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ABSTRACT

This thesis investigates the synthesis and application of biochar-based
nanocomposites for the removal of contaminants of emerging concerns (CECs)
from aqueous solutions. Biochar, a carbon-rich material derived from biomass,
serves as the foundational material for the development of nanocomposites.
Various modification techniques, including the incorporation of metal oxides and
layered double hydroxides, are explored to enhance the adsorption capacity and

efficiency of biochar for targeted contaminants.

The research encompasses comprehensive characterization techniques such as
Fourier Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD),
Scanning Electron Microscopy (SEM), CHNS analysis, and BET nitrogen
adsorption-desorption isotherm. These analyses provide insights into the
structural, morphological, and surface properties of the developed
nanocomposites, essential for understanding their adsorption mechanisms and

performance.

The adsorption efficiency of the synthesized biochar-based nanocomposites is
evaluated for various contaminants of emerging concerns, including antibiotics
and pharmaceuticals. Response Surface Methodology (RSM) is employed to
optimize the adsorption process by investigating the influence of key parameters
such as pH, adsorbent dosage, initial concentration of contaminants, and

temperature.

Kinetic, isotherm, and thermodynamic studies are conducted to elucidate the
adsorption mechanisms and thermodynamic feasibility of the process. The results
highlight the significance of chemisorption, electrostatic interactions, and surface
functional groups in enhancing the adsorption capacity of the developed

nanocomposites.

Furthermore, the regeneration potential of the biochar-based nanocomposites is

investigated to assess their reusability and sustainability for repeated adsorption-



desorption cycles. The findings contribute to the understanding of the feasibility
and efficacy of biochar-based nanocomposites as environmentally friendly
adsorbents for the removal of contaminants of emerging concerns from aqueous

solutions.

Overall, this research provides valuable insights into the synthesis,
characterization, optimization, and application of biochar-based nanocomposites
for addressing water pollution challenges posed by contaminants of emerging
concerns. This work explores the application of pine cone biomass generated from
pine trees which is a main cause for the forest fires, for the removal of CECs
thereby contributing to the development of sustainable solutions for water

treatment and environmental remediation.
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Chapter 1

INTRODUCTION

1.1.  Water Pollution

Reiterating the critical importance of water for all living organisms, it is evident
that water resources are increasingly strained due to factors such as a growing
global population, industrialization, and agricultural expansion (Dey et al., 2019;
Jurado et al., 2012). As a result, the demand for clean and potable water has
surged. This has put significant pressure on water bodies, as they are continually
impacted by the discharge of substantial quantities of wastewater (Dey et al.,
2019). Beyond the challenge of ensuring access to high-quality drinking water,
several studies have indicated that nearly 50% of indigenous freshwater fish and
about one-third of the global frog population are on the brink of extinction (Dey et
al., 2019). This represents a significant global concern that calls for urgent
monitoring, quality management, and remediation efforts. National and
international environmental agencies have, for the most part, established
discharge standards for complex organic substances, heavy metals, and a few
trace compounds (Dey et al., 2019; Geissen et al., 2015; Rodriguez-Narvaez et al.,
2017).

1.2.  Contaminants of Emerging Concerns (CECs): an Overview

In the recent decades, population growth and modern life styles have led to
synthesis of numerous compounds in agrochemicals, cosmetics, chemicals, and
pharmaceutical industries which are consumed and disposed in aquatic
environment on a daily basis by millions of people around the world (Ahmed et
al., 2016; P. Shukla et al., 2021). However, the concentration of these compounds
in water bodies are often identified in ng to pg per litre, it is reported that these
compounds, even at low concentration, pose huge risks to the ecosystems and
human health, due to bioaccumulation and biomagnification, endocrine
disruption, antibiotic-resistant bacteria proliferation and toxicity (Oladipo et al.,
2018; P. Shukla et al., 2021). The scientific and legislative community is currently

referring to these chemical compounds as ‘Contaminants of Emerging Concern’



(CEC). Pharmaceuticals and personal care products (PPCPs), alkylphenols,
bisphenol A (BPA), phthalates, perfluoroalkyl and polyfluoroalkyl substances
(PFASS), and transformation products of these chemicals are some examples of
CECs. These compounds originate from industrial, domestic, agricultural, hospital
and laboratory wastewater due to limited waste-water treatment by traditional
water purification methods and runoff water from non-point sources. Municipal
wastewater treatment plant (MWWTP) effluent is associated with the most crucial
sources of CECs in the surroundings. CEC flow to MWWTPs after being ingested
by the population and collected in sewer systems, which are typically not
removed (S. Kim et al., 2018). As a result, CECs flow to nearest water bodies due
to discharge of MWWTP effluent into water, and depending on their
physicochemical qualities, may seep into groundwater or get adsorbed on soil and
sediment. Untreated sewage discharged into surface waters, as well as erroneous
disposal of expired medicines/cosmetics in toilets or landfill sites, all contribute to
CECs contamination of surface and ground water.

Despite the fact that CECs are present in small concentrations in water bodies,
they pose a hazard to various ecosystems. CECs are known to be linked with
feminization and behavioral variations in fish, neurological, reproductive, and
immunological disorder in animals. Cancer, antibiotic resistant bacteria, heart
diseases, obesity, and development of type Il diabetes in humans, lessening of
micro invertebrate diversity in rivers, and bird extinction are some of the eco-
toxicological effects associated with CECs (Starling et al., 2019).

The amount of toxins in wastewater processing facilities, drinking water, and
industrial discharge are also monitored by some regulatory authorities. Hence, the
criteria for permissible limit of CECs in water discharge should be set at a level
which does not pose any health risk. These recent findings on CECs have led to
upgradation of legislation directives by environmental agencies in developed
countries to promote control and/or prevention of CECs introduction into surface

and ground waters, and soil.



1.3.  Classification of CECs:

CECs were found in water samples from Waste Water Treatment Plants
(WWTPs)(Deblonde et al., 2011), Drinking Water Treatment Plants (DWTPs)
(Furlong et al., 2017), surface water (Clara et al., 2010), and groundwater
(Lapworth et al., 2012) through many investigations. There has been a plethora of
investigations devoted to the detection of specific kinds of developing
environmental pollutants (Clarke & Smith, 2011). PPCPs, pesticides, endocrine
disrupting chemicals (EDCs), artificial sweeteners (ASWSs) and fire retardants
(FRs) are among the substances which consists of CECs (Houtman, 2010). Figure

1.1 shows the classification of CECs.
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Figure 1.1: Classification of CECs(Prakash Bobde, Sharma, Kumar, Pandey, et
al., 2023)

Pharmaceuticals and their associated metabolites undergo natural transformation

and removal processes within the environment. These processes, including

dilution, degradation, and sorption, are influenced by factors such as the

compounds hydrophobicity, biodegradability, and prevailing environmental

conditions. Consequently, these factors account for the presence of these



substances at minimal, trace-level concentrations in water sources and drinking
water (Stefanakis & Becker, 2019). Pharmaceutical compounds, like many other
chemicals, undergo various biotic and abiotic processes that can alter their
structure when released into the environment (Stefanakis & Becker, 2019).

A prominent category of CECs resulting from personal care product is UV filters.
These UV filters are available in a wide array of products, including sunscreens,
shampoos, cosmetics, and hair dyes, designed to shield the skin and hair from the
harmful effects of sun radiation (Nawaz & Sengupta, 2019; Richardson & Ternes,
2018). UV filters primarily fall into two categories: organic and inorganic. UV
filters have frequently been detected in environmental water bodies, introduced
through activities such as swimming or indirectly through the discharge of treated
wastewater, with concentrations typically in the microgram per liter (ug/L) range
(Nawaz & Sengupta, 2019; Richardson & Ternes, 2018).

Substances, whether of synthetic or natural origin, have the capacity to imitate
hormones and thereby interfere with or disrupt the regular hormonal processes.
Endocrine-disrupting compounds (EDCs) raise significant ecological and health-
related apprehensions due to their ability to affect the endocrine system. These
substances, whether occurring naturally or being artificially synthesized, are
recognized or anticipated to have an impact on the endocrine system (Nawaz &
Sengupta, 2019).

Fire retardants are employed in plastics, textiles, and foam furnishings to decrease
their susceptibility to combustion by disrupting the polymer burning process.
These flame retardants can come in the form of halogenated or brominated
compounds. Polybrominated diphenyl ethers (PBDEs) are bioaccumulative flame
retardants and are categorized as endocrine-disrupting chemicals (EDCs)
(Rahman et al., 2001; Stefanakis & Becker, 2019).

Pesticides have been consistently identified in groundwater at minimal
concentrations over an extended period. These pesticides encompass both
synthetic chemicals and naturally occurring compounds. They find application in

agriculture for the purpose of managing weed, pest, and crop disease issues. In



recent years, substances like atrazine, once deemed environmentally hazardous,
have been discontinued. However, the replacements, such as diuron, may also
carry adverse consequences. Presently, one of the notable pesticides under
scrutiny is metaldehyde, which, in certain instances, has been found to exceed the
EU's prescribed drinking water threshold for pesticides, as reported by the
Environmental Agency in 2010 (Stefanakis & Becker, 2019).

Concerns regarding the toxicity of artificial sweeteners have emerged in the
context of aquatic organisms. Recent research has revealed the toxicity of their
transformation products (TPs). There is no evidence of sucralose
bioaccumulation, but signs of oxidative damage in lipids and proteins are evident
(Saucedo-Vence et al., 2017). Acesulfame photolysis products exhibited toxic
effects on zebrafish embryos, with the photolysis process occurring naturally in
sunlight. This study also identified six new transformation products of acesulfame
(A. J. Li et al., 2016; C. Li et al., 2016; D. Li et al., 2016; Nawaz & Sengupta,
2019).

1.4.  Sources of CECs in the water environment

Households are significant sources of various CECs, particularly pharmaceuticals
and Personal Care Products (PCPs) like natural hormones and synthetic steroids.
In the UK, the predominant method for disposing off unused or expired
pharmaceuticals is through household waste or down the sink/toilet (Stefanakis &
Becker, 2019).

Hospital waste adds to CECs with pharmaceuticals, medical supplies, and
potentially hazardous materials, posing risks if improperly disposed. Certain
substances found in hospital wastewater, such as iopromide, iopamidol, and
diatrizoate, exhibit considerable persistence in aquatic environments and have
also been identified in groundwater (Sacher et al., 2001; Schulz et al., 2008;
Stefanakis & Becker, 2019; Ternes & Hirsch, 2000).



Figure 1.2: Sources of CECs(Prakash Bobde, Sharma, Kumar, Pandey, et al.,
2023)

Agricultural pesticide usage stands out as a primary source of contamination.
Agricultural waste releases CECs such as pesticides, fertilizers, and veterinary
drugs into the environment, threatening soil and water quality (Stefanakis &
Becker, 2019). Urban runoff introduces pollutants like heavy metals, pesticides,
and hydrocarbons from roads, industrial zones, and urban landscapes into water
bodies. Animal waste, particularly in intensive farming, contributes pathogens,
antibiotics, and hormones to ecosystems through runoff and leaching, affecting
water and soil health (Stefanakis & Becker, 2019).

Landfills serve as the ultimate resting place for a diverse mix of municipal solid
and liquid waste, comprising discarded materials from residential, commercial,
and industrial origins. The utilization of landfills for waste disposal is expected to
rise with the global population’'s growth and the development of nations (Z. Lu et
al., 2012; Masoner et al., 2014; Mouser et al., 2005). In the United States, despite
a decrease in the number of active landfills from around 7,900 in 1988 to 1,900 in

20009, the average size of landfills has expanded (Masoner et al., 2014).



1.5.  Ecotoxicological effect of CECs

A variety of nations have tracked the prevalence of PPCPs in the ecosystem and
identified them as pollutants (Xiaoning Wang et al., 2016). Germany conducted a
worldwide evaluation of PPCPs in the ecosystem in 2014, and 631 out of 713
PPCPs examined were confirmed to be above respective diagnostic thresholds.
These PPCPs were discovered in surface waterways such as lakes and rivers, as
well as in groundwater, compost, soil, and potable water (aus der Beek et al.,
2016). Cattle were given high dosages of diclofenac sodium (DS) to alleviate
fever and discomfort. Predators feasted on the livestock that were not retrieved.
As predators of the species Gyps are susceptible to DS, 10-40 million
predators perished of renal disease, pushing the bird to death (aus der Beek et al.,
2016). It is known that a lot of fish populations have declined dramatically in the
previous 10-15 vyears, possibly as a result of ethinylestradiol and similar
potentially harmful contaminants. Certain depressant medications, such as
oxazepam, can affect the behaviour and eating of fish like European perch at
concentrations as low as 1.8 pg/L, resulting in food chain pattern disruption
(Brodin et al., 2013). Table 1.1 summarizes the ecological effects of CECs.



Table 1.1: Ecotoxicological effects of CECs

Classifications Frequently detected compounds Ecotoxicological effects References

of CECs
Pharmaceutical | Antibiotics -  Sulfamethoxazole, = Amoxicillin, | Miscarriage, pregnancy complications, | (Nawaz &
compounds Ciprofloxacin, Ofloxacin, Erythromycin, | feminization in fish, injurious to marine | Sengupta, 2019)

Trimethoprim,  Ampicillin,  Tylosin,  Enoxacin,
Difloxacin, Doxycycline, Mecillinum, Tetracycline,
Cefaclor, Sulfapyridine, Cefalexin

Anticonvulsants - Dilantin, Cabapentin, Primidone,
Phenobarbital, Carbamazepine

Antidepressants - Diazepam, Fluxetine, Oxazepam,
Imipramine, Doxepin, Thioridazine, Meprobamate

Antineoplastics - Tamoxifen, Methotrexate,
Epirubicin, Ifosfamide, Cyclophosphamide

Beta-blockers - Propranolol, Pindolol, Metoprolol,
Nadolol, Atenolol, Sotalol, Acebutolol

Hormones - Testosterone, Estrone, Androstenedione,
Mestranol, Estriol, 17-p Estradiol

Lipid regulators - Furosemide, Gemfibrozil,
Clofibrate, Benzafibrate, Clorfibric acid, Simvastatin

Nonsteroidal anti-inflammatory drugs - Salicylic acid,
Phenazone, Nimesulide, Paracetamol, Naproxen,
Ketoprofen, Acetaminophen, Ibuprofen, Diclofenac,
Aspirin, Indomethacin

organisms, constrained polypregeneration and
diminished reproduction, growth impairment in
human embryonic kidney cells




Personal care | Disinfectants - Bromoprene, Chloroprene, 2- | Ochronosis, potential mutagenicity, irritant, | (A. D. Khan &
products phenylphenol, 4-chlorocresol, 4-chloroxylenol, | allergic, phototoxic, dizziness, fatigue, irritation | Alam, 2019)
(PPCPs) Triclosan to eyes, throat and nose, carcinogenic,

Fragrances - Musk ketone, Musk xylene neurotoxic

Preservatives - Methyl paraben, 2-phenoxyethanol,

derivatives of 4-hydroxybenzoate

Sunscreen agents - Ethylhexyl methoxycinnamate,

Octocrylene, Oxybenzone
Endocrine Phthalates, phenol, bisphenol A disrupt the endocrine and hormonal functions, | (Giulivo et al.,
Disrupting create medical problems by mimicking or | 2016; James-
Compounds blocking hormones and disturbing the body's | Todd et al., 2016;
(EDCs) regular processes, harm human reproductive | Muhamad et al.,

system and induce preterm, underweight new-
borns, metabolic disorders (heart disease,
prediabetes, high blood pressure, and
hyperlipidaemia), as well as other wellness
impacts (thyroid hormone instability and
abnormal immune operation) in humans

2016)

Fire Retardants
(FRs)

Tetrabromobisphenol A (TBBPA),
hexabromocyclododecane (HBCD), triphenyl
phosphate (TPP), tricresyl phosphate (TCP), dimethyl
methylphosphonate (DMMP)

Carcinogenic, affects neurodevelopment and
reproductive systems

(X. Zhang et al.,

2016; . N.
Zhang et al,
2016)

Pesticides

resmethrin, cypermethrin, bifenthrin,

methoxychlor and triazine

tolylfluanid,

hazardous to spiders, carabid beetles, insects
such as honeybees, bumble bees, fruit flies, and
mammals

(Dawson et al.,
2010; Fountain et
al., 2007; Giglio
et al., 2011;
Kevan, 1999)
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Consumption of more than two PPCPs at once may cause interaction issues in
people (X. Wu et al., 2015), where 500 ng/day per chemical was consumed
concurrently by consumption of vegetable crops cultivated with PPCPs polluted
water. Regular consumption to PPCPs, particularly antibiotics, results in
antimicrobial tolerance in people, potentially increasing the chance of mortality.
Stuart et al. 2012 demonstrated that parabens conquered estrogenic task and
triggered virologically facilitated instant systemic hyper acuity responses whereas
N,N-diethyl-meta-toluamide (DEET) hindered the enzyme accountable for central
nervous system function (Stuart et al., 2012). Verslycke et al. discovered a
significant level of protection for triclosan (TS) consumption across all pathways,
such as bio solids — soil-plant — human, and concluded that the pollutant might
represent a low danger to human health (Verslycke et al., 2016).

A case of endocrine disruption in snails induced by tributyltin consumption was
generalized to vertebrates, particularly fish, which were shown to be just as
susceptible to this substance as snails and experienced endocrine impacts at
ecological quantities (Lagadic et al., 2018). CECs are present in the environment
at extremely low doses for longer time (Daughton, 2002). Low-dose CEC
consumption may not produce explicit harm, but instead modest alterations in the
individuals' health and physiology (e.g. behaviour). These minor adjustments
demonstrate the ability to have adverse environmental consequences in terms of
population and biodiversity. The drug, venlafaxine, which affects brain tissue, has
also been linked to neurotoxicity (Bidel et al., 2016).

Antibiotics have a number of detrimental effects on agro-environment, according
to Du and Liu (Du & Liu, 2012), such as: (1) germinating seeds and crop growth
reduction; (2) soil microbial action suppression; (3) antibiotic deposition in plant
biomass; and (4) syphoning diffusion into underground water. Antibiotics and
their breakdown by-products were studied for their environmental effects, and
microbial communities impervious to antibiotics were discovered after long-term
vulnerability due to biological diversity and transmission (Du & Liu, 2012).
Girardi et al.(Girardi et al., 2011) also confirmed that ciprofloxacin (CPF) (at
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doses of 0.2, 2, and 20 mg/kg) significantly reduces micro flora in soil. They also
discovered that this antibiotic was still bioactive after a longer duration (29 days).
1.6. Conventional treatment methods for removal of CECs

The presence of contaminants of emerging concern (CECs) in the environment
has wide-ranging impacts, affecting public health, marine ecosystems, and
contributing to the emergence of antibiotic-resistant bacteria, neurotoxic effects,
disruption of endocrine systems, and the development of tumors (Mahmood et al.,
2022). To remove CECs from water, a variety of conventional treatment methods
have been explored, including sand filtration, coagulation/flocculation, activated
sludge treatment, among others. These methods are discussed below in detail.
1.6.1. Sand filtration

For systems that are smaller, one of the easiest and best methods for treating
drinking water is sand filtration (SF). Many contemporary infections and
pollutants can now be effectively treated because of modifications and adaptations
made to this technology (Jobb et al., 2007). SF, which includes physico-chemical
and biological removal methods for various target pollutants, is a crucial
treatment step in drinking water treatment plants for the production of drinking
water (Bai et al., 2016; Jinsong Wang et al., 2021). SF normally has a bed that is
1.5-2.5 metres tall and is run at a downward filtration velocity of 3-8 metres per
hour (Jinsong Wang et al., 2021). Furthermore, to avoid blockage by residual
materials such excess biomass and precipitated metal oxides, the filters must be
backwashed on a regular basis (Albers et al., 2015; Jinsong Wang et al., 2021).
1.6.2. Coagulation-flocculation

The coagulation-flocculation process is a commonly employed technique for the
filtration of industrial and urban wastewaters (Pavon-Silva et al., 2009; Rodrigues
et al., 2008; Teh et al., 2016). As early as 1500 BC, it was documented that the
Egyptians were using aluminium sulphate, known as alum, to induce particles that
were suspended to settle in water (Parsons & Jefferson, 2009; Teh et al., 2016).
These days, turbidity, natural organic matter, and other soluble organic and

inorganic contaminants in wastewater are reduced by agglomerating tiny particles
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and colloids into bigger particles by the process of coagulation-flocculation
(Parsons & Jefferson, 2009; Teh et al., 2016). This procedure consists of two
separate steps: (1) flocculation, which involves using mild agitation to
agglomerate tiny particles into well-defined flocs, and (2) quick mixing of a
dispersed coagulant into water or wastewater to be treated (Spellman, 2023; Teh
et al., 2016). Ultimately, the wastewater/treated water (supernatant) is shifted to a
different treatment process or released into a watercourse, and the flocs are let to
settle and ultimately be collected as sludge. Coagulation flocculation has been
effectively used in many types of water treatment because of its simple design,
low energy consumption, and ease of operation (AlMubaddal et al., 2009; Teh et
al., 2016; Torres et al., 2009).

