectively.
3.2.2.1 Effect of operating conditions on Cd and Ni removal

Cd and Ni solution were incubated with RHB, P. stutzeri, and PRHB for 42 h, and the sample was
taken at 0, 1, 3, 6, 12, 18, 24, 30, 36, and 42 h, respectively, to understand the effect of incubation
time on metal ion removal. The other reaction conditions were as follows: biocatalyst dosage 1 g L~
! pH 7, the initial concentration of metal ion 50 mg L', and temperature 37 °C. The effect of pH
on Cd and Ni removal was analyzed by varying pH 5, 6, 7, and 8 by keeping other experimental
conditions as follows: incubation time 36 h, biocatalyst dosage 1 g L', initial metal ion concentration
50 mg L' and temperature 37 °C. Under the above optimal conditions of incubation time 36 h,
biocatalyst dosage 1 g L', initial metal ion concentration 50 mg L and pH 7, the effects of

temperature (15, 20, 25, 30, 37, 40 °C) on Cd and Ni removal efficiency was investigated.

The effect of biocatalyst dosage on metal ion removal experiment was carried out in different

biocatalyst concentrations ranging from 0.5 to 2 g L! while other experimental parameters were set

70



as follows: incubation time 36 h, initial metal ion concentration 50 mg L', pH 7, and temperature
37 °C. The effect of initial metal ion concentration on the removal efficiency was checked in
different concentrations of Cd and Ni ranging from 10 to 100 mg L. The other experimental
parameters were performed: incubation time 36 h, temperature 37 °C, pH 7.0 the effects of
biocatalyst dosage of 2 g L™'. The removal of Cd and Ni by RHB, P. stutzeri, and PRHB were also
performed under optimized operating conditions. An overview of the experimental design is

presented in Figure 3.1.

Optimization
parameters
* Time
* Temperature Cd and Ni removal

. p“ = v : -,
+  Biocatalyst Syringe Filtration

dosage
*  Metal
concentration

e )
—  ——

Removal(%) = % % 100

MCB Preparation ICP-OES detection and calculation of Cd and Ni removal

Figure 3.1 Experimental design.
3.2.2.2 Adsorption kinetics and isotherm studies

To evaluate and compare the removal efficiencies of Cd and Ni by microbial cell immobilized
biochar, a few well-studied isotherm, and kinetic models were employed to fit the data. 0.1 g of
PRHB was added to a 250 mL Erlenmeyer flask containing a 100 mL solution of 50 mg L' metal
ions. The experiments were performed under 37 °C, rotational speed of 160 rpm, and sampled at
regular intervals at 0, 1, 3, 6, 12, 18, 24, 30, 36, and 42 h. At the end of each equilibrium time,
residual metal ions concentration was determined by ICP-OES, and the quantities of adsorbed metal

ions (mg g ') were evaluated by Equation. (3.4).
Ci—Ce
Qe = [ xv (3.4)
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Where C;i and Ce. are the initial and final concentrations (mg L™!) of Cd and Ni, respectively, W is

the quantity of PRHB (g) used, and V is the volume of the solution (L).

The sorption kinetic data were fitted with the pseudo-first-order (Equation. (3.5)) and pseudo-
second-order (Equation. (3.6)) kinetic models (Youngwilai et al. 2020b)

In(Qe — Q) =InQ, — Kyt (3.5)

t 1 t
= + — 3.6
Q: K2Q% Qe (3.6)

Where Qe (mg g ') and Q; (mg g ') are the amount of Cd and Ni adsorbed at equilibrium and
time t (min), K1 (min™') and K> (g mg™! min™') are the rate coefficient for pseudo-first order and

pseudo-second order equation, respectively.

The adsorption isotherm of metal ions onto PRHB at 37 °C was investigated in a batch
experiment. 0.1 g PRHB with different initial concentration metal ion (10, 25, 50, 75, 100) solution
in 250 mL Erlenmeyer flask were taken for isotherm studies. The flasks were incubated in the shaker
incubator at 160 rpm for 36 h. Langmuir and Freundlich's models were employed to describe the
sorption isotherms. The linear forms of the two models are shown in Equations. (3.7), (3.8) (Ali et

al. 2022; Fan et al. 2017).

=14 2 2 (3.7)
Qe Qm K1.Qm Ce

InQ, = InKp +-InC, (3.8)

where Ce (mg L) and Q. (mg g!) are the equilibrium concentrations of Cd and Ni in solution
on PRHB. Qn (mg g') and K, (L mg') represent maximum sorption capacity and Langmuir
constant, respectively. The parameters Kr and n are Freundlich parameters related to the sorption
capacity and sorption intensity, respectively. The fittings of Cd and Ni adsorption kinetics and

isotherms data were performed in Origin Pro 2022.
3.2.2.3 Reusability study of microbial cell immobilized biochar

Reusability is one of the desirable factors which are important for the applicability of the
immobilized cell in waste water treatment. To investigate the reusability of the immobilized cell,

PRHB was continuously used in consecutive Cd and Ni removal processes, and the removal
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efficiency (%) was monitored as described in section 3.2.2. Briefly, the immobilized cells were
incubated in a 100 mL LB medium with 10 mg L' metal ion for 36 h as one cycle. After each cycle,
the supernatant was taken to analyze residual concentration, and the retrieved biocatalyst by filtration
was washed with distilled water and transferred to a fresh batch of LB medium containing metal

ions for the next cycle.
3.2.2.4 Experiments for interpreting the mechanism

The differences in surface morphology and surface element composition after the removal of Cd
and Ni by PRHB were examined using the scanning electron microscope with energy-dispersive X-
ray spectroscopy. The surface functional groups of PRHB after the Cd and Ni removal were
determined by FTIR. The role of microbial mineralization was studied through XRD and XPS

analysis.

To understand the effect of ion exchange mechanism in the adsorption of Cd and Ni on PRHB,
concentrations of K™ and Mg?" in the liquid before and after metal ions adsorption were analyzed by
ICP-OES and then converted into molar equivalents (Wei et al. 2016). Finally, to study the Cd and
Ni removal mechanism of PRHB, the cell and protein concentrations in the free cell and PRHB
solution were detected. Cell count was analyzed by the standard plate count method, and protein
contents of the supernatant were determined through the Bradford assay using bovine serum albumin

as a standard (Bradford 1976).
3.2.3 Cd removal using PRHB from soil
3.2.3.1 Soil preparation

Topsoil layer (0-15 cm depth) samples were collected from 10 different soil cores in the Palakkad
district of Kerala, India, and these individual samples were then mixed to form a composite. Any
residual roots, plant residues, and small stones were removed from the soil. The soil was lateritic
loam in nature, air-dried at room temperature, mixed thoroughly, and passed through a 2 mm sieve.
To prepare the Cd-contaminated soil, cadmium nitrate tetrahydrate was added to the soil at 10 mg
kg! by following the standard protocol (Chen et al. 2019; Noronha et al. 2022). The soil was mixed
thoroughly and aged at room temperature for three weeks (Smith et al. 2010).
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3.2.3.2 Experimental design

Five experimental treatments were designed to evaluate the efficiencies of RHB, P. stutzeri, and
PRHB on the remediation of Cd-contaminated soil. The experiment was conducted in culture dishes
containing 500 g of soil. To ensure the cell loading was consistent for all treatments, 1 g RHB, 12
mL P. stutzeri (viable cell counts 6 x10° CFU mL™!), 1 g PRHB (viable cell counts 1x 10° CFU g~
1) were added to 500 g soil. The treated soil in each culture dish was incubated at constant
temperature and sampled after seven days intervals up to 80 days. During incubation, the soil
moisture was kept at 40 % of water holding capacity to facilitate equilibrium. All treatments and

control were performed in triplicate.
3.2.3.3 Soil characterization

The soil pH was measured from the aqueous soil extract in deionized water suspension at 1:2.5
(soil: water) (Choleva et al. 2020). The Walkley-Black chromic acid wet oxidation method was used
to determine the organic carbon (C) present in the soil (Kumas et al. 2021). Phosphorus (P) from
soil was extracted using Bray- 2 solution and measured colorimetrically based on the reaction with
ammonium molybdate. Available potassium (K) and magnesium (Mg) were extracted from the soil
sample and measured using a Flame Photometer. For extraction, 0.5 M ammonium acetate solution
was added to a soil sample containing a conical flask and shaken for 30 minutes; the resultant sample
was filtered and used for analysis (Zhao et al. 2019). Atomic absorption spectrophotometry was used
to determine soil micronutrients iron (Fe), copper (Cu), and zinc (Zn) after extraction with 0.1 N
HCI. Available sulfur (S) was extracted with calcium chloride and measured using Turbidimetry
with barium sulfate. Bioavailable boron (B) extracted by the hot water-soluble method that involves
complexing HBO3 with azomethine-H, which results in the formation of a colored complex that can

be measured spectrophotometrically at 420 nm (Javed et al. 2021).
3.2.3.4 Phytoavailability of Cd in soil

Heavy metals in soil extracted by diethylenetriaminepentaacetic acid (DTPA) are considered to
be the most available fraction for plant uptake (Fellet et al. 2014). Triethylamine (TEA) functions as
part of the buffer solution and masking reagent that forms complexes with aluminum and other
interfering elements. Also, TEA burns clearly during atomization of extractant solution while being

measured. The presence of 0.01 M CacCl; enables the extract to attain equilibrium with CaCl2, which
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minimizes the dissolution of CaCQOs3 from calcareous soils. Therefore, the DTPA extraction method
determined the effects of RHB, P. stutzeri, and PRHB on the phytoavailability of Cd. Soil samples
were added into the extract solution of 0.005 mol L™! DTPA, 0.01 mol L' CaCl,, and 0.1 mol L™!
triethanolamine (pH 7.3) at a solid-to-water ratio of 1g soil sample with 25 mL of DTPA solution.
The suspensions were agitated in an orbital shaker for 1 h, followed by centrifugation at 5000 rpm
for 30 min, and filtered using Whatman No. 1 filter paper (Noronha et al. 2022). The content was
analyzed using ICP OES.

3.2.3.5 Cd fractions analysis

Different fractions of soil Cd were extracted using a sequential extraction scheme procedure
(BCR) proposed by the European Community Bureau of Reference. The total soil Cd was divided
into exchangeable, easily reducible, oxidizable, and residual fractions. Water and acid-soluble forms
are most accessible to uptake, whereas residual fractions are mineral matrix forms that are most
difficult for plants to absorb (Jayarathne et al., 2018). The present study mainly focused on the
dynamic changes of these two fractions when assessing the remediation efficiency of different
amendments. Firstly, 1 g of collected soil was extracted for 16 h with 0.11 M CH3COOH (40 mL)
for acetic acid extraction state. The above residues were extracted with a mixture of 0.5 M NH>OH.
HCl and 0.05 M HNO3 (40 mL) for 16 h, then centrifuged at 5000 rpm for 5 min, and the supernatant
was detected for a reducible fraction. Finally, the residual soil was digested with a mixture of HNO3
and HCIlOg4 to extract the residual fraction (Xiao et al., 2017). The concentrations of different Cd
fractions were measured by ICP-OES (Li et al., 2016).

3.2.3.6 Effect of PRHB on the growth of Spinacia oleracea L.

To assess remediation efficiency, early and late plant growth studies were conducted. After 80
days of incubation, soil samples collected from each treatment were added to the germination trays.
10 seeds of Spinacia oleracea L. were sown in the germination trays with the soil samples and
incubated for 10 days. All the trays were watered during the experiment, and a moisture content of
40 % was maintained by supplying distilled water every alternate day (Wang et al. 2020a). The
germinated seedlings were uprooted after 10 days, and the germination percentage (GP), seed vigour
index (SVI), mean germination time (MGT), mean germination rate (MGR), and germination rate
index (GRI) were recorded. Subsequently, the seedling's weight, shoot length, and root length were

also measured to study the health of the seedlings. Each treatment was replicated three times.
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The GP, SVI, MGT, MGR, and GRI were calculated using the formula reported by (Ranal et al.
2009).

Total nuber of seeds germinated

GP (%) = x 100 (3.9)

Total number of seeds planted

SVI= standard germination (%) X average seedling length(cm) (3.10)

MGT = % , where F=number of seeds germinated on day x (3.11)
GRIZ%-F %+...+ GTi, (3.12)

where G1-GP on Day 1, G2-GP on day 2, and so on.

After recording the germination parameters, a sub-sample of plants is chosen to monitor
extended plant growth, Cd accumulation, and changes in soil properties. Subsequently, this selected
group of plants is replanted in pots containing 500 g of Cd-contaminated soil, which is amended
with P. stutzeri, RHB, and PRHB. The growth of these plants is monitored for 60 days, during which

both biomass and Cd content are recorded.

3.2.3.7 Biomass and Cd content of Spinacia oleracea L plants

The harvested plant samples were washed with sterile water to remove the attached soil and
dust. The plant roots were immersed in 5 mmol L™ ! EDTA-Nas solutions to remove the bound metal
ions on the root surface. Then, plants were dehydrated at 80 °C until a constant weight was obtained,
and the dry mass of the plants was assessed. The Cd content in plant samples was determined using

ICP-OES. The total Cd accumulation in the shoot was determined as follows:
Total accumulation = CrootXDWroot + Cshoot XD Wshoot (3.13)

Croot, Cshoot represent Cd concentration in root and shoot, DWioot, DWihoot represent the dry weight

of root and shoot, respectively.
3.2.3.8 Soil enzyme activities and organic matter analysis
Soil phosphatase and B-glucosidase activities in the soil samples from the treatments containing

PRHB were determined (Xiao et al. 2019). The activity of soil phosphatase was determined by
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incubating 1.0 g of soil with 4 mL of MUB, 0.25 mL of toluene, and 1 mL of disodium 4-nitrophenyl
phosphate hexahydrate at 37 °C for 1 h. Whereas the activity of B-glucosidase was determined by
incubating 0.5 g of moist soil in a test tube with 0.1 mL of toluene, 0.9 mL of distilled water, 1.5 mL

of Mcllvaine buffer, and 0.6 mL of 4-nitrophenyl f-D-glucoside for 1 h at 30 °C.

The soil organic matter (SOM) content was determined via potassium dichromate (K2Cr207)
oxidation, followed by measuring the amount of chromic ion (Cr**) using a colorimetric procedure.
UV-spectrophotometer (Cintra 101; GBC Scientific Equipment Ltd, Australia) was used to quantify

the concentration of chromic ions.

3.2.4 Other bioremediation studies for the removal of metal ions using microbial cell-

immobilized biochar
3.2.4.1 Cd and Ni removal using PSDB from water
3.2.4.1.1 Characterization of SDB

Characterization of SDB encompassed surface area, pore volume, functional groups, elemental
composition, and extractable minerals, were carried out following the methodologies detailed in

section 3.2.1.4.
3.2.4.1.2 Effect of operating conditions on Cd and Ni removal

Cd and Ni removal experiments were conducted using 50 mg L' metal ion solution by following
section 3.2.2. A consistent cell count was maintained across all experiments, with 0.11 g PSDB
(containing ~10° CFU mL™! cells) and 1.2 mL free cells of P. stutzeri (final density ~10° CFU g™!).
The study assessed the impact of operating conditions, including incubation time, pH, temperature,
biocatalyst dosage, and initial metal ion concentration, similar to section 3.2.2.1. Cd and Ni removal

by SDB, P. stutzeri, and PSDB at optimized operating conditions were conducted.
3.2.4.1.3 Reusability studies for Cd removal using PSDB

To determine the persistent reusability of immobilized cells, PSDB was repeatedly used in

experiments following the same procedure described in 3.2.2.3.
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3.2.4.2 Cd removal using BRHB from soil

In this study, the bacterial strain Bacillus sp MTCC 3166 was used to remove heavy metal from
soil, purchased from Microbial Type Culture Collection and Gene Bank, Chandigarh, India. The soil
used in this study was the same soil samples collected from the agricultural plot in Palakkad, Kerala,
India. Five experimental treatments, including control soil, were established to evaluate the
efficiency of RHB, Bacillus sp, and BRHB cells for remediation. The experiment was conducted in
culture dishes containing 500g of soil. To ensure the cell loading was consistent for all treatments 1
g RHB, 15 mL Bacillus sp (viable cell counts 4 x10” CFU mL™ '), 1 g BRHB (viable cell counts 1x
10’ CFU g ) were added to 500 g soil. Soil incubation was carried out based on section 3.2.3.2.

3.2.4.2.1 Phyto availability and Cd fraction analysis in soil

Phytoavailability of Cd was assessed using the DTPA extraction method, following the same
procedure described in section 3.2.3.4 Cd fractions analysis was conducted using the same BCR

sequential extraction scheme procedure, as detailed in section 3.2.3.5.
3.2.4.2.2 Effect of BRHB on the growth of Spinacia oleracea L

Plant growth studies were performed following the methodology as outlined in 3.2.3.6. section,
including the calculation of GP, SVI, MGT, MGR, GRI, and the assessment of various growth
parameters. The determination of biomass and Cd content in Spinacia oleracea L plants followed
the procedure described in section 3.2.3.7. Soil enzyme activities and soil organic matter analysis

were carried out according to section 3.2.3.8.
3.2.4.3 Cd removal using PCSB from soil
3.2.4.3.1 Preparation and characterization of CSB

For the preparation of biochar, coconut shells were dried under sunlight for two days and
pyrolyzed at 450 °C in a conventional pit stove. The coconut shell biochar (CSB) was then dried,
crushed, and sieved through mesh of different sizes (<1 mm, 1-2 mm, and 2-5 mm). The pH and the
electrical conductivity of the CSB were determined for the solutions resulting from shaking for 30
minutes of biochar in deionized water at a ratio of 1:20 (w/v)(Xia et al. 2021). Extractable nutrient
concentrations in CSB were determined using Inductively Coupled Plasma — Optical Emission

Spectrometry (5100 ICP-OES; Agilent Technologies, USA). Microscopic observations and
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elemental components of CSB were analyzed using a Scanning Electron Microscope (SEM; FEI-
Quanta F.E.G. 200F, USA) and Energy Dispersive X-ray Spectrometry (EDX) (FEI-Quanta F.E.G.
200F). The specific surface area was calculated according to the Brunauer-Emmett-Teller method.
The elemental analysis of CSB was performed using a CHONS analyzer (Flash 2000, Thermo
Scientific, Cambridge, UK). The functional groups of the CSB were determined by Fourier
Transform Infrared Spectroscopy (FT-IR; PerkinElmer Spectrum One FT-IR, USA). The Thermo
Gravimetric Analysis (TGA) of CSB was carried out under a nitrogen (N2) atmosphere using Perkin

Elmer STA 600 TGA analyzer.
3.2.4.3.2 Water holding capacity studies using CSB

The water-holding capacity of soil with and without CSB was determined using the modified soil
column method (Gebre and Earl 2020; Menzies Pluer et al. 2020). The experiment was carried out
in polyvinyl chloride (PVC) columns of 17 cm in height and 3 cm in diameter. The soil-biochar
mixtures were prepared by adding 5 % (w/w) CSB of different particle sizes, i.e., <l mm, 1-2 mm,

and 2-5 mm, with three replicates per treatment to determine the effect of particle size.

The total mass of dry soil in the column was 144 g. For the 5% CSB treatment, columns contained
7.2 g of CSB and 136.8 g of soil. Treated soil was filled into the columns as they were tapped on a
bench to obtain an initial bulk density of 1.25 g cm™ and placed in water. After removing it from the
water, this soil column was allowed to saturate for 1 h and sealed with cellophane tape. Further, it
was placed in humidified plastic containers for 3 h, thus preventing evaporation. Then, the wet
weight of the soil from the columns was measured. The samples were then dried under sunlight until
no further water loss occurred and reweighed to record the dried sample. The water holding capacity

was determined from equation 3.14.

wet weight—dry weight

Water holding capacity (%) = X 100 (3.14)

dry weight

Based on the above results, the effect of different concentrations of CSB was studied for the

optimized biochar size in soil.
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3.2.4.3.3 Effect of CSB on the growth of Solanum lycopersicum L

The seed germination study was conducted to evaluate the effect of CSB and FYM amendment on
initial plant growth. The experiment was carried out using a 14 x 7 cell protray. The treatment

combinations are shown in Table 3.2.

Table 3.2 Treatment description of CSB and FYM.

Treatment Amendment details

Control No amendment

FYM 1 % Farmyard manure

1% CSB 1 % of coconut shell biochar application

1 % CSB + FYM 1 % of coconut shell biochar and 1 % farmyard
manure in equal proportion

5% CSB 5 % coconut shell biochar application

5% CSB + FYM 5 % of coconut shell biochar and 5 % farmyard
manure in equal proportion

10 % CSB 10 % coconut shell biochar application

10 % CSB + FYM 10 % of coconut shell biochar and 10 %

farmyard manure in equal proportion

Plant growth studies were performed following the same methodology as outlined in 3.2.3.6.
section, including the calculation of GP, SVI, MGT, MGR, and GRI, and the assessment of various
growth parameters. Soil enzyme activities and soil organic matter analysis were carried out by

following the methodology of section 3.2.3.8.
3.2.4.3.4 PSCB preparation and experimental design

PCSB was prepared by following the procedure outlined in section 3.2.1.3. The soil was
artificially contaminated with Cd to obtain a final concentration of 2 mg kg by following the
standard protocol (Noronha et al. 2022). Four experimental treatments were designed to evaluate the
efficiencies of CSB, PCSB, and P.stutzeri in the remediation of Cd-contaminated soils. The
contaminated soil, without any amendment, served as the control. Different materials were added as

5 % CSB, 10 mL of P.stutzeri suspension with viable cell count 10° CFU mL"!, and 5 % PCSB with
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viable cell count 10° CFU g'!. The treated soil in each culture dish was incubated at constant
temperature and sampled after 7-day intervals up to 21 days. During incubation, the soil moisture
was kept at 40 % water-holding capacity to facilitate equilibrium. All treatments and control were

performed in triplicate.
3.2.4.3.5 Phytoavailability of Cd in soil

Heavy metals in soil extracted by diethylenetriaminepentaacetic acid (DTPA) are considered the
most available fraction for plant uptake. Therefore, the effects of biochar, microbial cell, and
microbial cell immobilized biochar treatments on the phytoavailability of Cd were determined by
the DTPA extraction method. Soil samples were added into the extract solution of 0.005 mol L™!
DTPA, 0.01 mol L™! CaCly, and 0.1 mol L™! triethanolamine (pH 7.3) at a solid-to-water ratio of 1g
soil sample with 25 mL of DTPA solution. The suspensions were agitated in an orbital shaker for 1
h followed by centrifugation at 5100 rpm for 30 min, and filtered using Whatman No. 1 filter paper
(Noronha et al. 2022). The content was analyzed using ICP OES.