1.6.3. Activated sludge treatment

Aeration and sludge settling are the two distinct stages that make up the activated
sludge treatment. Typically, this unit operates without allowing any settling in the
aeration tank (Scholz, 2016). As a result, it operates after the aeration tank using a
totally different settlement tank that continuously removes and returns sludge to it
(Scholz, 2016). In addition to supplying the microorganisms with a sufficient
amount of food, the continual mixing activity is necessary to maintain a maximal
oxygen concentration gradient, which facilitates mass transfer and aids in the
dispersal of metabolic waste products from inside the flocs (Scholz, 2016).

The mixed liquor, or wastewater and microbiological mass combined, is displaced
into a sedimentation tank by the settled wastewater when it reaches the aeration
tank (Scholz, 2016). The cleared effluent, which is almost entirely solid-free, is
released as the final effluent in this second step, where the flocculated biomass
quickly drops out of suspension to create sludge. For every kilograms of BODs
eliminated, 0.5 to 0.8 kg of dry weight of sludge is created in the traditional AS
process (Scholz, 2016). The sludge may be readily pumped since it resembles
weak slurry with 0.5% to 2.0% dry solids. Although it is challenging to
concentrate AS to >4% dry particles by gravity alone under typical working

conditions, the viscosity increases quickly as the solids content rises (Scholz,
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2016). In order to guarantee that, there is sufficient microbial population to
completely oxidize the wastewater throughout its retention time inside the
aeration tank, the majority of the AS is returned to the aeration tank to serve as an
inoculum of microorganisms. Prior to disposal, the extra sludge (8-10% of the
daily production) has to be treated (Scholz, 2016).

1.7.  Advanced treatment methods for removal of CECs

The removal of developing pollutants cannot be performed by conventional
wastewater treatment techniques, which is why they were mostly ineffectual
(Nghiem & Fujioka, 2016). Because of this, the waste water treatment need to be
developed by involving advanced treatment techniques, including membrane
separation, advanced oxidation, ozonation, and activated carbon adsorption
(Nghiem & Fujioka, 2016). The advanced treatment processes are discussed
below.

1.7.1. Membrane technology

Reverse osmosis (RO) and nanofiltration (NF), in particular, are high pressure
membrane techniques that are often used to remove developing pollutants
(Nghiem & Fujioka, 2016). In fact, potable water recycling applications and the
generation of drinking water from polluted surface water are the main uses for
full-scale NF or RO systems nowadays, with the aim of eliminating new
pollutants (Beyer et al., 2014; Fujioka et al., 2012; Nghiem & Fujioka, 2016;
Ventresque et al., 2000). Other notable membrane technologies that have not yet
been used on a large scale but have the potential to remove developing trace
organic pollutants include membrane electrodialysis (ED), membrane distillation
(MD), and forward osmosis (FO) (Nghiem & Fujioka, 2016). This chapter will
not give a full examination of FO, MD, and ED due to their still-emerging
character. Rather, only essential elements related to eliminating emerging trace
organic pollutants will be covered (Nghiem & Fujioka, 2016).

The majority of contaminants in water may be eliminated using high pressure
membrane filtration (Nghiem & Fujioka, 2016). Recent decades have seen a

decrease in the cost of water treatment systems that use high pressure membrane
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processes, such as RO and NF, due to technical advancements in the manufacture
of materials and modules (Nghiem & Fujioka, 2016). The capacity of RO and NF
membranes to separate mono- and divalent ions sets them apart from one another.
For instance, RO membranes are often used in the semiconductor industry, for
wastewater recycling, and for saltwater desalination, where a high level of salt
and other dissolved pollutant removal including CECs—is necessary (Nghiem &
Fujioka, 2016). Conversely, NF membranes have been used in drinking water
treatment facilities in situations when the source (surface or ground water, for
example) has been contaminated with volatile organic compounds (VOCs) or
includes divalent ions (calcium and manganese) (Nghiem & Fujioka, 2016).

1.7.2. Adsorption

Adsorption processes appear to be better than other separation techniques for
removing pollutants from water environments because they minimize biological
sludge, are highly efficient, simple to use even in large-scale applications, and
require inexpensive adsorbent materials (Varjani et al., 2020; Yaashikaa et al.,
2019). One of the most efficient advanced wastewater treatment technologies is
adsorption, which is widely used by academic and industrial researchers to
remove different types of contaminants. One of the adsorbents in the water
treatment process that has been studied the most is activated carbon (Rajan et al.,
2016; Rao et al., 2009). It is a surface-based technique where Vander Waals
forces hold the adsorbate onto the adsorbent surface (Rajan et al., 2016).
Chemical bonding and electrostatic attraction are some possible mechanisms of
adsorption of adsorbates (Rajan et al., 2016). It is a well-known technique for
eliminating dangerous substances from contaminated waterways (Vinod K. Gupta
& Ali, 2001; Vinod K. Gupta et al., 2002; Rajan et al., 2016; Sheha & Metwally,
2007). However, as the high bed loading is involved, it is too costly for
concentrated waste water; in these situations, a big bed would need to be installed,
which would require a huge capital investment, or frequent regeneration, which

would require a high running cost (Rajan et al., 2016).
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1.7.3. Advanced oxidation process

The oxidation process, sometimes referred to as the advanced oxidation process
(AOP), is one of the most widely used chemical procedures for spent water (Deng
& Zhao, 2015; Donkadokula et al., 2020). An appropriate number of hydroxyl
radicals (OH") are produced in this method for purifying water, and this idea was
subsequently extended to sulphate radicals (SO4™) oxidative reactions (Deng &
Zhao, 2015; Donkadokula et al., 2020). AOPs have been investigated for their
potential to inactivate pathogens and pathogenic markers, in addition to their
ability to degrade organic and inorganic contaminants (Deng & Zhao, 2015;
Donkadokula et al., 2020). Strong oxidants have the ability to quickly break down
any substances in wastewater, which is why AOPs are regarded as the finest
solutions for treating wastewater (Deng & Zhao, 2015; Donkadokula et al., 2020).
Although alternative materials, including ferryl ions, are suggested, hydroxyl
radicals are the conventionally accepted name for the reactive species generated
(Deng & Zhao, 2015; Pignatello et al., 2006). A detailed discussion of the Fenton-
related chemistry for treating water and wastewater has already been covered
elsewhere (Deng & Zhao, 2015; Pignatello et al., 2006).

1.7.4. Solvent extraction

Three main processes could be involved in the solvent extraction process. The
process of moving the solute from water into the solvent is called extraction
(Kiezyk & Mackay, 1971; Rajan et al., 2016). The second step is called "solute
removal,” during which the solvent is recycled back into the extractor and the
solute is extracted (Kiezyk & Mackay, 1971; Rajan et al., 2016). The third step is
solvent recovery, where the wastewater raffinate can be used to extract the solvent
(Kiezyk & Mackay, 1971; Rajan et al., 2016). The primary purpose of solvent
extraction is to remove phenols, creosols, and other phenolic acids from polluted
water that contains small amounts of solutes from petroleum refineries and coke-
oven plants in the steel and plastics industries (Mahmood et al., 2022; Rajan et al.,
2016).
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1.7.5. Electrochemical method

A low-level direct current is applied through two electrodes to initiate the
electrochemical (EC) process (Dionisio et al.,, 2021). Because the electric
potential accelerates the oxidation of CECs and concurrently fosters the
production of OH", this mechanism can break down contaminants from polluted
matrices (Dionisio et al., 2021; Ferreira et al., 2018; Magro et al., 2020). In order
to remove CECs from wastewater matrices, the EC procedure has also been
researched in the field of wastewater treatment (Dionisio et al., 2021; Gadipelly et
al., 2014; Lima Morais et al., 2019; Zaied et al., 2020).

1.8.  Nanomaterials for water treatment

Materials with at least one dimension less than 100 nm are referred to as
nanomaterials (Mahmood et al., 2022). The greater surface area and density of
nanomaterials lead to an increase in resolution mobility, surface reactivity, and
adsorption efficiency (Mahmood et al., 2022). Utilizing nanoparticles for
wastewater treatment through adsorption, adsorption-oriented polymers, and
filtration has been made easier by recent research into the use of nanomaterials
(Mahmood et al., 2022). It has been revealed that CECs can be efficiently
removed from wastewater by using nanomaterials. Numerous nanomaterials,
including carbon nanomaterials, metal-oxide nanoparticles, zerovalent metal
nanoparticles, and nanocomposites, have been described for the treatment of
wastewater (Mahmood et al., 2022).

Due to its tiny size and large surface area, zerovalent metal is an important
nanomaterial for wastewater treatment that is also highly reactive (Borrego et al.,
2016; Mahmood et al., 2022). Researchers have recently focused their attention
on a number of zerovalent metal nanoparticles, such as nickel, zinc, iron,
aluminium, and silver, with the purpose of eliminating contaminants (Borrego et
al., 2016; Mahmood et al., 2022). Because of their possible antibacterial qualities,
silver nanoparticles are typically employed as disinfectants to get rid of a lot of
bacteria, viruses, and fungus (Borrego et al., 2016; Mahmood et al., 2022).

Photocatalytic degradation has gained significant interest as a promising and
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developing technology (H. Lu et al., 2016). The breakdown of contaminants in
water and wastewater has been effectively achieved by the use of photocatalytic
degradation technology in recent times (H. Lu et al., 2016).

Due to the accessibility and ease of usage, iron oxide nanoparticles have garnered
increasing attention in recent years as a means of eliminating heavy metals (H. Lu
et al., 2016). As nanoadsorbents, Fe3Oq4, y-Fe,04, and a-Fe,O3 are frequently
utilized (H. Lu et al., 2016). The separation and recovery of nanosorbent
compounds from polluted water often provide significant obstacles for water
treatment because of their tiny size (H. Lu et al., 2016). Fe3O4 and y-Fe,O,4 have
been effectively employed as sorbent materials to remove different heavy metals
from water systems (Lei et al., 2014; Ngomsik et al., 2012; Tan et al., 2014).
Graphene and carbon nanotubes are examples of carbon-based nanomaterials that
come in both functionalized and non-functionalized forms (Smith & Rodrigues,
2015). Metal or metal oxides can also be used to functionalize these
nanomaterials. Fe/Fe3OQ4, Al/Al,O3, TiO,, and Ag are the most often utilized
metals and metal oxides in carbon-based nanocomposites for water treatment
applications (Guo et al., 2012; V. K. Gupta et al., 2011; J. D. Kim et al., 2013;
Pyrzynska & Bystrzejewski, 2010; Shaari et al., 2012; Smith & Rodrigues, 2015).
It has been demonstrated that adding metal or metal oxides to nanocomposites
enhances the adsorption and disinfection capabilities of carbon-based
nanomaterials (Smith & Rodrigues, 2015).
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Chapter 2
LITERATURE REVIEW

2.1.  Adsorption process

The adsorption process using solid adsorbents is considered as one of the most
effective ways to treat and remove organic pollutants in wastewater treatment
among the several strategies for treating water (Crini, 2005; Rashed, 2013).
Adsorption has an advantage over the other techniques due to its straightforward
design and potential for minimal cost and land requirements (Crini, 2005; Rashed,
2013). The adsorbate accumulates at the adsorbent surface during the adsorption
process, which is a surface phenomenon. The method is predicated on the idea
that adsorption reduces the energy of the interface, which can be between a liquid
and a solid, solid and gas, solid and liquid, or liquid and gas (Dabrowski, 2001).
Adsorption may be conceptually separated from absorption, which includes bulk
material, since it is restricted to the contact. The species of the adsorbent and
adsorbate that are involved to determine the specific form of contact and bonding
that occurs. Both chemisorption and physical adsorption are common
classifications for the adsorption process. When there is physical adsorption, also
known as physisorption, the adsorbate attaches itself to the surface by electrostatic
attraction, hydrogen bonding, or weak van der Waals forces. It is thought that
physisorption has low interaction energy—Iess than 15-30 kJ/mol—and is
reversible. Adsorbate and surface sites react chemically through covalent bonding
to create chemisorption. Between the adsorbates and the adsorbents, new, very
energetic chemical bonds are created that are irreversible and can range from tens
to hundreds of kJ/mol. Adsorption and desorption are linked processes that
demonstrate the movement of sorbate ions from the surface of the sorbent into
solution. The quantity of sorbate that has been desorbed from the solid determines
how much the sorbent regenerates; as desorption grows, so does the sorbent
renewal process, according to the experimental conditions that are used (Sahoo &
Prelot, 2020).
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The following are the fundamental needs for a good adsorbent in order to achieve
excellent performance and sorption efficiency (Ali, 2012; Hristovski &
Markovski, 2017; Sadegh et al., 2017). To remove the greatest quantity of
contaminants, it is first important to develop sorbents with high sorption
capacities. Additionally, it must have great selectivity for certain contaminants,
particularly those that are present in water at low concentrations or in situations
when several components are competing with one another. It also has to be
recyclable and reusable. This implies that in order to renew the adsorbent, the
contaminants that have been adsorbed must be readily removed from its surface.
Quick mass transfer of pollutants requires quick kinetics and adequate
accessibility to the sorption sites, which are provided by the sorbent. This needs to
be true in a variety of operational and water matrix scenarios. In addition, it must
be low-cost and easy to manufacture in large quantities—especially when
compared to alternative water treatment methods. When used in large-scale
applications, this also entails minimizing the need for maintenance and operation.
Naturally, it should also be benign and favorable to the environment (Sahoo &
Prelot, 2020).

The creation of modified and novel qualities or the fusion of several features is
the source of this expanding interest in materials for the adsorption of a wide
range of pollutants. All sorption phenomena are dependent on the material's
interfacial qualities since adsorption takes place at the interface. Adsorption rises
when the adsorbent's accessible surface area is expanded. Materials with a high
surface to volume ratio or those with varying porosity levels have high specific
surface area values. The quantity of exposed active sites is necessary for the high
chemical and surface reactivity, and the presence of certain functional groups on
the adsorbent increases this reactivity (Sahoo & Prelot, 2020).

2.2.  Adsorbents used for the adsorption of CECs

Because of its high effectiveness, wide specific surface area, and hydrophobic
interactions, activated carbon is the most often utilized adsorbent in the removal
of CECs (Almeida-Naranjo et al., 2023; Grassi et al., 2012; Sophia A. & Lima,
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2018). There have also been reports on the utilization of clays, alumina,
nanoparticles, zeolites, composites, soil, and metal-organic frameworks (such as
graphene, magnetic nanoparticles, and carbon nanotubes) (Ahmad et al., 2019;
Almeida-Naranjo et al., 2023; Rout et al., 2021). However, the high cost of
activated carbon and other adsorbents prevents their widespread usage (Almeida-
Naranjo et al., 2023; Grassi et al., 2012; Sophia A. & Lima, 2018). This has
accelerated the demand for low-cost, broadly accessible, little processed, and
ecologically benign substitute materials (Almeida-Naranjo et al., 2023; Quesada
et al., 2019). The most popular materials for CECs removal are covered in this
section.

2.2.1. Activated carbon

The most common adsorbent material utilized in wastewater treatment plant is
activated Carbon (AC), which was utilized in 3311 thousand metric tons in 2021
and at a rate of between 5.5 and 8.1% year between 2008 and 2018 (Pallarés et al.,
2018). For the elimination of CECs, AC has been shown to be the most effective
adsorbent (Almeida-Naranjo et al., 2023; Grassi et al., 2012; Sophia A. & Lima,
2018). Acetaminophen, testosterone, androstenedione, progesterone (Grassi et al.,
2012), paracetamol (Garcia-Mateos et al., 2015), , metronidazole (Forouzesh et
al., 2019), nimesulide (Raupp et al., 2021) were removed using AC. However, AC
is an expensive adsorbent with high recovery costs, and its renewal reduces its
effectiveness (<40%) (Almeida-Naranjo et al., 2023; Sophia A. & Lima, 2018).
2.2.2. Zeolites

Zeolite is a hydrated aluminosilicate mineral that occurs naturally. It has a three-
dimensional tetrahedral structure made up of connected SiO4 and AlO, units. Its
structure is porous and is made up of chambers and channels (Solinska & Bajda,
2022)(Ozin et al., 1989). Additionally, the zeolite has a permanent negative
charge, which are mostly found in zeolitic channels and on the exterior surfaces.

I** ions for Si** ions in the tetrahedral units

This is due to the replacement of A
(Solinska & Bajda, 2022). The elimination of phenol, dichlorophenol (S. H. Lin &

Juang, 2009), nicotine, carbamazepine, erythromycin, nitrosamines nitrobenzene
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(N. Jiang et al., 2018), tetracycline, oxytetracycline (Lye et al., 2017), and 2,4,6-
trichlorophenol (N. Jiang et al., 2020) was effectively achieved by zeolites. They
achieved removal efficiencies ranging from 45% to 90% (de Sousa et al., 2018; N.
Jiang et al., 2018; S. H. Lin & Juang, 2009; Lye et al., 2017; Pukcothanung et al.,
2018).

2.2.3. Clays

Clays and clay minerals are one type of readily accessible adsorbent that has been
used in water remediation applications. They are naturally occurring, non-toxic,
and affordable (Ewis et al., 2022; Lazaratou et al., 2020). According to Chen et al.
(L. Chen et al., 2016), the family of phyllosilicates that contains clay minerals like
montmorillonite and kaolinite include both planar hydrous and non-planar
hydrous phyllosilicates. The physiochemical features of clays and clay minerals,
such as swelling and ion exchange capacity, along with their unique two-
dimensional (2D) layer structure allow them to effectively adsorb a wide range of
organic and inorganic water contaminants (L. Chen et al., 2016; Ewis & Hameed,
2021; Ewis et al., 2022). Clays were utilized in the removal of CECs like
ciprofloxacin (H. Chen et al., 2015; C. J. Wang et al., 2011), carbamazepine (W.
Zhang et al., 2010), triclosan (Cardona et al., 2023), tetracycline and bisphenol A
(Adesina et al., 2023), and oxytetracycline (Ashiq et al., 2021), etc.

2.2.4. Chitosan

The organic polysaccharide chitosan is plentiful and has been extensively studied
for its potential to remediate wastewater contaminated by CECs (R. Huang et al.,
2023). Many reactive amino and hydroxyl groups found in chitosan have the
ability to bind and exchange ions with heavy metal ions through chelation,
electrostatic attraction, and other means (Q. Jiang et al., 2022). Furthermore,
chitosan's high functionality allows for a variety of chemical changes by grafting
or crosslinking with other reactive groups like phosphate and sulphate (Abdel-
Raouf et al.,, 2023). CECs such as ciprofloxacin (R. Huang et al., 2023),

tetracycline (da Silva Bruckmann et al., 2022; Rizzi et al., 2019), triclosan
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(Matolia et al., 2019; Rasheed et al., 2022), methyl paraben and propyl paraben
(Mashile et al., 2020) were removed by using chitosan.

2.2.5. Agricultural/Agro-industrial biomass

Comparing with different adsorbents, using biomass or agricultural waste offers
the advantages of being more affordable, biodegradable, and environmentally
friendly. Consequently, certain biomass materials have been used to adsorb CECs,
including Dialium guineense (Eze et al., 2021; Ezekoye et al., 2020), banana peel
(Farias et al., 2023), rice husk (Triwiswara et al., 2020), yam peel (Akpomie et al.,
2023), jackfruit peel (Qureshi et al., 2020), tamarind shell (N et al., 2022), corn
cob (Ajala et al., 2023), grapefruit peel (Prakash Bobde, Sharma, Kumar, Pandey,
et al., 2023), and rice peel (Akpomie et al., 2023). These types of biomass was
used for the removal of ciprofloxacin (Akpomie et al., 2023), ketoprofen (Huan
Wang et al., 2023), sulfanilamide (Gamiz et al., 2022), triclosan (Cho et al.,
2021), etc.