3.2.5 Removal of CP using ARHB
3.2.5.1 Enrichment and isolation of CP degrading bacteria

The present study employed a selective enrichment method to isolate and enrich CP-degrading
bacteria. Soil samples were collected from a pesticide-contaminated crop field in Palakkad district,
Kerala, India. The samples were obtained from a depth of approximately 20 cm and immediately
stored in a plastic container for transportation to the laboratory, where isolation studies were
conducted. For enrichment, 1 g of the soil sample was added to a 250 ml Erlenmeyer flask containing
100 ml of MSM supplemented with CP as the sole carbon source at 10 mg L' concentration. The
flask was then placed on a rotary shaker set at 30°C and 180 rpm for 7 days. This allowed for the
growth and proliferation of bacteria which is capable of utilizing CP as a carbon source. Following
the incubation period, 2 ml of the enrichment culture was subcultured four times into fresh MSM
containing 50 mg L' of CP every 7 days. This process ensured the enrichment and selection of CP-
degrading bacteria, A serial dilution method was employed to isolate the CP-degrading bacteria. The
diluted samples were then cultured on MSM agar plates supplemented with the CP using the spread
plate technique (Saravanan et al. 2022). Subsequently, the plates were incubated overnight at 30°C,

allowing for the growth and formation of visible colonies. Following incubation, the resulting
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colonies were carefully observed, and CP-resistant colonies were selected and purified for further
analysis. These purified colonies were subsequently employed in degradation assays to assess their

ability to degrade CP.
3.2.5.2 16S rRNA analysis and construction of phylogenetic-tree

The analysis of CP degrading bacterial species in this study involved the extraction of bacterial
DNA using a DNA isolation kit obtained from QIAGEN (USA). The quality assessment of the
extracted DNA was carried out using 1 % agarose gel electrophoresis. Subsequently, the 16S rRNA
gene sequences were amplified utilizing the 27F (5'-AGAGTTTGATCCTGGCTCAG-3') and 1492R
(5'-CCCCGTCAATTCATTTGAGTTT-3") primers (Koippully et al. 2018). The amplified products
were purified using a PCR purification kit and subjected to sequencing using the BDT v3.1 cycle
sequencing kit on an automated ABI 3730xl Genetic Analyzer. A consensus sequence was generated
by aligning the forward and reverse sequence data to obtain a representative 16S rRNA gene sequence.
This sequence was compared against the 'nr' database available in the NCBI GenBank database, which
employs the Basic Local Alignment Search Tool (BLAST). The top seven sequences exhibiting the
highest identity scores were selected for further analysis. The selected sequences were aligned using
the Clustal W multiple alignment software program to ensure accurate comparisons. Finally,

phylogenetic analysis was conducted using these aligned sequences, employing the Mega X software.
3.2.5.3 Growth kinetics and CP degradation experiments using the isolate

Based on phylogenetic analysis, CP-degrading bacteria are identified as A.veronii. The growth
kinetics of A.veronii and its CP degradation ability were investigated using batch experiments
conducted in MSM (Shabbir et al. 2018a). Initially, a pre-grown culture of the selected bacteria was
transferred into a 250 mL flask containing 100 mL of MSM supplemented with CP at a 50 mg L
concentration. The flasks were placed in a shaking incubator at 160 rpm and maintained at 30 °C for
3 days. The optical absorbance at 600 nm was measured at different intervals to monitor bacterial
growth. The strain cultivated without CP served as the control against which the growth in the presence
of CP was compared. For the degradation study, Overnight grown bacterial cells were collected and
suspended (OD=600 nm, (0.9)) in MSM. Briefly, bacterial suspension of 1 ml was transferred into
100 ml of MSM supplemented with CP (50 mg L!), and the culture flasks were incubated in a rotary
shaking incubator (160 rpm) at 30 °C for 60 h. At different periods, 2 mL of sample was pipetted out

from the flasks to which acetonitrile was added in the ratio of 1:1, then centrifuged with a rate of 1000
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rpm for about 20 min. The supernatant which is procured is subjected to UV-Vis analysis. The residual
pesticide was determined at 290 nm (Shabbir et al. 2018a; Y. Makino et al. 2009) and the removal (%)

was calculated as follows.
Removal (%) =[(A-B) / A] x 100 (3.17)

where A= absorbance of CP at 290 nm, B=absorbance of the A4.veronii /RHB/ARHB amended with
CP

3.2.5.4 Immobilization of A.veronii on rice husk biochar

The immobilization study was conducted following the procedure outlined in section 3.2.1.3. The
quantification of immobilized cells on each biochar was determined using serial dilution and plating
techniques. The CP removal efficiency of ARHB, prepared under various pyrolysis temperature
conditions, was evaluated by incubating 1g of ARHB in CP-containing MSM. The culture flasks were
placed in a rotary shaking incubator (160 rpm) at 30°C for 48 h. After the incubation period, the

percentage removal of CP was calculated according to section 3.2.5.3.
3.2.5.5 Characterization of ARHB

ARHB characterization encompassed FTIR, TGA, and FESEM following the methodologies
detailed in Section 3.2.1.4.

3.2.5.6 Optimization of CP removal by ARHB using RSM methodology

Statistical analysis and parameter optimization for pesticide remediation using ARHB were
performed using the State-ease Design Expert software, which generated 17 experiments with varying
combinations of parameters. The study employed a Box-Behnken statistical design (BBD) to explore
the conditions for enhanced CP removal. Three levels of treatments were applied to CP concentration
(10, 30, and 50 mg L''), ARHB dosage (0.5, 1.25, and 2), and incubation time (12, 24, and 36 h) based
on the requirements of the design. The degradation ability of ARHB was then investigated in
Erlenmeyer flasks (250 mL) containing MSM (100 mL) pH 6.5 under the optimized conditions
mentioned earlier. CP residues after biodegradation were determined according to section 3.2.5.3. The
percentage degradation was studied through spectroscopic analysis. RSM was consistently applied to

narrow the parameter gap until an optimized value was obtained, with the highest pesticide
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concentration treated against the lowest ARHB concentration. The model results were evaluated using

R?, ANOVA, and 3D plots.
3.2.5.7 Reusability studies for CP removal using ARHB

To determine the persistent reusability of immobilized cells, ARHB was repeatedly used in

experiments following the same procedure described in 3.2.2.3.
3.2.5.8 CP removal using ARHB from soil

The soil was collected from the top layer (0-15 cm depth) of an agricultural field in the Palakkad
district of Kerala, India, where there has been no history of pesticide application in the past five years.
The soil samples were air-dried at room temperature, mixed thoroughly, and passed through a 2 mm
sieve. Different concentrations of CP (10 mg kg™!, 30 mg kg!, and 50 mg kg!) were tested with a
dosage of 1g ARHB to analyze the effect of ARHB in the remediation of CP-contaminated soil along
with RHB and A.veronii. Additionally, the impact of different ARHB concentrations (0.5 g, 1 g, and
2 g) on CP remediation in soil was investigated. Four treatment groups were established: soil spiked
with CP, soil spiked with CP and RHB, soil spiked with CP and free strain 4.veronii, and soil spiked
with CP and ARHB. All the experiments were conducted in triplicate. Afterward, the soil samples
were incubated at 30 °C for 45 days in the dark, and soil moisture was always kept at 60 % of water
holding capacity by periodically adding deionized water. Soil samples (5 g) were withdrawn at
different time intervals (7, 21, and 30 days) to quantify the removal of CP from the experimental soil
samples. CP was extracted from the soil particles according to the methods described in Silambarasan

and Abraham, 2013. The concentration of CP was quantified by UV—vis spectrophotometer
3.2.5.9 Effect of ARHB on the growth of Vigna unguiculata L.

A plant growth study was conducted to evaluate the effect of CP on the growth and development
of Vigna unguiculata (cowpea) plants. Vigna unguiculata L., also known as the long bean, is an
important economic vegetable of high nutritional value widely used in India and China (Herniter et al.
2020a). Plant growth studies were performed following the same methodology as outlined in 3.2.3.6.
section, including the calculation of GP, SVI, MGT, MGR, and GRI, and the assessment of various

growth parameters. Soil enzyme activities were carried out by following section 3.2.3.8.
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3.2.5.10 Analysis of metabolite products of CP degradation

The metabolic products of CP in water and soil samples after remediation were analyzed using
high-resolution liquid chromatography-mass spectrometry (HR-LCMS). For water samples, 10 ml of
the culture filtrate after treatment was recovered and centrifuged at 8000 rpm for 10 min. The resulting
supernatant was extracted with an equal volume of dichloromethane, and the organic layer was dried
at room temperature (Silambarasan and Abraham 2013a). The residue was then dissolved in HPLC-grade
acetonitrile and subjected to LC-MS analysis. In the case of soil samples, 10 g of soil was mixed with
20 ml of HPLC-grade acetonitrile on a rotary shaker at 120 rpm for 30 min. After settling, the clear
supernatant was collected for pesticide concentration determination. The LC-MS analysis of CP and
its metabolites in water and soil samples was performed on an XEVO QTOF model instrument
(Waters, USA) equipped with an ACQUITY UPLC® BEH C18 column (1.7 um, Waters, USA). The
column temperature was maintained at 30 °C, and the injection volume was set to 10 uL. A gradient
elution method employing a mixture of water (A, 20 %) and acetonitrile (B, 80 %) with 0.1 % formic
acid was used for 10 min. The column temperature was set at 30 °C. CP and its degraded products
were detected using electrospray ionization (ESI) in both positive and negative ionization modes. The
source parameters were optimized: capillary voltage 2.5 kV, sampling cone 40 V, source temperature
150 °C, source offset 80 V, desolvation temperature 450 °C, cone gas flow 80 L h™!, desolvation gas
flow 500 L h'. Mass spectrometric data were acquired in the m/z range of 50-750, enabling the

detection and characterization of CP and its metabolites.
3.2.6 Statistical analysis

Statistical analysis employed one-way analysis of variance to evaluate differences among various
treatments. Tukey’s test was utilized to determine the significance of variation among treatments,
considering a significance level of p < 0.05. All experiments were carried out in triplicate, and the

error bars are the mean + SD.
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CHAPTER 4

MICROBIAL CELL IMMOBILIZATION AND OPTIMIZATION OF BIOCHAR
CONDITIONS

4.1 GROWTH AND HEAVY METAL ION TOLERANCE OF P. stutzeri

Heavy metal tolerance of P. stutzeri was initially assessed through agar plate assays, utilizing
various heavy metals such as Cr, Hg, As, Cd, Ni etc. (Figure A1 Appendix I). P. stutzeri exhibited
exceptional tolerance to Cd and Ni during these preliminary experiments and was selected for further
study in a LB medium with varying concentrations. The growth curve of P. stutzeri was determined
by measuring optical density (OD 600) for 48 h. Growth of P. stutzeri showed varied results in LB
broth with Cd and Ni compared to the growth curve without Cd and Ni (control), as depicted in
Figure 4.1. The maximum growth of P. stutzeri without Cd and Ni was obtained at 32 h, followed
by a stationary phase from 32- 40 h. The growth curve demonstrated that P. stutzeri grew in Cd
concentrations of 10 and 50 mg L™! for 36 h and then declined, whereas, in 100 mg L™! concentration,
growth of P. stutzeri declined after 44 h. The presence of Cd resulted in a prolonged lag phase i.e.,
for Cd concentration of 10 mg L', the lag phase duration was 10 h, which varied with concentrations
showing 18 h and 24 h for 50 and 100 mg L, respectively. It was observed that the P. stutzeri
showed maximum growth at 36 h when the initial Cd concentration was 10 mg L™! and decreased to
0.94 (50 mg L), further showing comparatively less growth of 0.5 at 100 mg L™ concentration.
Choinska-Pulit et al. (2018) reported a reduction in the growth of P.azotoformans with increasing
Cd, Cu and Pb concentrations. Reduced growth at higher concentrations was attributed to bacteria
utilizing energy for cellular function rather than growth to resist metal toxicity (Bautista-Hernandez

etal. 2012).

A similar growth pattern was observed for P. stutzeri in the presence of Ni. 10 mg L! Ni addition
to LB medium showed an increase in cell growth up to 36 h and then declined, whereas 50 and 100

mg L concentration cell growth declined after 44 h. The presence of Ni affected the duration of
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lag phase, which increased from 10 h (10 mg L) to 24 h (100 mg L!). Addition of 10 mg L' Ni
showed OD of 1.3, which decreased to 1 and 0.62 at 50 and 100 mg L', respectively. Better growth
of P. stutzeri was observed in LB containing Ni than Cd because Ni plays an important role in the
metabolic process of the microorganism (Alboghobeish et al. 2014). Our results are supported by
other studies where metal ions may influence the growth of microorganisms (Sandaa et al. 2001;
Tsai et al. 2006). Lo and Su (2016) reported similar observations on the decrease in bacterial growth
rate with increasing concentrations of Cd and Ni using different bacterial cultures. Hence, it can be
concluded that the P. stutzeri exhibited tolerance to Cd and Ni up to 50 mg L' concentration and
was able to grow well in heavy metal stressed conditions. This particular concentration was chosen

for Cd and Ni removal analysis.
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Figure 4.1. Cd and Ni tolerance of P. stutzeri at concentration of 10, 50 and 100 mg L'
4.2 BIOCHAR YIELD

The percentage of biochar yield produced at different conditions is depicted in Figure 4.2. The
biochar yield decreases as the pyrolysis temperature increases. This trend is evident for all types of
biochar (RHB, SDB, SCB, and PSB). Different feedstock types influence the biochar yield
percentage mainly due to the variation in lignocellulosic content (Shariff et al. 2016; Zhang et al.
2015b). A maximum of 45.65 % yield was observed for RHB-300 °C-30 min, and the yield

subsequently decreased to 17.36 % for RHB-700 °C-120 min as more ash content was observed at
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higher temperature (Figure A2, Appendix I). RHB consistently showed the highest biochar yield
among the four types at all temperature and time intervals, making it the most efficient feedstock for
biochar production under these conditions. A maximum yield of 38.17 % was observed for SDB
prepared under 300 °C for 30 min, and the yield subsequently decreased with increasing temperature
and time, reaching a minimum of 10.4 % for SDB pyrolyzed at 700 °C for 120 min. A maximum of
43.06 % yield was achieved for SCB at 300 °C for 30 min, which eventually decreased with pyrolysis
temperature and time and reached a minimum value of 0.8 % for SCB pyrolyzed at 700 °C for 120
min. PSB also showed the same trend and biochar yield of 47.62 % at PSB pyrolyzed at 300 °C for
30 min and reduced to 7.31 % for PSB prepared under 700 °C for 120 min. This reduction in the
yield can be because an excessive release of water and volatile compounds from the biomass is
promoted at high pyrolysis temperatures (Masek et al. 2013). A sharp reduction in yield occurred
at 700 °C, implying that high-molecular-weight structures such as lignin and cellulose were

completely degraded at higher production temperatures (Shariff et al. 2016).
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Figure 4.2. Biochar yield (%) at various temperatures (300 °C, 500 °C, and 700 °C) and time (30
min, 60 min, 120 min) for RHB, SDB, SCB, and PSB.

Higher temperatures lead to more extensive decomposition of biomass, resulting in the

production of gases and volatiles, leaving less solid biochar (Thangalazhy-Gopakumar et al. 2010).
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Increasing the pyrolysis time from 30 min to 120 min generally leads to a slight decrease in biochar
yield. However, shorter pyrolysis times may not provide adequate duration for the complete
decomposition of biomass components such as cellulose, hemicellulose, and lignin, leading to an
increase in biochar yield compared to longer pyrolysis times. Thangalazhy-Gopakumar et al. (2010)
reported that thermal volatiles were further broken down at higher temperatures into low molecular

weight liquid and gas instead of char.
4.3 MICROBIAL CELL IMMOBILIZATION

Pyrolysis temperature is an essential factor affecting biochar properties during production.
Surface area, pore size, and functional groups are important criteria for choosing biochar as a carrier
or material support for immobilizing bacteria. Different combinations of MCB based on biochar
production temperature were prepared, and the immobilized cell number in terms of Logio cells g!
of P. stutzeri was calculated. The number of cells immobilized on all prepared biochar samples is
represented in Figure 4.3. The results showed that the ability of different biochar types to immobilize
cells varied significantly, with RHB demonstrating the highest cell immobilization capacity,

followed by SDB, SCB, and PSB.

According to the graph, the maximum number of P. stutzeri cells was immobilized onto RHB-
500-30 and SDB-500-60 biochar samples. However, a subsequent decrease in the number of
immobilized cells was observed for RHB and SDB produced at higher temperatures of 700 °C.
Conversely, biochar produced at lower temperatures with extended time periods showed better
immobilization of cells. For example, RHB and SDB pyrolyzed at 300 °C for 120 min showed 10
and 9.6 Logio cells g™!, respectively, whereas RHB and SDB pyrolyzed at 300 °C for 30 min could
immobilize only 6.9 and 7 Logio cells g'!. Moreover, comparing the results at different pyrolysis
times (30 min, 60 min, and 120 min), it can be seen that there was no consistent trend in cell
immobilization. For some biochar types, longer pyrolysis times led to higher cell immobilization
(e.g., RHB at 120 min), while for others, it led to lower immobilization (e.g., SCB at 120 min). This
variability suggests that the relationship between pyrolysis time and cell immobilization is complex

and may be influenced by other factors such as biochar properties and bacterial cell interactions.
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Figure 4.3. Number of cells immobilized on different biochar at various temperature (300 °C, 500

°C, and 700 °C) and time periods (30 min, 60 min, 120 min).

This suggests that the physical and chemical properties of biochar play a crucial role in
determining its ability to incorporate bacterial cells. Pyrolysis temperature was found to be a crucial
factor affecting biochar properties during production. As the pyrolysis temperature increased from
300 °C to 700 °C, the number of immobilized cells decreased (Figure A3, Appendix I). This
observation can be attributed to changes in biochar porosity, surface area, and functional groups as

a result of higher pyrolysis temperatures.

The presence of potentially harmful substances in biochar, such as polycyclic aromatic
hydrocarbons, dioxins, furans, volatile organic compounds, and free radicals, which can lead to
microbial cytotoxicity and inhibit microbial activity during immobilization on biochar (Odinga et
al. 2021). To assess the toxicity of biochar on microbial cell immobilization, immobilization studies
were conducted with RHB 500°C-30 min and bacterial colonies were enumerated after 6, 12, and 24
h to evaluate the survival of cells. The results showed that the number of cells increased with each
subsequent incubation period. Specifically, cell counts increased from 7.9 7.9 Logio cells g™! after 6
hto 8.26 Logio cells gl after 12 h, and peaked at 11.5 Logio cells g™! after 24 h (Figure A4, Appendix

I). This indicates a significant increase in cell numbers over the incubation period, suggesting that

91



the biochar immobilization did not exert toxic effects on the P. stutzeri cells and even support their

growth and proliferation.
4.4 CHARACTERIZATION OF RHB AND PRHB

Temperature-dependent variations significantly influence the efficacy of biochar as a carrier
material for immobilized microorganisms. Therefore, characterizing biochar produced under
different temperatures is imperative to elucidate the correlation between biochar properties and its
potential for microbial cell immobilization. RHB demonstrated the highest biochar yield among
various feedstock types, highlighted its efficiency for biochar production under the studied
conditions. Moreover, RHB produced at 500 °C for 30 min showed exceptional performance in terms
of immobilizing bacterial cells compared to other biochar types. The ability of RHB to effectively
immobilize bacterial cells is significant as it directly influences the efficiency and effectiveness of
biochar applications in water and soil. The higher number of immobilized cells on RHB suggests its
superior surface area, pore size, availability of functional groups, and nutrient composition, which
are critical factors for successful microbial cell immobilization. Furthermore, the abundance of rice
husk as an agricultural waste in many rice-producing countries, including India, provides a
substantial and readily available source for biochar production, making it an attractive option for

sustainable waste management and resource utilization initiatives.
4.4.1 Characterization of RHB

The SEM images of biochar produced at three distinct temperatures (300 °C, 500 °C, and 700
°C) reveal distinctive surface characteristics. RHB 300 exhibits underdeveloped pore structures,
limiting bacterial entry (Figure 4.4a). At 500 °C, the biochar displays well-defined pores (Figure
4.4b), while at 700 °C, a channel-like structure emerges due to aromatic structure development and

this indicates a collapse of macropores or a reduction in number at higher temperature (Figure 4.4c¢).
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Figure 4.4. SEM images of RHB prepared at various temperatures (300 °C, 500 °C, and 700 °C)
for 30 min (a) RHB 300 °C, (b) RHB 500 °C (¢) RHB 700 °C.

Another critical parameter influencing immobilization potential is the total pore volume, with
RHB 500 showing 0.65 cm® g”!, whereas it was lower for RHB 700 at 0.11 cm? g™ (Table 4.1). These
results align with the findings of Zhao et al. (2017), they found that biochar produced at temperatures
above 400 °C exhibited larger surface areas and pore volumes, facilitating the accommodation and
immobilization of more bacterial cells within the biochar. In another study carried out by Leng et al.
(2021) found that pore volumes and surface area of biochar produced at 700 °C were smaller than
those produced at 500 °C. Biochar particle size influences the surface area-to-volume ratio, pore
structure, reactivity of biochar and immobilization capacity. Finer biochar particles, such as those
with a size of <l mm, offer a larger surface area, which facilitates extensive contact with
contaminants. This increased surface area enhances adsorption or chemical reactions, leading to
improved pollutant removal efficiency. Biochar particles with a size of 0.15 mm, chosen for their
suitability in microbial cell immobilization and pollutant removal. Han et al. (2016) suggested that
the adsorptivity of chromium on biochar differs significantly with particle size. Smaller biochar
particles (0.15-0.50 mm) exhibit higher reaction rates and removal capacities compared to larger
particles (0.50-1.00 mm). This is attributed to the larger surface area of smaller particles, which

provides more active sites for pollutant adsorption.
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Table 4.1 Surface area, pore volume and pore size of RHB prepared at various temperatures (300

°C, 500 °C, and 700 °C) for 30 min.

Biochar Surface area | Total pore volume | Average pore size
RHB 300 °C 85.92 m? g’! 0.5l cc g’ 1.16 nm
RHB 500 °C | 149.87 m* g’! 0.65cc g’ 1.26 nm
RHB 700 °C | 151.80 m? g’! 0.11ccg! 1.16 nm

Surface functional groups on biochar provide insights into its immobilization potential.
Analyzing functional groups in RHB at varying pyrolysis temperatures revealed distinctive peaks.
The band at 1600 cm™' was indicative of a stretching vibration of C=O bonds associated with
carboxylic acids or esters present in the biochar. The functional groups observed at 1441 cm™!, were
related to aromatic C=C ring stretching, indicating the dehydration of cellulosic compounds. The
wavelength range of 1000—-1300 cm ! identifies various functional groups including ethers, alcohols
(primary and secondary), sugars, sulfur, phosphorus, and inorganic compounds like silica. Bond
types typically found in this range are C-O-C, C-OH, S=0, P=0, and Si-O-Si. Broad peaks observed
at 1070 cm ™! is attributed to the presence of aliphatic ethers (C-O-C) and alcohols (C-OH) stretching
or phenols groups. The peaks at 795 cm™!, and 443 cm™! were assigned to the Si-O-Si groups (Zhen-
Yu et al. 2012). RHB 500 °C showed dominance in silica functional groups, including Si—O-Si
(1103 cm™) and Si-H (792 cm™!). However, at 700 °C, the intensity of active surface groups
decreased and some peaks disappeared at 300 °C. RHB 300 °C notably lacked C=C ring stretching
at 1440 cm™! (Figure 4.5a). Loss of functional group is one of the reasons for the reduction in
number (Tu et al. 2020). The biochar produced at higher temperatures of 700 °C showed fewer
immobilized cells because some macropores collapsed at these temperatures, and the pore volumes

and surface area decreased compared to biochar produced at 500 °C.
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Figure 4.5. Characterization of RHB prepared at various temperatures (300 °C, 500 °C, and 700
°C) for 30 min (a) FTIR and (b) XPS.

Further analysis of biochar samples involved determining the XPS spectra (Figure 4.5b). The
photoelectron lines revealed the presence of O, C, N, Si, Ca, and Mg in the biochar. The O (O 1s)
spectral lines for RHB indicated a binding energy of 530 eV, corresponding to C=0 type bonds. Ca
(Ca 2p) spectral lines exhibited a binding energy of 347 eV. C (C 1s) spectral lines, with a binding
energy of 290 eV. The Si spectral lines occurred at two binding energies of Si 2s and Si 2p, indicating
Si in the inorganic form of Si02 (Wang et al. 2018; Zhang et al. 2018). XPS characterization revealed
that biochar produced under different conditions contained varying minerals, with abundant presence
in RHB 500 °C. The mineral composition, crucial for microbial cell growth in biochar, also
facilitates bacteria adherence to the mineral-enriched region (Huang et al. 2020). Additionally, the
oxidation states of carbon (C 1s) were analyzed, indicating that RHB 300 exhibited a peak at 284.88
eV, RHB 500 at 284.29 ¢V, and RHB 700 at 284.46 eV, respectively (Figure AS, Appendix I). The

deconvolution spectra of Cls at 284 eV suggest the presence of C—H carbons. Based on this

95



characterization and immobilization studies, the biochar produced at RHB 500 °C-30 min was

chosen as the carrier for further studies
4.4.2 Characterization of PRHB

FTIR analysis was carried out to determine the surface functionalities of RHB, PRHB, and P.
stutzeri. The FTIR results demonstrate differences in the surface functional groups of biochar due
to differences in the feedstock and the pyrolysis conditions. The main functional groups of RHB
include 3189 cm™! attributed to hydroxyl stretching (-OH). The peaks at 2325 cm™!, 1600 cm™ "> and
1441 cm™! were assigned to —CH> groups and aromatic C=0 ring stretching (Figure 4.6). The peaks
at 1060 cm™!, 795 cm™!, and 443 cm™! were assigned to the Si-O-Si groups (Zhen-Yu et al. 2012).
The spectral peaks of P. stutzeri at 3268 cm™! are assigned to the stretching vibrations of O-H and
N-H bonds (Filip and Hermann 2001). The bands at 2850 cm™! represent C-H bending vibrations of

fatty acids and lipids on the bacterial surface.