2.2.6. Biochar

Because it is a biowaste-based, economical, and sustainable adsorbent, biochar is
seen as a potential option. It is a stable, carbon-rich, pyrolytic or anaerobic
material that is produced from organic material as a raw material and has
undergone thermal treatment (Mahdi et al., 2019)(Jha et al., 2023). Biochar is
mostly made from waste products, either lignin- or non-lignin-containing, from
the wood, fibre processing, agriculture, and aquaculture sectors, among others.
Hydrophobicity, long-term stability, chemical composition, high porosity, huge
surface area, and other characteristics are some of the unique qualities of biochar.
This means that it might be a good fit for a number of uses, including the removal
of hazardous pollutants, the sequestration of carbon, the adsorption of greenhouse
gases, etc (Jha et al., 2023). Various types of biochar were utilized for the removal
of tetracycline (Z. Fan et al., 2022; Hoslett et al., 2021; R. Li et al., 2020; S. Luo
et al., 2022; Premarathna et al., 2019; Sun et al., 2021; Q. Wang et al., 2023; Yu
et al., 2020), bisphenol A (Katibi et al., 2021; Jinpeng Wang & Zhang, 2020),
oxytetracycline (Feng et al., 2021a; G. Liang et al., 2019; Ramanayaka, Kumar, et
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al., 2020; Ramanayaka, Tsang, et al., 2020; Solmaz et al., 2023; Z. Wei et al.,
2023), diclofenac sodium (Al-Qahtani et al., 2023; de Souza dos Santos et al.,
2020; Lins et al., 2020; Nguyen et al., 2021), atrazine (Y. Wang et al., 2020),
ciprofloxacin (Hamadeen & Elkhatib, 2022; Ozer & imamoglu, 2022; Wakejo et
al., 2022; Z. Yang et al., 2020; Yue Zhou et al., 2019), sparfloxacin (Yue Zhou et
al., 2019), triclosan (Cho et al., 2021), ibuprofen (Nguyen et al., 2021), etc.

2.2.7. Industrial waste

Because of its affordability, ease of production, and accessibility to low-cost
precursor components, the usage of zeolites (adsorbent) derived directly from coal
fly-ash (CFA), a byproduct of burnt coal, has garnered a lot of scientific interest
(Ahmaruzzaman, 2010; Aigbe et al., 2021; N. Jiang et al., 2018). Zeolites are
frequently taken into consideration in the fields of gas separation, water
purification, and remediation due to their high adsorption capacity, huge surface
area, exceptionally high porosity, and thermal stability (Aigbe et al., 2021). Red
mud is a highly alkaline byproduct that is created during the Bayer process, which
turns bauxite ore into alumina for the manufacture of aluminium (Aydin et al.,
2019). The need for aluminium is rising in tandem with population growth and
urbanisation, and one of the biggest issues facing aluminium production facilities
is how to store and dispose of red mud. The globe produces 120 million tons of
red mud a year, according to estimates. According to Grafe et al. (2011) (Gréfe et
al., 2011), red mud comprises silica, aluminium, iron, calcium, titanium, sodium,
and trace levels of potassium. Because of its structural characteristics and
chemical and mechanical stability, it has the potential to be an excellent adsorbent
for treating water (Aydin et al., 2019).

2.2.8. Polymers

Activated carbon and mesoporous sorbents have higher adsorption capacities than
polymeric sorbents, but they also have certain benefits. Because of their high
surface area and mechanical robustness, polymeric materials have prospective
uses in the water treatment industry as an alternative to activated carbon (Akhtar

et al., 2016; Pan et al., 2009). Polymeric sorbents are characterized by their
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excellent mechanical strength, homogeneous pore size distribution, and facile
regeneration in moderate environments. Unlike activated carbon, which needs to
be regenerated often, polymeric sorbents are long-lasting and fouling-resistant,
lasting up to 2,000 regeneration cycles (Akhtar et al., 2016; Xu et al., 2003).

2.2.9. Nanomaterials

The remarkable qualities of carbon nanotubes (CNTSs) point to a number of
beneficial uses for them as adsorbents in the removal of CECs from residential
and commercial wastewaters (de Azevedo et al., 2023; EI-Sheikh et al., 2019;
Ncibi & Sillanpad, 2015). CNT have large surface area as well as a distribution of
pores that are ideal for adsorption processes (de Azevedo et al., 2023; Gil et al.,
2018; Machado et al., 2011; Pires et al., 2019). These materials are appropriate for
effective adsorption procedures due to their electronic characteristics and
dimensionality, which is comparable to the scale of many pollutants' molecules
(Abo EI Naga et al., 2019; de Azevedo et al., 2023).

The cylindrical graphite sheets found inside CNTs have an extremely high van der
Waals index. High polarizability carbon atoms that are sp>-hybridized are present
in the benzenoid rings of graphite sheets. CNTs have been utilized for the removal
of ciprofloxacin (Elamin et al., 2022; H. Li et al., 2018; J. Yao et al., 2023),
triclosan (S. Zhou et al.,, 2013), oxytetracycline (Y. Fan et al., 2023),
sulfamethazine (Ameen et al.,, 2020), norfloxacin (Ohale et al., 2023),
sulfamethoxazole, sulfapyridine (Tian et al., 2013), caffeine (Quintero-Jaramillo
et al., 2021) and diclofenac (Gil et al., 2018).

A two-dimensional (2D) monolayer of sp® hybridised carbon atoms organised in a
honeycomb pattern and joined by functional groups that include oxygen, such as
hydroxyl, carboxyl, and epoxy groups, is known as graphene oxide (GO) (Hiew et
al., 2019). With its distinct qualities, including a relatively high specific surface
area, a wide range of surface functional groups, and strong colloidal stability, GO
has emerged as a promising adsorbent for the treatment of wastewater (Hiew et
al., 2019). According to reports, GO's high adsorption capacity is facilitated by a

number of adsorption mechanisms, including hydrophobic, electrostatic, and
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hydrogen bonding between GO's functional groups and the pollutants' active
ingredient (Hiew et al., 2019; Kyzas et al., 2015; Y. L. Zhang et al., 2014). For
this reason, highly polar and soluble contaminants might be effectively removed
using GO as an adsorbent (Hiew et al., 2019). GO has been utilized for the
removal of caffeine (M. B. Andrade et al., 2022; Xueyu Wang et al., 2022),
diclofenac (Hiew et al., 2019; Mahmoodi et al., 2021), ciprofloxacin (F. Wang et
al., 2016), triclosan (Yuanyuan Zhou et al., 2023), tetracycline (Y. Gao et al.,
2012), oxytetracycline (El Hadki et al., 2021), etc.

The short intraparticle diffusion distance, cheap cost, and high effectiveness of
pollutant removal are the distinguishing features of metal-based nano adsorbents.
In addition, their surface area remains unchanged upon compression, and they
exhibit resistance against abrasion, magnetic fields, and photocatalysis (Almeida-
Naranjo et al., 2023). Maghemite (y-Fe,Os), spinel ferrites (M**Fe,0,4, Where M:
iron, cadmium, copper, nickel, cobalt, manganese, zinc, magnesium) and hematite
(a-Fe,03) are examples of magnetic nanoadsorbents that are excellent adsorbing
materials for the collection and removal of harmful components from polluted
water (Kunduru et al., 2017). Metal-based nanoadsorbents have been utilized for
the removal of carbamazepine (Gabet et al., 2023), ciprofloxacin (Rakshit et al.,
2013), triclosan (So et al., 2019)(Y. Wu et al., 2018), tetracycline (Xiangyu Wang
et al., 2023), caffeine (Abdel-Aziz et al., 2020) and sulfamethoxazole (Song et al.,
2021).

2.3. Biochar as greener/sustainable adsorbent

Biochar became the new promising adsorbent when compared to different
adsorbents. The sustainable production of various biochars from a variety of
waste materials such as pine cone, rice husk, coconut shell, etc. makes it stand out
among other adsorbents. Biochar, derived from lignocellulosic biomass, has been
effective in the removal of CECs from aquatic environment. However, the pure
biochar’s ability to selectively adsorb high concentration pollutants has several
limitations (Ma et al., 2014).
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2.4.  Chemical modification of biochar

Numerous techniques were used to alter the characteristics of biochar in order to
overcome its limitations for environmental applications. The two primary physical
modifications are gas and steam purging (Jianlong Wang & Wang,
2019).Removing contaminants like metals and adding acid functional groups to
the surface of biochar is the primary goal of acid modification (Jianlong Wang &
Wang, 2019). Phosphoric acid (Ozer & imamoglu, 2022), sulfuric acid (V. Shukla
et al., 2023), nitric acid (Fernando et al., 2021), hydrochloric acid (Han et al.,
2022) are commonly used acid for the activation of biochar. Sayin et al. (Sayin et
al., 2021) reported that, the biochar's H3PO, modification enhanced its adsorption
ability for CPF by a factor of 17 to 39. The adsorption capacity of methyl
paraben, carbamazepine, ibuprofen and triclosan was increased after the sulfuric
acid modification (Choudhary & Philip, 2022).

Increasing the surface area and the functional groups that contain oxygen is the
primary goal of alkaline modification (Jianlong Wang & Wang, 2019). Sodium
hydroxide (NaOH) and potassium hydroxide (KOH) are mostly used bases for the
modification of biochar. When compared to pristine biochar, KOH-modified
biochar improved tetracycline removal by up to 3.50 times (cassava stalk), 4.99
times (rubber wood), and 2.14 times (sugarcane bagasse), respectively (Q. Wang
et al., 2023). Oxidizing chemicals can be used to modify the biochar to enhance
the amount of oxygen-containing functional groups (Jianlong Wang & Wang,
2019). By altering biochar with potassium permanganate, its surface area rose
from 101 to 205 m?/g. Potassium permanganate treatment of biochar increased its
adsorption capability (Hongyu Wang et al., 2015).

Adsorption, catalysis, and magnetic properties of biochar may all be altered by
using metal salts or metal oxides. This type of modification can be carried out by
two ways: (1) feedstock initially mixed with the metal salts or metal oxides, and
then pyrolyzed at particular temperature to synthesize biochar, (2) feedstock is
initially pyrolyzed at particular temperature to synthesize biochar, and then

biochar is mixed with the metal salts or metal oxides under specific
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circumstances. Following MnO, coating, MnO_/biochar's adsorption capacity for
both tetracycline and doxycycline was noticeably greater than that of pure biochar
(Jiang Li et al.,, 2020). Pristine poplar wood biochar has a slightly greater
Brunauer-Emmett-Teller (BET) specific surface area of 431.6 m%g than Fe,O3
modified poplar wood biochar (422.1 m?/g) (H. Liang et al., 2022). Fe,Os
modified grapefruit peel biochar's specific surface area grew from 1.71 m?/g to
20.73 m%g —a considerable increase as compared to pristine grapefruit peel
biochar. This could be because the loaded iron oxide nanoparticles have a large
specific surface area, which greatly increases the surface area of modified biochar
(Jinpeng Wang & Zhang, 2020). The bisphenol A removal efficiency of biochar
was substantially increased from 85.97% to 94.2% after modification of biochar
with Fe;O4 (Katibi et al., 2021). The specific surface area of MnO, modified
bamboo willow biochar was found to be increased after modification of pristine
bamboo willow biochar (Feng et al., 2021b).

2.5.  Mechanism of adsorption of CECs

In general, the adsorption mechanism of CECs on biochar-based materials could
be the hydrophobic interaction, pore filling, n-n electron donor acceptor (EDA)
interaction, hydrogen bonding, ion exchange and electrostatic interactions. The
adsorption mechanism depends on the initial pH of aqueous CEC solution,
pyrolysis temperature of the biomass and adsorbent dose. In the next sections,
adsorptive mechanisms for CECs removal using biochar & biochar-based
composites is reviewed.

2.5.1. Adsorptive mechanism for Tetracycline (TC)

Fourier Transformation Infra-red (FTIR) spectral analysis and Raman spectral
analysis manifested the existence of aromatic sp? groups & m-electron donors in
the food scraps & trimmings biochar. TC structure also contains aromatic ring &
C=C bond, leading to n-t EDA interaction in the adsorption of TC by food scraps
& trimmings biochar. The hydrogen bonding could be possible among the biochar
and TC due to the proximity of hydrogen & oxygen carrying functional groups in
the TC structure (Hoslett et al., 2021).
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At the pH levels used in the experiments, the adsorption of TC on the ball-milled
magnetic nanobiochar through electrostatic attraction was relatively restricted. As
the ionic strength rose, the adsorbed concentrations of TC decreased slightly,
indicating that electrostatic attractions played a relatively little part in the
adsorption  mechanism.  Furthermore, adsorption kinetic investigations
demonstrated that chemisorption regulated the adsorption of TC, with the rate-
controlling adsorption phases being external mass transfer and intra-particle
diffusion. The FTIR & XPS spectrum of ball-milled magnetic biochar
following TC adsorption revealed that TC was obligated on the exterior of ball-
milled magnetic nanobiochar via -OH, C =C, 0—-C =0 and HO—C =0
functional groups (R. Li et al., 2020). TC was adsorbed onto ball-milled magnetic
nanobiochar through n-n assembled relationship among aromatic carbon pattern
of the ball-milled magnetic nanobiochar and the 4 aromatic rings in the structural
composition of TC as revealed in Fig. 2.1(Zeng et al., 2019). Additionally, the
molecular composition of TC accommodates various components that play the
role of H* acceptors or pair H* acceptors and as well as donors which could
form hydrogen bond with biochar (W. Yang et al., 2011). Hence, it is inferred that
coupled electrostatic forces, hydrogen bonds, and Crt — Crt bonding are primary
determinants of TC adsorption (R. Li et al., 2020).

To check the mechanism of the adsorption of TC onto the Fe3O4 modified waste
sludge biochar, XPS analysis was carried out before and after the adsorption.
Carbon, oxygen, and nitrogen mostly exist in the biochar in the form of
aldehydes, CO, and NHjs. The change in the values of area, and specific gravity of
the carbon, oxygen, and iron confirmed that the aldehydes, Fe-O-Fe, C-O-Fe,
C=0/C-0, Fe*", Fe**, Fe;0, and FeOOH played a part in the adsorption of TC
onto the Fe304 modified waste sludge biochar implying n-w interaction, hydrogen
bonding, cation 7-interaction and metal ion complexation (Sun et al., 2021). The
kinetic study revealed that the adsorption of TC onto Fe;Og/biochar follows
pseudo second order (PSO) equation. This confirmed that the adsorption of TC
was carried out through the chemical mechanism (S. Luo et al., 2022).
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Figure 2.1: The probable regulating mechanisms of TC adsorption(Prakash
Bobde, Sharma, Kumar, Pandey, et al., 2023)
Specific surface area, pore size, and pore volume of grapefruit biochar reduced
following the adsorption of TC, suggesting that pore filling might be the
mechanism for the adsorption of TC. In the pH range of 3.3 — 6.8, the presiding
species in the TC solution H’, which resulted in the enhanced adsorption
efficiency of the positively charged grapefruit biochar for TC. When the pH of the
TC solution was enhanced from 7.7 to 8.5, the presiding category in the solution
of TC was H’, which resulted in the reduced adsorption efficiency of the
negatively charged grapefruit biochar for TC. The pH of TC solution being more
than 7 caused electrostatic repulsion resulting in the reduced adsorption efficiency
of grapefruit biochar. At pH equal to 6.2, grapefruit biochar was positively
charged, revealing that the electrostatic interaction might be another mechanism
for the adsorption of TC onto grapefruit biochar. The peak of the hydroxyl group
in the FTIR spectra became broad and moved to the higher wavelength range,
influencing the hydrogen bonding during TC adsorption onto grapefruit biochar.
The shifting of the carbonyl group towards lower wavelength range revealed n-n

EDA interaction or n-n conjugate effects (Yu et al., 2020).
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TC adsorption onto municipal solid waste-montmorillonite biochar (MSW-MMT)
happened through both physisorption and chemisorption. Furthermore, the study
demonstrated physisorption to be the major contributor to MSW-high MMT's
TC adsorption efficiency. Biochar could physically act together with TC during
physisorption via a pore-filling process and intercalation contact. Positively
charged TC is prevalent at pH < 4.0, and it can approach the interlayer gap of clay
minerals by swapping with hydrated cations such as Na*, Ca®* in the interlayer
space. The zwitterion variant of TC is the dominating constituent in the pH
between 4 — 8, and it can also enter the interlayer gap among two t-to-t sheets of
the clay material. The principal representation of MMT in the XRD signal was
moved to 20 = 4.03°, which correlated well to do1y 0f 2.19 nm. This could be due
to TC complexation into the inter-layer gap of MMT clay mineral, which results
in TC removal on the clay-biochar compound. The main component of TC at pH
> 8 is anionic, therefore would electrostatically resist negatively charged clay
sites, causing a reduction in adsorption efficiency at pH 8. Despite physisorption
being the dominant mode of adsorption, chemisorption via chemical bonding and
an increase in accessible interaction area caused by the accumulation of MMT on
biochar substrates also aided adsorption (Premarathna et al., 2019).

TC adsorption on the adsorbent surface was previously governed by both its
functional groups and physical structure. The effect of different pH levels on TC
adsorption in KBC (potassium hydroxide-activated biochar) was investigated, and
it was discovered that the electrostatic effect had only a little influence. This
demonstrated that TC adsorption did not occur largely via an electrostatic process.
Instead, TC adsorption by KBC was thought to utilize a mixture of three distinct
routes. The first phase was pore adsorption, in which the carbonized, high-
temperature KOH-activated KBC's well-developed micro- and meso-porous
structures encouraged physical diffusion and pore-filling, allowing TC molecules
to be removed in the past. Historically, hydrogen bonding was the second route
for TC adsorption. The analysis of the FTIR spectra revealed that the 3427 cm™
peak of KBC expanded after adsorption, whereas the position of the CH peak at
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882 cm™ changed. These changes showed the formation of hydrogen bonds
between KBC and functional groups in TC molecules, resulting in TC
elimination. The third contributing mechanism was the EDA stacking interaction.
KBC's graphitized structure, which is rich in electrons, enabled it to connect with
the aromatic and amino structures of TC molecules via EDA stacking interactions,
as demonstrated by XRD tests (Z. Fan et al., 2022).

2.5.2. Adsorptive mechanism for Oxytetracycline (OTC)

Oxytetracycline (OTC) has a high pH reactivity and exhibits chemical
discrimination beyond a broad pH range. OTC occurs in the anionic form at pH >
7.5, whereas the cationic form predominates at pH < 3.5. It exists in a polyanionic
form within the pH range of 3.5-7.5. A physical adsorption pathway is
demonstrated by the effective Elovich model for biochar. Negatively charged
OTC molecules can create weak bonds, permitting for multilayer adsorption,
which is the development of layers one by one. Physical adsorption is governed
by pore-filling and film diffusion, in addition to the weak Van der Waals
interactions, dipolar interactions and hydrogen bonding (Ramanayaka, Kumar, et
al., 2020; Ramanayaka, Sarkar, et al., 2020). It is shown that OTC removal by
colloidal biochar & nanobiochar occurs by physisorption. Additionally, the
adsorption of OTC onto colloidal biochar happened through both chemisorption
and physisorption processes (Ahmed et al., 2015). Nevertheless, in the case of
colloidal biochar, both processes can occur simultaneously or independently,
which is impossible to describe. The isotherm depicts a two-step mechanism, with
the Langmuir model governing the first stage and Hills model governing the
second. Because there are two different phases, one after the other, we may
deduce that monolayers are generated by binding interactions and multilayers are
produced by weak bonds among OTC molecules on the base of the monolayer.
The dominating adsorption process, on the other hand, differed depending on a
variety of component like medium pH, adsorbent material, adsorbate species, and

so on (Ramanayaka, Kumar, et al., 2020).
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Higher correlation coefficients (R?) and mean average relative error (ARE) were
obtained for the pseudo-first order (PFO) representation as contrasted to PSO
model at lower concentration suggesting that contact time data fitted well with the
PFO model. But at higher concentration, lower determination constant and higher
relative error were obtained for the PFO model as contrasted to PSO model
suggesting that contact time data fitted the latter. Consequently, when utilizing
this material (composite), the kinetics become more complicated, implying that
adsorption may not occur spontaneously and that some parameters had to be
changed to get the highest adsorption potential (Azizian, 2004; W. Wang &
Wang, 2018). Chemical adsorption being a sluggish reaction, is the limiting
mechanism, requiring 6 hours to attain equilibrium (Ho & McKay, 2000;
Ramanayaka, Kumar, et al., 2020).