The intense band at 1639 cm™ and 1541 cm™! represent the protein amide band caused by C=0
stretching vibrations and N-H bond stretching vibrations, respectively. A peak at 1259 cm™ was
attributed to the P=0 stretching of the phosphate group (Liu et al. 2015). FTIR analysis of PRHB
showed significant alteration of surface chemistry of biochar and changes of certain bands compared
to biochar. Increased band intensity was more pronounced after P. stutzeri immobilization for the
peak 1600 cm™. A shift in C=C stretching bands to lower frequencies 1441 to 1428 cm' was
observed after immobilization. The peak at 1743 cm™ in bacteria and 1698 cm™ in biochar
disappeared after cell immobilization. These peaks are related to the structure of the carboxyl
groups. These changes in bands may account for the functional group responsible for the

immobilization of P. stutzeri onto the RHB.
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Figure 4.6. FTIR spectra of P. stutzeri, RHB and PRHB.

The elemental composition and mineral components of RHB are shown in Table 4.1. RHB
showed a carbon content of 41.93 % and 55.21 % oxygen content. This suggests the abundance of
oxygen-containing surface functional groups in RHB, which are the main metal adsorption sites
(Zuo et al. 2016). Biochar can obtain more effective adsorption sites during the adsorption process
due to its loose and porous structure, high porosity, large total pore volume, and surface area (Song
et al. 2014). Based on the ICP analysis results, RHB comprises various mineral constituents such as
Fe, Mg, Mn, Zn, K, Cu, Pb, etc., that could support nutrients for the growth of P. stutzeri. A study
by Ye et al. (2017) suggested that bacteria could adhere to the mineral-enriched region of biochar.
The pHzpc values of RHB and PRHB are 6.0 and 6.4, (Figure A6, Appendix I). pHy,c indicates the
solution pH in which the surface charge of the biochar is neutral. When the pH of the nutrient broth
is lower than the pHzpc, the surface of the biochar is protonated and positively charged. When the

pH is above the pHzp., the surface is negatively charged, which favors the attraction of positively

charged metal ions (Inyang et al. 2015).

97



Table 4.2 Elemental composition and extractable minerals present in RHB.

Elemental composition (% mass- Extractable minerals (mg kg™)

based)
C H N S 0] Ca Fe Mg Mn Zn K | Cu Pb
4193 | 2.12 | 037 | 035 | 5521 | 042 | 951 | 7418 | 3.59 | 1.62 | 19| 0.17 | 0.04

The surface morphology of RHB revealed a porous surface texture (Figure 4.4b), which could
be due to the evaporation of volatile matter from rice husk biomass during pyrolysis. Rough surface
with well-developed and relatively regular pore structures, which facilitates the adsorption of
microorganisms and heavy metals. During the metabolic process of microorganisms, the biochar
pore structure can act as a transport channel for oxygen, micronutrients, and pollutants, making it an
excellent carrier for microbial cell immobilization (Zhen-Yu et al. 2012). The surface morphology
of PRHB showed the presence of rod-shaped P. stutzeri (Figure 4.7a). The presence of
microorganisms on the surface and in the pores of PRHB is due to its large specific surface area and
a high number of micropores, which have a high adsorption capacity for microorganisms. It was
also found that the morphology of the colonies of bacteria distributed on the surface of the biochar
was different, partly aggregated, and partly dispersed. This suggests that there may be two ways of
microbial immobilization by biochar: physical adsorption between microorganisms and electrostatic

attraction between the microorganism and the carrier biochar.

The X-ray diffraction patterns of RHB and PRHB are depicted in Figure 4.7b. In RHB, a broad
hump in the 18.84°-28.15° region corresponds to the crystal plane index C (002). The presence of
amorphous silica, a predominant component in rice husk biochar, contributes to a broad XRD peak
cantered at 20 ~ 22.5°, indicative of disordered cristobalite. Sharp peaks at 35° in RHB suggest SiO»
(quartz) presence (JCPDS card no. 46-1045) (Mohan et al. 2018). In the case of PRHB, a small peak
at 38.42° is attributed to CaO (JCPDS Card no. 011-1160), while the peak at 50.54° is linked to Ca
(OH)2 (JCPDS card no. 01-073-5492). Peaks at 44.67° indicate the presence of CaCOs3 (calcite) in
PRHB (JCPDS card no. 05-0586). Small peaks at 65.14° in both RHB and PRHB indicate the
presence of MnOz (JCPDS Card no. 44-0141)(Kim et al. 2019; Nabieh et al. 2021; Severo et al.
2020; Xu et al. 2017).
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Figure 4.7. (a) SEM image of PRHB (b) XRD spectra of RHB and PRHB.
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CHAPTER 5

Cd AND Ni REMOVAL USING P.stutzeri IMMOBILIZED RICE HUSK BIOCHAR FROM
WATER

5.1 EFFECT OF OPERATING CONDITIONS ON Cd AND Ni REMOVAL USING PRHB
5.1.1 Effect of incubation time

The influence of incubation time on Cd and Ni removal efficiency by P.stutzeri and PRHB is
depicted in Figure 5.1a. Cd removal efficiency increased with incubation time, from 6.38 % to 48
% for P. stutzeri and 42.26 to 78.6 % for PRHB from 3 to 42 h. A steep increase in Cd removal
efficiency was seen till 36 h for PRHB, whereas P. stutzeri showed a significant increase till 30 h.
Maximum Cd removal of 78.60 % was observed at 36 h for PRHB, whereas P. stutzeri showed only
48 %. Niremoval efficiency increased from 8.58 to 44.6 % for P. stutzeri and 40.8 to 69.4 % for
PRHB, with an increase in incubation time from 1 to 42 h at an initial Ni concentration of 50 mg L~
!, This increase in removal with incubation time may be because Cd and Ni were gradually adsorbed
into the immobilized system as the incubation time was extended, which increased the contact area
between the PRHB and heavy metals and thus accelerated the removal. Metal adsorption by RHB
typically reaches equilibrium when all available binding sites on the adsorbent surface are occupied
by metal ions in solution. In the early contact period, PRHB might exhibit rapid metal adsorption

compared to P. stutzeri due to the abundant binding sites mediated by RHB.

The maximum removal of Cd and Ni ensued when most cells had reached the stationary phase
and cell density was the highest (Figure 4.1). Hossan et al. (2020) reported that during the initial
phase, the cells experience slow division or remain in a lag phase, resulting in fewer available
binding sites, thus leading to insignificant metal uptake by the isolates. Subsequently, metal uptake

and cell growth intensify, depending upon the presence of active binding sites. Similarly, Sinha and
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Mukherjee (2009) reported 75 % of Cd removal from the culture medium during the stationary phase
of 96 h. PRHB showed a delay in maximum removal capacity compared to P. stutzeri (30 h), with a
maximum removal time of 36-42 h. This is primarily due to the increased complexity of the
immobilized cell. It was evident that RHB used as the immobilized carrier would be favorable for
bacterial growth, since it increased the adaptability of the cells to stressful environments such as Cd

and Ni, thereby increasing removal efficiency.
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Figure 5.1. Cd and Ni removal by P. stutzeri and PRHB (a) Effect of incubation time (b) Effect of
initial pH.

5.1.2 Effect of initial pH on Cd and Ni removal

Metal ion removal capacity depends on the initial pH of the solution (Qiu et al. 2021). It is
crucial to comprehend the effect of pH on the removal of Cd and Ni because changes in solution pH
affect microbial physiology, the charge on the surface of PRHB, and the speciation of heavy metals
(Esfandiar et al. 2022). Cd and Ni removal increased with pH and was found to be maximum at a
neutral pH of 7.0 for immobilized cells and P. stutzeri (Figure 5.1b). The cd removal capacity of P.
stutzeri increased from 5.0 to 7.0 and displayed the highest removal efficiency of 50.68 % at pH 7.0
after 36 h of incubation. The percentage removal of Cd increased from 68.72 % to 78.28 % when
the pH was increased to 7.0 using PRHB. The capacity of immobilized cells and P. stutzeri to remove
Ni also varied with pH similar to Cd removal. PRHB had a Ni removal efficiency of 69.36 % at pH

7.0. However, the removal of Ni was more pronounced in the P. stutzeri, increasing from 26.76 -
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44.38 % with an increase in pH compared to PRHB. pH serves as a critical factor influencing the
activity of microorganisms involved in metal ion remediation. Microbial activity is particularly
sensitive to changes in pH, with optimal growth typically occurring within a range of pH 6.0 to 8.0.
Neutral pH conditions (pH = 7) are commonly optimal for microbial degradation or removal of
pollutants, facilitating the efficient functioning of microorganisms such as P. stutzeri and PRHB in

removing Cd and Ni ions.

PRHB and RHB exhibit zero-point charges of 6.6 and 6.2, respectively (Figure A4, Appendix I).
Below this pH, the surface of the material becomes positively charged, indicating an increase in the
number of positively charged surface sites. This condition may not favor the adsorption of Cd and
Ni ions, which are also positively charged, due to repulsive electrostatic forces. Conversely, higher
uptake values observed at higher pH levels can be attributed to electrostatic attractions between the
positively charged Cd ions and the negatively charged RHB and PRHB. However, the presence of
both RHB and P. stutzeri in PRHB complicates the clear connection between surface charge and
removal efficiency. The observed higher removal efficiency at lower pH with PRHB compared to
free cells suggests that RHB acting as a carrier, mitigating the harmful effects caused by changes in
pH that affect microbial physiology. This is further supported by the lower removal efficiency at

lower pH observed with free cells.
5.1.3 Effect of temperature

Metal ion removal is an energy-dependent mechanism involving its binding onto microbial cell
walls, so temperature plays an important role (Congeevaram et al. 2007; Das et al. 2007). It alters
the functional groups on the cell wall surface and parallelly affects heavy metal binding sites. The
Cd and Ni removal efficiency of PRHB and P. stutzeri was investigated at 25, 30, 35, 37 and 40 °C.
The removal of Cd by PRHB was 52.28 % at 25 °C and increased with temperature (Figure 5.2a).
Maximum removal efficiency of 78.6 % was obtained at 37 °C, with a further increase in temperature
to 40 °C, Cd removal decreased using PRHB. This aligns with Coelho da Costa Waite et al. (2020)
who also reported a maximum temperature of 37 °C for P. stutzeri growth in a study on Cu and Pb
removal. Bacterial strains normally remove maximum metal at 37 °C like Acromobacter sp. and P.
stutzeri could uptake 82% copper effectively (Olmezoglu et al. 2012). On contrary to this, higher

temperatures generally lead to increase in metabolic activity along with an increase in energy of the
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system that would result in active uptake of metals. For instance, the rate of Cr (VI) removal by

S.cerevisiae was very high at 45 °C (Goyal et al. 2003).
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Figure 5.2. Cd and Ni removal by P. stutzeri and PRHB (a) Effect of incubation temperature (b)
Effect of biocatalyst dosage.

The percentage of Ni removal increased from 18 to 43.6 % with an increase in temperature from
25 to 37 °C by employing free cells. PRHB showed a 47.82 % Ni removal capacity at 25 °C, which
increased to 67.52 % at 37 °C. An increase in temperature significantly affected the metal removal
efficiency of the free cell, whereas no significant change in removal capacity was observed at 30 -
40 °C in PRHB. When the temperature rises, the pores enlarge; thereby, more surfaces will be
available for sorption, diffusion, and penetration of metal ions, favoring adsorption, and hence there
is an increase in the removal of Cd and Ni (Saleem et al. 2007). A slight decrease in metal ion
removal capacity was observed with the rise in temperature from 37 to 40 °C for free cells and

PRHB.

At higher temperatures, the thermal energy can disrupt the hydrogen bonds and other weak
interactions holding the cell wall components together. This disruption can lead to changes in the
conformation of molecules within the cell wall, potentially altering the accessibility of functional
groups such as hydroxyl (-OH), carboxyl (-COOH), and amino (-NH>) groups. These functional
groups are essential for metal ion binding through complexation mechanisms. Moreover,

temperature influences the kinetics of reactions involved in metal ion adsorption onto cell walls.
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Higher temperatures typically accelerate these reactions by increasing the rate of molecular motion
and collision frequency, thereby enhancing the removal efficiency of metal ions from aqueous
solutions. Saleh et al. (2016) indicated that the elevated adsorption of copper ions capacity of
sunflower seed husk biochar at higher temperatures may be due to the enlargement of the pore size

and/or activation of the adsorbent surfaces and an increase in the mobility of metal ions.
5.1.4 Effect of biocatalyst dosage

The effect of P. stutzeri and PRHB dosage was evaluated with experiments conducted at initial
metal concentrations of 50 mg L™, pH 7.0, temperature 37 °C, and contact time 36 h. The removal
efficiency of Cd and Ni increases with an increase in biocatalyst dosage (Figure 5.2b). As P. stutzeri
dosage increases from 0.5 g L' to 2 g LI, the percentage removal increased from 39.8 % to 61.4 %
for Cd and 34.8 to 55 % for Ni. 84 % Cd and 79 % Ni removal were achieved using a PRHB dosage
of 2 g L' These data also show that P. stutzeri and PRHB had a higher affinity towards Cd than Ni.
An increase in biocatalyst dosage leads to enhanced removal efficiency due to the availability of

more biochar adsorption sites and an increase in the functional group for metal removal.
5.1.5 Effect of initial Cd and Ni concentration

The influence of initial Cd and Ni concentration on removal efficiency by P. stutzeri and PRHB
was investigated. PRHB showed the highest removal efficiency of 95.4 % Cd and 92 % Ni at the
initial Cd concentration of 10 mg L. Further decreased the removal with an increase in Cd and Ni
concentration. The removal efficiency has decreased from 69.3 % to 41.43 %, with an increase in
Cd concentration from 10 to 100 mg L™ using P. stutzeri (Figure 5.3a). A similar trend was observed
with Ni, where the removal efficiency decreased from 67 % to 40 % with increased concentration
(Figure 5.3b). The percentage removal by free cell and immobilized cell was high at lower
concentrations because all heavy metal ions in the solutions interacted with the cell's binding sites.
The significantly reduced removal capacity of P. stutzeri at higher concentrations could be attributed

to the inhibition of bacterial cell activity and proliferation (Ren et al. 2018).

PRHB showed 9.7 and 8.3 Logio cells after treating with 10 mg L' Cd and Ni solution,
respectively, which decreased to 6.4 and 5.3 Logio cells when the concentration increased to 100 mg
L !. The number of cells decreased as the Cd and Ni concentrations increased, indicating that removal

efficiency depended on cell viability and activity. The rapid adsorption of contaminant mixtures by
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PRHB reduced the pollutant levels in the initial stage, which reduced cell damage. Additionally, the

biochar carrier ensured bacterial growth and prolonged cell survival under pollutant stress (Ouyang

etal. 2014). It was evident that using RHB as an immobilized carrier would benefit bacterial growth

because it increased the cells adaptability to stressful environments like Cd and Ni, thereby

increasing removal efficiency.

(a) 100 (b) 100 - -
/77| P.sfutzeri B PRHB | 19 7| P.stutzeri [ PRHB
—=&— P.stutzeri —%—PRHB —&— P.stutzeri —%— PRHB
80 L9 o 80 -
5 8 e
z 6 3 F 60
E L7 = (=]
) o E
-4 e )
. J &
40 - -6 2 £
=
)
.
L5 =
(7]
20 o 20
-4
0 - -3 0 . . ; .
10 5 50 i 100 10 25 50 75 100
. 1 . . g
Cd concentration (mg L") Ni concentration (mg L")

Figure 5.3. Effect of initial Cd and Ni concentration on removal efficiency by P. stutzeri and

PRHB (a) Cd (b) Ni.

5.2 Cd AND Ni REMOVAL BY RHB, P. stutzeri, AND PRHB AT OPTIMIZED
OPERATING CONDITIONS

Experiments were conducted to assess the removal of Cd and Ni by RHB, P. stutzeri, and PRHB

under optimized conditions of incubation temperature of 37 °C, initial solution pH of 7.0, PRHB

dosage of 2 g L™!, 36 h of incubation time, and 10 mg L™ initial Cd and Ni concentration (Figure

5.4). The results demonstrated that RHB achieved 48.67 % Cd removal and 45.35 % Ni removal

. P.

stutzeri exhibited the capability to eliminate 63.3 % of Cd and 67.6 % of Ni from the solution. This

metal ion-resistant bacterium demonstrated resistance to Hg and Cr in our preliminary microbial

tolerance study, suggesting its potential for removing these heavy metals. Furthermore, studies

by

Coelho da Costa Waite et al. (2021) employed P. stutzeri strain W228 to target Cu and Pb removal,
while Sathish Kumar et al. (2017) utilized P. stutzeri L1, and Kumari et al. (2020) employed P.

stutzeri Cr8 for chromium removal. The immobilization of cells on PRHB resulted in a substantial
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improvement in the removal of both Cd and Ni. This enhancement is attributed to the higher number
of cells attached to the biochar due to immobilization. The increased cell immobilization, coupled
with the enhanced biochar adsorption capacity, likely accounts for the superior Cd and Ni removal

observed with PRHB.

100

% Removal

P.stutzeri PRHB

Treatments

Figure 5.4. Comparative plot of Cd and Ni removal efficiency by RHB, P. stutzeri, and PRHB.
5.3 ADSORPTION STUDY
5.3.1 Adsorption Kinetics

The adsorption kinetics of RHB and PRHB were investigated using an initial Cd and Ni
concentration of 50 mg/L. To elucidate the adsorption mechanism and potential rate-limiting steps,
the experimental data were fitted to pseudo-first-order (PFO) and pseudo-second-order (PSO)
models, commonly employed in such studies. The majority of Cd and Ni ion sorption is followed by
a slower rate attributed to metal ion penetration into pores and interaction with internal active sites
until equilibrium is achieved, typically within 36 hours. Compared with the PFO model, the PSO
model fits the Cd and Ni adsorption kinetics data well for PRHB, with an R? value of 0.99 (Figure
5.5). The PSO model confirms chemisorption as the rate-limiting step by providing a more thorough

and accurate reflection of the adsorption mechanism of Cd and Ni onto the PRHB.
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model of Ni adsorption
5.3.2 Adsorption isotherm

The Langmuir and Freundlich isotherm models are commonly used and were fitted to the
adsorption data. The Langmuir isotherm model assumes that every molecule has a constant
adsorption activation energy and enthalpy and represents homogeneous adsorption. The Freundlich
1sotherm model is empirical and considers the surface to be heterogeneous. As depicted in Figure
5.7, the correlation coefficients indicated that the Langmuir model provided a better fit to the
experimental data compared to the Freundlich model for the Cd and Ni adsorption isotherms of RHB
and PRHB with various initial metal ion concentrations (ranging from 10 to 50 mg L") at pH 7.

According to the Langmuir parameters, PRHB exhibited the highest Cd adsorption ability (Table 2).
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This might be attributed to its large number of active sites, extensive surface area, strong affinity

towards Cd, and the presence of P. stutzeri cells. The Langmuir parameter Qm, with a value of 55.71

mg g’!, indicates the monolayer adsorption capacity.

Table 5.1. Adsorption kinetics and isotherm parameter values for adsorption of Cd and Ni by

PRHB.
Models Model Parameter PRHB Cd PRHB Ni
Pseud dord Qe(mgg) 35.71 35.06
seu ‘L‘?e"t‘?n order Ko(gmg 'hh) 0.013 0.014
fnetes R2 0.99 0.99
Qm(mgg") 55.71 50
Langmuir isotherm Ki (L mg) 0.25 0.16
R?2 0.99 0.99

Langmuir and Freundlich models represented monolayer and multi-layer adsorption on the

surface of biomaterials, respectively. From Langmuir’s fitting parameters, the maximum adsorption

capacities (Qm) values for Cd and Ni on PRHB were 55.71 mg g™ and 50 mg g”!, respectively. On

Cd and Ni adsorption, the correlation coefficient (R?) fitted by the Langmuir model was greater than

that of the Freundlich model. These results indicated that Cd and Ni adsorption was monolayer

chemisorption and may occur on the surface of PRHB.
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models for Ni adsorption.
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5.4 REUSABILITY STUDIES

Five consecutive Cd and Ni removal experiments were carried out under optimized conditions
to investigate the continuous application of P. stutzeri and PRHB. The result showed that the initial
Cd removal efficiency of PRHB was 95 %. In contrast, the second and third cycles showed 91 %
and 89 %, revealing their steady removal efficiency up to 3 cycles (Figure 5.9a). Whereas, free cells

demonstrated a reduction in Cd removal efficiency from 69.3 % to 8.7 % within the fifth cycle.
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Figure 5.9b shows the reusability study of PRHB in Ni removal. The Ni removal rates for PRHB
and free cells were 92 % and 67.6 % after the first cycle and decreased to 72.1 % and 18.5 % within
the fifth cycle, respectively. After the third cycle, PRHB had an 88 % removal rate, indicating that
the immobilized cell was more reusable than the free cell. PRHB could be reused in successive
removal experiments and had a high steady efficiency of Cd and Ni removal. 80 % of Cd and 72 %
of the Ni removal capacity was obtained for the 5th cycle, which demonstrated P. stutzeri
immobilized on rice husk biochar could sustain their heavy metal removal ability under several
cycles of reuse. Microbial cell counts also varied with each cycle; a decrease in cell number was
more pronounced with free cells. Cell number decreased from 7.6 to 3.2 Logio cells after five cycles
with 10 mg L' Cd and 6.8 to 3 Logio cells with Ni. PRHB showed 9.7 cells in the first cycle, which
decreased to 6.7 Logio cells after five consecutive experiments. The substantial decline in removal
efficiencies with P. stutzeri over each cycle may be caused by the inhibition of bacterial growth and
enzyme activity attributed to direct contact with Cd and Ni. On the contrary, when PRHB was reused,
some of the Cd and Ni were adsorbed by the carrier, reducing their toxic effects on the P. stutzeri

and promoting better bacterial activity.
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Figure 5.9. Reusability study of P. stutzeri and PRHB for (a) Cd and (b) Ni removal.
5.5 MECHANISM OF Cd AND Ni REMOVAL BY PRHB

The mechanism underlying the removal of Cd and Ni by PRHB is multifaceted. In comparison
to RHB and P. stutzeri, the Cd removal rate by PRHB escalated by 48.56 % and 33.64 %,
respectively. Similarly, PRHB-mediated Ni treatment exhibited a substantial increase of 50.77 %
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and 26 % compared to RHB and P. stutzeri. PRHB, achieved a maximum removal rate of 95.4 %

for Cd and 92 % for Ni, underscoring the synergistic efficacy of metal ion removal.

The mechanism involved in Cd and Ni removal by PRHB is analyzed through various
characterization techniques. The differences in functional groups of PRHB were analyzed using
FTIR spectroscopy to understand the role of PRHB-mediated Cd and Ni removal. As shown in
Figure 5.10, several significant changes were observed in the PRHB samples after incubation with
Cd and Ni, implying that various functional groups of PRHB participated in the removal process.
Prominent peaks in PRHB at 3054 cm™, 1594 cm™!, 1435 cm™ and 1053 cm™ were caused by the
vibrations of O-H, C=C, and -COOH, respectively. After the removal of Cd, the stretching vibration
peak of -OH shifted towards 3211 cm™ due to the substitution of some of the hydrogen in -OH. The
functional group at 1594 cm™ and 1428 cm™! indicates that C=C shifted to 1631 cm™ and 1445 cm’
!, respectively, and -COOH shifted from 1053 cm™ to 1044 cm™. The peak near 2325 cm™! can be
accredited to the C—N vibration that disappeared after Cd treatment, indicating the involvement of
the amine group in Cd removal emphasizing the synergistic interaction between the microorganism
and biochar. The extra peak observed at 1399 cm ™! indicated the presence of carbonate may be due
to the precipitation of Cd (Liu et al. 2020). Peak Si-O-Si at 557 cm! changed to 549 after Cd
treatment, suggesting CdSiO; precipitation due to SiO2 (Zhang et al. 2022). Similarly, PRHB after
Ni removal also showed C=C and -COOH peak shifts, such as a peak at 1428 cm ™! shifted to 1445
cm !, 1053-1061 cm™!, and the emergence of a new peak at 1399 cm™, attributed to carbonate
formation. This new peak at 1399 cm™ is indicative of the involvement of carbonate ions in a
reaction with Ni ions, resulting in the precipitation of nickel carbonate. This observation aligns with
Wu et al. (2021) (Wu et al. 2021) and Zhang et al. (2019) (Zhang et al. 2019) wherein the formation
of insoluble metal carbonate compounds signifies the removal of the metal from the solution. In
conclusion, PRHB treatment with Cd and Ni altered surface chemistry by modifying surface
functional groups. Notably, significant changes in FTIR spectra of -OH, C=0, -CN, and C=C
highlight the role of complexation in effectively removing Cd and Ni, giving insights into the

detailed changes in surface properties.

FE-SEM-EDS and elemental mapping were used to characterize the morphology and element
distribution in PRHB after treatment with Cd and Ni, as shown in Figure 5.11. It is assumed that

Cd does not affect P. stutzeri ability to grow inside the pore structure of biochar.
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Figure 5.10. FTIR spectra of PRHB before and after Cd and Ni removal.

The presence of P. stutzeri inside biochar pores despite Cd exposure suggests synergistic
interaction, reinforcing the biochar's role as a carrier and providing nutrients for cell growth.
Observing Figure 5.11a, minor alterations in the appearance and shape of surface-attached cells
were noted, marked by a red arrow. This observation indicates the response of P. stutzeri to Cd
treatment, emphasizing the adaptability of microorganisms to Cd stress. Notably, these surface-
attached cells exhibited a tendency to aggregate, forming clusters as a protective measure against
metal toxicity. This collective behavior underscores the synergetic interaction between
microorganisms and biochar, where the biochar matrix provides a conducive environment for
microbial growth, and the microorganisms, in turn, contribute to the efficacy of metal removal
through bioaccumulation. The element mapping revealed that P. stutzeri had a good tolerance to Cd,
and PRHB could adsorb and retain Cd on the surfaces. Thus, the slight morphological changes of P.
stutzeri appeared to be associated with Cd bioaccumulation, which may play an essential role in the

interaction of Cd with the bacterial surface (Huang et al. 2014a). Figure 5.11b and d depict the SEM
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images and EDS spectra of PRHB after Ni removal. Despite biochar structure disruption, P. stutzeri

inside RHB had intact cell structures protected inside the pore (Figure A1, Appendix II).
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Figure 5.11. FE-SEM image and corresponding EDS spectra of PRHB (a) and (c¢) after Cd

removal (b) and (d) after Ni removal.

Many granular materials were also observed in the inner pores of PRHB after Cd removal
(Figure A2a, Appendix II). EDS and elemental mapping were performed to further analyze those
substances on the surface and inside the biochar. Silica was found to be the most abundant element
on the surface and inner pores of biochar (Figure A2, Appendix II). The oxygen distribution
indicated silica oxide formation, which is consistent with the FTIR and XRD results. To verify the
occurrence of microbial mineralization, XRD analysis was performed. The XRD patterns for RHB
indicated the presence of Si0,, CaO, Ca(OH),, CaCOs, and MnO; (Figure 4.7b). This observation
was further confirmed through ICP-OES analysis, which revealed the presence of various minerals,
including Ca, Zn, Mn, Fe, K, etc., as outlined in Table 4.1. The formation of CaCO3 and Ca(OH),
was attributed to the microbial mineralization process, a clear indication of the active involvement

of microorganisms in metal ion precipitation. The XRD results also demonstrated the presence of
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heavy metal minerals on the biochar surface (Figure A3, Appendix II). Three distinct mineral peaks
corresponding to Cd precipitate, CdCO3, CdSiO3, and Cd (OH)> (JCPDS card 72-1939, 72-0969)
(Lai et al. 2022; Liu et al. 2023; Nie et al. 2023; Xu et al. 2013) were evident, suggesting that the
observed granular material was a result of Cd precipitation. Similarly, after Ni removal, XRD
analysis showed the peaks of NiO and Ni(OH), confirming the successful removal of Ni (Nie et al.
2023; Talebi et al. 2021; Xu et al. 2013; Zhang et al. 2019).

Microbial cell-mediated precipitation in PRHB was further studied using XPS. The
photoelectron lines revealed the presence of Cd and Ni in the PRHB after treatment (Figure 5.12a).
Two distinct peaks at 406.12 eV and 412.82 eV, corresponding to Cd 3d 5/2 and Cd 3d 3/2 were
observed after the deconvolution using Gaussian fitting. As per previous reports, the binding energy
of 404.87 eV was associated with CdO, while 411.66 eV was ascribed to CdCO; (Figure 5.12b)
(Chen et al. 2019b; Hossain et al. 2020; Shi et al. 2021; Yin et al. 2018). In the Ni 2p spectra, three
primary peaks at 848.21 eV, 851.06 eV, and 855.78 eV were identified as Ni (OH)2, NiO, and NiCOs3,
respectively (Prieto et al. 2012; Shi et al. 2021; Zhou et al. 2014) (Figure 5.12¢). This strengthens
the understanding of the remediation mechanism and also highlights the synergistic interaction
between P. stutzeri and RHB. The pronounced outcomes in mineral transformations, particularly the
precipitation of heavy metal compounds, highlight the cooperative influence of microbial activity

and biochar characteristics in the effective removal of Cd and Ni.
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Figure 5.12. (a) XPS survey spectra of PRHB before and after Cd and Ni treatment (b) XPS
spectra of Cd 3d and (¢) Ni 2p.
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The role of the ion exchange process in Cd and Ni removal was investigated. The amount of
exchanged metal cations (K™ and Mg?") released from PRHB in the solution was determined before
and after sorption. Table 5.2 shows the number of released cations (mequiv g'!). More Mg?* ions
were released into the supernatant during adsorption than K* ions. The increased amount of released
Mg?* and K ions after Cd and Ni adsorption indicated that these cations were released to the
supernatant, which participated in the ion exchange process.

Table 5.2. Molar equivalents of Mg?" and K* detected in the medium before and after Cd and Ni
removal.

Ions PRHB Cd PRHB Ni

mequiV.before | MEQUIV. after | MEQUIV.before | MEQUIV afier

Mg** | 0.01251 0.01382 0.01251 0.01300

K" 0.00097 0.00115 0.00097 0.001025

To ascertain the Cd and Ni removal mechanism of PRHB at the microbial level and to confirm
the protective properties of biochar, the total protein concentration of cells in metal ion -treated
solution was measured. Protein count decreased in the order of PRHB Ni >PRHB Cd > P. stutzeri
Ni > P. stutzeri Cd. PRHB showed a protein concentration of 16 pg mL™! for the Ni-treated solution
and 12 pg mL™! for Cd-treated solution. P. stutzeri showed less protein concentration of 3.8 ug mL-
Dafter Cd treatment and 5.2 ug mL"! after Ni treatment. These findings suggest the efficacy of PRHB
in mediating the response to metal ion stress, indicating a potential protective role of biochar in the
context of microbial activity (Manikandan et al. 2023). In summary, the current study proposes a

mechanism (Figure 5.13) that involves

. Initial adsorption of Cd and Ni onto a biochar surface with the oxygen-containing functional
group
. Binding of Cd and Ni to the biochar via ion exchange, complexation, and precipitation.
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. Transportation and sequestration of Cd and Ni into the cell cytoplasm causing intracellular

accumulation and cell death

Ion - Exchange

Cd?*

. - < - e "..7 ' , -k d
-------- Bioaccumulation P i : 1 T

! ¢ b o OH =meeee,
’ » ] )"

Figure 5.13. Schematic representation of Cd and Ni removal by PRHB.
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CHAPTER 6

Cd AND Ni REMOVAL USING P.stutzeri IMMOBILIZED RICE HUSK BIOCHAR FROM
SOIL

6.1 SOIL CHARACTERIZATION

The preliminary study demonstrated the efficacy of PRHB in removing heavy metals from water.
Further studies were employed to assess the effectiveness of PRHB in soil remediation. The
physicochemical properties of the soil utilized in the study are presented in Table 6.1. Textural
analysis showed that the soil was laterite loam with a pH of 6.30 and contained a high concentration
of Mn, Fe, and an optimal concentration of other soil micronutrients. Such laterite soil characteristics
have previously been reported and Mn and Fe toxicity is common in the laterite soils of Kerala

(Geetha and Sureshkumar 2018).

Table 6.1. Physicochemical properties of soil.

Soil parameter Value
pH 6.30
Soil organic carbon (%) 0.70
Available P (kg ha'!) 35
Available K (kg ha™!) 400
Zinc (mg kg™) 1.96
Manganese (mg kg™) 51.20
Iron (mg kg™) 74.50
Copper (mg kg™!) 4.70
Sulphur (mg kg™!) 3.97
Boron (mg kg™!) 0.40
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6.2 PHYTOAVAILABILITY OF Cd IN SOIL

The DTPA-extraction is usually employed to predict the mobility and bioavailability of heavy
metals (Qi et al. 2021). RHB, P. stutzeri, and PRHB were added to the Cd-contaminated soil and
their heavy metal immobilization abilities were analyzed by determining the DTPA-extractable Cd
(Figure 6.1). The soil was incubated and analyzed for 80 days to account for various factors
influencing changes in Cd concentration such as soil type, initial cadmium concentration, soil pH
buffering capacity, and microbial activity. Soil properties like, organic matter content, clay content,
and cation exchange capacity influence heavy metal solubility, mobility, and bioavailability, while
biochar properties like pH, organic carbon content, and surface area affect metal immobilization (Qi
et al. 2023; Shen et al. 2016). Considering the complex interactions involved, an 80-day duration
was chosen to ensure sufficient interaction between soil, biochar, and microbial communities, given
the slow microbial processes. Continuous monitoring was crucial due to uncertainty about the exact
duration needed for remediation. In previous studies, Tu et al. 2020 investigated cadmium and
copper removal from soil using Pseudomonas sp. NT-2 immobilized maize straw biochar with a 75-
day incubation period, while Chuaphasuk and Prapagdee (2019) analyzed remediation over a

duration of 60 days.

DTPA-extractable Cd was 6.80 mg kg ! in the soil initially. After incorporating P. stutzeri, RHB,
and PRHB in soil, the amount of Cd decreased significantly at all tested time points (7 to 80 days).
RHB amendment resulted in a decrease in Cd concentration to 3.20 mg kg'!, while the PRHB
amendment further lowered the Cd concentration to 2.20 mg kg™!. This led to a total reduction of
68.58 % compared to the control soil. Changes in soil properties induced by these amendments play
a pivotal role in altering the forms of metal ions (Hamid et al. 2020). PRHB demonstrated remarkable
efficacy in Cd removal from the soil. This effectiveness can be attributed to the characteristics of
RHB, such as its surface area and functional groups, which facilitate adsorption mechanisms and

bioaccumulation by P. stutzeri cells.
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Figure 6.1. DTPA extractable Cd concentration in the soil during incubation.
6.3 FRACTIONATION OF Cd IN SOIL

The assessment of heavy metal toxicity in soil relies on both the total quantity and chemical
speciation of these metals. Heavy metals exhibit distinct migration, transformation, and toxicity
patterns, with the following order: acid-soluble fraction > reducible fraction > oxidizable fraction >
residual fraction (Liu et al. 2018). Among these, the acid-soluble and reducible fractions are
identified as particularly harmful to organisms. The oxidizable fraction carries potential toxicity,
whereas the residual fraction, characterized by stability, poses lesser harm compared to other
speciation. In contaminated soil on the 0 day, Cd mainly existed in the acid-soluble fraction (60.8
%), followed by the reducible fraction (28 %) while the oxidizable and residual Cd accounted for
less (3.6 % and 0.4 %, respectively), After 80 days of incubation, the proportion of exchangeable Cd
in soil dropped to varying degrees, suggesting the exchangeable Cd fraction transformed into other
fractions. Application of RHB, P. stutzeri, and PRHB, reduced the acid-soluble fraction of Cd by
16.30 %, 17.5 %, and 27.6 % respectively (Figure 6.2).
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Figure 6.2. Percentage fraction distribution of Cd in soil with different treatments.

Enhancements in both residual and oxidizable forms were observed across all treatments. Changes
in chemical speciation indicated a transformation of acid-soluble Cd into oxidizable and residual
fractions. Consequently, the introduction of these materials led to a significant reduction in Cd
toxicity in the soil, with more pronounced effects noted when PRHB absorbents were added. This
trend aligns with the findings reported by Ma et al. (2020). Both acid-soluble and residual fractions
serve as indicators for assessing the efficacy of in-situ immobilization (Rinklebe et al. 2016). Recent
work by Nie et al. (2018) revealed a decrease in the labile fractions of Cd and Cu in soil with
increased biochar addition, accompanied by an increase in their recalcitrant fractions. In our study,
a parallel observation was made, wherein acid-extractable Cd concentrations in the PRHB treatment

were significantly lower than those in the control treatment.
6.4 CHANGES IN SOIL pH DURING THE INCUBATION

The impact of various treatments on Cd-contaminated soil revealed distinctive pH variations over
80 days. Notably, within the initial 7 days of incubation, both RHB and PRHB effectively elevated

the soil pH (Figure 6.3). In contrast, the control group demonstrated minimal fluctuations,

maintaining an initial pH of 5.6.

124



Control ——RHB
7.5 - a a —— P.stutzeri PRHB

__Jab

ab

a

be

T T T T T T T T
0 20 40 60 80

Incubation time (days)
Figure 6.3. Changes in soil pH during remediation.

The rapid increase in soil pH observed with the biochar amendments can be attributed to the
dissolution of alkaline substances, such as inorganic carbonate in the biochar. Significantly, the
PRHB treatment exhibited a more pronounced increase in pH, similar to the effect observed with
RHB alone. Specifically, PRHB demonstrated the highest pH increase, reaching 7.4, closely
followed by the RHB treatment, which showed a pH of 7.3. Rice husk biochar play a significant role
in correcting soil acidity due to their alkaline nature and high pH buffering capacity. During the
pyrolysis process, various cations present in feedstocks, such as Ca, K, Mg, Na, and Si, undergo
transformations into carbonates or oxides. These compounds then interact with H" ions and
monomeric Al and Fe species in soils, consequently elevating soil pH and reducing exchangeable
acidity(Novak et al. 2009). Yuan et al. (2011) emphasized that while carbonates and oxides
contribute significantly to alkalinity, functional groups within biochar, such as COO— and O— also
play a substantial role, especially when pyrolyzed at lower temperatures (500 °C). These functional
groups are capable of reacting with H' ions present in the soil solution, further influencing pH levels
(Dai et al. 2017). The treatment involving P. stutzeri resulted in a pH increase after the 20-day
incubation period. The fluctuation in soil pH associated with the P. stutzeri amendment signifies

survival and activity. The observed rise in soil pH following PRHB treatment can be attributed to
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the alkaline properties of rice husk biochar, including both its inherent alkalinity and the alkaline
substances released during its application, along with metabolites secreted by bacteria contain low

molecular weight compounds, contributing to the observed rise in soil pH.
6.5 SOIL ENZYME ACTIVITIES AND ORGANIC MATTER ANALYSIS

Soil enzyme activity is sensitive to various environmental stresses and is closely associated with
physicochemical properties, organic matter content, and biomass of microorganisms in the soil (Das
et al. 2021). Thus, it is well-recognized as an integrative bioindicator of soil health, soil fertility, and
soil quality (Gao et al. 2010). Soil phosphatase activity plays an important role in organic
phosphorous mineralization potential in soils (Wang et al. 2018a). Whereas 3 — glucosidase enzymes
are considered good soil quality indicators, and their activities are mainly associated with the carbon
cycle (Ferraz De Almeida et al. 2015). In the current study, all treatments increased the soil
phosphatase, B — glucosidase, and organic matter content although the extent varies (Figure 6.4).
Soil phosphatase activity increased from 23.42 to 35.4 nug p-Nitrophenol g™! of dry soil under PRHB
treatment, which was higher than RHB treatment (29.6 pg p-Nitrophenol g of dry soil). The
maximum [} — glucosidase activities were observed in PRHB-treated soil, which was 47.3 % higher

than those of the control soil.

The soil organic matter is the organic component of the soil that serves as a reservoir of nutrients
(Voltr et al. 2021). The application of biochar and PRHB significantly increased the soil organic
matter in all treatments compared to the controls. RHB may elevate the carbon availability in soil
and provide nutrient sources for microorganisms. They could also immobilize heavy metals and
reduce the toxicity to soil microorganisms thus increasing the microbial biomass and diversity,
which in turn promoted the soil enzymes activities. The porous structures of RHB provide habitats
for immobilized bacteria (Nie et al. 2018), which would be helpful for the proliferation of the

microbes and the improvement of soil enzyme activities.
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Figure 6.4. Effects of different treatments on soil enzyme and organic matter content.
6.6 INITIAL PLANT GROWTH STUDY

One of the indicators of soil heavy metal detoxification is the assessment of plant growth in
remediated soil. To study the effect of various amendments such as RHB and PRHB in soil on the
growth of Spinacia oleracea L., various parameters such as GP (%), SVI, MGT (days), MGR, GRI
(days), shoot length (cm) and root length (cm), has been measured. The Initial plant growth of
Spinacia oleracea L. is depicted in (Figure Al, Appendix III), showcasing the early seedling
development under various treatments. This protray (seed tray) study results provide a visual

representation of the comparative effects of different amendments on seed germination parameters.

GP is the number of seeds germinated divided by the total number of seeds sown. From Figure
6.5a, contaminated soil showed the lowest GP, i.e., 66.67 %, compared to other treatments. This can
be due to the toxic effect of Cd in the contaminated soil on the germination of seeds. Bautista et al.
(2013) showed that the GP of Spinacia oleracea L. is affected by Cd due to the toxic effects of
metals in direct contact with the tissues of the developing seedlings (Bautista et al. 2013). Ahmad et
al. (2012) reported that the Cd drastically affected spinach seed germination rate. 90 % GP was
obtained in treatment with PRHB. Application of RHB showed a GP of 86.6 %. The treatment with

PRHB showed better germination rates and SVI than individual free cell amendments (Figure 6.5b).

127



The increase in the GP was due to the removal of Cd from contaminated soil by biochar and

microbial cells, the improvement of soil properties, and an increase in soil fertility.

MGT, as shown in Figure 6.5c¢, is the measure of time the seeds spend to germinate. The lower
the MGT, the faster a population of seeds has germinated. MGT decreased in the order of Control >
P. stutzeri > RHB > PRHB indicates PRHB shows a lower value of MGT, which denotes faster
germination of Spinacia oleracea L. seeds. Similarly, the GRI indicates the percentage of seeds
germinated per day of the germination period. Control soil without Cd showed the highest GRI of
4.25 days, followed by PRHB treatment.

100
T T
(a) b (b) 700 - T
d 0
: / | / i
80 4 600 -|
7 be b
s |
e ,
2 g 5004
g 60 E 1
2 5 400 ¢
g 2 )
£ 40 '?3 300 - /
o 200
20 + 1
100 /
0 0

T T T T T T T T T T
Control Contaminated RHB P.stutzeri PRHB Contrel Contaminated RHB P.stutzeri PRHB

soil soil
Treatments Treatments
5 d
(c) ( ) s Shoot length
Root length a
4 5 ab
) ]
g 2 b ab
E = 4 7
g 3 g Z/
E .
k=) N g
z 2 N £
£ % z
b \ be a
\ Nl L . .
0- = 0 | G |

A
T T T T T
Control C°"ms':i‘{'“‘“‘ RHB Pstutzeri  PRHB Control Contaminated RHB Pstutzeri ~ PRHB

Treatments soil

Treatments

Figure 6.5. Germination and growth Parameters of Spinacia oleracea L. under different

Treatments (a) GP (b) SVI (¢) MGT, MGR, and GRI (d) vegetative growth.

Plant growth parameters such as shoot length and root length indicate the overall health of the
plant and changes in the soil qualities. After 10 days of germination, the seedlings were carefully

removed from the tray and cleaned with distilled water. The shoot length was measured from the
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soil contact point to the tip of the plant, and the root length was measured similarly (Mwenye et al.
2019). The measured shoot length and root length of the seedings from various treatments are shown
in Figure 6.5d. The results showed that the minimum shoot length (4.13 ¢cm) and root length (0.67
cm) were found in contaminated soil (Figure A1, Appendix III). This was due to the negative impact
of Cd ions on plant growth. The maximum shoot length was found in treatments that contained
PRHB, followed by RHB. Similarly, maximum root length was found in treatments PRHB. These
results show that biochar influences the growth of the plants and PRHB compared to free cells. It
can be due to the biochar's increased pH and organic matter. Furthermore, the application of the
PRHB alleviated the Cd toxicity to plants and positively impacted the metabolism of root exudates
(e.g., amino compounds, sugars, organic acids). These substances act as nutrients for microbes (Wu

et al. 2016) and thus indirectly enhance the soil enzyme activities.
6.7 BIOMASS AND Cd CONTENT OF Spinacia oleracea L PLANTS

A significant enhancement in plant growth was observed in spinach plants cultivated in Cd-
contaminated soil supplemented with RHB, PRHB, and P. stutzeri in contrast to the control soil with
spiked Cd (Figure 6.6). This observation suggests a positive impact of these treatments on the
growth of spinach plants under Cd-induced stress. Pot study results, depicted in (Figure A2,
Appendix III), further corroborate these findings by showcasing spinach growth under various
treatments in triplicate. Enhancement in dry biomass was noted in Spinacia oleracea L plants
cultivated in contaminated soil supplemented with RHB, P. stutzeri, and PRHB compared to the
control. This indicates a positive impact of these treatments on plant growth under Cd stress, with
PRHB treatment showing the most significant effect of a 94 % increase in dry-weight biomass.
PRHB exerted a better effect than RHB, P. stutzeri alone, indicating that the combination of P.
stutzeri and RHB had a synergistic effect in alleviating Cd-induced growth inhibition of spinach
plants. These treatments likely improved the physicochemical properties of the contaminated soil,
enhancing nutrient utilization by the plants (Ma et al. 2020). Moreover, the biochar used in the study
demonstrated Cd immobilization capacity, reducing the bioavailability and toxicity of heavy metals

in the soil (Wu et al. 2021).
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Figure 6.6. Growth of Spinacia oleracea L. under different treatments.

Heavy metals in soil could be readily uptake by various plants. Some heavy metal-tolerant
bacteria could change the speciation and mobility of heavy metal via bioaccumulation and
biosorption and relieve the heavy metal toxicity to plants. The application of RHB, P. stutzeri, and
PRHB resulted in decreased Cd content in Spinacia oleracea L plant shoots, with PRHB being the
most effective with 87.5 % reduction (Figure 6.7), followed by P. stutzeri. The decrease in Cd
content in Spinacia oleracea L. plant shoots treated with PRHB can be attributed to a combination
of factors. The RHB utilized in the treatment is rich in functional groups capable of binding and
adsorbing heavy metals. These functional groups may release anions that combine with Cd ions to
form carbonate and precipitation, thereby reducing the availability of metals for uptake by spinach
plants. Additionally, the application of PRHB enhanced soil properties conducive to Cd retention,
such as increased pH or enhanced cation exchange capacity, thereby reducing Cd mobility and
limiting uptake by plant roots. The presence of P. stutzeri immobilized within PRHB could further
contribute to the decrease in Cd content in plant shoots. These bacteria may facilitate the conversion
of Cd to less bioavailable forms or enhance the plant's tolerance to Cd stress through various
mechanisms, including interactions with bacterial cell walls, cell secretions such as phytochelatin
production or induction of antioxidant enzymes, and plant root exudates, further diminishing the
accumulation of Cd in plants. Some studies also suggest that bacterial inoculation can modulate the
expression of metal transporter genes in plants, reducing heavy metal accumulation (Xu et al. 2018).

Additionally, the carbon source released by biochar, along with its pore structure, may provide
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nutrients and habitat for heavy metal-immobilizing P. stutzeri, indirectly restricting Cd transfer to
plants by promoting microbial activity that aids in Cd immobilization in the soil. The combined
effects of RHB's metal-binding properties, microbial interactions facilitated by P. stutzeri, and
biochemical processes in the soil contribute to the decrease in Cd content in Spinacia oleracea L.

plant shoots.
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Figure 6.7. Effects of different treatments on growth of Spinacia oleracia L. plants and Cd

accumulation.