Dendro wood nanobiochar was recovered from a dendro thermal power plant in
Thirappane, Sri Lanka, as a residue of Gliricidia sepium gasification. Using a
double-disc mill, dendro wood biochar was transformed into dendro wood
nanobiochar. The adsorption of OTC was achieved using the synthetic dendro
wood nanobiochar. The S-type isotherm curve, among the many various types of
isotherms, showed a lot of difficulties, which could be owing to connections
among the surface and already adsorbed molecules till the binding influence
decreases with intensity. The Hill isotherm model is a three-parameter model that
explains how multiple interaction types work together on homogeneous surfaces.
OTC have pH > 1, indicating that OTC and dendro wood nanobiochar formed a
positive cooperative bond. High initial isotherm slope and a high sorptive index in
the isotherm curve represents strong affinity (ks), with the Hills model showing a
closer behaviour than the Freundlich model (Saadi et al., 2015). According to the
Freundlich model, dendro wood nanobiochar is heterogeneous; the active sites
and energies of which are dispersed epidemically. The formerly engaged binding
areas are comparably powerful until the adsorption process is completed, at which
point the energy declines epidemically. This model implies multilayer adsorption

and hence can be used as a variant of the Langmuir model, which can be used to
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represent multilayer adsorption as well. The adsorption capacity of the OTC onto
dendro wood nanobiochar, or the variability of the dendro wood nanobiochar
exterior, is represented by ‘n’ in the Freundlich isotherm. As a result, n > 1 shows
that the OTC is adsorbing well on dendro wood nanobiochar. With n > 1, the
Freundlich model was fairly suited to OTC in this investigation, demonstrating
that OTC has a preferential binding to dendro wood nanobiochar. The
heterogeneity rises as the value of n approaches 0, and the adsorption isotherm
gets progressively nonlinear. Additionally, if 1/n < 0.1, the sorption is permanent.
The 1/n value for OTC in observational proof modelling showed that the
adsorption process is changeable. As a result, desorption may be a viable option
for recovering dendro wood nanobiochar (Ramanayaka, Tsang, et al., 2020).

MnO, modified bamboo willow biochar showed higher adsorption capacity for
oxytetracycline (OTC) at pH 5, revealing that the n-m EDA interactions among
OTC and MnO, modified bamboo willow biochar may be one of the adsorption

mechanisms.
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Table 2.1: Experimental conditions and adsorption capacities of different bio-based adsorbent reported for the removal of CECs

Feedstock Biochar type Surface | Pollutant | Adsorption Condition Adsorption | References
Area Name pH Time | Concentration Capacity
(m*/g) (min.) | (mg/L) (mg/g)
Food scrap & | Biochar - TC 7 360 100 15.52 (Hoslett et
plant trimming al., 2021)
Wheat Straw Ball-milled magnetic - TC - 1440 | 40 268.30 (R. Lietal.,
nanobiochar 2020)
Waste Fe;O, modified waste TC 7 1440 | 100 141.63 (Sunetal.,
activated sludge biochar 2021)
sludge
Activated Fe;O, modified activated 75.34 TC 55 1200 | 200 184.50 (S. Luo et
sludge sludge biochar al., 2022)
Grapefruit Grapefruit biochar 130.83 | TC 6.2 30 50 37.92 (Yuetal.,
Fe,0; modified grapefruit 2020)
peel biochar 70.732 | BPA - 180 8-200 342.46
(Jinpeng
Wang &
Zhang,
2020)
Municipal Montmorillonite municipal | 8.72 TC 7-8 360 0.25-250 77.96 (Premarathn
solid waste solid waste biochar aetal.,
2019)
caulis Potassium modified caulis | 1336.31 | TC - - - 830.78 (Z. Fan et
spatholobi spatholobi residue biochar al., 2022)
residue
Dendro wood | Macro biochar 260.83 | OTC 9 300 50 129.34 (Ramanayak
colloidal biochar 284.28 136.70 a, Kumar, et
nanobiochar 28.56 4.8 720 10-500 113.20 al., 2020)
Dendro wood nanobiochar | 28 519.95
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(Ramanayak

a, Tsang, et
al., 2020)
Bamboo MnO, modified bamboo 278.6 oTC - 1440 | 10-300 383.39 (Fengetal.,
Willow willow biochar 2021a)
Cauliflower Magnetic montomorillonite | 67.77 oTC 6.5 1440 | 10-150 58.85 (G. Liang et
leaves cauliflower leave biochar al., 2019)
composite
Poplar leaf KHCO; modified poplar 1769.7 | OTC - 180 - 1850.5 (Z. Wei et
leaf biochar al., 2023)
Lemon pulp KOH activated emon pulp | 1333.1 | OTC 2-8 75 10-150 104.22 (Solmaz et
biochar al., 2023)
Bovine bone MgAl-LDH modified - DS - 1440 | 30 2114.43 (Lins etal.,
bovine bone biochar 2020)
Syagrus MgAIl-LDH modified 168.02 | DS - - - 116.52 (de Souza
Coronata syagrus coronata biochar dos Santos
et al., 2020)
Tea Fes0,@TAC@SA polymer | 228 DS 3 90 - 2.669 (Al-Qahtani
mmol/g et al., 2023)
Palm Kernel Fes0, modified palm kernel | 362.06 | BPA - 240 8-150 4.73 (Katibi et
Shell shell biochar al., 2021)
Corn Stalks NiFeZn-LDH modified 17.76 AZ - 720 20-90 123.10 (Y. Wang et
corn stalks biochar al., 2020)
Rice straw g-MoS, modified rice straw | - CPF 5.6 7200 | - 37.90 (Z. Yang et
biochar al., 2020)
Pumpkin peel | H3PO,4activated pumpkin 689.9 CPF 8 1440 | - 153.9 (Ozer &
peel biochar Imamoglu,
2022)
Pomegranate Nanostructured activated 142.86 | CPF - - - 89.94% (Hamadeen
peel biochar & Elkhatib,
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2022)

Bamboo FeCl; and KOH modified CPF - - - 78.43 (Wakejo et
sawdust biochar al., 2022)
Citrus peel Fe;04/Graphene oxide 1556 SPF - 4320 | 360 502.37 (Yue Zhou
citrus peel biochar CPF 160 283.44 etal., 2019)
Artichoke Alkaline biochar 8.8274 | MF - 45 10-100 30.30 (Mahmoud
leaves et al., 2020)
Coconut shell | Coconut shell biochar 508.072 | Dz 7 120 0.2-10 10.33 (Baharum et
al., 2020)
Peat based Magnetically engineered 724 SMX 11 60 1-15 1.29 (V. Shukla
biomass sulphurized peat-based etal., 2023)
activated carbon
Kenaf Kenaf-derived biochar 268.9 TS 1440 | 5-200 77.40 (Choetal.,
2021)
Poplar wood Fe,O3; modified biochar 431.6 NOR 6 1440 | 20 38.77 (H. Liang et
chips al., 2022)
Peanut shell K,FeO4 modified peanut 374 DS - 1200 | 20-60 128.30 (Nguyen et
shell biochar IBF 10-25 66.30 al., 2021)
Pomelo peels | ZIF-8 modified pamelo 508.82 | KM - 1440 | 0-6 32.50 (Liuetal.,
peels biochar 2021)
Rice Husk MnO, modified biochar 64.32 TC 6 1440 | 5-100 24.69 (Jiang Li et
DC 27.29 al., 2020)
Walnut shell Fe,O3; modified walnut 786 SA - 120 100-500 683 (Anfar et al.,
shell biochar NP 533 2020)
KP 444
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OTC acted as electron acceptor attributed to the electron-withdrawing potential of
ketone group (Feng et al., 2021a). Table 2.1 highlights a review on the
experimental conditions reported for the removal of CECs by bio-based
adsorbent.

2.5.3. Adsorption mechanism for Diclofenac Sodium (DS)

The R? values of PSO kinetic model were found to be higher than the PFO kinetic
model values affirming that the former kinetic model best fitted for the adsorption
of DS onto MgAI-LDH modified bovine bone biochar and follow the physical
adsorption mechanism. According to the thermodynamic study, the adsorption
process of DS onto MgAI-LDH modified bovine bone biochar was found to be
spontaneous, exothermic, and increased entropy (Lins et al., 2020).

The adsorption of DS onto MgAI-LDH modified syagrus coronata biochar
happened spontaneously indicated by the negative values of Gibb’s free energy
AG® at all temperatures. Negative values of AH® suggested the exothermic
adsorption process where the magnitude of AH® indicated chemisorption process
(Piccin et al., 2017). The gain in overall entropy, as shown by the positive value
of AS®, implied that a modification in the adsorbent composition had occurred.
Additionally, adsorbate immobilization at active areas on the adsorbent surface is
thought to have occurred at random. Several studies verified these findings (de
Souza dos Santos et al., 2020; Dotto et al., 2013; Lonappan et al., 2018; Santos et
al., 2020; Suriyanon et al., 2013).

2.5.4. Adsorption mechanism for Bisphenol A (BPA)

Katibi et al. and Wang et al. observed the average pore size of the biochar below
50 nm which established the mesoporous structure of the biochar. Pore filling
might be one of the adsorption mechanisms as BPA can pierce pores of the
biochar. In acidic pH of the BPA solution, the —OH group in the structure of the
BPA are protonated which results in the electrostatic repulsion with the positively

charged surface of biochar, Fe304 modified palm kernel shell biochar and Fe,O3
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modified grapefruit peel biochar. The presence of carbonyl and carboxyl group on
the biochar surface responsible for the m-n EDA interaction with the —-OH group
of the BPA. Hydrogen bonding may be one of the adsorption mechanisms for the
adsorption of BPA onto biochar, Fe;0, modified palm kernel shell biochar and
Fe,O3 modified grapefruit peel biochar due to the presence of —OH group of the
BPA and -OH & -COO group of the BC surface. In basic pH of the BPA solution,
BPA* and HBPA™ results in the electrostatic repulsion with the negatively
charged surface of the Fe;O, modified palm kernel shell biochar and Fe,O3
modified grapefruit peel biochar. The hydrophobic location of the BC could be
mixed with BPA attributed to its strong hydrophobicity. Thus, hydrophobic
interaction may be one of the adsorption mechanisms (Katibi et al., 2021)
(Jinpeng Wang & Zhang, 2020).

2.5.5. Adsorption mechanism for Atrazine (AZ)

Findings of XPS examination of AZ adsorption on corn stalks biochar, NiFeZn-
LDH modified corn stalks biochar (NiFeZn-LDH/BC), and NiFeZn-LDH
modified corn stalks biochar after heating at 600°C (NiFeZn-LDH/BC-P) are
reported (Y. Wang et al., 2020). The XPS examination reveals that the maxima
shifted slightly post adsorption. After adsorption, the CO5* peaks of the NiFeZn-
LDH/BC and NiFezZn-LDH/BC-P are significantly distinct, showing that
carbonates play fundamental role in the adsorption process. Furthermore, n-n
electron correlations among the biochar surface and AZ are possible. Changes in
adsorbent shown might be due to the interchanging mode of carbon and oxygen-
bearing functional groups. One of the most noticeable shifts in C1s in the entire
array of all adsorbents is the difference in carbon-bearing functional groups. Upon
NiFeZn-LDH/BC adsorption, the oxygen-containing functional groups in AZ are
altered. The XPS spectrum revealed three LDH metal components (Ni, Fe, and
Zn), showing that the material is stable in the real experimental investigation
(Alekseeva et al.,, 2011). The XPS spectra of the sample before and after
adsorption showed that C1ls and O1s peaks are attenuated as a result of the

sorption process. The C-O bond somewhat weakens upon AZ adsorption, which

40



could be produced by AZ adsorption triggered by metal ions. The reduction in C—
O in NiFezZn-LDH/BC-P seems to be more compatible with the conclusions of the
experimental investigation, implying that NiFeZn-LDH/BC-P has improved
adsorption ability. Furthermore, AZ degrades and lowers the C-O structure,
resulting in a higher M—O—M (Jin et al., 2016). As a result, the COs* comprising
additional C-O bonds and n-n bond relationship with AZ are the contributing
factors to AZ elimination in the adsorption mechanism (Y. Wang et al., 2020).
2.5.6. Adsorption mechanism for Ciprofloxacin and Sparfloxacin

The result from the impact of pH of CPF solution indicated that the electrostatic
interactions might be one of the mechanisms for the adsorption of CPF onto the g-
MoS, modified rice straw biochar. The stretching peak at 1396 cm™ obtained in
FTIR spectra due to the aromatic ring in g-MoS, modified rice straw biochar was
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Figure 2.2: The proposed adsorption mechanisms for CPF on g-MoS,-BC
composites(Prakash Bobde, Sharma, Kumar, Pandey, et al., 2023)
moved to the 1402 cm™ following adsorption of CPF, encouraging the n-t EDA
interaction among the g-MoS, modified rice straw biochar and CPF. The hydroxyl

group on the surface of g-MoS;, modified rice straw biochar could act as a m-
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electron donor and CPF could act as a & electron acceptor due to the presence of
most electronegative element F in the aromatic structure, signifying that the n-n
EDA interaction may be the adsorption mechanism. The decreased pore size of
the g-MoS, modified rice straw biochar after the adsorption indicated that the
pore filling is the chief way for the adsorption of CPF. The atomic percentage of
sodium and potassium elements decreased after the adsorption indicating that the
ion exchange may be one of the processes for the adsorption of CPF onto g-MoS;
modified rice straw biochar (Fig. 2.2) (Z. Yang et al., 2020).

The surface area analysis outcome revealed the porosity of Fe;O4/Graphene oxide
citrus peel biochar which promoted the physical adsorption of SPF and CPF onto
the Fe;04/Graphene oxide citrus peel biochar. The structure of the graphite on the
Fe304/Graphene oxide citrus peel biochar was authenticated through Raman &
XPS spectra. The graphite surface of the Fe3O4/Graphene oxide citrus peel
biochar could act as a m-electron donor and SPF and CPF could act as a © electron
acceptor due to the presence of most electronegative element in the aromatic
structure. CPF is less electron deficient than SPF, as SPF structure contains two
fluorine atoms. It resulted that SPF was easy to be adsorbed onto Fe3O4/Graphene
oxide citrus peel biochar by n-m EDA interaction. The hydrogen bonding could be
a possible mechanism among the Fe3O4/Graphene oxide citrus peel biochar and
SPF/CPF facilitated by the existence of oxygen containing functional groups in
the SPF/CPF structure.

The greater hydrophobicity could conclude in a highly beneficial emendation
among SPF/CPF and Fe3O,/Graphene oxide citrus peel biochar resulting in
additional adsorption (Fig. 2.3) (Yue Zhou et al., 2019).
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Kumar, Pandey, et al., 2023)

43



2.5.7. Adsorption mechanism for Metformin (MF) and Diazinon (DZ)
Mahmoud et al. (Mahmoud et al., 2020) synthesized alkaline biochar using
artichoke leaves as feedstock. Scanning Electron Micrographs (SEM) of alkaline
biochar depicts a homogeneous binding, with the prominent involvement of
NaOH in pore structure and pore diameter of alkaline biochar. The calculated R?
values of PFO, intraparticle diffusion (ID) model, and Elovich model were found
to be smaller than the PSO model which was thought to be the prime depiction of
the adsorption mechanism of Metformin (MF) onto alkaline biochar. The —OH
group interacts with the amine group of the MF on the exterior of alkaline biochar
through hydrogen bonding to promote the adsorption activity as shown in Fig.
2.4.
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Figure 2.4: Possible adsorption mechanism of metformin onto alkaline
biochar(Prakash Bobde, Sharma, Kumar, Pandey, et al., 2023)
The adsorption of MF onto the alkaline biochar may have occurred due to m-n
interaction. The thermodynamic study, the adsorption process of MF onto alkaline
biochar was found to be spontaneous, exothermic with increased entropy and
follow the physical adsorption mechanism (Mahmoud et al., 2020). The

adsorption of diazinon (DZ) onto the coconut shell biochar is thought to be due to
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the electrostatic attraction as the biochar and DZ acquired different charges. The
anionic DZ form adsorbed on the cationic surface of the coconut shell biochar.
This mechanism could be active primarily for the removal of DZ (Baharum et al.,
2020).

2.5.8. Adsorption mechanism for Triclosan (TS) and Norfloxacin (NOR)
Cho et al. explained the adsorption mechanism of triclosan (TS) onto Kenaf
derived biochar using kinetic and isotherm equation. According to the values of
correlation coefficient and sum of squared error, PSO best fitted the adsorption
process of TS onto biochar than that of PFO equation. This confirmed that the TS
is chemisorbed onto biochar. The obtained value of model parameter of the
Dubinin-Radushkevich isotherm model also suggested that the chemical
adsorption was the presiding mechanism (Cho et al., 2021).

To boost the adsorption capacity of the biochar, most of the researchers modify
biochar by doping different composites onto the surface of biochar. This section
evaluates the adsorption mechanisms of various CECs on several biochar
composites. To clarify the adsorption mechanism of norfloxacin (NOR) onto
Fe O3 modified biochar, FTIR analysis before and after adsorption of Fe,Os
modified biochar was investigated. Some functional group stretching vibrations
were moved slowly before & after the adsorption, which revealed the
participation in the adsorption process. The intensity of the hydroxyl group was
weakened after the adsorption revealing that the adsorption of NOR onto Fe,0s
modified biochar might have been due to hydrogen bonding. Slight shifting of
C=C band and the falling of intensity of the O-C=0O bond revealed that n-n
interaction plays a crucial role in the adsorption process. The presence of high-
electronegative element F in the structure of norfloxacin decreased the electron
density on the benzene ring which further act as a m-electron acceptor while the
existence of the aromatic groups on the surface of the Fe,O3; modified biochar
which could be utilized as a m-electron donor to participate in the m-n1 EDA

interaction with NOR, which could be another adsorption mechanism. The
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microstructure analysis of Fe,O3 modified biochar following the adsorption of
NOR, suggested that pore filling may be the process for the adsorption of NOR.
The adsorption capacity was determined to be maximum at the pH nearly equal to
neutral which was due to the hydrophobicity among the NOR & Fe,O3; modified
biochar (H. Liang et al., 2022).

2.5.9. Adsorption mechanism for Ibuprofen (IBF) and Ketamine (KM)
K,;FeO,4 modified peanut shell biochar comprised of carboxylic (-C=0) functional
group which could act as a n-electron acceptor for the interaction with the —OH
group of the Diclofenac Sodium (DS) and ibuprofen (IBF) causing n-n EDA
interaction. FTIR spectrum of K;FeO, modified peanut shell biochar before and
after the adsorption of DS and IBF exhibited shifting of C=C vibrational band.
This confirmed n-m1 EDA interaction between pollutant and adsorbent. FTIR
spectra also revealed the peak shift of vibration of —-OH and —CO stretching;
vanished peak of Fe-O and some new peaks appeared after adsorption. This
shifting of peaks after adsorption confirmed the hydrogen bond formation among
the oxygen containing functional group of DS/IBF and K,FeO, modified peanut
shell biochar (Nguyen et al., 2021).

In another finding, the adsorption of ketamine (KM) on ZIF-8 modified pamelo
peels biochar is investigated (Liu et al., 2021). The binding energy of Zn?* was
moved after the adsorption as shown in XPS characterization suggesting that zinc
reacted with KM. A new peak of CI 2p confirmed the adsorption of KM onto the
ZIF-8 modified pamelo peels biochar. The peaks for C-C/C=C, C-O/C-N, O-
C=0, and n-n* were moved from their original position suggesting the adsorption
of KM onto the ZIF-8 modified pamelo peels biochar through n-n-EDA
interaction. The binding energy of O was found to be increased, indicating that
hydrogen bonding contact has occurred. In summary, it was suggested that the
ZIF-8 modified pamelo peels biochar adsorbed KM through n-m EDA interaction,
hydrogen bonding & chelation, and pore filling (Liu et al., 2021).
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2.5.10. Adsorption mechanism for Doxycycline (DC), Salicylic acid (SA),
Naproxen (NP) and Ketoprofen (KP)

Freundlich model revealed a strong correlation for the adsorption of TC and

doxycycline (DC) onto the MnO, modified biochar, stipulating that the

Freundlich model is well fitted to the adsorption of TC and DC. The findings of

constructing a PSO kinetic model demonstrate that the proposed method

governing TC and DC adsorption could be chemisorption. According to the
thermodynamic study, the adsorption process of TC & DC onto MnO, modified
biochar was found to be spontaneous, endothermic, and increased entropy of

adsorbate and adsorbent interface (Jiang Li et al., 2020).

However, to explain the exact mechanism for the adsorption of CECs onto the

surface of biochar is very difficult, researchers had suggested that the adsorption

of CECs onto biochar may be due to the pore diffusion, electrostatic interaction,
hydrophobic interaction, m-t1 EDA interaction, ion exchange and hydrogen
bonding.

2.6. Research Gaps:

» Despite numerous exhaustive scientific studies on environmental pollutants
like hydrocarbons and heavy metals in wastewater, there has been a noticeable
lack of in-depth systematic investigations into the presence of Contaminants
of Emerging Concern (CECs) and the documentation of appropriate
remediation technology. As a result, achieving sustainable treatment of water
contaminated with CECs remains an ongoing challenge.

» While Biochar and biochar-based nanocomposites have been utilized by
researchers for removing Contaminants of Emerging Concern (CECSs), their
adsorption capacity has often been found to be insufficient. To enhance
biochar modification methods, the primary focus should be on tailoring
different modified biochar formulations to suit specific application
requirements. Firstly, there's a need to develop modified biochar with
enhanced adsorption capacity to effectively capture pollutants while

maintaining its adsorptive efficacy. Secondly, the development of modified
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biochar with selective adsorption capabilities is essential to target specific
pollutants.
Further in-depth research is required to understand how pollutants are
adsorbed onto modified biochar. While numerous studies have explored this
phenomenon, the complexity of several interacting mechanisms remains a
challenge. The predominant mechanism and its relative contribution are still
unclear, underscoring the importance of clarifying these issues. Such
clarification is vital for enhancing the adsorption capacity and expanding the
environmental applications of modified biochar. Addressing the effective
desorption of pollutants from biochar for subsequent safe treatment and
optimizing the recycling of the adsorbed biochar are important considerations
that need to be taken into account.