The present study indicated the efficacy of PRHB, RHB, and P. stutzeri in mitigating Cd
contamination in soil. However, it's crucial to analyze the restrictions or limitations of these findings
in real-world situations. The experimental setup was conducted under controlled laboratory
conditions, which may not fully reflect the complexities of natural soil environments, including
variations in environmental factors and microbial interactions. Additionally, the study's duration was
limited to 80 days, providing only a short-term perspective on the long-term effectiveness and
sustainability of the applied treatments. Longer-term studies spanning multiple growing seasons
would offer a more comprehensive understanding of the persistence and durability of these
remediation approaches. Moreover, variations in soil characteristics such as texture, pH, and organic
matter content across different geographical regions may impact the applicability and effectiveness
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of the proposed remediation methods in diverse soil types. Therefore, while our findings show
promise, further research under broader environmental conditions and extended durations is
necessary to fully assess the practical applicability and scalability of these soil remediation

strategies.
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CHAPTER 7

OTHER BIOREMEDIATION STUDIES FOR THE REMOVAL OF METAL IONS USING
MICROBIAL CELL-IMMOBILIZED BIOCHAR

7.1 Cd AND Ni REMOVAL USING P. stutzeri IMMOBILIZED SAWDUST BIOCHAR
FROM WATER

7.1.1 Characterization of SDB and PSDB

Immobilization studies in section 4.3 indicated that SDB 500 °C 60 min immobilized the
maximum number of P. stutzeri cells. They were utilized for Cd and Ni removal from water. The
SEM result of SDB is depicted in Figure 7.1a. The surface morphology of biochar under 500X
revealed a porous surface texture, possibly due to the evaporation of volatile matter from sawdust
biomass during pyrolysis. Generally, the pore volume of the biochar is closely related to its bacterial
and heavy metal adsorption potential. It was observed that the distribution of honeycomb-like pores
on the surface of the SDB could facilitate the immobilization of P. stutzeri and metal ions. These
pores provide a large surface area, which enhances the contact between the biochar material and the
surrounding environment, including the bacteria and metal ions. This increased surface area allows
for more sites for bacterial attachment and colonization, enabling the biochar to act as a suitable
habitat for microorganisms like P. stutzeri. Moreover, the porous structure of the biochar also
promotes the adsorption of metal ions onto its surface. The intricate network of pores creates binding
sites where metal ions can adhere through various mechanisms such as chemical complexation and
physical adsorption. During the metabolic process of P. stutzeri, the SDB pore structure can act as a
transport channel for oxygen, micronutrients, and pollutants, making it an excellent carrier for
microbial cell immobilization (Huang et al. 2020a). Rashad et al. (2022) utilized pinewood sawdust

biochar as an effective biosorbent for PAH removal
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FESEM analysis of PSDB after lyophilization showed the presence of rod-shaped P. stutzeri, as
depicted in Figure 7.1b. The presence of bacterial cells on the surface and in the pores of biochar is
due to its large specific surface area and a high number of micropores, which have a high

immobilization capacity for microorganisms (Zhang and Wang 2021b).

X588 SEum

Figure 7.1. (a) SEM image of SDB, (a) PSDB at 3 KX, and (c) PSDB at a 10 KX magnification.

The elemental composition of SDB showed carbon (64.01 %) and oxygen (34.21 %). This
suggests the abundance of oxygen-containing surface functional groups in SDB, the primary metal
adsorption sites (Chi et al. 2017). The specific surface area of 195.68 m?g™! and total pore volume of
0.99 cm’g’! and average pore diameter obtained is 0.9 nm, indicate significant porosity within the
biochar matrix. A larger specific surface area correlates with a stronger adsorption capacity of
biochar towards heavy metals. This is because a higher specific surface area provides more
adsorption sites for metal ions to attach to the biochar surface. Additionally, the porosity of biochar
enhances its adsorption capacity by providing additional space for metal ions to interact with the
biochar matrix. the pore size of biochar is a critical factor in the adsorption process. Biochar with
smaller pore sizes may be limited in its ability to capture larger adsorbates, regardless of their charge
or polarity. Present study indicated that the number of micropores formed by pyrolysis and the pore
structure developed fairly. SEM analysis of SDB revealed abundant pore distribution. This structural
property provides a suitable habitat for microbial colonization and proliferation, with numerous
micropores offering a high adsorption capacity for bacteria. This provides space for the growth and
reproduction of microorganisms and is more favorable for increasing cell density. Biochar can obtain

more effective adsorption sites during removal due to its loose and porous structure, large total pore
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volume, and surface areas (Song et al. 2014). BET surface area, total pore volume, and average pore
size of the SDB after immobilization with P. stutzeri were much less compared to pristine SDB,

confirming the immobilization and colonization of P. stutzeri on biochar.

Table 7.1. Elemental composition and extractable minerals present in SDB.

Elemental composition (% Extractable minerals (mg kg™')

mass-based)

C H N O Ba | Fe Mg Mn | Zn K | Cu Pb
64.02 | 0.5 | 098 | 344 | 22 | 67397 | 614 | 869 | 11.5 | 12| 40 2.7

Table 7.1 indicates the extractable nutrients and minerals in SDB. Based on the ICP analysis
results, SDB comprises various mineral constituents, such as Fe, Mg, Mn, Zn, K, Cu, Pb, etc., that
could support nutrients for the growth of P. stutzeri. Heavy metal removal can be accompanied by
releasing metal cations such as K" and Mg?" in the biochar as exchangeable cations to increase

efficiency (Zhang et al. 2015a). A study by Ye et al. (2017) suggested that bacteria could adhere to

the mineral-enriched region of biochar.
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Figure 7.2. FTIR spectra of P. stutzeri, SDB and PSDB.

Surface functional groups can provide information about SDB properties, P. stutzeri
immobilization, and their interactions with the metal ion. Figure 7.2. represents the FTIR analysis
of P. stutzeri, SDB and PSDB. The main functional groups of SDB involve a broad transmittance
band of 3337 cm™! (-OH); the bands at 1569 and 1409 cm™! represent the C=C stretching vibration
of the biochar and —CH, groups (Pua et al. 2013). An intense band occurring at 1036 cm™! is due to
C—O stretching and is associated with oxygenated functional groups of cellulose, hemicellulose, and
lignin. PSDB displayed O-H stretching vibration of the hydroxyl group, mainly responsible for the

peak at 3251 cm'. P. stutzeri spectral peaks at 2850 cm!

for C-H bending vibrations were
introduced in PSDB, which were absent in SDB (Figure 7.2). Some bands in SDB shifted to a lower
frequency from 1409 to 1396 cm™'. Increases in peak intensity were more pronounced after the

1

immobilization of P. stutzeri for the peak at 1569 cm ™, representing C—H bending vibrations of fatty

acids and lipids on the bacteria surface. The FT-IR spectrogram indicates that the microorganisms
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are successfully loaded onto the SDB and that the complex integrates biochar and microbial

functional groups, improving the stability and removal capacity of the PSDB.

7.1.2 Effect of Operating Conditions on Ni Removal
7.1.2.1 Effect of incubation time

The influence of incubation time on Cd and Ni removal efficiency by P. stutzeri and PSDB is
depicted in Figure 7.3a. Cd removal efficiency increased with incubation time, from 15.5 % to 48
% for P. stutzeri and from 42.56 % to 65.6 % for PSDB from 6 to 42 h. A steep increase in Cd
removal efficiency was seen until 30 h for PSDB, whereas P. stutzeri showed a significant increase
until 36 h. Ni removal efficiency increased from 18.6 % to 44.6 % for P. stutzeri and 38.52 % to
63.6 % for PSDB, with an increase in incubation time from 1 to 42 h at an initial Ni concentration
of 50 mg L'!. Maximum Ni removal of 63.6 % was observed at 36 h for PSDB, whereas P. stutzeri
showed only 43 % at an initial Ni concentration of 50 mg L™'. Maximum removal efficiency occurred
when most cells had reached the stationary phase, and cell density was the highest. Huang et al.

(2014) reported that higher cell densities in the stationary phase caused a higher metal accumulation.
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Figure 7.3. Cd and Ni removal by P. stutzeri and PSDB (a) Effect of incubation time (b) Effect of
initial pH.

The delay in PSDB reaching maximum capacity compared to P. stutzeri was attributed to PSDB’s

high complexity of Cd and Ni removal. During this process, Cd and Ni were first attached to the
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biochar surface and then slowly adsorbed into the internal pores of the biochar and transferred into

the P. stutzeri cell wall, causing a delay in equilibrium.

7.1.2.2 Effect of initial pH on Cd and Ni removal

PH is a primary factor influencing microbial growth and enzyme activity (Zhao et al. 2020). The
effect of initial pH on metal ion removal efficiency was evaluated with experiments conducted at Cd
and Ni concentrations of 50 mg L', temperature of 37 °C, and contact time of 36 h. Metal ion
removal efficiency of PSDB increased from 5.0 to 7.0 and displayed 68.02 % for Cd and 63.6 % for
Ni at pH 7.0 (Figure 7.3b). In the same condition, free cells showed an increase in removal from
23.32 to 50.68 % and 26.72 % to 44.38 % for Cd and Ni, respectively. The metal ion removal
capacity of PSDB and P. stutzeri varied with the change in pH. However, the removal efficiency
was more pronounced in the case of the free cell with an increase in pH compared to PSDB. That
was mainly attributed to the outer surface of PSDB loaded with various functional groups and a
certain number of bacteria. This compact outer layer and inner space offered great buffering capacity
for Cd and Ni removal due to the unaffected metabolism in PSDB rather than in free cells.
Additionally, microbial cells are prone to modify their protein folding in unfavorable pH conditions,
thereby reducing metal removal efficiency. The present result was similar to the findings of (Argun
2008) and showed the maximum Ni removal activity under the optimized conditions of pH ~7.0
using clinoptilolite.

The decrease in heavy metal ion removal at lower pH is due to the protonation of surface groups
by H" ions, which competed with heavy metal ions (Aslam et al. 2020). The surface groups became
deprotonated with the increase in pH, and heavy metals were bound to the surface of the biochar. A
study carried out by (Bogusz et al. 2017) indicated that when pH was strongly acidic, the Ni was
present in the form of Ni ion in the solution, while in the medium acidic pH, Ni was present in the
form of Ni (OH)". The second form of ions was adsorbed more quickly due to lower electrostatic
repulsion between the ion and the surface. Based on these findings, Ni removal by PSDB may be
followed by precipitation. The removal efficiency in the immobilized system was higher than that
of the free cells in the above-tested pH conditions, suggesting that SDB can act as a barrier and
carrier for bacteria and ensure the viability of cells, thus improving the total metal ion removal

efficiency.
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7.1.2.3 Effect of temperature

Temperature affects the stability and configuration of the cell wall by changing the surface
functional groups and the binding sites for metal ions. PSDB—mediated Cd and Ni removal was
investigated at 25, 30, 35, 37, and 40 °C to study the effect of temperature. PSDB showed a Cd
removal efficiency of 43.82 % at 25 °C, increasing with temperature rise (Figure 7.4a). The
maximum removal efficiency of 67.86 % Cd and 64.54 % of Ni was obtained at 37 °. P. stutzeri also
demonstrated the same trend of increase in metal ion removal with an increase in temperature from
25 to 37 °C because the temperature is a critical factor that regulates the bacterial metabolism and
growth rate by affecting the stability of the cell wall. P. stutzeri strains are more active at
temperatures between 30 and 40 °C. Thus, the metabolism could be enhanced under optimal
temperature, thereby increasing the metal ion removal efficiency. Bacterial-mediated metal ion
removal mainly occurs through bioaccumulation and appears to be temperature-dependent. Metal
solubility and membrane-binding affinity of metal ions to the bacterial cell wall can be increased at
an optimum temperature, accounting for increased removal efficiency. In PSDB, the pore structure
enlarges when the temperature increases, creating more surfaces for metal ion adsorption (Saleem

et al. 2007).
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Figure 7.4. Cd and Ni removal by P. stutzeri and PSDB (a) Effect of incubation temperature (b)

biocatalyst dosage.

139



A decrease in Cd and Ni removal at higher temperatures could be due to cell wall disruption or a
weak interaction between the active site and metal ions. Finally, the incubation temperature on the
removal efficiency of Cd and Ni showed that both PSDB and free cells possessed the highest activity
at 37 °C. Similar results have been reported in the bioaccumulation of Ni by Desulfovibrio

desulfuricans, where maximum Ni removal was obtained at 37 °C (Joo et al. 2015).

7.1.2.4 Effect of biocatalyst dosage

PSDB with various dosages (0.5, 1, and 2 g L—1) were employed in the Cd and Ni solution with
an initial concentration of 50 mg L™! at pH 7.0 to enhance metal ion removal. As shown in Figure
7.4b, increasing the dosage of the biocatalyst enhanced the removal efficiency. The maximum
removal efficiency of 73.3 % Cd and 71.6 % Ni was achieved with a PSDB dosage of 2 g L™!. The
free cell-mediated Cd removal efficiency was 61.4 %, and Ni was 54 % under the same conditions.
An increase in removal efficiency with biocatalyst dosage can be attributed to increased biochar

surface area, availability of more adsorption sites, and a functional group for metal removal.

7.1.2.5 Effect of initial metal ion concentration

The effect of initial metal ion concentration on the removal of Cd and Ni by PSDB is shown in
Figure 7.5. The removal efficiency decreased from 86.19 % to 61.77 % and 82.87 % to 58.3 %,
increasing Cd and Ni concentration from 10 to 100 mg L™'. At lower concentrations, all metal ions
in the solutions could interact with the cell’s binding sites; thus, the percentage removal was high
initially. The decrease in the percentage of removal efficiency with concentration was due to the
exhaustion of the adsorption sites available on the biochar for a given dosage. With the increase in
Cd and Ni concentration, cell number decreased from 8.7 to 5.6 Logio cells and 8 to 4.6 Logio cells,
respectively, suggesting that total removal was critically linked to cell viability and activity. During
metal removal, adsorption sites on the PSDB surface were more easily occupied when the initial
metal ion concentration was low, and the bioaccumulation by growing bacteria was inhibited
insignificantly, resulting in a significant increase in metal ion removal, while at higher
concentrations, adsorption sites gradually achieved saturation, and bacterial growth was
significantly inhibited. Moreover, SDB provided shelter for the free cells due to its pore structures,

thereby prolonging the survival of immobilized bacteria in a stressful environment.
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Figure 7.5. Effect of initial metal ion concentration on removal efficiency by P. stutzeri and PSDB

a) Cd b) Ni.

7.1.3 Cd and Niremoval by SDB, P. stutzeri, and PSDB at optimized operating conditions

Cd and Ni removal experiments by SDB, P. stutzeri, and PSDB were performed at an optimized
incubation temperature of 37 °C, initial solution pH of 7, PSDB dosage of 2 g L ™!, 36 h of incubation
time, and 10 mg L! initial metal ion concentration (Figure 7.6). Results indicated that the free cells
removed Cd and Ni by 63.3 % and 67.6 %, respectively. Typically, Ni removal by free cells could
be from bioaccumulation by the bacterial cells. SDB showed 42 % Cd and 38 % Ni removal through
adsorption, whereas cell immobilization on SDB exhibited a significant enhancement of metal ion
removal performance of 86.2 % and 82.87 %. Immobilization can cause a higher number of cells
attached to biochar. A more significant number of immobilized cells and biochar adsorption capacity
could be the reason for the highest metal ion removal by PSDB. It is suggested that the pore structure
of the SDB provides a relatively stable growth environment for P. stutzeri and protects them from

the toxicity of metal ions.
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Figure 7.6. Comparative plot of Cd and Ni removal efficiency by SDB, P. stutzeri, and PSDB.

7.1.4 Reusability of immobilized cell

Regeneration of material is a crucial factor for their use in water treatment. To investigate the
continuous application of PSDB, five consecutive experiments were carried out. The results showed
that the initial Cd and Ni removal efficiency of PSDB was 86.2 % and 83%, respectively. In
comparison, the second and third cycles showed 83 % and 76 % of Cd and 80 % and 75% of Ni,
revealing its steady removal efficiency (Figure 7.7). PSDB maintained a 75 % Ni removal rate after
the third cycle, indicating the reusability of the immobilized cell. Huang et al. (2020) used algae
biochar to immobilize Proteus mirabilis PC801 to maintain the chromium removal rate and observed

stability until the third cycle.
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Figure 7.7. Reusability study of P. stutzeri and PSDB for (a) Cd and (b) Ni removal.

Microbial cell count varied from 7.8 to 4.9 Logio cells after five cycles with 10 mg L™ Ni and
8.7 to 6.25 Logio cells after Cd (Figure 7.7). This gradually decreases over each cycle due to cell
washout or cell death of surface-immobilized cells from direct contact with metal ions during
experiments. A constant number of cells was retained after two cycles of treatment with PSDB. This
might be because biochar served as a carrier with multiple porosities and offered enough space and
a stable microenvironment for the growth of bacteria. Immobilization facilitated its repeated use,

cutting costs and making biocatalysts more viable.

7.1.5 FTIR analysis of PSDB after Cd and Ni removal

FTIR absorption peaks of PSDB before and after treatment with Cd and Ni*" are represented in
Figure 7.8. The changes in peak indicate the attachment of metal ions with various functional groups
existing on the SDB and P. stutzeri cell membrane. FTIR spectrum produced by PSDB after Ni**

removal showed significant changes at 3273, 2962, and 1575 cm™!

, regions representing the
stretching of O—H, C-H, C=C, respectively. The peaks representing hydroxyl groups at 3251 and
1020 cm™! in SDB were changed significantly. After the removal of Cd and Ni, the stretching
vibration peak of O—H shifted from 3251 to 3308 cm™! and 3273 cm! respectively due to the
substitution of some of the hydrogen in O—H, which indicated that the adsorption could occur

through the interaction between surface hydroxyl groups and metal ions. Moreover, the intensity of

143



peaks at 1396 and 1241 cm™! regions represented the bending of CH3 and deformation of the C—H
group, respectively, reducing to 1377 and 1243 cm ™! for Cd and 1384 and 1230 cm™! for Ni after

treatment.
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Figure 7.8. FTIR spectra of PSDB before and after Cd and Ni removal.

7.2 Bacillus sp IMMOBILIZED RICE HUSK BIOCHAR TO REMEDIATE Cd
CONTAMINATED SOIL

7.2.1 Phytoavailability of Cd

In this study, we investigated the remediation of DTPA phytoavailable Cd in soil using three
distinct treatments: rice husk biochar, Bacillus sp, and BRHB. The DTPA phytoavailable Cd
concentrations were monitored over 80 days to assess the efficacy of each treatment. In the control
soil spiked with Cd, the concentrations exhibited a gradual decrease from 6.8 mg kg™! at 7 days to

5.2 mg kg! at 42 days due to the indigenous microorganisms present in the soil. Treatment with
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RHB showed consistent reductions in Cd concentrations, with values decreasing from 4.1 mg kg™!
to 3.5 mg kg over the same period (Figure 7.9). Bacillus sp treatment demonstrated notable
efficacy, leading to a decrease from 6 mg kg to 4.2 mg kg'!, while the BRHB treatment
outperformed all, with concentrations reduced from 5.2 mg kg! to 3 mg kg™!' within 42 days and
further reduced to 2.6 mg kg™! after 80 days of remediation. These findings highlight the potential of
BRHB as an effective remediation strategy for DTPA phytoavailable Cd. As revealed by SEM
characterization, RHB has a high specific surface area and porous structure, which could strongly
adsorb metal ions. Moreover, our results and previous studies demonstrated that heavy metal-tolerant

bacteria could immobilize metal ions, thus inducing the decline of DTPA-extractable Cd in soil.
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Figure 7.9. DTPA extractable Cd concentration in the soil during incubation.
7.2.2 Fractionation of Cd in soil

The investigation into Cd remediation strategies employing RHB, Bacillus sp cells, and BRHB,
yielded significant alterations in Cd fractions. The acid-soluble fraction, indicative of Cd
bioavailability and potential toxicity, exhibited a consistent decrease across all treatments compared
to the control soil spiked with Cd. Application of RHB, Bacillus sp, and BRHB reduced the acid-
soluble fraction of Cd by 16.3 %, 12.5 %, and 21.3 %, respectively, compared to the control soil
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(Figure 7.10). In terms of reducible fraction, reductions were observed in all treatments: RHB (25
% decrease), Bacillus sp (20 % decrease), and BRHB (32.5 % decrease) compared to the control
soil. Similarly, the residual fraction showed a notable increase in all treated samples. BRHB
exhibited the highest percentage increase, implying a 19 % augmentation in the stable and less toxic
form of Cd, suggesting a synergistic impact of combining Bacillus sp with rice husk biochar. These
findings underscore the effectiveness of the applied remediation strategies, with BRHB
demonstrating the most pronounced shift in Cd fractions, emphasizing the remediation processes'

efficiency in influencing Cd speciation.
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Figure 7.10. Percentage fraction distribution of Cd in soil with different treatments.
7.2.3 Changes in soil pH during the incubation

The application of RHB and BRHB both elevated the soil pH during remediation. The control
group exhibited minimal fluctuations, maintaining an initial pH of 5.6. A quick increase in soil pH
was observed with the biochar amendments due to the dissolution of alkaline substances (such as
inorganic carbonate) in the biochar. The BRHB treatment exhibited a more pronounced increase in
pH, similar to rice husk biochar. In particular, the treatment with microbial cells increased the pH
in the soil after the 20-day incubation. The fluctuation in soil pH seen with Bacillus sp amendment

shows the survival of microorganisms. The substances secreted by bacteria might contain some low
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molecular weight compounds, which increase the soil pH. BRHB increased pH to 7.4, followed by
RHB treatment, which showed 7.3. The pH buffering ability of microbial cell immobilized biochar
influences the speciation and bioavailability of Cd, especially in acidic soil. The observed pH
changes suggest a promising potential for the remediation of Cd-contaminated soil. The application

of biochar, particularly in combination with microbial activity, appears to impact soil pH positively.
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Figure 7.11. Change in soil pH during the incubation time.
7.2.4 Soil enzyme activities and organic matter analysis

Soil enzyme activity is a comprehensive bioindicator for assessing soil health, fertility, and
quality (Gao et al. 2010). Soil phosphatase activity plays a pivotal role in the potential mineralization
of organic phosphorus in soil ecosystems (Wang et al. 2018). Similarly, B-glucosidase enzymes serve
as robust indicators of soil quality, mainly reflecting the carbon cycling processes within the soil
(Ferraz de Almeida et al. 2015). In the present study, all treatments exhibited a discernible increase
in soil phosphatase, B-glucosidase activities, and organic matter content, albeit with variations in
their magnitudes (Figure 7.12). Under the influence of BRHB treatment, soil phosphatase activity
notably rose from 23.42 to 37.84 ug p-Nitrophenol g™! of dry soil, surpassing the effects observed in
the RHB treatment (29.6 ug p- Nitrophenol g of dry soil). Concurrently, BRHB-treated soil
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displayed the highest B-glucosidase activities, registering a 43 % increase compared to the control
soil. Furthermore, applying both biochar and BRHB significantly elevated soil organic matter

content across all treatments, exceeding levels observed in control groups.
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Figure 7.12. Effects of different treatments on soil enzyme and organic matter content.

RHB may augment carbon availability in the soil, providing nutrient sources for microorganisms.
This action could potentially immobilize metal ions, mitigating heavy metal toxicity to soil
microorganisms and subsequently promoting microbial biomass and diversity, thereby influencing
soil enzyme activities positively. Additionally, the porous structures of BRHB were found to create
conducive habitats for immobilized bacteria, thereby promoting microbe proliferation and enhancing
soil enzyme activities. Furthermore, applying BRHB alleviates heavy metal toxicity in plants,
positively influencing the metabolism of root exudates, such as amino compounds, sugars, and
organic acids. These substances, acting as nutrients for microbes (Wu et al. 2016), indirectly enhance

soil enzyme activities.
7.2.5 Initial plant growth study

The impact of various amendments, such as RHB, Bacillus, and BRHB, on the growth of Spinacia

oleracea L. was investigated. Figure 7.13. illustrates the comparative effects of various amendments
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on seed germination parameters. The GP was lowest in contaminated soil at 66.67 %, attributed to

the toxic effects of Cd on seed germination (Figure 7.13a). BRHB demonstrated the highest GP at
90 %, outperforming RHB at 86.6 %. The application of BRHB and RHB exhibited superior

germination rates and SVI compared to control soil spiked with Cd (Figure 7.13b), with the

increased percentage attributed to Cd removal, soil property improvement, and enhanced soil

fertility.
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Figure 7.13. Germination and growth parameters of Spinacia oleracea L. under different

treatments (MGT, MGR and GRI (d) vegetative growth.