Objectives:
Synthesis & Characterization of biochar-based nanocomposites.
Isotherm, Kinetic, Thermodynamic & Regeneration study of biochar-based
nanocomposites for removal of Diclofenac, Ketoprofen, Oxytetracycline &
Ciprofloxacin, etc.
Optimization of reaction conditions to develop a sustainable method for
removal of CECs.
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Chapter 3
MATERIALS & METHODS

3.1. Materials:

The pine-cone biomass was collected from the forest area of Dehradun,
Uttarakhand, India. Chemicals used were of laboratory grade. KMnOy,
Mg(NOs3),.6H,0, AI(NO3)3.9H,0, FeCl;, FeSO,4.7H,0, HNO3, urea, NH,OH and
HCI were purchased from Merck, India. H,O, was purchased from Loba Chemie
Limited. NaOH was procured from Sisco Research Laboratories and NaCl (99%)
was purchased from Fine Chem India. The analytical grade Oxytetracycline
(OTC), Ciprofloxacin (CPF), Triclosan (TS) and Tetracycline (TC) were
purchased from Tokyo Chemical Industry.

3.2. Methods:

3.2.1. Synthesis:

3.2.1.1.Synthesis of pine-cone biochar (PCBC)

After cleaning to eliminate any dirt attached to the pine-cone biomass, the
collected pine-cone biomass was dried at 120°C overnight in the oven. It was then
processed to a particle size of under 150 pm. The pine-cone biomass was
carbonized in tubular furnace at 700°C for 2 hours at a heating ramp rate of
7°C/min in the presence of nitrogen. The carbonized product that we get is
denoted as pine-cone biochar (PCBC).

3.2.1.2.Synthesis of MnO,/PCBC

In the synthesis of 25:75 MnO,/PCBC, a process was followed as follows:
Initially, 0.79 g of KMnO, and 2.25 g of as-prepared PCBC were dissolved in 150
mL of distilled water, and the mixture was stirred for 60 minutes at room
temperature. During this time, KMnO, and PCBC were thoroughly mixed.
Hydrogen peroxide (H,0,) was then added drop-wise to the solution until the pink
color of KMnO, disappeared. The solution was stirred for an additional 60
minutes. To reach a pH of 7, 0.1 M HNO;3; was used for pH adjustment before

subjecting the solution to centrifugation and washing with distilled water. The
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solid obtained after filtration was subsequently dried for 12 hours in an oven at
105°C. The dry residue was crushed using a mortar and pestle to obtain the final
product, 25:75 MnO,/PCBC.

For the synthesis of 5:95 MnO,/PCBC and 15:85 MnO,/PCBC, the same method
was applied with varying quantities of reagents. Specifically, 0.16 g KMnO, and
2.85 g PCBC were used for 5:95 MnO,/PCBC, while 0.47 g KMnO,4 and 2.55 ¢
PCBC were used for 15:85 MnO,/PCBC. These adjustments in reagent quantities
allowed for the successful synthesis of the desired manganese dioxide (MnO,) to
PCBC ratios, following the same procedural steps as in the synthesis of 25:75
MnO,/PCBC.

3.2.1.3.Synthesis of LDH/PCBC

The synthesis of 25:75 LDH/PCBC involved a hydrothermal method conducted
under autogenous pressure. Initially, a mixed solution was prepared, labeled as
solution A, by dissolving 0.84 g of Mg(NO3),.6H,0, 0.25 g of AI(NO3)3.9H,0,
0.48 g of urea, and 0.75 g of PCBC in 150 mL of distilled water. To this, a
solution labeled as solution B was created, consisting of 2N sodium hydroxide.
Gradually, solution B was added dropwise to solution A while maintaining
continuous agitation until the pH of the mixture reached 10. The resulting solution
was subjected to hydrothermal treatment in a Teflon-lined stainless-steel
autoclave, maintaining a temperature of 120°C. After 12 hours of heating, the
precipitate was collected through centrifugation, and the collected precipitate was
subsequently washed multiple times with distilled water and ethanol. Finally, the
25:75 LDH/PCBC product obtained was dried at 105°C for 24 hours.

For the synthesis of 5:95 LDH/PCBC and 15:85 LDH/PCBC, a parallel procedure
was implemented while adjusting the quantities of reagents used. Specifically,
0.17 g and 0.50 g of Mg(NO3),.6H,0, 0.05 g and 0.15 g of AI(NO3)3.9H,0, 0.10
g and 0.29 g of urea, and 0.95 g and 0.85 g of PCBC were used for the respective
compositions. These adaptations in reagent quantities facilitated the successful
synthesis of LDH/PCBC composites with the desired 5:95 and 15:85 ratios while
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adhering to the same hydrothermal methodology as employed for the 25:75
LDH/PCBC.

3.2.1.4.Synthesis of Fe304,/PCBC

In the synthesis of 25:75 Fe;04,/PCBC, a co-precipitation method was employed.
Initially, a mixed solution, labeled as solution A, was prepared by dissolving 2.43
g of FeCls, 0.45 g of urea, and 2.25 g of PCBC in 150 mL of distilled water. A
separate solution, labeled as solution B, was created by dissolving 1.04 g of
FeSO,.7H,0. Solution B was then added dropwise to solution A, and the resulting
mixture was stirred for an additional 15 minutes. The pH of the mixture was
carefully adjusted to the range of 10.5-11 by slowly adding NH4OH while
agitating. After 30 more minutes of stirring, the mixture was left undisturbed
overnight. The following day, the precipitate was collected through centrifugation
and thoroughly washed with both distilled water and ethanol. The final step
involved drying the product, 25:75 Fe3O4/PCBC, at 105°C for 24 hours.

To synthesize 5:95 Fe;0,/PCBC and 15:85 Fe304/PCBC, the same co-
precipitation method was utilized with varying quantities of reagents.
Specifically, 5:95 Fe3O4/PCBC was produced using 0.81 g FeCls, 0.15 g urea,
2.85 g PCBC, and 0.21 g FeS0O,.7H,0. For the 15:85 Fe;0,/PCBC variant, the
quantities of reagents were adjusted to 1.62 g FeCls, 0.30 g urea, 2.55 g PCBC,
and 0.63 g FeSO,4.7H,0. These variations in reagent quantities allowed for the
successful synthesis of 5:95 and 15:85 Fe;04/PCBC, following the same
procedural steps as in the synthesis of 25:75 Fe304,/PCBC.

3.2.2. Selection of adsorbent:

This experiment's goal was to examine the adsorption of pollutants using a 200
mg/L CEC solution and several adsorbents. 20 mL of the CEC solution were used
in a 100 mL conical flask for the experiment. The chosen adsorbent was added to
the flask at a dosage of 0.5 g/L. A neutral pH of 7 was achieved for the solution,
and 298K (25°C) was kept as the constant temperature. The adsorbent was given
an extended time to interact with the pollutants by placing the flask shaking

incubator for 1440 minutes.
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The shaking incubator was turned off after 1440 minutes of shaking, and the
mixture was thoroughly filtered to remove the pollutant and adsorbent. The
amount of pollutant removal was then ascertained by measuring the concentration
of the pollutant in the filtered solution. By calculating the percentage of pollutant
removal using equation 3.1, it was possible to determine the adsorption
effectiveness of the selected adsorbent under the given circumstances. This
experiment provided useful data for further investigation and attempted to

evaluate how well the adsorbent removed the contaminant from the solution.

% Removal = €= x 100 (3.1)

Co
With, ¢, (mg/L) being the initial pollutant concentration, c. (mg/L), the
equilibrium concentration of pollutant,
3.2.3. Adsorbent characterization:
XRD (Bruker D8-Advance Eco) patterns were taken to identify the crystalline
phases present in synthesized adsorbent. An FTIR spectrophotometer (Perkin
Elmer Frontier FT-IR/FIR) was used to investigate functional groups present in
the composite. The spectral range considered was 4000-400 cm™. Surface area,
pore size and pore volume of the adsorbents were investigated by BET Nitrogen
adsorption technique (Quantachrome, Autosorb). Physicochemical properties
were also investigated using CHNS analyzer (Thermo Scientific) and Inductively
Coupled Plasma-Optical Emission Spectroscope (ICP-OES) (AnalytikJena). The
Scanning Electron Microscope (SEM) was used to examine the surface
morphology of adsorbents. The pH point of zero charge (pHpzc) of adsorbent was
investigated as mentioned in the latest study (Jang et al., 2018). 0.01 M 50 mL
NaCl solution was taken in different conical flasks. With the use of 0.1 M HCI or
0.1 M NaOH, the pH of the NaCl solution was fixed in the range 3 - 11. 10 mg of
adsorbent was added to all the conical flasks and flasks were kept in the orbital
shaking incubator (REMI TFT 24 Plus) at 20°C at150 rpm. The final pH of NaCl
solution was determined after 24 hours of shaking. The pHpzc from all NaCl
solutions containing adsorbent was calculated using the formula ApH (final pH —
initial pH) = 0.
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3.2.4. Effect of time on the adsorption of CECs

Adsorption of CECs on adsorbent was observed at different time intervals. A
fixed amount of adsorbent (10 mg) was added into different conical flasks, and
the CECs solution (20 mL, 200 mg/L) was added into each conical flask. The pH
of the CECs solution was fixed to 7 by using 0.1 M NaOH or 0.1 M HCI before
adding to the conical flasks. All the flasks were kept in the orbital shaking
incubator at 25°C for 24 h for shaking at 200 rpm. Conical flasks were taken out
from the incubator at the time intervals of 5, 15, 30, 60, 120, 240, 480, 960, and
1440 min. The concentration of the CECs remaining in the aqueous solution was
assessed using HPLC (LC 2030C 3D Plus). The amount of CECs adsorbed by the
adsorbent was computed by using equation 3.1 and 3.2:

qt = M (32)

m

With, ¢, (mg/L) being the initial OTC concentration, c. (mg/L), the equilibrium
concentration of OTC, V (L), the volume of the OTC solution, m (g), the weight
of the MnO,/PCBC, and q; (mg/g) is the adsorption capacity. The data obtained
from the kinetic plots are fitted to different kinetic models to ascertain the model
that fits best and describes the adsorption characteristics of CECs adsorption onto
the adsorbent.

3.2.5. Effect of initial CECs concentration on the adsorption

Adsorption experiments were performed using constant optimized dose of
adsorbent. In separate conical flasks varying concentrations (50, 75, 100, 125,
150, 175, 200 mg/L) of 20 mL CECs were added. The pH of all the CECs
solutions was fixed to optimized pH by using 1M NaOH or HCI prior to addition
of adsorbent into each conical flask. All the conical flasks were kept in the orbital
shaking incubator for shaking at optimized temperature for 24 h at 200 rpm speed.
After shaking, the final concentration of the CECs was determined using HPLC.
To determine the adsorption capacity of the adsorbent and the isotherm fitting, the
adsorption isotherm was obtained for Langmuir, Freundlich, Temkin and

Dubinin-Radushkevich models.
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3.2.6. Response Surface Methodology (RSM) study:

Ideal requirements for effective adsorption of CECs onto adsorbent were
calculated using Central Composite Design (CCD) beneath RSM, a helpful
synchronized simulation methodology (S. Dehghan et al., 2018; Dolatabadi,
Naidu, et al., 2022; Jokandan et al., 2019; Witek-Krowiak et al., 2014). This
method includes three principal steps: experimental design, simulation and
optimization. The said model provides comparatively limited factor variations for
the determination of complex response functions (S. Dehghan et al., 2017; Toles
et al., 1997). Four factors (A, B, C, and D) and five-levels CCD (-a, -1, 0, +1, +a)
were used in the augmentation part, with pH, adsorbent dose, initial CEC
concentration, and temperature being used with least number of investigations.
The independent variables and five levels were coded for each variable.

Based on preliminary tests, the least and extreme values (Table 3.1) provided for
all variables were selected. All investigations were executed doubly and the mean
values of percentage removal were considered roughly suitable, and the
interpretation of the results applies the second order polynomial representation
with suitable approximate regression coefficients. The simplified second order
polynomial framework for the response surface study is described as follows:

Y = Bo+ 25 Bixi + iy Bux? + T ?:2 Bijxix; + € (3.3)
Where, Y is the intended outcome; x; and X; are the source factors impacting the
outcome Y; and fo, i Bii and P are the regression coefficients for a potential
target, sequential influence, square influence and significant impact, respectively.
¢ represents the stochastic error and k is the numeral of variables. In the current
investigation, k=4.

Design-Expert scheme like ANOVA (Analysis of Variance) focused mostly on F
and P-values and give quite insightful information on the key influence and
associations among parameters, as well as its connection to the outcome (Noudeh
et al., 2023). The quadratic representation’s fit goodness was demonstrated by the
coefficient of resolution R? and its statistical significance was verified in the

same method by the Fisher's F-test. In the current analysis, a sum of 27

55



experiments were developed to investigate the coefficients and the oblique
mathematical representation produced was verified by following the
investigations with the best response factors as anticipated by optimizing the
reply. By resolving the regression equation and inspecting the response surface
graphs, optimum values were obtained for selected variables. The response
surface graphs are utilized to evaluate various relationships between
unconventional factors during belongings and the desirability as persistent for the
four variables. These three-directional plots offer correct geometrical descriptions
on the system's behavior.

Table 3.1: Experimental ranges and levels in CCD of the independent variables

Independent variables Ranges and levels
-0 -1 0 +1 +a
pH (A) 2 3 7 11 12
Adsorbent Dose (B)(g/L) 0.05 0.1 0.3 0.5 0.55
Initial concentration of CEC
(C)(mg/L) 31.25 50 125 200 218.75
Temperature (D)(°K) 279.25 283 298 313 316.75

3.2.7. Adsorption Kinetics
Four kinetic models are generally expressed as below:
Lagergren’s PFO kinetic model (V. Shukla et al., 2023):

In(qe — q¢) = Inge — Kyt (3.4)
Ho’s PSO kinetic model (V. Shukla et al., 2023):
t 1 t

=+ (3.5)

&  Ka ' qe

Elovich kinetic model (Gerente et al., 2007):

Qe = %ln( aB) + %ln t (3.6)
Weber & Morris ID kinetic model (V. Shukla et al., 2023):

q: = Kl-tl/Z +c (3.7)
Where, g. (mg/g) and qg: (mg/g) are the amounts of adsorbed adsorbate at
equilibrium and at time t, respectively. K; (min™) is the rate constant of Lagergren
PFO adsorption. K, (g/mg min) is the equilibrium rate constant of Ho’s PSO

adsorption. o (mg/g min.) denotes the initial sorption rate and £ is related to the
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extent of the surface coverage and the activation energy for chemisorption. K;

(mg/g min."2

) is the Weber and Morris rate constant.

3.2.8. The adsorption isotherm

Four isotherm equations are generally expressed as below:

Langmuir isotherm equation (Gerente et al., 2007; Ozacar & Sengil, 2004):

R (3.8)

a
qe K KL

Freundlich isotherm equation (Ozacar & Sengil, 2003):
Inge = InKp +~InCe (3.9)

Temkin isotherm equation (Ozacar, 2003):

ge = InA+=-InC, (3.10)
Where,% =B

Dubinin-Radushkevich isotherm equation (Shahwan & Erten, 2004):

Ing, = Ingq,, — f&? (3.11)
Where ge(mg/g) is the adsorption capacity and Ce(mg/L) unadsorbed pollutant
concentraion. In the Langmuir model, the constant K_ (L/g) represents the
Langmuir equilibrium constant, while K /a_ yields the theoretical monolayer
saturation capacity, denoted as Q,. The Freundlich model employs the constant Ky
(L/g) and the exponent n (g/L), where K; denotes the Freundlich constant and n
signifies the Freundlich exponent. As for the Dubinin-Radushkevich model, qn
signifies the Dubinin-Radushkevich monolayer capacity (mmol/g), £ is associated
with sorption energy, and € represents the Polanyi potential.

3.2.9. Thermodynamic parameter

Vont Hoff equation is as below(V. Shukla et al., 2023).

AG® = —RT InK,, (3.12)

Keq = g— (3.13)
AS°  AH°

INKeqg =——— (3.14)
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Where Keq is the distribution coefficient for the adsorption, T is the absolute
temperature, R is gas constant, AG°, 4H° and 4S° are Gibbs free energy change,
enthalpy change and entropy change, respectively.

3.2.10. Regeneration study:

In water and wastewater treatment systems, the adsorbent's reusability is a crucial
economic consideration (Abu Rumman et al., 2021; Wakejo et al., 2022). In order
to evaluate this, the research used previously established ideal operating
conditions to examine the potential of various adsorbents throughout five
consecutive cycles of adsorption and desorption. The most efficient desorbing
solution for pollutant desorption was found by testing a range of solutions,
including methanol, 0.3M NaOH, 0.3M HCI, and a mixture of 3% NaOH and
methanol (Wakejo et al., 2022). These solutions have been used to desorption of
pollutants from various adsorbents in earlier investigations. The adsorbent's
reusability test was then conducted using the desorbing solution that performed
the best (Wakejo et al., 2022). Adsorbent was put through many cycles in the
process; after each adsorption-desorption cycle, the adsorbent was carefully
cleaned with ultrapure water, filtered, and oven-dried to prepare it for use in the
next adsorption cycle. Equation (3.1) was used to calculate the adsorption
efficiency of the adsorbents after each cycle.
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Chapter 4
ADSORPTION OF OXYTETRACYCLINE ONTO
MANGANESE OXIDE MODIFIED PINE CONE BIOCHAR

4.1. Introduction

Contaminants of emerging concern (CECs) encompass a diverse array of
chemical compounds, including pharmaceuticals, personal care products,
pesticides, and industrial chemicals, which have gained recognition due to their
presence in aquatic environments at varying concentrations (Abdoallahzadeh et
al., 2023; Dolatabadi et al., 2023; Dolatabadi, Kheirieh, et al., 2022; Y. Fan et al.,
2023; Kiani et al., 2021; Mansouri et al., 2018; Singh et al., 2023). The adverse
effects associated with CECs are a subject of growing concern in both
environmental and human health contexts (Dolatabadi, Ghorbanian, et al., 2021,
Dolatabadi, Naidu, et al., 2021; Hashemi et al., 2022; B. Wang et al., 2023).
Oxytetracycline hydrochloride (OTC), a broad-spectrum antibiotic, is one of the
widely used antibiotics in medicine, cattle, and aquaculture which is recognized
as one of the emerging pollutant (Gu et al., 2021; Z. Wei et al., 2023). Prolonged
and indiscriminate use of OTC has been linked to the development of antibiotic-
resistant genes, which can propagate through food, water, and natural
environments. This poses a serious threat to human health and ecosystem balance
(Dai et al., 2022; Solmaz et al., 2023). It is noteworthy that the proliferation of
antibiotic-resistant genes has the potential to harm ecosystem and possibly
endanger human health, resulting in kidney disease and cancer (Kashyap et al.,
2023; Nagarajan & Chandiramouli, 2022; Hongkui Zhang et al., 2022). Hence,
there is a need for a technique that can effectively remove OTC from wastewater.

Conventional waste-water treatment methods are not intended to remove
recalcitrant and complex molecules such as antibiotics (de Illurdoz et al., 2022; X.
Li et al., 2022). Currently, a number of advanced wastewater treatment techniques
such as adsorption (Y. Fan et al., 2023; B. Wang et al., 2023), biodegradation
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(Kayal & Mandal, 2022), chemical oxidation (Huo et al., 2023), and
photocatalytic degradation (Regulska et al., 2022) are employed to remove OTC
from water. Due to the straightforward operation, high effectiveness, and lack of
harmful byproducts, adsorption is considered to be the most feasible among these
techniques for removing recalcitrant pollutants from water (de llurdoz et al.,
2022; X. Li et al., 2022). Activated carbon (Azari et al., 2020; Barjasteh-Askari et
al., 2021; Hongsawat & Prarat, 2022), clay minerals (B. Wang et al., 2023),
zeolites (Baskan et al., 2022), metal oxides (Das & Panda, 2022), nanomaterials
(Almufarij et al., 2022), and biochar (Vievard et al., 2023)have been used by
many researchers for the adsorptive removal of OTC from water. Out of
numerous adsorbents, biochar has attracted attention due to its remarkable
production from waste (i.e. efficiently converting trash into usable form) and its
capability to remove several recalcitrant pollutants from water (Vievard et al.,
2023). It is made by pyrolyzing waste biomass, such as coconut husk, pine
needles, pine cone, agriculture waste, peanut waste, and pineapple peel etc.
(Kumar et al., 2023; Vievard et al., 2023) with excellent yield.

In this work, pine-cone biochar is modified & utilized for sustainable removal of
oxytetracycline from water. Due to their needles and twigs high resin content,
Chir Pine trees are extremely combustible and prone to forest fires (Fulé et al.,
2021). By using vast amount of pine tree biomass (organic resource) in a
sustainable manner (Neelima Shah , IFS Rajiv Dhiman, 2022), we can overcome
such natural disasters from harming the forest cover. Several researchers used
pine cone, pine needle and pine bark as feedstock to obtain biochar for their study
(Cela-Dablanca et al., 2022; Debnath et al., 2017; D. Pandey et al., 2022). Due to
high porosity, unique chemical composition, surface chemistry, cost-effective and
renewable & sustainable source pine cone biochar is considered as an effective
adsorbent (Kumar et al., 2023). However , it often has a low ability for adsorbing
antibiotics (Feng et al., 2021a) on its own. The antibiotics adsorption by biochar
(BC) made from Robinia pseudoacacia (Xiao et al., 2020), food scrap and plant

trimming (Hoslett et al., 2021), is only between 10 and 16 mg/g. Therefore, it is
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essential to modify biochar for the optimization of its surface properties to
enhance its capacity to effectively adsorb specific pollutants (Das & Panda,
2022). Surface modification of biochar is known to increase its surface area for
improved affinity towards target contaminants for adsorption (X. Wei et al.,
2022). . Manganese oxide (MnO,) nanoparticles have received more attention as a
promising and most efficient adsorbent due to high specific surface area and
excellent adsorption capability (Feng et al., 2021a). Modifying biochar with
MnO, enhances its adsorption capacity by introducing several key advantages
(Feng et al., 2021a). MnO; significantly increases the available surface area for
adsorption due to its porous structure, providing more active sites for pollutant
attachment (Jiang Li et al., 2020). Moreover, MnO, can chemically react with
certain contaminants, facilitating their removal through precipitation or
degradation (MnO; is a well-known catalyst) (Jiang Li et al., 2020). Additionally,
MnO, promotes selective adsorption and surface functionalization, allowing for
targeted capture of specific pollutants and enhancing the affinity between biochar
and contaminants, ultimately resulting in a more effective adsorption process
(Feng et al., 2021a).

Hence, this study is aimed at the evaluation of the performance of MnO,/PCBC
for OTC removal from water as influenced by experimental parameters such as
pH, initial OTC concentration, MnO,/PCBC dose & temperature. XRD, SEM,
FTIR, CHNS, ICP-OES, surface area and pore size measurements were used to
examine the attributes of the prepared MnO,/PCBC composites. The adsorption
kinetics, isotherms, thermodynamics, mechanism and regeneration of
MnO,/PCBC with respect to OTC adsorptive removal are also studied. This is the
first study on the application of MnO,/PCBC for OTC removal which
demonstrates high adsorption capacity and regeneration of the adsorbent. The
results indicate comparable performance of MnO,/PCBC with the reported
adsorbents for OTC removal from water. This work presents MnO,/PCBC as a

sustainable adsorbent derived from waste pine-cone biochar for large scale
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adsorptive removal of OTC from water in comparison to many reported
adsorbents.

4.2. Results & Discussion

4.2.1. Selection of the best adsorbent

Figure 4.1a displays the percentage removal efficiency of oxytetracycline (OTC)
pollutant for a variety of materials, including PCBC, MnO;, Fe3O4, LDH,
Fe304/PCBC composite, MnO,/PCBC composite, and LDH/PCBC composite.
The MnO,/PCBC composite had the highest OTC removal effectiveness of all the
adsorbents tested, at 89.90%. Because of its improved OTC removal capability,

the MnO,/PCBC composite is chosen for further research.
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25:75 Mn0,/PCBC
Mn0,/PCBC |
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% Removal % Removal

Figure 4.1: Comparison of different synthesized adsorbent(Prakash Bobde,
Sharma, Kumar, Pal, et al., 2023)

Figure 4.1b displayed the percentage removal efficiency of the pollutant OTC for
three distinct composite materials: 5:95 MnO,/PCBC, 15:85 MnO,/PCBC, and
25:75 MnO,/PCBC. With an OTC removal effectiveness of 90.68%, the 25:75
MnO,/PCBC composite outperformed the other composite materials. Because of
its better efficacy in OTC elimination, the 25:75 MnO,/PCBC composite is
selected for detailed research.

4.2.2. Characterization of the adsorbent

The crystalline structures of PCBC and MnO,/PCBC were examined using XRD
analysis (in the 26 range 10-80°) (figure 4.2a). The crystalline planes of calcite
were identified as the source of the diffraction peaks at 23.4° and 43.6° for PCBC.
The prominent peak at 23.4° is attributed to the crystal plane index C(002), which

correlates with the alignment and azimuthal orientation of the aromatic and
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carbonized structure (Yan et al., 2021). Another notable peak appears at 43.6°,
attributed to C(100) diffractions originating from graphitic and hexagonal
carbons, indicative of the size of the aromatic lamina. The distinct C(100) peak
suggests a significant presence of aromatic lamina, highlighting its high degree of
alignment (Yan et al., 2021). Following MnO deposition, MnO,/PCBC displayed
an amorphous nature demonstrated by lower intensity peaks at 26.6° (310) and
36.7° (211) (Haipeng Zhang et al., 2020).
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Figure 4.2: (a)XRD, (b)FTIR of PCBC and MnO,/PCBC(Prakash Bobde,
Sharma, Kumar, Pal, et al., 2023)
The FTIR spectra of a PCBC and MnO,/PCBC composites are given in figure
4.2b. The spectra demonstrated a significant peak around 3425 cm™ for
MnO,/PCBC and 3433 cm™ for PCBC due to stretching vibration of O-H bonds
in hydroxyl groups (P. Bobde et al., 2022; Prakash Bobde et al., 2021), whereas
the spectral band at 2921 cm™ in MnO,/PCBC is assigned to C-H stretching and
deformation vibration (B. Zhang et al., 2017). A spectral band at about 1616 cm™
indicated C=C bonds stretching vibration (Al-Musawi, Rajiv, et al., 2021;
Ramanayaka, Kumar, et al., 2020). Two peaks at around 1384 and 993 cm™ were
found to be corresponding to bending vibrations of C-H (Ramanayaka, Kumar, et
al., 2020) and C=C bonds, respectively. The peaks around 1081 cm™ in PCBC is
most likely caused by the -OH bending and C-O-C bending in the cellulose and
lignin structures of the PCBC (B. Zhang et al., 2017). Furthermore, a peak at 523
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cm™ was also observed in the spectra of the MnO,/PCBC composite, confirming
the formation of Mn-O bonds (Feng et al., 2021a).
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Figure 4.3: BET adsorption-desorption isotherm of (a) PCBC and (b)
MnO,/PCBC(Prakash Bobde, Sharma, Kumar, Pal, et al., 2023)
The N adsorption-desorption isotherm of PCBC and MnO,/PCBC were
measured at 77.35 K and displayed in figure 4.3a and 4.3b, respectively. As can
be observed from figure 4.3b, when the value of P/Po was low, the amount of N,
adsorbed rose significantly, indicating the presence of micropores on the surface
of MnO,/PCBC. The adsorption capacity then gradually rose as the relative
pressure increased. The BET equation was used to compute the specific surface
area (SSA). BET results indicate that MnO,/PCBC has slightly more total pore
volume and average pore size than PCBC (table 4.1). However, modification of
PCBC by MnO, into MnO,/PCBC may result in a SSA reduction of around one
order of magnitude. This could be attributed to the creation of surface-bonded
species during the modification of PCBC by MnO,. The IUPAC defines PCBC as
a Type | isotherm, while the Type Il isotherm was observed for MnO,/PCBC. A
process of uncontrolled multilayer development is likewise indicated by Type |11
isotherm. Type 11l isotherms develop as a result of significant lateral contacts
among adsorbed molecules as opposed to interactions between the adsorbent
surface and adsorbate. Due to the non-rigid aggregation of the bio-based
adsorbent particles, the N, adsorption isotherm of MnO,/PCBC does not flatten at

the greatest recorded relative pressure.
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Sharma, Kumar, Pal, et al., 2023)
SEM was used to examine the PCBC and MnO,/PCBC morphology and structure;

the resulting images are displayed in figure 4.4a and 4.4b. The SEM of PCBC

(figure 4.4a) displayed an uneven and smooth surface on a porous structure.

MnO,/PCBC’s agglomerated structure didn't change significantly (figure 4.4b),

although the modification left the surface a little rough. MnO, was deposited on

the MnO2/PCBC’s surface and in its pores, and some of the MnO, molecules

formed agglomerates. SEM images revealed that manganese oxides had

successfully covered the PCBC surface, which is in line with the conclusions
made by Gao et al. (M. Gao et al., 2018).
Table 4.1: Physicochemical properties of PCBC and MnO,/PCBC

Specific Surface Total pore Average pore
Adsorbent Area (SSA) (m?/g) | volume (cm®/g) size (nm)
PCBC 172.19 0.1046 1.2144
MnO,/PCBC 50.760 0.1126 4.4349
MnO,/PCBC after
OTC adsorption 11.505 0.0226 3.9316

Table 4.2: Elemental composition of PCBC and MnO,/PCBC

Elemental Composition (Weight %)

Adsorbent C@®) | H®%) | O(%) | N(©) | Mn (%) K (%)
PCBC 8207 | 110 | 1442 | 131 | 002 | 0.8
MnO,/PCBC 6762 | 094 | 2248 | 177 | 601 | 1.8
MnO,/PCBC  after
OTC adsorption ) ) i i i i
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The physical and chemical properties of PCBC and MnO,/PCBC are listed in
table 4.1 and 4.2. The elemental analysis reveals that the addition of MnO; causes
manganese to emerge on the surface of MnO,/PCBC in comparison to PCBC, and
that this decreases the carbon content of the PCBC while increasing the oxygen
content.

4.2.3. Effect of contact time on the adsorption of OTC

Figure 4.5 reveals the plot of the amount of OTC adsorbed (mg/g) as a function of
contact time for 200 mg/L OTC onto the adsorbent MnO,/PCBC. Figure 4.5
indicated that the quantity of OTC adsorption, ge (Mg/g), is increased with contact
time from 0 min to 1440 min. For the first 480 min, the adsorption amount
increased from 79.71 to 326.28 mg/g and further increased to 365.62 mg/g before
reaching the equilibrium at 1440 min in case of adsorbent MnO,/PCBC. Thus, the
adsorption capacity increased exponentially within 480 min reaching equilibrium
at 1440 min.
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Figure 4.5: Effect of the amount of OTC adsorbed (mg/g) against contact time
onto adsorbent MnO,/PCBC(Prakash Bobde, Sharma, Kumar, Pal, et al., 2023)

4.2.4. RSM Study

To evaluate the entity, interaction and quadratic effects of the variables affecting
the adsorption efficiency of OTC on MnO,/PCBC adsorbent, variance analysis
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(ANOVA) is performed. The real values of four variables and percent removal
values (experimental and predicted) for adsorption of OTC on adsorbent
MnO,/PCBC are given in table 4.3. The total of squares and average squares of
each factor, F-values as well as P values are shown in table 4.4. ANOVA
confirms the validity and adequacy of the models. By bisecting the total of the
squares of various sources, the formula and the error variance by the

corresponding degree of freedom give the mean square values.

Table 4.3: Experimental and predicted values for adsorption of OTC on adsorbent
MnQO,/PCBC obtained through CCD and RSM
Run A B(g/L) C(@mg/L) D (K)

Experimental Predicted Residual

No.
1 3 0.1 50 283 55.62 54.52 1.10
2 11 0.1 50 283 73.28 70.52 2.76
3 3 0.5 50 283 92.74 94.90 -2.16
4 11 0.5 50 283 84.87 82.05 2.82
5 3 0.1 200 283 18.91 14.12 4.79
6 11 0.1 200 283 54.18 57.96 -3.78
7 3 0.5 200 283 57.74 59.40 -1.66
8 11 0.5 200 283 74.42 74.38 0.04
9 3 0.1 50 313 58.83 57.49 1.34
10 11 0.1 50 313 92.65 92.35 0.31
11 3 0.5 50 313 95.06 92.63 2.43
12 11 0.5 50 313 95.22 98.63 -3.41
13 3 0.1 200 313 22.71 26.88 -4.17
14 11 0.1 200 313 93.11 89.57 3.54
15 3 0.5 200 313 65.53 66.91 -1.39
16 11 0.5 200 313 98.30 100.75 -2.45
17 2 0.3 125 298 64.67 64.89 -0.22
18 12 0.3 125 298 96.19 96.03 0.15
19 7 0.05 125 298 48.45 53.14 -4.69
20 7 0.55 125 298 90.00 85.37 4.63
21 7 0.3 31.25 298 94.94 99.09 -4.15
22 7 0.3 218.75 298 79.24 75.16 4.09
23 7 0.3 125 279.25 63.73 66.85 -3.11
24 7 0.3 125 316.75 88.23 85.18 3.05
25 7 0.3 125 298 82.41 82.96 -0.55
26 7 0.3 125 298 83.46 82.96 0.51
27 7 0.3 125 298 83.16 82.96 0.20

68



Regression analysis of the percent elimination efficiency of OTC using

MnO,/PCBC revealed the importance of each coefficient measured using the F-

test and p-value at a significance level of 0.05. The related variables would be

more important if the absolute p-values were lower and the F-value was higher. It

revealed that the factors with the greatest influence is the linear term of all

parameters (pH, AD, IC, and temp), the quadratic term of pH (AA), the quadratic
term of AD (BB), the interaction impact of pH and AD (AB) for the reduction of

OTC through both the adsorbent. The rest of the variance analysis revealed a

negligible influence with a p-value greater than 0.05.

Table 4.4: Analysis of variance for % removal efficiency of OTC by using

MnO,/PCBC

Source Sum o Mean £ value P-value
square square

Model 1191754 14  851.25 47.37 <0.0001
A-pH 2969.32 1  2969.32 165.24 <0.0001
B-MnO,/PCBC dose 3177.46 1 3177.46 176.82 <0.0001
C-OTC initial concentration 175147 1 175147 97.47 <0.0001
D-Temperature 1028.86 1 1028.86 57.26 <0.0001
pH*MnO,/PCBC dose 83249 1 832.49 46.33 <0.0001
pH*OTC initial concentration 775.04 1 775.04 43.13 <0.0001
pH*Temperature 3555 1 355.5 19.78 0.0008
MnOzlPCBC dose*OTC initial 2389 1 2389 133 0.2713
concentration
MnO,/PCBC dose*Temperature 275 1 275 153 0.2397
OTC initial 9571 1 9571 533  0.0396
concentration*Temperature
(pH)? 1493 1 1493 0.8311 0.3799
(MnO,/PCBC dose)? 45052 1 450.52 25.07 0.0003
(OTC initial concentration)? 4171 1 4171 232 0.1535
(Temperature)? 11567 1 115.67 6.44 0.0261
Residual 215.64 12 17.97
Lack of Fit 215.05 10 215 73.02 0.0136
Pure Error 0589 2 0.2945
Cor Total 12133.17 26

The point of zero charge (pHpzc) of MnO,/PCBC is revealed in figure 4.6. OTC
has three different pKa values. OTC is H4OTC" at pH < 3.27, H;OTC at 3.27 <
pH < 7.32, H,OTC at 7.32 < pH < 9.11 and HOTC? at pH > 9.11 (G. Liang et al.,
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2019). The surface of MnO,/PCBC is positively charged at pH < pHpzc=7.3 and
negatively charged at pH > pHpzc=7.3.

As shown in figure 4.7, by rising pH value of OTC solution, the removal
efficiency of MnO,/PCBC increased. MnO,/PCBC had a positive charge, which
increased electrostatic attraction, whereas the OTC molecule did not have any net
charge at pH range of 3.27 to 7.32. MnO,/PCBC showed increasing percentage
removal despite the negative-negative electrostatic repulsion at pH > 7.32. These
findings demonstrated that strong hydrogen bonding, n-r electron donor acceptor
interaction along with electrostatic interaction affected the MnO,/PCBC and OTC
molecule interaction. A similar trend in the percentage removal is observed for

OTC onto the surface of BC/MnO, (Jiang Li et al., 2020).
2

VA

ApH(final pH-initial pH)

4

2 3 4 5 6 7 8 9 10 11 12 13
pH

Figure 4.6: pH point of zero charge (pHpzc) of MnO,/PCBC(Prakash Bobde,
Sharma, Kumar, Pal, et al., 2023)

As shown in figure 4.7, by enhancing MnO,/PCBC dose, OTC removal efficiency
is improved and is attributed to the activated adsorbent surface having higher
adsorption sites accessible to remove OTC. An increase in the adsorption of OTC
with a rise in adsorbent dosage may be because of the availability of a substantial
number of active adsorption sites present on the adsorbent. Finite surfaces are
offered for adsorption at low dosage, resulting in minimal percentage reduction,

however as the MnO,/PCBC amount rises, high adsorption-friendly sites are
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present, thereby improving the adsorption performance (Harja & Ciobanu, 2017;
Q. Li et al., 2021). Also, the OTC removal efficiency is reduced with the rising
preliminary concentration of OTC. Decreasing removal efficiency by rising
preliminary concentration may be attributed to the presence of additional OTC
ions in solution at increased concentrations and adsorption site is a restricting
variable in the adsorption mechanism. By increasing the OTC concentration,
adsorption sites are decreased, as additional ions are added into the process. The
number of adsorption sites becomes the limiting factor as the concentration rises,
resulting in lower adsorption (Harja & Ciobanu, 2017). As revealed in figure 4.7,
OTC removal efficiency enhanced with rising temperature indicating that the
adsorption of OTC onto MnO,/PCBC is favored at high temperatures and the
adsorption process is endothermic (G. Liang et al., 2019).
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Figure 4.7: 3D surface graphs of percent removal efficiency of OTC by using
MnO,/PCBC(Prakash Bobde, Sharma, Kumar, Pal

The evaluation of the coefficient (R?) is required to determine the model.

magnitude of the correlation coefficient is R?

4.2.5. Fitting the model



describe the overall factor model for the adsorbent MnO,/PCBC. The magnitude
of the modified correlation coefficient for the adsorbent MnO,/PCBC (adjusted
R%= 96.15 % respectively) is however strong, indicating greater importance of the
consequence. The expected magnitude of R? is strong to endorse big model
significance. The expected R* was 88.80 % implying that the design would not
merely clarify 11.20 % of the total variations for the adsorbents. After variance
analysis (ANOVA), the regression equation gave the degree of OTC removal as a
function of initial solution pH (A), adsorbent dose (B), initial OTC concentration
(C), and temperature (D). By following numerous regression analyses on the
investigational data, the empirical values of the CCD configuration were pertinent
with a complete second order mathematical model. The inferential association
between the OTC reduction (Y) and the 4 different parameters in uncoded RSM
units is defined by equation 4.1 for the adsorbent MnO,/PCBC.

% removal= -1648.2678-19.0945A+379.1167B-1.0809C+11.5657D-0.0998A>-
219.1799B%+0.0005C%- 0.0197D?-9.0165AB+0.0232AC+0.0786AD+0.0815BC-
0.43706BD+0.0022CD 4.1)
Using equation and the values for all variables, removal percentages can be
determined in all cases where the concept is laid. Positive and negative signs prior
in equation 4.1 reflect the synergistic and antagonistic impact of pH, primary
concentration of OTC, adsorbent dosage and temperature. The existence of a
particular parameter in a concept implied a benefactor influence; the two factors
signify a double variable impact and a second order factor imply a quadratic
effect.

Analysis of variance for % removal efficiency of OTC by using MnO,/PCBC
highlighting the importance of all coefficients as calculated by the F-values and p-
values are given in Table 4.4. The significance of the related coefficient increases
with increasing F-values and decreasing p-values. "Prob > F" values below
0.0500 also demonstrate a strong substantial regression at a confidence level of 95

%. In this scenario, important model parameters were the first-order key effects,
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square effects, and interaction effects of the initial OTC solution pH, adsorbent
dosage, initial OTC concentration and temperature.

4.2.6. Optimization of the adsorption of OTC

The main objective in designing the 27 experiments using RSM is to rectify the
variable (pH, primary concentration of OTC, adsorbent dosage and temperature)
of the adsorption for maximum reduction efficiency of OTC onto MnO,/PCBC.
Figure 4.8 demonstrates the optimization of various factors for the adsorption of
OTC onto MnO,/PCBC. In the present work, Minitab 16.1 software was
employed to determine the ideal values of the variables from the model developed
by CCD. The ideal values of the factors along with the predicted and experimental
percent removal for adsorption of OTC onto MnO,/PCBC are given in table 4.5.
For the confirmation of the model, experimental testing was carried out under
optimal scenarios. The experimental results demonstrated OTC percentage
removal to be 88.1 % using the optimum values of each parameter which is in
good conformity with the predicted value (88.4 %) for adsorbent MnO,/PCBC.