MGT, representing the time seeds take to germinate, decreased in the order of Control > Bacillus

sp > BRHB > RHB, indicating that RHB led to faster germination of Spinacia oleracea L. seeds
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(Figure 7.13¢). Similarly, the GRI, indicating the percentage of seeds germinated daily, was highest
in control soil without Cd, followed by BRHB treatment. Plant growth parameters, such as shoot
and root length, provide insights into overall plant health and environmental changes. Results after
10 days of germination showed that contaminated soil exhibited the minimum shoot length (4.13
cm) and root length (0.67 cm) due to the negative impact of Cd ions (Figure 7.13d). Treatments
with BRHB and RHB showed the maximum shoot length, indicating a positive influence on plant

growth (Figure A1, Appendix IV).
7.2.6 Biomass and Cd content of Spinacia oleracea L plants

The remediation efficacy of Cd spiked soil was assessed using various treatments, including rice
husk biochar (RHB), Bacillus sp, and BRHB, focusing on their impact on biomass content and Cd
accumulation in spinach plants. In contrast to the control group, where soil was spiked with Cd, a
substantial enhancement in plant growth was evident in spinach plants cultivated in Cd-contaminated
soil supplemented with RHB and BRHB (Figure 7.14). Pot study results, illustrated in (Figure A2,
Appendix IV), further support these findings, showcasing spinach growth under various treatments
in triplicate. Enhancement in growth might be attributed to the improvement of soil physio-chemical
properties in the presence of biochar, thereby promoting nutrient uptake and utilization by vegetables

(Ma et al. 2020).

Control ontrol
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Figure 7.14. Growth of Spinacia oleracea L under different treatments.

150



The control group, representing Cd-stressed plants without remediation, exhibited less biomass
and a high Cd content of 1.88 mg kg™!, highlighting the detrimental effect of Cd stress on plant
growth. The application of RHB significantly improved biomass to 42 mg plant *' and reduced Cd
content of 0.66 mg kg™!, emphasizing the potential of rice husk biochar in mitigating Cd uptake by
spinach plants. Bacillus sp contributed to increased biomass but demonstrated a less pronounced
effect on Cd reduction 0.86 mg kg™'. In contrast, BRHB treatment synergistically enhanced both
biomass 58 mg plant " and reduced Cd content to 0.35 mg kg™, showcasing the combined efficacy
of Bacillus sp and rice husk biochar in alleviating Cd-induced stress on spinach plants (Figure 7.15).
RHB, rich in functional groups capable of binding metal ions, can release anions that combine with
Cd 1ons, forming carbonates and precipitates (Tu et al. 2020; Wu et al. 2021). This reduces the

availability of metal for spinach plants.
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Figure 7.15. Effects of different treatments on growth of Spinacia oleracia L. plants and Cd
accumulation.

Additionally, bacterial cell walls, cell secretions, and plant root secretions can bind with Cd in the
soil, thereby decreasing its accumulation in plants. The carbon source released by biochar and their
pore structure provides nutrients and habitat for heavy metal immobilizing microorganisms,

extending their life cycle and indirectly impeding Cd transfer to plants. Some studies also suggest
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that bacterial inoculation can modulate the expression of metal transporter genes in plants, reducing

heavy metal accumulation (Xu et al. 2018).

7.3 P. stutzeri IMMOBILIZED COCONUT SHELL BIOCHAR TO REMEDIATE Cd
CONTAMINATED SOIL

7.3.1 Characterization of CSB

Biochar pH and electrical conductivity are important variables because biochar additions
significantly impact soil properties (Noronha et al. 2022). Electrical conductivity represents salinity,
a key limiting factor for seed emergence, germination, and plant growth (Ren et al. 2022). The CSB
samples had a pH of 7.6 and high levels of electrical conductivity (221 puS cm™). SEM, BET, CHNS,
ICP, FTIR, and TGA spectrum analyses were carried out to characterize the microstructure,
functional groups, presence of extractable minerals, and thermal stability of CSB. Figure 7.16 shows
the surface morphology and EDS analysis of CSB. The SEM results showed a porous surface. One
of the most important factors influencing biochar functionality is surface area, as greater surface area
results in more porous structures within the biochar, while the EDX analysis showed C and K in

CSB, which are essential for plant growth (Figure 7.16b).
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Figure 7.16. Surface morphology of CSB (a) SEM images and (b) EDS analysis.

The BET surface area and total pore volume of the CSB were 1.46 m?g™ and 5.16 x 10 cc g,
respectively. These pores play an essential role when applied to the soil; CHONS analysis showed

biochar contains 76.6 % C, 2.04 % H, 21.07 % O, and 0.29 % N. ICP-OES analysis indicated that
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the produced CSB contains large amounts of K (1300 mg kg™') and also other essential plant nutrients

in required quantity such as 3.5 mg kg' Mn and 6.5 mg kg™! of B (Table 7.2).

Table 7.2. Elemental and nutrient composition of CSB.

Element

Mg K

Mn

/n | Cu

Co

Concentrations (mg kg') | 120 1300

3.5

43 | 7.5

0.5

Figure 7.17a shows the FTIR spectra for CSB. The peaks around 1375 cm ™' and 1600 cm™" are

due to C=C stretching of aromatic rings. The peaks at 1230 cm ™! and 1030 cm ™! can be attributed to

the C-O stretching in carboxyl, phenols, alcohols, or ethers. The existence of ethers, carbonyl

groups, phenols, and aromatic compounds confirms the coconut shell's lignocellulosic structure

(Castilla-Caballero et al. 2020; Yagmur and Kaya 2021). Hydrophilic functional groups like carboxyl and

hydroxyl confirm the hydrophilic nature of CSB (Gonzalez-Delgado et al. 2022). The TGA curves

are given in Figure 7.17b. The initial weight of coconut shell biomass used to prepare biochar was

50 g, which resulted in a final weight of 14 g CSB, and the yield was 28 % during the pyrolysis

process.
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Figure 7.17. (a) FT-IR spectra of CSB (b) Thermogravimetric analysis of CSB.

The weight of the coconut shell biomass was significantly reduced during pyrolysis at 450 °C.

The coconut shells consist of lignin, cellulose, and hemicellulose. At temperatures around 110°C,
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weight loss can be attributed to the loss of adsorbed water and partial dehydration of the cellulose
structural units (Das and Ghosh 2022). The weight loss at 250-300 °C corresponds to the degradation
of hemicellulose and cellulose (Shangdiar et al. 2021). The weight loss observed at temperatures
above 400 °C could be attributed to the decomposition/degradation of the remaining cellulose and

lignin (Kazimierski et al. 2022).
7.3.2 CSB as a soil enhancer
7.3.2.1 Effect of CSB particle size on soil water holding capacity

Water holding capacity is one of the most commonly reported soil hydraulic parameters
(Ghorbani et al. 2023) and a key indicator of soil quality and productivity (Guo et al. 2022). Figure
7.18a depicts the water-holding capacity of soil modified with 5 % CSB of varied particle sizes.
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Figure 7.18. Effect of CSB on soil water holding capacity (a) CSB particle size (b) CSB

concentration.

Laterite loam soil had a water-holding capacity of 23.16 %. With the addition of CSB, particle
size < Imm showed the highest water-holding capacity of 44.13 %, followed by 1-2 mm (32.36 %)
and 2-5 mm (30 %). Smaller-sized biochar particles can mix or interact with soil particles more
efficiently than large ones, forming aggregates (Verheijen et al. 2019b). CSB particle size of <1 mm
can fill porous structures in loam soils, increasing water flow. This rise can be attributed to a high

specific surface area, which changes inversely with particles. The significant increase in water
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retention due to particle size reduction assists the soil in retaining more water, increasing the
available moisture in the root zone and allowing longer intervals between irrigations (Das and Ghosh
2022). The effects of biochar amendment are determined by soil conditions, specifically soil texture

and mineralogy (Farooque et al. 2020).
7.3.2.2 Effect of CSB concentration on soil water holding capacity

Biochar amendment can influence the hydraulic properties of the soil-biochar mixture by
affecting soil aggregation and the creation of accommodation pores between biochar and
surrounding soil (Verheijen et al. 2019). The porosity and biochar concentration substantially impact
soil water holding capacity (Ghorbani et al. 2023). Figure 7.19b depicts the effect of CSB (< 1 mm)
on the soil's water-holding capacity with increasing biochar concentration. As the CSB concentration
increases, the water-holding capacity of the soil increases. At the lowest application rate (1 %), water
holding capacity increased from 23 % to 24 %, and higher concentrations of 5 % and 10 % resulted
in an increase of 33.8 % and 41.7%, respectively. The increase in water holding capacity caused by
the CSB amendment could be attributed to water accommodation in its inner pores. The study
confirmed the presence of numerous pores in CSB (Figure 7.16a) that can retain plant-available
water. In addition, the presence of hydrophilic functional groups in CSB (Figure 7.17a) also
contributed to water holding capacity. The results imply that CSB is a good amendment for
improving soil hydraulic characteristics. Because biochar increases the volume of stored water in
the soil, it may reduce irrigation frequency, positively affecting plant growth during water scarcity.
However, the variation in water-holding capacity depends on soil condition, biochar type, particle

size, and application rate (Ghorbani et al. 2023; Rabbi et al. 2021).
7.3.2.3 Effect of CSB and FYM amendment on seed germination

Three different concentrations (1 %, 5 %, and 10 %) of <1 mm - sized CSB, in combination with
FYM, were employed in the germination parameter study. The GP and SVI of FYM-supplemented
soil (57.14 % and 171.64) increased compared to the control (50 % and 158.33). On the contrary,
the application of CSB with FYM (1 %, 5 %, and 10 %) in the soil slightly decreased GP and SVI
compared to the sole application of CSB, as shown in Figure 7.19a. The GP of Solanum
lycopersicum L. varied from 78.57 % to 90.47 % with increasing CSB dosage, and SVI varied from
330.67 to 464.25 (Figure 7.19b). The increase in GP and SVI with 10 % CSB was marginal
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compared to 5% CSB (90.47 % vs. 85.71 % for GP and 464.25 vs. 445.72 for SVI), necessitating

the selection of 5 % CSB from an economic perspective.
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Figure 7.19. Germination parameters of Solanum lycopersicum L under different treatments (a GP
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Increased soil porosity, water holding capacity, and presence of nutrients following CSB
application could explain the improved Solanum lycopersicum L. seed germination in soil (Farooque
et al. 2020). Incorporating plant biomass-derived biochar into the soil system could have resulted in
a significant increase in mass during the early stages of development (Saletnik et al. 2019). GP and
SVI decreased with the combined application of CSB and FYM because nitrogen is one of the
prominent elements required for plants structural development and physiological metabolism. The
supply of N after mineralizing soil organic matter under FYM-applied treatments is a vital plant
nutrition process that the high C/N ratio of biochar may hinder. FYM contains nutrients like C, N,
P, and K and is commonly considered a good nitrogen source (Apori et al. 2021; Rehman et al.
2021). A study found that combined rice husk ash and FYM treatments resulted in higher soil N
content but lower microbial biomass N content. These observations revealed that most of the
nutrients available for plant growth might become tightly bound to the surfaces of high C/N ratio
biochar and remain unavailable to the plant roots, resulting in poor plant growth and crop

performance. In contrast, in another study conducted in silty loam soil with FYM application,
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nutrient immobilization caused by increased microbial activity resulted in poor nutrient availability

to crop plants and lower crop yield (Singh et al.2020).
7.3.2.4 Effect of CSB and FYM amendment on plant growth parameters

Effects of CSB and FYM on early seedling growth parameters such as shoot length, fresh weight,
and dry weight are represented in Table 7.3. Results showed that the amendment of CSB increased
the plant growth parameters more effectively than the control, FYM, and CSB with FYM
combination. Solanum lycopersicum L. showed a higher shoot length in FYM-treated soil (7.02 cm)
than in control (6.34 cm). The FYM with CSB combinations (1,5 and 10 %) displayed a slightly
lesser shoot length than the CSB alone treatment i.e., 1% CSB addition resulted in 8.14 cm, and
combined application of 1 % CSB with FYM showed 7.96 cm in shoot length. The highest shoot
length 0 9.16 cm was obtained with 10% CSB, almost equal to 5 % CSB addition (9.14 cm), whereas
1 % CSB resulted in 8.14 cm of shoot length. A similar pattern of results for fresh weight was
observed for 5 % and 10 % CSB (0.94 and 0.90 g respectively vs 0.62 g for control). The dry weight
of Solanum lycopersicum L. in control and FYM treatment were equal (0.11 g). However, CSB and
CSB with FYM combinations (1, 5 and 10 %) displayed a similar pattern as that of shoot length and
fresh weight. However, the difference was marginal i.e., dry weight of 0.18 g was observed for 10
% CSB application, whereas a similar concentration of CSB with FYM showed 0.16 g. Application
of CSB improved soil porosity and water-holding capacity, resulting in increased plant root
development and nutrient uptake. It also aided in enhancing plant biomass. The increase in plant
growth parameters in response to the application of FYM is adduced to the fact that FYM contains

nutrients like C, N, P, and K, which are released to the soil for plants compared with control.

Improvements in plant growth after the CSB amendment in soil could be directly attributed to
the organic carbon content in amended biochar (Farooque et al. 2020), and it was demonstrated to
be effective in enzyme synthesis, seed germination, and nutrient promotion (Rehman et al. 2020).
The application of CSB with FYM showed an increase in the plant growth parameters, but their
effect was less than treatments with CSB. The increase in plant growth has been attributed to

nutrients present in the CSB, which highly influenced seedling growth (Rehman et al. 2020).
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Table 7.3. Effect of biochar on shoot length, plant fresh weight, and plant dry weight in different

soil samples.

Treatments Shoot length (cm) | Fresh weight (g) | Dry weight (g)
Control 6.34+0.35 0.62+0.02 0.11+0.01
FYM 7.02+0.21 0.72+0.02 0.11+0.01
1 % CSB 8.14+0.48 0.80+0.02 0.15+0.01
1% CSB + FYM 7.96+0.48 0.74+0.03 0.12+0.01
5% CSB 9.14+0.36 0.94+0.02 0.20+0.03
5% CSB +FYM 8.16+0.55 0.78+0.03 0.16+0.02
10 % CSB 9.16+0.29 0.90+0.04 0.18+0.01
10 % CSB+FYM 7.5+0.26 0.71+0.04 0.16+0.03

7.3.2.5 Changes in soil properties after enhancement

The changes in soil properties were determined to verify the influences and enhancement effect
of CSB in the soil. Solanum Iycopersicum L. plants grown in control soil displayed less growth than
those with a 5 % CSB application rate (Figure A3, Appendix I). Table 7.4 indicates the changes in
soil parameters after enhancement. The pH increased in soil with 5 % CSB (6.6) compared to the
control (6.3) due to the alkaline composition of CSB because the carbonate component of alkaline
biochar helps liming in soils and can raise the pH (Sun et al. 2023). Soil organic carbon strongly
impacts soil quality and functionality (Rehman et al. 2020). The application of 5 % CSB increased
soil organic carbon from 0.70 to 0.82 %. A combination of macronutrients and micronutrients gives
the soil its optimum health (Singh et al. 2019). Zn content increased in soil modified with 5 % CSB.
The increase in Zn availability could be attributed to CSB containing Zn (Table 7.4) and the
subsequent release of Zn into the soil. The impact of biochar on soil pH can affect the concentrations
of micronutrients in the soil and their availability (Manikandan et al. 2022). Decreased soil available
Mn, Fe, and Cu with 5 % CSB addition may be due to increased soil pH. Biochar application can
also reduce soil micronutrient availability (Karimi et al. 2020). However, other studies observed

contrasting findings and reported adding biochar increased soil micronutrient availability (Das et al.

158



2021). The decrease in available S and B from 3.97 to 0.79 and 0.40 to 0.04 (mg kg™') could be

attributed to Solanum lycopersicum L. uptake, reducing their soil concentrations.

Table 7.4. Soil properties after enhancement.

pH | Soil organic | P | K Zn Mn Fe Cu S B
carbon
(%) (kg ha'') (mg kg™)
6.60 0.82 35 (301 | 227 | 1890 | 67.20 | 3.30 0.79 | 0.04

7.3.2.6 Soil enzyme activity after enhancement

Enzymatic activity in agricultural soils has long been used as a fertility and productivity indicator
(Muniswami et al. 2021; Noronha et al. 2022). High enzymatic activity rates are often used to
indicate good soil quality (Yang et al. 2020). The activity of B-glucosidase in the soil is essential for
catalyzing the hydrolysis of various -glucosides (Yadav et al. 2022). Phosphatase is an enzyme that
catalyzes the hydrolysis of anhydrous phosphoric acid in soil and indicates organic phosphorous

mineralization potential (Ouallal et al. 2022).
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Figure 7.20. 3-glucosidase and phosphatase activity of soil treated with 5 % CSB.
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Variations in phosphatase activity are a reliable indicator of soil fertility because they show
changes in the quantity and quality of phosphorated substrates (Ouallal et al. 2022). Figure 7.20.
depicts the soil B — glucosidase and phosphatase activities in the soil. When the soil was amended
with a 5 % CSB dosage, glucosidase activity increased from 20 to 27.63 ug of p- Nitrophenol g™! of
soil, and phosphatase activity increased from 28.4 to 32.64 pug of p- Nitrophenol g™ of soil. CSB
application positively affected soil enzyme activity in terms of its increment. Due to the presence of
organic carbon, amended CSB quickly decomposed, resulting in high enzyme activities (Noronha et

al. 2022).
7.3.2.7 Phyto availability of Cd

Heavy metal mobility and bioavailability are frequently predicted using DTPA extraction. The
DTPA-extractable Cd in the control soil was 1.3 mg kg™!, and the values decreased as the incubation

time increased (Figure 7.21).
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Figure 7.21. Changes of DTPA-Cd in the soil during remediation.

All the amendments showed a gradual decrease in DTPA-Cd with increased incubation time. The

addition of 5 % CSB reduced bioavailable Cd to 0.64 mg kg™ after 21 days of incubation. In contrast,
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the PCSB amendment reduced DTPA-Cd to 0.34 mg kg™'. Compared to the CSB amendment, PCSB
with the same dosage was more effective in reducing DTPA-Cd. It revealed a synergistic effect of
biochar and P. stutzeri on Cd immobilization. The variations in soil properties induced by
amendments are responsible for decreasing bioavailable metal concentration (Tu et al. 2020). SEM
and FTIR analysis revealed that the surface area and porous structure of CSB (Figure 7.16) could
adsorb metal ions, and functional groups on the biochar and bacterial cell surface could participate
in heavy metal biosorption. Furthermore, biochar could provide a safe habitat for P. stutzeri and
nutrient elements C, N, and P to P. stutzeri and indigenous microorganisms for growth (Wahla et al.
2020). Our findings also showed that CSB could significantly improve soil properties and enzyme
activities in sections 3.5 and 3.6. In addition, combining functional microbes and a biochar

amendment could be a promising technology for the sustainable remediation of polluted soil.
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CHAPTER 8

CP REMOVAL FROM WATER AND SOIL USING MICROBIAL CELL-IMMOBILIZED
BIOCHAR

8.1 ISOLATION OF CP- TOLERANT BACTERIA

CP- tolerant bacteria were isolated by enrichment and domestication techniques. This screening
process yielded eight morphologically diverse bacterial colonies (Figure 8.1), each subjected to
analysis for their tolerance to CP. Among these species, only three exhibited visible CP tolerance,
with one strain demonstrating superior growth at elevated CP concentrations (50 mg L)
Consequently, the bacterial strain displaying enhanced tolerance at higher CP concentrations was

isolated, and its broth culture was prepared using MSM.

Figure 8.1. Isolation of CP tolerant strain (a) Different colonies of bacteria grown in MSM+CP

plate (b) Purified CP tolerant isolates (¢) Selected isolate grown at 50 mg L' CP.
8.2 IDENTIFICATION OF CP DEGRADING BACTERIA

The isolated bacteria were first identified based on the morphological, and cultural characteristics
of individual colonies. The individual isolated colony was re-streaked on minimal salt agar plates

for identification. Selected strain showed gram negative rods and grown well in temperature range
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of 30-40 °C. 16 S rRNA gene sequencing for identification of bacterial phylogeny and taxonomy,
the isolated strain was identified as Aeromonas veronii (4A.veronii). BLAST analysis indicated that
the sequence exhibited 100 % homology with Aeromonas veronii strain LPD2SHD?2. The partial
16S rDNA nucleotide sequence was deposited to NCBI with the accession number OQ102239. The
phylogenetic tree was constructed using the partial 16S rDNA sequences of the isolate A. veronii
SVNITK with NCBI database sequences (Figure 8.2). Aeromonads are gram-negative facultative
anaerobes, commonly found in fresh surface waters (Szewzyk et al., 2000), which possess a wide
variety of exoenzymes, active in the biodegradation of organic compounds (amylases, proteases,

lipases, nucleases, etc.).

0.00
0.00 SV NITK
0.00 .
3.09 Aeromonas veronii strain LPD2SHD?2
0.02 ‘
Yersinia massiliensis strain 50640
0.00 0.00
3.39 Nissabacter archeti strain 2134
0.00 3.57
Carnobacterium maltaromaticm strain DSM 20342
11.60 0.00
Aeromonas fluvialis strain 717
0.02

Haemophilus piscium strain CIP 10616

Aeromonas jandaei strain FDAARGOS
18.11

Figure 8.2. Phylogenetic tree of A.veronii SV NITK.
8.3 GROWTH RESPONSE AND CP REMOVAL BY A. veronii

A time-dependent decrease in CP concentration by the A4.veronii strain is depicted in Figure 8.3.
At the beginning of the experiment, the bacteria exhibited less CP removal capacity in both 10 and
50 mg L' concentrations, indicating an initial adaptation to this pesticide. However, after 12 h, a
remarkable CP removal rate of 52.3 % (10 mg L!) and 27.38 % (50 mg L!) was observed. This
value increased further; at 60 h, the removal efficiency reached 92.12 % and 54.76 % for 10 mg L
and 50 mg L' CP, respectively. The progressive increase in CP removal percentage suggests the

ability of 4.veronii to adapt and enhance its degradation capabilities, possibly through activating
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specific metabolic pathways or the induction of hydrolytic enzymes responsible for CP breakdown

(Chishti et al. 2013).

Growth response and CP removal by A. veronii were conducted at an incubation temperature of
30 °C and an initial solution pH of 6.5. A. veronii exhibited maximum growth in the samples
incubated at 25-30 °C and declined at higher temperatures (Figure 8.3). Chen et al. (2019) and
Ormanci and Yucel (2017) reported optimal growth at 30 °C. Additionally, studies by Silambarasan
et al. Silambarasan and Abraham (2013) reported efficient CP degradation at 30 °C. The microbial
degradation of CP has been widely studied under a pH of 6.5 (Das and Adhya 2015b; Singh et al.
2006).
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Figure 8.3. Growth curve and CP removal efficiency of A4.veronii.

The growth curve of 4.veronii exhibited a time-dependent decrease in CP concentration (Figure
8.3), indicating an initial adaptation to the pesticide. After 12 h, CP removal rates reached 52.3 %
(10 mg L") and 27.38 % (50 mg L"), which further increased to 54.76 % (50 mg L™!) and 92.12 %
(10 mg L) at 60 h. This indicates the strain's ability to adapt and enhance its degradation

capabilities, possibly through activating specific metabolic pathways or hydrolytic enzymes.

165



Enzymes like hydrolases are pivotal in CP degradation, hydrolyzing its ester bond (Gao et al. 2012).
Specific enzymes such as organophosphorus hydrolase, phosphotriesterase, and organophosphorus
acid anhydrolase play key roles in catalyzing various organophosphorus pesticides. These enzymes,
present in diverse microorganisms, target specific bonds in pesticides, revealing varied pathways for
degradation. The growth of A.veronii in the presence of CP showed a lag phase at the onset, but at 4
h, the growth rate notably increased, peaking at 36 h (Figure 8.3). This suggests that the bacterial
strain can utilize CP as a carbon source for enhanced growth (Govarthanan et al. 2020; Shabbir et
al. 2018b). Studies on Cladosporium cladosporioides Hu-01 and Pseudomonas nitroreducens AR-
3, have demonstrated CP degradation (Aswathi et al. 2019b; Gao et al. 2012). The growth of
A.veronii in the presence of CP showed a lag phase at the onset, but at 4 h, the growth rate notably
increased, peaking at 36 h. This suggests that the bacterial strain can utilize CP as a carbon source

for enhanced growth (Govarthanan et al. 2020; Shabbir et al. 2018).
8.4 IMMOBILIZATION OF A.veronii

Pyrolysis temperature is essential to biochar properties during production (Manikandan et al.
2022). Surface area, pore size, and functional groups are important criteria for choosing biochar as
a carrier for immobilizing bacteria (Ajeng et al. 2020). Figure 8.4 depicts the impact of different
pyrolysis temperatures on CP removal and the immobilization of A.veromnii on biochar. Biochar
samples were produced at three different temperatures: 300 °C, 500 °C, and 700 °C, and the
immobilized cell number in terms of Logio cells g' of RHB and respective removal rates were
calculated. The results indicated significant variations in CP removal and immobilized cell numbers
among the different pyrolysis temperatures. At a pyrolysis temperature of 300 °C, the CP removal
percentage was 66.2 % with 5.2 Logio cells g' RHB of immobilized cells. As the pyrolysis
temperature increased to 500 °C, the CP removal percentage significantly improved to 95.6 %, and
the number of immobilized cells increased to 9.61 Logio cells g'. Interestingly, at a pyrolysis
temperature of 700 °C, the CP removal percentage decreased slightly to 88.46 %, while the number
of immobilized cells remained relatively high at 8.90 Logio cells g! RHB.

166



12

(;-8 NAD "807) adquunu (95 pazpIqounuy

~ o

R R R RN,
s
S S A SIS
S S S
S S TS S Y SN
S S s
S P S TS SN SN
R S S S S 0
R AR SRS
R R R R R R R E RIS
w». R RRRRI, v\”vxv\”vxv\”vxv».vxv\”vxwwvxuwvxuw

B5

%
A
3

RSO

RRRIIR

ORI GIGEN
S S S S T
S S s
S S S NS
A

DR PR
R N NS
5 % SIS

22 B
% % \u»,.vw»,@w»,@w»,.vw&v&vm R R R AR AR AERE

S S S )

M\
wm Yy Yy Yy S S S S N N8 N8 N0 PSS PN P8 P8 P8
% R

>
R A e B B RSB TE s
ARSI IR

X4
) A S AR SIS
2
R A R ARSI
5 AN NSNS

2
Nm AL J\tdm,.vx B A R A R R A R A R A R AR R AR LR AERE
2 % R A R R AR A NTREDEL:
S
o5 S S N S N N N SN SN N S NSNS

R ey
Y R R NI
S T R A A,
B A A R BT LG
R N SN
R R A R IO
S
N NN
P NN SRR %
B R R A R R PR R
I, =
SIS %
RRAPSBTIN
N

AT
S
Sy

«
%
2%
565

S AN S SN,
o A R NG R R BB EIELELE,
22 A R S A RS
.
% S s S SIS

e A s

R R G R BB LI
: -~
[pan S
B i R
R e R e SIS
R AR RABALEIIN R
R A A A A AR
PSP I I I TITITE:
S S S RS s
B PSP I IS BITITITE:
S S SIS S Py S S S SIS S S
S s
Sy Sy P Py PSS S S PS8 S S v
S NI
A R A A R R A A A AR AR R AR RARARARE
R A AR AR DB

B R R R R A R R AR AR AR
S A SIS
B S S S
R B BE LI
S S NS
AR A I NI ITRIN
R R R R R R R

2

CP removal (%)

—m— Cell number

80
0

2
(%) [eAowdI 4D

is
ing
4.4).
167

lys
te that

ica

igure

har's ability
ion capaci

ind

the bioc
f biochar produced
d growth (F
ings

increase in pyro

ing
ies 0

her temperatures likely

The find

18

provide favorable microhabitats for microbial attachment and subsequent metabolic activity

(Ajeng et al. 2020

700°C
ion an

har. Higher temperatures dur
izat

her pyrolysis temperatures, the loss

10C

CP removal percentage observed at

12
har surfaces can reduce the adsorpt

2019)

in

ty of b
Nevertheless, the substantial presence of

bial colon

.Ath
har maintains a favourable environment for

har produced at h
1n sorption capacity

1cro
10C

500°C
ht decrease
2017)

10C
ine

to m

10n Capaci

18
°C may be attributed to the thermal degradation of biochar's surface

ive
t al

1 decl

°C suggests that the surface propert
ia

Pyrolysis temperature (°C)

u e
icates that the b

1 groups on b

) (Zhao et al
5a) (L

d

bial activity, even with a potent

2019). The sl
in

300 °C
Sa

(300, 500, and 700 °C) and time 30 min.

4
°C

bonization, pore volume and surface area, enhanc
t al
4
functiona

iue
igure

d cells at 700

igure

L

b

ize

1S 1Icréasc car

The observed trend in CP removal percentage suggests that an
bil

Figure 8.4. Immobilization and removal efficiency of ARHB prepared at various temperatures
micro

to effectively adsorb CP molecules (Wang et al. 2015). The higher number of immobilized cells

temperature positively influences the sorpt
observed at 500 °C compared to 300

at higher temperatures are more conduc

The increased porosity and surface area of bioc
700 °C compared to 500

functional groups (F

of oxygen-containing

of CP molecules (F

pyrolys
immo



biochar produced at 500 °C immobilized cells exhibited the highest CP removal and a greater

number of cells was selected as the carrier for further investigation.
8.5 CHARACTERISATION OF BIOCHAR AND ARHB

Surface functional groups can provide important insight into the characteristics of biochar
and microbial cells and the immobilized cells on biochar. Immobilization of A. veronii on rice
husk biochar was investigated using FTIR studies to analyze the functional groups involved. The
height of each FTIR peak can reflect the changes occurring after immobilization in RHB. A
comparison between RHB and ARHB revealed sharper peaks in ARHB, suggesting an increase
in functional groups due to the incorporation of A.veronii by biochar. Conversely, a comparison
of A.veronii before and after immobilization onto RHB indicated that the peaks of ARHB were
comparatively less sharp, possibly indicating the entrapment of some bacteria within RHB pores,

thus demonstrating successful immobilization.

The intense peaks observed at 3435 cm ™! in the FTIR spectrum can be attributed to O-H
and NH- stretching vibrations (Filip and Hermann 2001). These peaks were more prominent in
A. veronii than RHB and ARHB due to NH- groups in the bacterial cells (Figure 8.5a). In
addition, peaks at 2925 cm ™! were observed in three materials, which are associated with the C-
H group vibrations of alkane (-CHz). In the case of bacteria adjacent to this peak, other peaks
were observed at approximately 2850 cm™!, indicating the presence of methyl (-CH3) groups.

"and 1441 cm™ corresponded to the C=O stretching vibration

The peaks at around 1638 cm™
mode of the carboxyl group in RHB and ARHB, while in 4. veronii, it indicated the presence of
the amide group (NH2CO). Interestingly, the same peak was sharper in ARHB compared to

RHB, suggesting changes due to the immobilization process. Peaks at 1259 c¢cm™!

may be
attributed to the presence of the -NH group, which is unique to bacteria and absent in both RHB
and ARHB. Broad peaks in RHB and ARHB at 1070 cm ™! indicates C-O-C stretch of the ethers
present in lignin or Si-O-Si (Pattnaik et al. 2018) and the peak at 808 cm ™! indicate Si-O-Si
(Zhen-Yu et al. 2012), the main component of rice husk, but absent in A. veronii. Moreover, the
sharp peaks observed at 1079 cm ™! and 880 cm ™! in 4. veronii indicate the presence of phosphate
functional groups (Liu et al. 2015b). However, in ARHB, the peak at 880 cm ™! disappeared after

immobilization. These findings provide insights into the immobilization process.
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Figure 8.5. (a) FTIR spectra of A.veronii, RHB, and ARHB (b) TGA of RHB and ARHB.

Figure 8.5b presents the TGA analysis of RHB and ARHB. As the temperature increases,
both RHB and ARHB show a gradual decrease in weight. RHB and ARHB showed that heating
the sample at 100 °C removed hygroscopic water, sorbed gases, and various volatile low-
molecular-weight organic compounds from the surface (Burachevskaya et al. 2023). The
comparative analysis during TGA indicated a lower decomposition rate for ARHB in contrast to
RHB. Both samples were initially equal in quantity, highlighting that the variance in weight loss

is due to the degradation of bacteria immobilized on ARHB.

The SEM image of RHB and ARHB is shown in Figure 8.6. RHB displayed abundant pore
distribution and large pore size higher than 6 um. This structural property provided a suitable
habitat for microbial colonization and proliferation with several micropores, which have a high
adsorption capacity for microorganisms. The A4.veronii strain exhibited a short and rod-shaped
morphology, approximately 1.74 um in length. ARHB showed the presence of immobilized
A.veronii, indicating RHB provided sufficient space for bacteria to enter the pore channel. The
abundant pores on RHB facilitate mass transfer and pollutant degradation and provide sufficient

space for bacterial attachment, proliferation, and nutrient exchange (Tu et al. 2020; Wahla et al.

2020).
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(b)

Figure 8.6. FE-SEM image of ARHB at different magnifications (a) 5500 X (b) 30kX.
8.6 OPTIMIZATION OF CP REMOVAL BY ARHB

Response Surface Methodology, employing the Box-Behnken design, aims to assess the
interactive effects of chosen parameters on CP removal by ARHB. This methodology involves
using quantitative data from experiments and employing multiple regression analysis (Khatoon
and Rai 2020; Shilli et al. 2023). The Box-Behnken design is recognized for its robustness in
efficiently exploring the response surface while minimizing the number of experimental runs,
thereby saving time and resources (Nam et al. 2018). It is often regarded as a more efficient and
practical alternative to CCD, which demands more experiments, time, and costs to construct the
model equation (Nam et al. 2018; Oza et al. 2022). This established method within Response
Surface Methodology facilitates evaluating factors and their interactions within a quadratic

model, avoiding extreme combinations of variables and ensuring the model's effectiveness.
9

A total of 17 experiments were conducted, including five central runs, which involved three
independent parameters, with the response being the percentage of CP removal. Table 8.1
presents the actual and predicted values of the CP removal capacity of ARHB. The close
relationship between the actual and predicted values is confirmed by regression analysis, with
an R? value close to 1 indicating less deviation, as illustrated in Figure 8.7. The actual values
represent the measured response data for each specific run, while the predicted values are

determined using the approximating functions generated by the models.
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Table 8.1 Box Behnken experimental design of independent variables and the response of

dependent variable CP degradation.

Run Factors % Removal
A: CP B: ARHB C: Incubation Actual Predicted
concentration dosage time
1 30 1.25 24 96.12 95.37
2 50 0.5 24 12.8 12.95
3 30 1.25 24 96.61 95.37
4 30 1.25 24 94.58 95.37
5 50 1.25 12 22.18 23.19
6 30 2 12 14.32 13.47
7 10 1.25 12 27.41 28.41
8 50 1.25 36 53.6 52.60
9 30 1.25 24 95.27 95.37
10 30 0.5 36 40.28 41.13
11 30 2 36 87.3 88.46
12 30 1.25 24 94.28 95.37
13 10 0.5 24 45.32 45.48
14 10 2 24 58.4 58.25
15 30 0.5 12 20.11 18.95
16 10 1.25 36 97.15 96.14
17 50 2 24 42.18 42.02

The empirical relationship between the coded parameters and the removal percentage was
determined using regression analysis. The developed quadratic model for pesticide remediation

is presented in Equation 8.1.

% Removal=95.37-12.19 * A+ 10.46 * B+ 24.29 * C+4.07 * AB -9.58 * AC+ 13.20 * BC -
23.06 * A% -32.64 * B> -22.23 * C? (8.1)
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The coefficients in the equation represent the effects of the factors A (CP concentration), B

(ARHB dosage), and C (incubation time), as well as their interactions (AB, AC, and BC) and
the quadratic terms (A2, B2, and C?).

Predicted vs. Actual
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Figure 8.7. Validation of Predicted vs. Actual values for CP removal by ARHB.

The developed quadratic model for pesticide remediation was evaluated using ANOVA
analysis, and the findings are presented in (Table A1, Appendix V). The significant F-value of
the model (1135.29) indicates its relevance to the pesticide remediation process. Moreover, the
Lack of Fit F-value (2.79) suggests a 17.34 % chance that a Lack of Fit F-value this large could
occur due to noise. The R? Pred (0.99) further supports the model's performance and R? Adj.
(0.99) values indicate a satisfactory fit for CP remediation capacity with ARHB. The graphical
representation of the response surface illustrated the effects of two variables on CP removal,

keeping the other variable at a fixed level. The 3D plots and contour plots are displayed in Figure
8.8 (a-¢).
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8.6.1 Effect of CP concentration and ARHB dosage

The interactive effect of CP concentration and ARHB dosage on CP remediation using ARHB
was investigated in this study. Figure 8.8a presents a 3D and contour plot illustrating the interactive
effect of ARHB dose and pesticide concentration at 24 h of incubation. At an initial CP concentration
of 10 mg L' and an ARHB dosage of 0.5 g L', the removal efficiency was 53 %. However, as the
initial CP concentration increased to 30 mg L' and the biomass dosage increased to 1.5 g L', the
removal efficiency improved to 92 %. This finding is consistent with previous research that has
highlighted the importance of pesticide concentration and biocatalyst dosage in the biodegradation
of CP (Jacob et al. 2020b; Malla et al. 2023). The removal efficiency started to decline beyond 30
mg L CP concentration, potentially due to the negative impact of higher concentrations on the
bacterial cells. The initial study on bacterial tolerance underscored the ability of A.veronii to tolerate
up to 50 mg L, suggesting a threshold beyond which elevated concentrations negatively impact
bacterial survival. The diminished microbial growth at higher CP concentrations may result in a
slower degradation rate of CP (Malla et al. 2023). The removal efficiency of CP involves the
combined action of A.veronii and RHB. The properties of RHB significantly influence the
remediation efficiency. As CP concentrations increase, the ability of ARHB to adsorb CP decreases
due to saturation, leading to a reduction in the percentage of CP removal. Consequently, a higher

dosage of ARHB was necessary for the removal of higher concentrations of CP.
8.6.2 CP concentration and incubation time

The 3D surface plots and contour plots presenting the interaction effect of CP concentration and
incubation time for its remediation are shown in Figure 8.8b at a fixed ARHB dose of 1.25 g L.
At an initial CP concentration of 10 mg L' and an incubation time of 24 h, the removal efficiency
was found to be 45.32 %. However, as the initial CP concentration increased to 50 mg L™, the
removal efficiency decreased to 12.8 %. The observed decrease in remediation with increasing CP
concentration suggests that the surface area and active sites of ARHB become saturated, reducing
CP removal. This saturation effect can limit the adsorption capacity of the ARHB resulting in a
decrease in overall remediation efficiency (Manikandan and Nair 2022). A study conducted by
Shirzad Siboni et al. 2015 on CTAB-modified nanoclay for herbicide adsorption in aqueous
solutions indicated that adsorbents possess a finite number of active sites, which can reach saturation

beyond a specific concentration threshold of bentazon herbicide. This limitation in active sites
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impacting adsorption efficiency has also been reported in various studies exploring diverse
pesticides and utilizing different adsorbents adsorbents (Ayranci and Hoda 2005). The efficiency of
CP removal exhibits an increase over incubation time, reaching an adsorption equilibrium, where
extending beyond 24 h demonstrates minimal impact on removal efficiency. This is attributed to the
reduced growth of A. veronii at higher concentrations for the free cell. However, in ARHB, the RHB

supported the cells, thus maintaining removal efficiency.
8.6.3 Effect of ARHB dosage and incubation time

The results presented in Figure 8.8¢ demonstrate the combined effects of ARHB dosage and
incubation time on the removal of CP. As the ARHB dosage increased, there was a corresponding
increase in CP removal up to optimum level; further, it decreased. The removal efficiency of CP
concentration of 10 mg L' was 45.32 % when ARHB dosage was 0.5 g L™ and incubation time was
24 h. The CP removal efficiency increased to 58.4 % when the ARHB dosage was 2 g L! at the
same incubation time. This finding suggests that increasing the ARHB dosage enhances the
adsorption capacity and effectiveness of the biochar in removing CP from the solution. However, it
is noteworthy that further increases in the ARHB dosage resulted in a decrease in CP remediation.
At C concentration of 30 mg L™, increasing the dosage to 2 g L' reduced CP removal to 88 %. It's
worth noting that a specific dosage was crucial for effective remediation. Notably, lower ARHB
concentrations and extended incubation periods didn't lead to CP removal. Conversely, a minimum
concentration of 1.375 g L™! resulted in optimal CP removal. This could be due to biochar particle

agglomeration, potentially restricting CP to active adsorption sites on the biochar surface.

The optimal conditions for CP remediation using biochar were determined as a pesticide
concentration of 30 mg L™, an ARHB dose of 1.375 g L}, and an incubation time of 24 h. Validation
of the statistical model and regression equation was performed based on the optimal conditions
suggested by the model. The predicted response for CP removal was 96.25 %, and the experimental

result was 98.18 %, thus proving the validity of the model.
8.7 CP REMOVAL BY RHB, A.veronii AND ARHB

CP removal by A.veronii, RHB, and ARHB was performed at an optimized incubation
temperature of 30 °C, initial solution pH 6.5, ARHB dosage of 1.375 g L ™!, 24 h of incubation time,

and 30 mg L' initial CP concentration (Figure 8.9a). As shown, the CP removal efficiency was
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highest when ARHB was employed, with a removal rate of 96.45 %. 4. veronii alone exhibited a CP
removal efficiency of 66.81 %, indicating its inherent capability to degrade CP. However, the lower
efficiency compared to ARHB suggests that the immobilization onto RHB enhances the bacterium's
performance. Similarly, RHB alone achieved a removal efficiency of 50.76 %, indicating its
adsorption capacity for CP due to the high surface area and porous structure of RHB facilitating the
adsorption of CP, contributing to its removal. However, the lower efficiency compared to both A.
veronii and ARHB highlights the importance of microbial degradation in enhancing CP removal.
The higher efficiency of ARHB compared to free cells implies that pore structure of the biochar
provides a relatively stable growth environment for the bacteria and protects them from the toxicity
of pesticides (Sun et al. 2020; Wahla et al. 2020). Jacob et al. (2021) conducted experiments
assessing the removal of chlorpyrifos from aqueous systems using sugarcane bagasse biochar,
achieving an impressive 89% removal from an initial concentration of 10 ppm. Singh et al. (2020)
treated chlorpyrifos against potato peel biochar and observed a pesticide removal efficiency of

72.06%, further demonstrating the effectiveness of biochar-based approaches for chlorpyrifos

remediation.
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Figure 8.9. (a) Comparison of CP removal by A.veronii, RHB, and ARHB at optimized
operating conditions (b) Reusability study of ARHB for CP removal (conditions-temperature
of 30 °C, initial solution pH 6.5, ARHB dosage of 1.375 g L™!, 24 h of incubation time, and 30

mg L initial CP concentration).
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8.8 REUSABILITY STUDY OF ARHB

The stability and reusability of ARHB for removing CP were investigated through reutilization
experiments conducted over five cycles. The results are presented in Figure 8.9b, including the CP
removal percentage and cell counts for each cycle. The initial cycle demonstrated a notable CP
removal efficiency of 96.3 % by ARHB. The CP removal percentage remained relatively high as the
cycles progressed, with 95.8 % and 74.9 % observed in the second and third cycles, respectively.
However, a prominent decrease in CP removal was observed in the fourth and fifth cycles, with 32.8
% and 12.3 % values, respectively. This decline could be attributed to the saturation of the biocatalyst
surface (Othmani et al. 2021). The cell count remained relatively stable during the subsequent cycles,
indicating the viability and resilience of the immobilized cells where biochar served as a carrier with
multiple porosities and offered enough space and a stable microenvironment for the growth of
A.veronii (Zhen-Yu et al. 2012b). However, a gradual decrease in cell count was observed, in the
fourth and fifth cycles, respectively. This decrease could be attributed to cell detachment or cell
death of surface-immobilized cells due to prolonged exposure to CP (Manikandan and Nair 2022).
Manikandan and Nair (2023) demonstrated that P.stutzeri immobilized on rice husk biochar
exhibited higher reusability for cadmium and nickel removal compared to free cells even after five
cycles. While free cells showed a prominent decrease in cell number over cycles, this was attributed

to metal ion-induced inhibition of bacterial growth and enzyme activity.
8.9 CP REMOVAL FROM SOIL

CP degradation in soil was studied by analyzing the removal efficiency of A. veronii, RHB, and
ARHB over 42 days with varying concentrations of CP at 10, 30, and 50 mg L. All treatments,
including RHB, A.veronii, and ARHB, significantly reduced CP levels compared to the control
group at different initial concentrations (Figure 8.10a). For instance, when the initial CP
concentration was 10 mg L', the application of ARHB reduced CP to 2.35 mg L (76.5 %) at day
42. A.veronii showed slightly lower efficiency due to its vulnerability to environmental stress and
limited survival in the soil. Whereas in ARHB, RHB and A.veronii combination provided adsorption
sites for the enrichment of CP from soil aggregates, served as a suitable habitat and nutrient source
for bacterial growth, and positively affected soil microbes, further contributing to enhanced

microbial degradation (Manikandan and Nair 2022).
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The effect of ARHB dosage on CP remediation was studied using RHB, A. veronii, and ARHB at
10 mg L' CP with dosages of 0.5, 1, and 2 g kg™'. Increasing the ARHB dosage improved remediation
efficiency for all treatments (Figure 8.10b). The highest dosage of 2 g showed 92.4 % removal in 42
days, with ARHB consistently exhibiting the highest remediation efficiency at each dosage (Figure
8.10c). These findings align with previous studies showing that combining bacteria and biochar
significantly increases the dissipation rates of pesticides and emphasizes the potential of biochar-

immobilized strains in efficiently remediating contaminated soil (Tu et al. 2020; Wahla et al. 2020).

Microbial enzymes are commonly used as soil health indicators and are crucial in nutrient
cycling (Manikandan and Nair 2023). The present study focused on the activities of two key
enzymes, glucosidase and phosphatase, to assess changes in soil microbial functions under different
treatments (Shilli et al. 2023; Tu et al. 2020). The enzyme activities in control soil were considerably
higher than in the CP-contaminated soils, indicating that CP exerted a toxic effect on soil microbial
activity (Figure 8.10d). The glucosidase activity was lower in the bacteria-treated soil despite the
presence of CP-tolerant 4.veronii. This could be due to the time required for the degrading bacteria
to colonize and adapt to the new conditions in the soil before metabolizing CP to non-toxic levels
(Sasikala et al. 2012). The biochar treatments RHB and ARHB showed higher glucosidase activities
than the contaminated soil, and 4.veronii treatments indicate that adding RHB or ARHB to the soil
can rapidly restore the inhibited soil enzyme activities caused by CP. The improved enzymatic
activities in ARHB treatments can be attributed to increased substrate availability and reduced toxic

effects of CP on soil microbes (Govarthanan et al. 2020).
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8.10 PLANT GROWTH STUDIES

CP hinders plant growth and development by inhibiting DNA and protein synthesis, reducing

seed germination and seedling growth. Consequently, a plant growth study using Vigna unguiculata

(cowpea) was conducted to investigate the effects of CP and the efficacy of different remediation

methods. Cowpea holds substantial economic importance as a highly nutritious vegetable,
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particularly in countries like India and China (Herniter et al. 2020b). It is susceptible to various
stressors such as weeds, pests, and diseases during field growth. This vulnerability often leads
farmers to use pesticides extensively to enhance cowpea quality and quantity, inadvertently resulting
in pesticide residues that pose potential hazards to human health., A study by Han et al. (2016)
monitored 171 pesticides in cowpea samples, emphasizing the crop's susceptibility to pesticide
accumulation. Analyzing the effects of CP and the efficiency of remediation on cowpea serves as a

representative model for crop growth and soil properties.