New PH AD IC Temp.

. High 12.0 0.550 218.750 316.750
pebbaril g [8.0747] [0.4430] [199.7951] [303.2596]
Predict Low 2.0 0.050 31.250 279.250

/'/ )
% R — — A T —— A7 — — 1T — =T —

Maximum .’/ // /

y = 88,3778 . /

d = 0.87505 4 /

Figure 4.8 Optimization of adsorption process of OTC onto
MnO,/PCBC(Prakash Bobde, Sharma, Kumar, Pal, et al., 2023)

Table 4.5: Optimum values for adsorption of OTC onto MnO,/PCBC

% Removal
Adsorbent A B(g/L) C(mg/L) D (°K) Predicteod Experimental

MnO,/PCBC 8.0 0.44 200 303 88.4 88.1
A-pH, B-MnO2/PCBC dose, C-Initial OTC concentration, and D-Temperature
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4.2.7. Kinetic, isotherm and thermodynamic study

Figure 4.9a, 4.9b, 4.9c, and 4.9d illustrates the PFO, PSO, Elovich and ID
equation curve fitting and the results of PFO, PSO, Elovich and ID constants, ge,
K1, Kz, a, B, K, ¢c and R? are represented in table 4.6. The R? value for the linear
plot of PFO, PSO, Elovich and ID equation is 0.9956, 0.9925, 0.9233 and 0.9361
respectively. In case of the OTC-MnO,/PCBC system, a PSO equation provided
theoretical ge values that closely matched experimental values. This indicates that
a PSO chemical reaction accurately describes the adsorption kinetics of OTC, and
that this reaction is a crucial factor in the rate-determining step. The adsorption of
OTC by KOH modified bio-based adsorbent and magnetic montmorillonite-bio-
based adsorbent composite demonstrated comparable results (J. Luo et al., 2018)
(G. Liang et al., 2019). Thus, the key rate-determining phase in the adsorption of
OTC onto MnO,/PCBC may be the proposed chemisorption.

The adsorption capacity relative to t*2 for ID of OTC by MnO,/PCBC is shown in
figure 4.9d. The findings indicated that the graphs are multilinear, implying that
the process went through two or more phases. There is exterior layer adsorption,
as illustrated in figure 4.9d (stage 1). Stage 1 is the shortest and ends in 30
minutes, followed by the intraparticle diffusion control phase (stage 2), which
lasts 30 minutes to 480 minutes. Following 480 minutes, the equilibrium's ending
adsorption (stage 3) commences. The variance of the first straight section (stage
2) represents the variable function that contributes to ID, whereas the intercept of

this segment corresponds to the thickness of the boundary layer.
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Figure 4.9: (a) PFO and (b) PSO (c) Elovich and (c) ID plots for the adsorption of
OTC on MnO,/PCBC. Experimental conditions: MnO,/PCBC dose = 0.5 g/L,
Initial concentration of OTC = 200 mg/L, Temperature = 298K, pH = 7. (Prakash
Bobde, Sharma, Kumar, Pal, et al., 2023)

Table 4.6 also includes the R? values for the 1D model, which indicate that OTC
adsorption by MnO,/PCBC can be followed by ID with regard to 480 minutes.
With reference to, the lines do not cross the origin, implying that ID is involved in
the adsorption system, but it is not the only method for limiting rates, and that
certain other processes still play an important role in the adsorption system (Al-
Musawi, Rajiv, et al., 2021; Balarak, Zafariyan, et al., 2021). Layer sorption and
ID are likely to occur concurrently, influencing the kinetic model of the OTC-
MnO,/PCBC connection.
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Table 4.6: Kinetic parameters for the adsorption of OTC onto MnO,/PCBC

Co (mg/L) 200

Theoretical g, (Mg/g) 365.62
ge (Mg/Q) 309.79
PFO Ky(min™) 0.0043
R? 0.9956
ge (Mg/Q) 384.61

PSO Ka(g.mgtmint)  2.86x 107
R? 0.9925
a 17.918
Elovich S 0.0169
R? 0.9233
Ki(mg/g.min”?)  9.0385
ID c 70.063
R? 0.9361

Fig 4.10(a, b, c and d) displays OTC adsorption equilibrium on MnO,/PCBC. The
value of R? mentioned in Table 4.7 is higher in Langmuir and Freundlich isotherm
for adsorption of OTC onto MnO,/PCBC than Temkin and Dubinin-
Radushkevich isotherm values. For the adsorption of OTC by MnO,/PCBC, the
Langmuir and Freundlich equation represents the most suitable experimental data

than the Temkin and Dubinin-Radushkevich isotherm equations.
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Figure 4.10: (a) Langmuir (b) Freundlich (c) Temkin and (d) Dubinin-
Radushkevich plots for the adsorption of OTC on MnO,/PCBC. Experimental
Conditions: MnO,/PCBC dose= 0.5 g/L, shaking time = 1440 min., Temperature
=298 K, pH = 8. (Prakash Bobde, Sharma, Kumar, Pal, et al., 2023)

The monolayer saturation capacity of MnO,/PCBC, Qo, was found to be 357.14
mg/g. The isotherm shape can be defined by a separation factor (R.) for a
Langmuir-type adsorption mechanism. It has been noticed that the value of R. ~
0.21 validates the favorable OTC uptake process. The value of Freundlich
parameter n > 1, it indicates a favorable adsorption of OTC onto MnO,/PCBC. It
is known that if the value of 1/n < 0.1, it indicates an irreversible process, and if
I/n > 0.1, it indicates a reversible process (Ramanayaka, Kumar, et al., 2020;
Ramanayaka, Tsang, et al., 2020). The experimental data of OTC adsorption onto
MnO,/PCBC denotes the value of 1/n is 0.26 which is more than 0.1, indicating
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the reversible process. As a result, MnO,/PCBC can be retrieved upon desorption
for further use as adsorbent. The Temkin model’s computed binding energy
(B=48.54 J/mol) is found to be higher than 8 J/mol, implying that OTC is
chemisorbed onto MnO,/PCBC surface. The value of Dubinin-Radushkevich
parameter adsorption energy, E, was found to 2532 kJ/mol which results the
sorption of OTC onto MnO,/PCBC found to be chemisorption process. High
adsorption energies are related to chemisorption since the method includes
sharing and transferring electrons among MnO,/PCBC and OTC (Balarak,
Zafariyan, et al., 2021; Bisaria et al., 2022).

Table 4.7: Isotherm parameters for the adsorption of OTC onto MnO,/PCBC

K. (L/g) 68.027
a (L/mq) 0.1904
Langmuir Qo(mg/g) 357.14
RL 0.2079
R® 0.9515
K¢ 117.80
Freundlich n(g/L) 3.8080
R’ 0.9467
B 48.544
Temkin A(L/g) 11.332
R’ 0.8477

Om (ng/gg 232.87 .

Dubinin-Radushkevich ﬂE(r(T(‘J’}n‘:é JI)) ;5739;{;‘ 10

R’ 0.5801

Fig. 4.11 displays the plot of RInK; versus (1/T). The negative values of 4G° for
the MnO,/PCBC adsorbent at all temperatures suggested that the adsorption
process is spontaneous. Additionally, an increasingly negative free energy change
with rising temperature suggests that the feasibility of the process at higher
temperatures. The positive values of 4H° and 4S5° suggested that the adsorption on
MnO,/PCBC is an endothermic process and favored by increased randomness (Q.
Lietal., 2021; P. Zhang et al., 2019).
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Figure 4.11: Plot of RInKg versus (U/T) x10%K™) for estimation of

thermodynamic parameters. (Prakash Bobde, Sharma, Kumar, Pal, et al., 2023)

Table 4.8: Thermodynamic parameters for the adsorption of OTC onto

MnO,/PCBC
AL (KJ/mol) 33.044
AS° (J/mol) 123.63
278K 1325
283 K 11,943
288 K 22,561
. 203 K -3.180
AG (kJ/mol) 208 K -3.798
303 K 4.416
308 K -5.034
313K 5,652

This outcome was evaluated in relation to other research that used various
adsorbents to extract OTC from water, as shown in Table 4.9. Among other
adsorbents, the MnO,/PCBC composite demonstrated a greater adsorption
capability. When compared to other adsorbents, the MnO, supported on the
pinecone bio-based adsorbent has shown satisfactory removal efficiency with a
maximum capacity of adsorption. Consequently, MnO,/PCBC is a promising

material for OTC adsorption.
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Table 4.9: Comparison of OTC adsorption onto different adsorbents reported in

literature.
Adsorbent Co Dosage | pH | Temp | Time Je Removal
[ mglL) | (gl (K)_| (min) | (mgfg) | (%) F:e‘cere”fe
Magnetic  bio- Guetal.,
based adsorbent 10-200 2 3.61 | 298 2880 21.8 61.9 2021)
Magnetic
. . (Z. Wang
g“ap“'g'te‘b'o' 10150 | 2 | 65 | 288 | 2160 | 333 i etal,
ased adsorbent 308
: 2019)
composite
B-
cyclodextrin/ca (Juengchar
rboxymethylcel 200 2 8 303 180 54.3 - eonpoon et
lulose hydrogel al., 2019)
films
Magnetic
montomorilloni .
. (G. Liang
b cauliflower | 45 150 | 2 | 65 | 288 | 1440 | 588 | 925 etal,
eave bio-based 308
2019)
adsorbent
composite
Zeolite/Fe;0, i ) ) 298- 833 i (Bagkan et
323 ' al., 2022)
CTAB (Mostafap
modified - - - 318 90 108.4 99.8 our et al.,
zeolite 2022)
Colloidal (Ramanay
dendro  wood 25- aka,
bio-based 1000 ! 9 303 300 | 1367 i Kumar, et
adsorbent al., 2020)
KMnO,
modified corn 288- (Yueetal,
stover bio- 10-200 6 3 318 1440 | 200.4 - 2023)
based adsorbent
municipal solid
waste-derived (Weerasoo
bio-based riyagedara
adsorbent and | 10-250 2 6 298 480 233.0 - ot al
montmorillonit 2022‘5
e (MSW-BC-
MMT)
Molecularly -
imprinted 25 06 | 5 | 323 | 60 | 6665 | 9204 | (Khatibiet
al., 2021)
polymer
MnO, modified
pine cone bio- This
based adsorbent 50-200 | 0.44 8 298 1440 | 357.14 88.1 Study

(MnO,/PCBC)
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4.2.8. Regeneration Study

Repeated cycles of adsorption-desorption studies were undertaken to examine the
regeneration potential of MnO,/PCBC. Figure 4.12 displays the OTC adsorption
efficiency by MnO,/PCBC following various adsorption cycles. The outcome
showed that as the number of cycles increased, the percentage removal of OTC
onto MnO,/PCBC steadily reduced. The synthesized MnO,/PCBC is reusable up
to five cycles for OTC removal with a percentage removal of around 80% after
the fifth cycle. Merely 8% loss in the removal efficiency was observed after 5™

cycle which indicates that the adsorbent is reusable and sustainable.

80

[=2]
o

% Removal
=3
o

20

Adsorption Cycle
Figure 4.12: Regeneration of MnO,/PCBC for OTC adsorption(Prakash Bobde,
Sharma, Kumar, Pal, et al., 2023)
4.2.9. Adsorption Mechanism

To validate the influence of surface complexation on OTC adsorption, EDTA-
2Na was introduced into the solution to assess its impact on adsorption efficiency
(Fig. 4.13a). Upon the addition of 1 mM EDTA, the OTC removal rate by
MnO,/PCBC decreased by approximately 18%. This decline suggests that
manganese oxide formed complexes with -NH, and reactive oxygen-containing
functional groups within OTC molecules, facilitating efficient and selective
adsorption through complexation (Xinyi Liao et al., 2023). After adsorption of
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OTC, adsorbent average pore size, BET specific surface area, and total pore
volume were found to
100
a b
: Mn0,/PCBC-OTC
80
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Figure 4.13: (a) Effect of EDTA on the adsorption of OTC, (b) FTIR spectra of
MnO,/PCBC before and after adsorption of OTC (MnO,/PCBC-OTC), (c)
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Possible adsorption mechanism of MnO,/PCBC for OTC. (Prakash Bobde,
Sharma, Kumar, Pal, et al., 2023)

be reduced (Table 4.1). This suggests that pore filling may play a role as one of
the factors affecting the OTC adsorption onto MnO,/PCBC. According to Liang
et al. the specific surface area and pore structure are significant variables that
influence the adsorption of organic pollutants on bio-based composites by a pore-
filling mechanism (H. Liang et al., 2022). OTC has three different pK, values:
OTC is H4OTC" at pH < 3.27, H3OTC at 3.27 < pH < 7.32, H,OTC at 7.32 < pH
< 9.11 and HOTC® at pH > 9.11 (G. Liang et al., 2019). The surface of
MnO,/PCBC is positively charged at pH < pHpzc=7.3 and negatively charged at
pH > pHpzc=7.3. As shown in figure 4.7, by rising pH value of OTC solution, the
removal efficiency of MnO,/PCBC increased. MnO,/PCBC had a positive charge,
which increased electrostatic attraction, whereas the OTC molecule did not have
any net charge in the pH range of 3.27 to 7.32 (Jiang Li et al., 2020). Based on the
data gathered above, a proposed adsorption mechanism for OTC adsorption onto
the surface of MnO,/PCBC was made. From the study of kinetic and isotherm, it
is inferred that the adsorption process of OTC onto MnO,/PCBC involves
chemisorption (Yaoyu Zhou et al., 2017). Figure 4.13b revealed the FTIR spectra
of MnO,/PCBC before and after OTC adsorption. Little shift in the peaks of FTIR
was observed in OTC adsorbed MnO,/PCBC. This may be due to the interaction
of functional groups present on MnO,/PCBC with OTC during adsorption
process. The C=0 (carboxylic and ketonic, 1384 cm™) and C=C (1615 cm™)
peaks shift and growth indicated the vital importance of m-m interactions among
OTC and MnO,/PCBC in the adsorption processes. OTC might operate as -
electron acceptors attributed to the -NH; functional groups and O and/or N-hetero
aromatic rings. MnO,/PCBC surfaces have —OH, C=C, and C=0 functional
groups that could serve as m-electron donors. As a result, the n-n interaction may
be used to modulate the adsorption of OTC onto the surface of MnO,/PCBC (G.
Liang et al., 2019; J. Luo et al., 2018). Additionally, the functional groups of the
OTC and the benzene ring of the surface of MnO,/PCBC may serve as H-bond
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donors, suggesting that hydrogen bonding may have increased the sorption
affinity of MnO,/PCBC for OTC (G. Liang et al., 2019; J. Luo et al., 2018).
Figure 4.13c displays the possible adsorption mechanism of MnO,/PCBC for
OTC.

4.3. Conclusion

This study explored the adsorption of oxytetracycline by MnO,/PCBC with
remarkable success. The research achieved a remarkable removal efficiency of
88.1% under optimized conditions of pH 8, adsorbent dosage 0.44 g/L, initial
OTC concentration 200 mg/L, and temperature 303 K. The PSO (R?*=0.99) model
was found to be the best fit for the adsorption kinetics. The adsorption process
conformed well to both Langmuir (R?=0.95) and Freundlich (R?*=0.95) isotherm
models, with a monolayer adsorption capacity (qm) of 357.14 mg/g. Notably, the
adsorption of oxytetracycline on the adsorbent is spontaneous and endothermic. It
is also worth noting that MnO,/PCBC is recyclable and reusable as an effective
adsorbent for antibiotic removal from water. The mechanism underlying OTC
adsorption by MnO,/PCBC primarily involves hydrogen bonding, n-r electron
donor acceptor interactions, pore filling and electrostatic interactions.
Importantly, MnO,/PCBC demonstrated the highest maximum removal efficiency
for OTC compared to most of the reported adsorbents in previous studies. These
findings hold significant promise for environmental engineers, suggesting that
MnO,/PCBC can be strategically employed to effectively mitigate OTC
contamination in aqueous environments simultaneously mitigating the waste

management of pine cones in the forest areas of Himachal Pradesh.
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Chapter 5
ADSORPTION OF TETRACYCLINE BY MANGANESE
OXIDE-MODIFIED PINE CONE BIOCHAR

5.1. Introduction

Tetracycline (TC) is a widely employed antibiotic in modern medicine, serving to
combat or prevent infections in both humans and animals. As a bacteriostatic
agent, it is effective against a spectrum of pathogens, including gram-positive and
gram-negative bacteria, mycoplasma, and certain fungi (Asgharian et al., 2020).
Despite their significant contributions to human welfare, a notable proportion of
antibiotics, estimated to be between 70% to 90%, are released into the
environment during practical use. This is primarily due to their limited absorption
and metabolism within the body (Sun et al., 2021). TC has been detected in
treated waters at extremely low concentrations, typically in the range of
micrograms per liter (ug/L) or nanograms per liter (ng/L). However, its levels are
significantly higher, ranging from 100 to 500 milligrams per liter (mg/L), in the
effluents of hospital and pharmaceutical manufacturing wastewaters (Asgharian et
al., 2020).

Tetracyclines found in soil can contribute to the development of antibiotic-
resistant microbial populations, posing a threat to environmental health.
Furthermore, their presence in soil, as well as in underground and surface waters,
can lead to the destruction of microorganisms and disruption of natural microbial
communities. This disruption may further contribute to the evolution of antibiotic-
resistant pathogenic microorganisms. Therefore, it is imperative to prioritize the
development of efficient and sustainable methods for removing tetracycline from
water. Doing so is crucial for enhancing water quality, mitigating harm to public
health, and advancing the adoption of low-cost wastewater treatment technologies
(Tanyol & Torgut, 2022). Various methods have been employed for the removal
of TC, encompassing biodegradation (Shao et al., 2018), photocatalysis (Saadati
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et al., 2016; L. Yao et al., 2021), membrane filtration (Kosuti¢ et al., 2007),
ozonation (M. H. Khan et al., 2010), photolysis (Jiao et al., 2008), catalysis (Hao
et al., 2021), electrochemical oxidation (Jianbing Wang et al., 2018), and
adsorption (Priya & Radha, 2017).

Adsorption is regarded as the most practical method among these techniques for
eliminating stubborn pollutants from water due to its simple operation, high
efficiency, and absence of harmful byproducts (Prakash Bobde, Sharma, Kumar,
Pal, et al., 2023). Biochar has garnered significant attention as an adsorbent owing
to its efficient conversion of waste into a usable form and its ability to remove
various stubborn pollutants from water (Prakash Bobde, Sharma, Kumar, Pal, et
al., 2023; Vievard et al., 2023). It is produced by pyrolyzing waste biomass,
including coconut husk, pine needles, pine cones, agricultural waste, peanut
waste, and pineapple peel, resulting in excellent yield (Prakash Bobde, Sharma,
Kumar, Pal, et al., 2023; Kumar et al., 2023; Vievard et al., 2023). Chir pine,
prevalent in regions like India, is generated in vast quantities which can be
utilized as an organic resource for biochar production. Through the sustainable
utilization of vast quantities of pine tree biomass (Kumar et al., 2023), we can
prevent forest fires taking place due to highly combustible needles and twigs
(Fulé et al., 2021). Pine-cone biochar is regarded as an effective adsorbent due to
its high porosity, distinctive chemical composition, surface chemistry, cost-
effectiveness, and status as a renewable and sustainable resource (Kumar et al.,
2023).

Because of its inherent low adsorption capacity for antibiotics (Feng et al.,
2021b), modifying biochar is crucial to optimize its surface properties and
improve its ability to effectively adsorb specific pollutants. Manganese oxide
(MnO,) nanoparticles have emerged as a highly promising and efficient
adsorbent, garnering increased attention for their high specific surface area,
catalytic effect and exceptional adsorption capability (Feng et al., 2021b). By
incorporating MnO, into biochar, its adsorption capacity can be significantly

enhanced, offering several key advantages (Feng et al., 2021b). The porous
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structure of MnO, substantially augments the available surface area for
adsorption, thereby providing a greater number of active sites for pollutant
attachment (Jiang Li et al., 2020).

Therefore, this study aims to assess the efficacy of MnO,/PCBC in removing TC
from water, considering experimental variables such as pH, initial TC
concentration, MnO,/PCBC dosage, and temperature.