Control soil without CP showed 100 % germination, indicating favorable conditions for seed
germination. In contrast, CP-spiked soil exhibited a significantly lower GP of 33.3 = 0.47 %,
suggesting the inhibitory effect of CP on seed germination. Reduction in seed germination was
attributed to different types of impairment in the cell division apparatus induced by CP. Reports
indicate that organophosphate pesticides can have detrimental impacts on the seeds of various plants
by inhibiting the synthesis or activity of hydrolytic enzymes that are typically essential for metabolic
processes during germination. The GP in RHB, A4.veronii, and ARHB increased to 58.3 £ 0.47 %,
66.67 £0.47 %, and 91.67 + 0.47 %, respectively (Figure 8.11a). The SVI reflects the overall seed
quality. Control soil exhibited an SVI of 1394.6, indicating healthy and vigorous seedlings. In
comparison, contaminated soil showed a comparatively less SVI of 312.2, suggesting an inhibitory
effect of the pesticide on seedling growth. However, remediation with A.veronii and ARHB

improved seed vigour, making ARHB more effective (Figure 8.11b).

MGT represents the average time required for seed germination. Control soil displayed a MGT
of 4+ 0.2, reflecting optimal conditions for germination. CP spiked soil had a significantly prolonged
MGT of 6.5 + 0.4, indicating the negative impact of the pesticide on germination speed. However,
RHB, A.veronii, and ARHB showed reduced MGT values (4.88 +0.43,5.16 £ 0.23,and 4.11 £ 0.15,
respectively), implying that the remediation techniques positively influenced the germination
process. GRI and MGR are indicators of seedling growth and development. Control soil
demonstrated a GRI of 1.04 = 0.05 and an MGR of 0.25 + 0.01, signifying healthy growth. In
contrast, contaminated soil exhibited a lower GRI (0.2 = 0.07) and MGR (0.15 + 0.01), indicating
reduced growth due to the presence of the pesticide (Figure 8.11c¢).

Inoculation of 4.veronii appeared to help plants grow better because bacteria alleviate stress

by mineralizing the contaminants and improving plant growth. The cowpea plants grown in
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paraquat-contaminated soil with B.arybhattai showed longer root and shoot lengths than those

grown in soil without bacterial inoculation (Inthama et al. 2021) . The use of ARHB enhanced plant

growth due to its positive effects on soil properties and plant-microbe interactions. RHB is reported

to improve soil physio-chemical properties, leading to increased nutrient availability and uptake by

plants, and enhancing plant biomass. The porous nature of biochar provides a safe habitat for bacteria

and promotes their survival and activity with enhanced nutrient availability in ARHB (Manikandan

and Nair 2023; Noronha et al. 2022).
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The soil study showed promising results in CP removal, but several limitations exist in this research.
Firstly, laboratory-scale experiments may not entirely capture the complexities and variability
present in real-world contaminated environments. Soil is a complex system that can significantly
influence mass transfer related to pollutant degradation, as well as the survival of microbes within
the soil matrix. The study's duration of 42 days may not sufficiently account for the long-term effects
of ARHB application on soil health and CP degradation efficiency over prolonged periods.
Environmental variability, including differences in temperature, pH, and microbial interactions,

could also impact the performance of ARHB in practical applications.
8.11 LC-MS ANALYSIS OF CP BIODEGRADATION BY ARHB

LC-MS analysis was conducted to identify CP and its metabolic products of biodegradation by
ARHB. The culture medium containing 30 mg L' CP was incubated with the ARHB in MSM and
samples were collected on 0, 12, 24, 36 and 48 h of incubation. Non-inoculated samples containing
the same amount of CP served as the control. The identification of degraded products was performed
by comparing the mass spectra of the peaks with standard and through subsequent library search.
CP was detected in positive ion mode, while its metabolites were determined in negative ion mode.
The mass spectra of standard CP showed three major peaks at m/z values of 352, 354, and 356 (Fig.
8a). In the initial stages of degradation at 0 h, the extracted sample showed a prominent molecular
ion peak of standard CP. However, after 12 h, a major metabolite, di-ethyl-thio-phosphoric acid
(DETP), was identified at m/z 169 (Fig. S5). Other metabolite peaks were discerned after 24 h of
incubation, with significant peaks observed only in the inoculated sample, indicating CP
degradation. The deprotonated molecular ions of TCP were identified at m/z = 195.9 (M-H)—, 197.9
(M-H)—, 199.9 (M-H)-, and 201.9 (M-H)- (Fig. 8b). TCP and DETP are considered the major
degradation products of CP(Huang et al. 2021). It has been reported that CP undergoes hydrolysis
to transform into TCP and DETP (Shi et al. 2019). However, these metabolites were found to be
unstable and further metabolized into other products which are also detected in sample extracted
after 24 h of incubation. DETP was converted into di-ethyl-acid-phosphate (DEAP), identified by
the standard molecular ion peak at m/z 153.9. DEAP could further undergo metabolism to form
H3PO4(Shi et al. 2019b) . Regarding TCP degradation, the deprotonated molecular ion at m/z 162.2
(M-H)— was identified as 5,6-dichloro-2-pyridinol, which is believed to be a reductive dechlorination

product of TCP generated by Cupriavidus DT-1(Lu et al. 2013). The deprotonated molecular ions

182



atm/z = 182 (M-H)- identified as 3,6-dichloro-2,5-dihydroxypyridine observed at 36 h of incubation
(Fig. S5). This metabolite also reported as hydrolytic products of TCP by Cupriavidus nantongensis
XIT (Shi et al. 2019b). TCP can further metabolize into simple compounds like maleic acid with
m/z 116.9 detected after 48 h (Fig.S5) which can enter the tri-carboxylic acid cycle and ultimately
be completely metabolized into CO; and H>O (Hamadeen and Elkhatib 2022; Malla et al. 2023).

Comparison of CP degradation by A.veronii and RHB, the A.veronii exhibited multiple
intermediates, signifying complete mineralization, RHB displayed chlorpyrifos oxon, a
photocatalytic derivative (Anirudhan et al. 2021). A4. veronii exhibited an extended degradation time,
with the appearance of DETP after 24 h, Conversely, the same metabolites appeared after 12 h in
ARHB treated with CP. This difference in degradation rate suggests that the bacterial system
required an extended period for complete degradation, underscoring the efficiency and accelerated

degradation capabilities of the ARHB system.

In the soil system, LC MS analysis detected the presence of TCP at m/z=195.9 (M-H)—, 197.9
(M-H)—, and 199.9 (M-H)- after remediation (Figure 8.12¢). TCP is known for its high persistence
in soil (Das and Adhya 2015a), but remediation studies revealed a 92.4 % removal of CP using ARHB.
ARHB showecased significant advantages in chlorpyrifos degradation in soil matrices by providing
adsorption sites for the enrichment of pesticides from soil aggregates, serving as a suitable habitat
and nutrient source for bacterial growth, and positively affecting soil microbes. The plant growth
study showed that CP affected the growth of plants in contaminated soil, while they had no impact
on the early plant growth in soil treated with ARHB.
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Figure 8.12. LC-MS spectrum of CP and degraded products. (a) Mass spectrum of the

standard CP, mass spectra of metabolites in (b) water and (c) soil.
8.12 MECHANISM OF CP REMOVAL FROM WATER AND SOIL BY ARHB

The overall mechanism of CP removal by ARHB can be elucidated based on the major findings
obtained from FESEM, LCMS, and FTIR studies. The results revealed a synergistic effect of

biochar-bacteria system, leading to a 31 % and 48 % higher removal rate compared to free strain and
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RHB, respectively, demonstrating the most effective CP removal with a maximum rate of 96.25 %.
FESEM analysis confirms the presence of CP on ARHB, causing depositions and clogging of pores.
CP also affects A4.veronii, evidenced by coverage on both bacteria and biochar surfaces (Figure
8.13a). The FTIR results of ARHB before and after CP removal (Figure 8.13b) signify that CP
adsorption onto ARHB involves hydrogen bonding (O, N and S anions in CP with OH functional
groups in RHB), n-m interactions (OH, C-H, C-O groups in RHB with benzene ring of CP) and
electrostatic interactions (OH, C-H, C-O, and C-N groups in RHB with anionic species of CP).
Hydrophobic interactions occur, leading to moderate aggregation of CP molecules in organic
fractions of RHB and it prevails over electrostatic interactions (Supreeth and Raju 2017). Multiple
mechanisms responsible for CP sorption have been demonstrated by Hao et al. (2019) utilizing giant
reed-derived biochar, including the hydrophobic effect, n—r interaction, pore filling, and hydrogen

bonding. There is a greater sorption capacity and affinity toward chlorpyrifos owing to more

aromatic units and pores.
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Figure 8.13. (a) FESEM analysis of ARHB after CP removal (b) Analysis of infrared spectral

bands of ARHB before and after CP removal from water medium.

XPS was used to investigate the chemical structures of ARHB before and after CP removal.
Spectral analysis further verifies the adsorption of CP onto ARHB. In the overall spectra, peak
belonging to C 1s (285 eV), O 1s (533 ¢V), N 1s (400 V), P 2p (132 eV), Si 2p (106 eV) and S 2p
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(175.1 eV) Cl 2p (192 eV) indicating the surface elemental compositions include C, O, N, P, Si, S
and Cl of ARHB. The deconvolution spectra of C at 284 and 286.1eV, may be due to C—H and C-O
carbons, respectively (Figure 8.14a) (Bootharaju and Pradeep 2012). Compared with the Cls
spectra of ARHB, CP-treated ARHB showed another peak appears at 285.1 eV, which may be
related to the generation of new C-N bonds due to CP, and the peak at 287 eV is related to O-C=0
(Figure 8.14d). Suo et al. (2019) found that -COOH and C=O on biochar is essential for the
adsorption of pollutants. These groups may also be beneficial for CP adsorption. XPS spectrum of
N Is deconvoluted into peaks at 399.9 eV and 401.3 eV (Figure 8.14b). These peaks correspond to
sp3 C—N bonds and amino groups with a hydrogen atom (C—N—H) and a new peak formed at 398
eV after treatment due to adsorbed CP (Figure 8.14e). The deconvolution spectra of P 2p peak are
well fitted at 133.4, 134.8 and 136.4 eV (Figure 8.14c¢) and the Figure 8.14f shows that the P 2p
peaks was significantly different after CP treatment indicating that the adsorption of CP on the
ARHB surface and CP interacts with the phosphate group of ARHB. These peaks may be due to the
organophosphate group in chlorpyrifos. The presence of Cl 2p peaks at 192 eV may be due to organic
chlorides. After CP treatment the elements change in peak spectra observed in C, N, and P indicating

the successful degradation of the pesticide CP.
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Figure 8.14. XPS of ARHB before (a, b and ¢) and after treatment with CP (d, e and f).
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Analysing toxic intermediate metabolites during microbial bioremediation is crucial. Based on the
identified metabolites from LC MS, a potential degradation pathway of CP by ARHB was elucidated
(Figure 8.14) and explained in section 8.11. ARHB not only degrades CP but also converts TCP

into non-toxic forms.
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CHAPTER 9

SUMMARY AND CONCLUSIONS

9.1 SUMMARY OF THE WORK

The study focused on the development of microbial cell immobilized biochar catalytic material
for effective removal of heavy metals and pesticide from water and soil medium. The work explores
the individual as well as the synergistic role of the bacteria and biochar in the remediation process.
Biochars from different biomass materials were prepared at different pyrolysis temperature and time
periods. The selection of the biochar prepared at different pyrolysis conditions was based on the
bacterial immobilization studies. The subsequent exploration of different biochar types revealed
RHB as the most effective carrier for P. stutzeri immobilization. RHB produced at 500 °C for 30
min exhibited superior bacterial cell immobilization capacity attributed to its well-defined pores,
specific surface area, distinctive surface functional groups and nutrient content. In the heavy metal
removal studies in water, PRHB demonstrated exceptional efficiency in removing Cd and Ni under
optimized conditions, including specific parameters such as incubation time, pH, temperature, and
biocatalyst dosage. Significantly, consistent and high removal efficiency of PRHB over multiple
cycles, highlighting its reusability. The research also explored the mechanisms involved, identifying
processes such as adsorption, ion exchange, complexation, and precipitation. Moving from water to
soil, the application of PRHB showed significant efficacy in reducing Cd concentration, altering Cd
speciation, and positively influencing soil properties. These findings were supported by a plant
growth study, showcasing effectiveness of PRHB in promoting the growth of Spinacia oleracea L.

and reducing Cd levels in plant shoots.

The research expanded its scope to explore other bacterial cell immobilized biochar catalysts
which include P. stutzeri immobilized sawdust biochar for Cd and Ni removal from water, Bacillus

sp immobilized rice husk biochar for Cd removal from soil, P. stutzeri immobilized coconut shell
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biochar for Cd removal from soil and 4. veronii immobilized on rice husk biochar for CP removal
from water and soil. The porous surface texture and functional groups of sawdust biochar facilitated
P. stutzeri cell immobilization, resulting in superior efficiency for Cd and Ni removal under
optimized conditions. PSDB demonstrated good reusability over consecutive cycles, attributed to
the sawdust biochar adsorption and P. stutzeri-mediated bioaccumulation. Another aspect of the
study focused on BRHB and its significant efficacy in reducing Cd concentration in soil, positively
influencing soil health indicators, and promoting Spinacia oleracea L. growth. Additionally, the
application of CSB for soil enhancement and Cd removal is explored, highlighting its positive impact
on soil water-holding capacity and early seedling growth of Solanum [lycopersicum L. The
remediation potential of ARHB for CP removal from water and soil was studied. ARHB
demonstrates efficient removal of CP, with optimized conditions determined through RSM. The
application of ARHB in reducing CP levels in soil shows promise for long-term soil remediation
and positive effects on plant health of Vigna unguiculata L, underscoring the efficacy of the
developed remediation approach. Overall, the research presents a promising approach for the
sustainable remediation of heavy metal and pesticide-contaminated environments. The
comprehensive summary of the pollutant removal efficiency achieved through microbial cell

immobilization on various biochar materials is represented in Table 9.1.
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Table 9.1. Summary of pollutant removal efficiency achieved through microbial cell immobilization on various biochar materials

Pollutant Biochar Bacteria Operating Condition Medium | Efficiency (%)
Cd Rice husk P. stutzeri Temperature 37 °C, pH 7, biocatalyst dosage 2 g L™! Water 95
Incubation time 36 h, Cd concentration 10 mg L™!
Sawdust P. stutzeri Temperature 37 °C, pH 7, biocatalyst dosage 2 g L! Water 86.20
Incubation time 36 h, Cd concentration 10 mg L!
Rice husk P. stutzeri | Biocatalyst dosage 2 g kg *!, Incubation time 42 days, Soi 78.20
Cd concentration 10 mg kg !
Rice husk Bacillus sp | Biocatalyst dosage 2 g kg !, Incubation time 42 days, Soil 72
Cd concentration 10 mg kg ™!
Coconut shell | P.stutzeri | Biocatalyst dosage 5 g kg *!, Incubation time 21 days, Soil 83
Cd concentration 2 mg kg !
Ni Rice husk P. stutzeri Temperature 37 °C, pH 7, biocatalyst dosage 2 g L’ Water 92
Incubation time 36 h, Ni concentration 10 mg L"!
Sawdust P. stutzeri Temperature 37 °C, pH 7, biocatalyst dosage 2 g L™! Water 82.87
Incubation time 36 h, Ni concentration 10 mg L™
CP Rice husk A.veronii | Temperature 30 °C, pH 6.5, biocatalyst dosage 1.3 g L™! Water 96.45
Incubation time 24 h, CP concentration 30 mg L"!
Rice husk A.veronii Biocatalyst dosage 2 g kg !, Incubation time 42 days, Soil 92.4

CP concentration 10 mg kg 1
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9.2 CONCLUSIONS

Microbial cell immobilization and optimization of biochar conditions

The relationship between pyrolysis temperature and microbial cell immobilization
suggests that lower temperatures favor enhanced adherence of cells onto biochar
surfaces, emphasizing the critical role of temperature control in optimizing biochar
properties for effective immobilization.

The absence of toxicity towards P. stutzeri cells and the observed growth support
provided by biochar underscore its biocompatibility and potential as a conducive
environment for microbial activity, highlighting its promising application in facilitating

microbial processes without adverse effects on microbial viability and growth.

Cd and Ni removal using P. stutzeri immobilized rice husk biochar from water

P. stutzeri demonstrated remarkable tolerance to Cd and Ni, showing optimal growth
up to 50 mg L! concentrations.

The optimized conditions included a temperature of 37 °C, incubation time 36 h, pH of
7.0, and PRHB dosage of 2 g L ™! resulted in efficient Cd and Ni removal.

PRHB outperformed P. stutzeri by achieving exceptional metal ion removal rates,
with a 95 % removal of Cd and a 92 % removal of Ni within 36 h.

PRHB showcased consistent and high removal efficiency over five cycles, highlighting
its reusability.

Data from Cd and Ni removal studies successfully fit the pseudo-second-order kinetic
and Langmuir isotherm models.

FTIR, XPS, XRD and ICP-OES indicated that metal ion removal mechanisms involved
adsorption, ion exchange, complexation, and precipitation, with functional groups like
-OH, C=0, -CN, and C=C playing crucial roles.

FESEM analysis revealed a synergistic effect between the RHB carrier and P. stutzeri,

enhancing both adsorption and bioaccumulation.

Cd removal using P. stutzeri immobilized rice husk biochar from soil
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e PRHB induced a transformation of acid-soluble Cd into less toxic oxidizable and
residual fractions, highlighting its effectiveness in altering Cd speciation and reducing
soil toxicity.

e PRHB significantly increased soil pH, SOM and soil enzyme activities indicating its
potential to modify soil properties and create a more favourable environment for plant
growth.

e PRHB positively influenced the initial growth of Spinacia oleracea L., improving
germination parameters.

e 94 9% increase in plant biomass and an 87.5 % reduction in Cd content in shoots,
suggesting the potential of PRHB in mitigating Cd-induced stress and enhancing plant
health.

Cd and Ni removal using P. stutzeri immobilized sawdust biochar from water

e The SDB prepared at 500 °C for 60 min showed higher immobilization capacity.

e PSDB demonstrated superior Cd and Ni removal under optimized conditions of
incubation time 36 h, pH 7.0, temperature at 37 °C, and PRHB dosage of 2 g L ™"

e Enhanced Cd and Ni removal with PSDB is attributed to mechanisms including
adsorption, precipitation, ion exchange by metal cations (K" and Mg?"), and
complexation by functional groups present in the SDB.

e PSDB revealed good reusability, maintaining a steady removal efficiency over five

consecutive cycles.
Cd removal using Bacillus sp immobilized rice husk biochar from soil

e BRHB demonstrated significant efficacy in reducing Cd concentration in soil, with a
significant reduction of 62.58 % compared to control conditions.

e Increase in soil pH, enzyme activities (phosphatase and B-glucosidase) and organic
matter content after BRHB amendment indicating improved soil health.

e BRHB positively influenced the initial growth of Spinacia oleracea L., improving

germination rates, seed vigour index, and plant growth parameters.
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Spinach plants treated with BRHB exhibited a 58 mg plant ! of dry biomass and
reduced Cd content to 0.35 mg kg™! in shoots, suggesting efficacy in alleviating Cd-

induced stress.

Cd removal using P. stutzeri immobilized coconut shell biochar from soil

CSB with a particle size of <I mm demonstrated a significant water-holding capacity
of 41.5 %, supporting germination (90.47 %) and seed viguor (464.25) of Solanum
lycopersicum L. suggesting efficacy as a soil enhancer.

Pot experiments with CSB enhanced soil enzyme activity and growth of Solanum
lycopersicum L.

The application of PCSB demonstrated an effective reduction in the phytoavailability
of Cd in soil, decreasing from 1.3 mg kg™ to 0.34 mg kg™ within 21 days showcasing

its potential for soil remediation.

CP removal using A.veronii immobilized rice husk biochar from water and soil

The CP-tolerant strain, isolated through enrichment and domestication, was identified
as A. veronii and subsequently employed for CP remediation.

Rice husk biomass pyrolysed at 500 °C for 30 min proved effective in enhancing both
CP removal capacity and the immobilization of 4. veronii.

ARHB achieved 96.25 % CP removal within 24 h based on an optimization study using
RSM, showecasing rapid and efficient remediation in comparison to 4. veronii and
RHB.

The reusability study displayed consistent CP removal over multiple cycles, affirming
the viability of immobilized cells.

ARHB application in soil led to a 92.4 % CP removal rate within 42 days.

Plant growth studies using Vigna unguiculata L. highlighted the positive impact of
ARHB on seed germination, seedling growth, and overall plant health.

Mechanistic insights from FTIR, SEM, and LC-MS analyses revealed the synergy
between biochar-mediated adsorption and bacterial metabolism in the remediation

process.
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9.3 FUTURE PERSPECTIVES

1. Utilize different biomass and microorganisms to develop an efficient microbial cell
immobilized biochar-based method for removing heavy metals and pesticides.

2. Explore diverse indigenous bacterial strains to discover new potent agents for heavy
metal and pesticide removal.

3. Apply microbial cell-immobilized biochar technology to wastewater treatment for
industrial and agricultural effluents.

4. Conduct field-scale studies to validate effectiveness in remediating contaminated sites
and soils.

5. Assess long-term stability and performance under various environmental conditions.

6. Address the removal efficiency of emerging contaminants like dyes, motor oil,
pharmaceutical residues, and microplastics.

7. Investigate the simultaneous removal efficiency of mixed pollutants using microbial
cell-immobilized biochar.

8. Explore the use of microbial consortia immobilized on biochar to target mixed
pollutants.

9. Conduct a comparative analysis of microbial cell-immobilized biochar against existing
remediation methods.

10. Conduct techno-economic analysis for cost-effectiveness and scalability.
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APPENDIX I

Figure Al. Metal ion tolerance study using P. stutzeri plate assay.
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Figure A2. Biochar yield at different temperatures and time for rice husk.
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Figure A3. Immobilization of P. stutzeri on RHB.
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Figure A4. Growth of P. stutzeri on RHB at 6, 112 and 24 h.
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APPENDIX II
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Figure Al. FE-SEM image of PRHB after Ni removal.
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Figure A2. (a) FE SEM image of PRHB after Cd removal (b) distribution of all the
elements (c) elemental mapping of carbon (d) nitrogen (e) oxygen (f) silica and (g)

cadmium.
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APPENDIX III

(a) Control (non contaminated)
(b) Control soil

(c) RHB
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Figure A2. Pot study of Spinacia oleracia L. plants.
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APPENDIX IV

(a) Control (non contaminated)

(b) Control soil

(c) RHB
(d) Bacillus
(e) BRHB

Figure A1. Growth of Spinacia oleracia L. seedlings in protray.
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Figure A2. Pot study of Spinacia oleracia L. plants.
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Figure A3. Solanum lycopersicum L. growth in control soil and soil treated with 5% CSB
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APPENDIX V

Table A1 ANOVA analysis.

Sum of Mean
Source df F-value p-value
Squares Square
Model 17708.02 9 1967.56 1135.29 | <0.0001 | significant
A-Chlorpyrifos
1188.77 1 1188.77 685.93 <0.0001
concentration
B-ARHB
875.50 1 875.50 505.17 <0.0001
dosage
C-Incubation
4719.55 1 4719.55 2723.20 | <0.0001
time
AB 66.42 1 66.42 38.33 0.0004
AC 367.11 1 367.11 211.82 <0.0001
BC 697.22 1 697.22 402.30 <0.0001
A? 2238.47 1 2238.47 1291.61 <0.0001
B? 4485.70 1 4485.70 2588.27 | <0.0001
C? 2080.68 1 2080.68 1200.56 | <0.0001
Residual 12.13 7 1.73
not
Lack of Fit 8.21 3 2.74 2.79 0.1734
significant
Pure Error 3.92 4 0.9806
Cor Total 17720.15 16
Adj. R? 0.998
Pred. R? 0.992
Adeq precision | 82.39
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