5.2. Results & Discussion

5.2.1. Selection of the adsorbent

The removal efficiency of many adsorbents for the contaminant Tetracycline (TC)
is shown in figure 5.1a. With 79.7% TC removal effectiveness, MnO,/PCBC
demonstrated highest adsorption for TC. As a result of its greater ability to
remove TC, MnO,/PCBC is the most effective adsorbent and is chosen for the

removal of TC from water.
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Figure 5.1: Comparison of different adsorbent for the removal of TC

The efficiencies of several MnO,/PCBC composite materials for the removal of
TC, namely 5:95 MnO,/PCBC, 15:85 MnO,/PCBC, and 25:75 MnO,/PCBC,
were determined and plotted in figure 5.1b. With 80.6% TC removal efficiency,
the 25:75 MnO,/PCBC composite outperformed the other adsorbents. Due to the
better ability of 25:75 MnO,/PCBC to remove TC, this composition of adsorbent

is used for the optimization of parameters for the removal of TC.
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5.2.2. Effect of contact time on the adsorption of TC
Tetracycline (TC)'s adsorption capability onto the MnO,/PCBC over a range of
time intervals is depicted in figure 5.2. The adsorption process is time-dependent
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and continues as the length of exposure of TC to the adsorbent grows, as

evidenced by the exponentially increasing trend of adsorption capacity with time.
The adsorption capacity is 7.30 mg/g at 5 minutes, which is rather low at first, but
it increases progressively over time. Notably, the adsorption capacity achieves its
highest value of 320.66 mg/g at 1440 minutes, indicating the maximum
adsorption of TC at equilibrium.

Figure 5.2: Effect of the amount of TC adsorbed (mg/g) against contact time onto
MnO,/PCBC

5.2.3. RSM study

Using a central composite design (CCD) analysis, the TC removal process for the
MnO,/PCBC was optimized. The study employed four primary independent
characteristics, including pH, MnO,/PCBC dosage, and starting TC concentration,
and temperature. Table 5.1 shows the experimental and predicted values for
adsorption of TC on MnO,/PCBC obtained through CCD and RSM. According to
the quadratic model, there is a relationship between response (percentage
removal) and operational parameters (Al-Qahtani et al., 2023; Huihui Wang et al.,

2022). The expected TC percentage removal, is represented by linear terms in
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equation 5.1, and A, B, C and D stand for the coded values of pH, MnO,/PCBC
dosage, initial TC concentration, temperature, respectively. In this equation, the
quadratic terms are A% B2 C?and D? and the interaction terms are AB, AC, AD,
BC, BD, and CD. The antagonistic and synergistic impacts of the parameters are
represented by the positive and negative signs in the preceding equation 5.1 (Al-
Qahtani et al., 2023; Ayyubi et al., 2022).

% removal=  -786.6535-11.8421A-94.7399B+0.5659C+5.8444D-1.2366A%-
26.6596B2-0.0014C?-0.0101D%+1.2639AB-0.0001AC+0.0755AD-
0.0737BC+0.4217BD-0.0012CD (5.1)

Table 5.1: Experimental and predicted values for adsorption of TC on
MnO,/PCBC obtained through CCD and RSM
Run A B(g/lL) C(mg/L) D (K)

Experimental Predicted Residual

No.
1 3 0.1 50 283 87.56 83.62 3.94
2 11 0.1 50 283 18.66 22.38 -3.72
3 3 0.5 50 283 89.36 87.11 2.25
4 11 0.5 50 283 23.25 29.91 -6.66
5 3 0.1 200 283 55.63 63.38 -7.75
6 11 0.1 200 283 8.64 1.99 6.65
7 3 0.5 200 283 55.90 62.44 -6.54
8 11 0.5 200 283 11.49 5.10 6.39
9 3 0.1 50 313 79.05 84.10 -5.05
10 11 0.1 50 313 46.09 40.99 5.11
11 3 0.5 50 313 84.57 92.65 -8.08
12 11 0.5 50 313 62.67 53.58 9.09
13 3 0.1 200 313 63.81 58.58 5.23
14 11 0.1 200 313 14.41 15.32 -0.91
15 3 0.5 200 313 67.76 62.71 5.06
16 11 0.5 200 313 18.12 23.49 -5.37
17 2 0.3 125 298 89.67 80.95 8.72
18 12 0.3 125 298 9.68 18.16 -8.48
19 7 0.05 125 298 72.34 75.16 -2.82
20 7 0.55 125 298 85.51 82.45 3.06
21 7 0.3 31.25 298 85.96 83.50 2.46
22 7 0.3 218.75 298 49.82 52.04 -2.22
23 7 0.3 125 279.25 75.33 71.01 4.32
24 7 0.3 125 316.75 78.73 82.81 -4.08
25 7 0.3 125 298 79.29 80.47 -1.18
26 7 0.3 125 298 80.43 80.47 -0.04
27 7 0.3 125 298 81.11 80.47 0.64
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Analysis of variance (ANOVA) was used to evaluate the suggested model's
efficacy. Table 5.2 shows the experimental design and expected results for the
removal of TC on the basis of ANOVA. When the p value is < 0.05, model terms
are deemed significant. A, C, and A? are significant model terms in this case, and
the strong F value of 23.34 indicates the significance of the model. Only 0.01%of
cases might have an F-value this high due to noise. The quadratic model appears
to be a viable option for forecasting the efficacy of DS removal, as evidenced by
the close proximity of the adjacent R? of 0.92 to the predicted R? of 0.75.

Table 5.2: Analysis of variance for adsorption capacity of TC by using
MnO,/PCBC

Source Sum of pp Mean F-value P-value
square square
Model 20757.77 14 1482.7 23.34 <0.0001
A-pH 12061.45 1  12061.45 189.9 <0.0001
B-MnO,/PCBC dose 16246 1 162.46 2.56 0.1357
C-TC initial concentration 3027.27 1 3027.27 47.66 <0.0001
D-Temperature 42559 1 425.59 6.7 0.0237
pH*MnO,/PCBC dose 16.36 1 16.36 0.2576  0.621
pH*TC initial concentration 0.0215 1 0.0215 0.0003 0.9856
pH*Temperature 328.76 1 328.76 518 0.0421
MnO,/PCBC dose*TC initial 1958 1 19.58 0.3083 0.5889
concentration
MnO,/PCBC dose*Temperature 2561 1 25.61 0.4033 0.5373
TCinitial 2784 1 27.84 0.4384 0.5204
concentration*Temperature
(pH)? 229479 1 2294.79 36.13 < 0.0001
(MnO,/PCBC dose)? 6.67 1 6.67 0.1049 0.7516
(TC initial concentration)? 387.34 1 387.34 6.1 0.0295
(Temperature)? 3046 1 30.46 0.4796 0.5018
Total Error 762.19 12
Total (corr.) 21519.96 26

The % removal of the TC shows a noticeable trend as the pH of the solution rises
from 3 to 11. There is a high percentage removal at lower pH level (3- 5),
indicating that the TC has been effectively removed from the solution. This

implies that the TC might be eliminated more easily in an acidic environment.
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The percentage removal, however, somewhat reduce when pH rises above 5, but
it still stays very high until pH 7or so. There is still a considerable percentage
removal at pH 7 (neutral), but it starts to decrease more distinctly as the pH rises
towards alkalinity. The percent removal decreases more sharply at pH values
higher than 7, suggesting that TC is less successfully eliminated in an alkaline
environment. This implies that removal efficiency declines with increasing

solution pH.
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Figure 5.3: 3D surface graphs of percent removal efficiency of TC by using
MnO,/PCBC

The results show a strong positive association between the percentage of TC
removed and the dose of MnO,/PCBC (Fig. 5.3). The removal effectiveness of
TC consistently improves with incremental dosage in the range 0.1 to 0.5 g/L, as
seen by the percentage removal rising from 89.8% to 96.4%. This pattern implies

that TC removed from the system more successfully at larger MnO,/PCBC
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dosages. This could be explained by the fact that there are more active sites
available for chemical reactions at greater doses, which enables complete
adsorption and the subsequent removal of TC from the water (Althumayri et al.,
2023).

Fig. 5.3 shows a substantial correlation between the percentage of TC removed
and the initial concentration of TC. Interestingly, the percentage elimination
gradually decreases from 96.2% to 69% when the initial TC concentration rises
from 50 to 200 mg/L. This inverse relationship implies that removing TC across
the course of treatment will be more difficult at higher initial doses. The tendency
may be caused, in part, by the treatment system's available reactive sites being
saturated as TC concentrations rise. Higher initial concentrations may overwhelm
the treatment mechanism, reducing its efficacy and efficiency in reducing TC
pollutants from the water sample (Al-Hazmi, Adam, et al., 2023; Althumayri et
al., 2023). Higher initial concentrations may also cause more competition for
reactive sites, which would slow down adsorption even further and produce a
lower removal percentage overall.

The data demonstrates a strong positive association between temperature and
percentage of TC elimination. The percentage removal rises steadily and
significantly from 85.6% to 99.2% as the temperature rises from 278K to 313K.
According to this pattern, increasing the temperature considerably improves the
removal of TC from water. Higher temperatures may also increase the mobility of
reactant molecules, which would allow for more contact between the TC and the
MnO,/PCBC and ultimately increase the removal efficiency (Al-Hazmi, Refat, et
al., 2023; Althumayri et al., 2023; Hasan et al., 2023).
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5.2.4. Optimization of the adsorption of TC

MNew pH MnO2/PCB TC conce Temperat
0: 1000 High 120 0.550 218.750 316,750
AV e [5.0148] [0.4976] [60.4508] [298.0683]
Predict  Low 2.0 0.050 31.250 279.250

e

T T T =

%Removal
Maximum
y = 95,1584
d = 1.0000

Figure 5.4: Optimization of adsorption process of TC onto MnO,/PCBC
The optimal values for TC adsorption onto MnO,/PCBC adsorbent are shown in
the table 5.3. The expected percentage removal of TC is 95.16% at a pH of 5.00,
an adsorbent dosage of 0.5 g/L, an initial TS (total solids) concentration of 60.45
mg/L, and a temperature of 298K (Fig. 5.4). A high degree of agreement between
the expected and observed results is indicated by the fact that the expected
percentage removal of TC closely matches the experimental result of 94.9%. This
shows that MnO,/PCBC exhibits effective adsorption capabilities for removing

TC from the solution under these particular conditions.

Table 5.3: Optimum values for adsorption of TC onto MnO,/PCBC

% Removal
Adsorbent A B(glL) C(mglL) D(°K) Predictgd Experimental

PCBC 5.00 0.5 60.45 298 95.16 94.89

A-pH, B- MnO,/PCBC dose, C-Initial TC concentration, and D-Temperature

5.2.5. Kinetic, isotherm and thermodynamic study

The kinetic parameters for the adsorption of TC onto MnO,/PCBC are displayed
in Table 5.4. These values, which explain the adsorption process, are obtained
from different kinetic models. The equilibrium adsorption capacity, or Qe, is
determined using PFO equation to be 319.89 mg/g, with a rate constant (K;) of
0.0028 min™ and a R? value of 0.9797. A rate constant (K») of 8.33 x 10-6 g-mg"
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L.min?, a g value of 384.61 mg/g, and a R* value of 0.9909 are obtained from
PSO equation. The R? value of the Elovich model is 0.9176, and its coefficients, «
and B, are 5.2290 and 0.0168 accordingly. Finally, a R® value of 0.9826 is
obtained from the intraparticle diffusion model, which yields a diffusion rate
constant (K;) of 9.3588 mg/g-min®° and a constant intercept (c) of -6.7256 (Fig.

5.5)
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Figure 5.5: (a) PFO and (b) PSO (c) Elovich and (c) ID plots for the adsorption of
TC on MnO,/PCBC. Experimental conditions: MnO,/PCBC dose = 0.5 g/L,

Initial concentration of TS = 60 mg/L, Temperature = 298 K, pH = 5.

With the highest R? value (0.9909), which indicates a stronger correlation
between the experimental and predicted values, the PSO kinetic model seems to
be the best fit for explaining the adsorption of TC onto MnO,/PCBC, according to

the coefficient of determination (R? values. According to this model, the
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adsorption process is most likely controlled by chemisorption mechanism, in
which the adsorbent and TC molecules create chemical interactions that increase

adsorption capacity and improve adsorption (Ho & McKay, 1999).

Table 5.4: Kinetic parameters for the adsorption of TC onto MnO,/PCBC

Co (mg/L) 200
Theoretical . (Mmg/g) 320.66
ge (Mg/Q) 319.89
PFO equation Ky(min™) 0.0028
R’ 0.9797
ge (Mg/Q) 384.61
PSO equation Ka(g.mg*.min")  8.33x10°
R’ 0.9909
1% 5.2290
Elovich B 0.0168
R’ 0.9176
Ki(mg/g.min"?) ~ 9.3588
ID c -6.7256
R? 0.9826

Table 5.5 outlines the different isotherm parameters related to the adsorption of
TC onto MnO,/PCBC. The estimated K. value of 90.090 L/g in the Langmuir
isotherm model shows a high affinity between the MnO,/PCBC and TC, however
the a, value of 0.3063 L/mg indicates a moderate adsorption capacity. Adsorbent
efficiency in adsorbing TC molecules is indicated by the Qo value of 294.12
mg/g, which represents the highest monolayer adsorption capacity of the material.
Since the R value of 0.0613 is between 0 and 1, it suggests favorable adsorption.
The Langmuir model fits the experimental data quite well, exhibiting a very high
coefficient of determination (R, = 0.9997). This indicates that the adsorption
process is characterized by monolayer adsorption, where the active sites are

distributed uniformly over the adsorbent surface (Langmuir, 1916) (Fig. 5.6).
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Figure 5.6: (a) Langmuir (b) Freundlich (c) Temkin and (d) Dubinin-
Radushkevich plots for the adsorption of TC on MnO,/PCBC. Experimental
Conditions: MnO,/PCBC dose= 0.5 g/L, shaking time = 1440 min., Temperature
=298 K,pH=5

However, the Dubinin-Radushkevich, Temkin, and Freundlich isotherm models
also offer important insights into the behavior of adsorption. A high adsorption
capacity is indicated by the Freundlich model's K: value of 101.16, and a
favorable adsorption process is suggested by its n value of 3.5958. In contrast to
the Langmuir model, it has a lower coefficient of determination (R? = 0.8719),
suggesting a less precise fit to the experimental data. Similarly, the greatest
binding energy in the Temkin model is indicated by an A value of 5.5205, while
the B value of 50.873 indicates a moderate bonding energy between the TC and
MnO,/PCBC.
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Table 5.5: Isotherm parameters for the adsorption of TC onto MnO,/PCBC

KL (L/g) 90.090
a (L/mq) 0.3063
Langmuir Qo(mg/g) 294.12
RL 0.0613
R? 0.9997
Kt 101.16
Freundlich n(g/L) 3.5958
R’ 0.8719
B 50.873
Temkin A(L/g) 5.5205
R® 0.9454

Om (ng/gg 251.64 ,

- . L(mol“k/J) 9.207 x 10°
Dubinin-Radushkevich E(kJ/mol) 236.92
R’ 0.9512

Despite showing a fair fit (R* = 0.9454), the Temkin model is not as excellent as
the Langmuir model. The Dubinin-Radushkevich model, in comparison to the
Langmuir model, suggests a lower theoretical monolayer adsorption capacity, as
indicated by its g, value of 251.64 mg/g. In terms of accuracy and fit to the
experimental data, it still lags the Langmuir model, even with a comparatively
high R? value (0.9512). Because of its better fit, the Langmuir isotherm model is

thus the most appropriate one to describe the adsorption of TC onto MnO,/PCBC.

y =-64.168x + 243.97
R?=0.9835

40 =

3.2 3.3 3.4 3.5 3.6
(1/7)x103

Figure 5.7: Plot of RInKeq versus (1/T) x10°(K™) for estimation of

thermodynamic parameters.
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For the adsorption of TC onto MnO,/PCBC at different temperatures, Figure 5.7
shows the plot of equilibrium constant of adsorption of TC versus 1/T and the
thermodynamic parameters are shown in the table 5.6. As can be seen from the
positive enthalpy change (4H°) of 64.168 kJ/mol, the process is endothermic and
that energy is absorbed during adsorption. This finding is further supported by the
positive entropy change (4S°) of 243.97 J/mol-K, which shows an increase in
disorder or randomness throughout the adsorption process. It is also implied that
the adsorption process is spontaneous and thermodynamically favorable indicated
by the negative Gibbs free energy change (4G°) at each temperature. Hence, TC
adsorption onto MnO,/PCBC is influenced by both entropic and enthalpic forces,
with rising temperatures favouring the spontaneity of the adsorption process (Al-
Hazmi, Refat, et al., 2023; Althumayri et al., 2023; Hasan et al., 2023).

Table 5.6: Thermodynamic parameters for the adsorption of TC onto

MnO,/PCBC
AH® (kJ/mol) 64.168
AS° (J/mol) 243.97
278 K -2.436
283 K -4.876
288 K -6.095
o 293 K -7.315
AG” (kJ/mol) 298 K 8535
303 K -9.755
308 K -10.975
313K -12.195

The table 5.7 provides a comparative analysis of the literature-reported TC
adsorption onto various adsorbents. Based on factors including initial
concentration of TC, adsorbent dosage, pH, temperature, time, removal
efficiency, and adsorption capacity, several adsorbents are investigated. On the
other hand, MnO,/PCBC in this study shows an adsorption capacity of 294.12
mg/g and a removal efficiency of 94.89%. This indicates that MnO,/PCBC

101



performs competitively with respect to the other adsorbents under investigation,

providing notable adsorption capacity and efficient TC removal.

Table 5.7: Comparison of TC adsorption onto different adsorbents reported in

literature.
Adsorbent Co Dosage | pH | Temp | Time | Removal Je
. Reference
(mg/L) | (g/L) (K) | (min.) (%) (mg/g)
MnFe,O,/Multi 288- (Zhao et
-Wall  Carbon | 20 0.012 5.43 120 99.16 - al., 2023)
318
Nanotubes
Chitosan-graft- (Tanyol &
poly(N-tert-but i i ) Torgut,
ylacrylamide) 100 0.03 52 104.81 2022)
Copolymer
Biochar/Fes0s | 195 |03 4 |208 |1440 | 883 153.9 (S;gzez)"""’
Aluminosilicate (Al-Salihi
zeolite - - 6.7 |- 20 97 454,55 etal.,
nanoparticle 2023)
Biomass-based
material (Islam et
prepared by | 50-500 | 0.02 - - 1440 | - 357.14
. . al., 2018)
sulfuric acid
reflux
MnO, modified
pine cone bio- .
based adsorbent 60.45 0.5 5 298 1440 94.89 294.12 | This study
(MnO,/PCBC)
5.2.6. Regeneration study
Regeneration study shows the average percentage of TC removed by

MnO,/PCBC over number of adsorption cycles. The average percentage removal

gradually decreases from cycle 1 to cycle 5 of the adsorption process, from
95.25% to 91.25% by the fifth cycle. The decrease in TC removal efficiency of
MnO,/PCBC MnO,/PCBC may be due to loss of adsorbent during washing to

regenerate the adsorbent and as a result of changes in the adsorbent's

characteristics brought about by frequent use or saturation of active sites on the

adsorbent surface. However, marginal decrease in removal efficiency (~4% over 5

cycles) emphasizes that MnO,/PCBC can be sustainably employed for TC

removal from water.
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Figure 5.8: Regeneration of MnO,/PCBC for TC adsorption

5.2.7. Adsorption mechanism

The addition of 1 mM EDTA-2Na to the solution was implemented to assess its
impact on the adsorption efficiency of TC onto MnO,/PCBC (Fig. 5.9a). Upon
introduction of EDTA, there was a notable reduction in the removal rate of TC by
approximately 22%. This decline suggests that surface complexation plays a
significant role in the adsorption process. Specifically, manganese oxide within
MnO,/PCBC forms complexes with functional groups such as -NH, and reactive
oxygen-containing moieties present in TC molecules. This complexation process
facilitates efficient adsorption of TC (Xinyi Liao et al., 2023).

In Figure 5.9b, the FTIR spectra of MnO,/PCBC before and after TC removal are
compared. A discernible shift in the vibrational bands is observed, transitioning
from 3426 cm™, 2920 cm™, 1616 cm™, 1383 cm™, and 524 cm™ in MnO,/PCBC
before TC adsorption to 3437 cm™, 2922 cm™, 1631 cm™, 1384 cm™, and 585 cm
! after TC adsorption. This shift in vibrational bands indicates alterations in the
surface functional groups of MnO,/PCBC as a result of TC adsorption. The FTIR
study reveals the presence of various functional groups such as -OH, C-H groups
in aromatic rings, and phenolic -OH bonds on the surface of MnO,/PCBC, which
likely contribute towards the TC adsorption process. further enhancing the

adsorption mechanism (Jie Li et al., 2018). These findings underscore the intricate
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interplay between surface functional groups and molecular interactions in
facilitating the adsorption of TC onto MnO,/PCBC.
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Figure 5.9: (a) Effect of EDTA on the adsorption of TC onto MnO,/PCBC, (b)
FTIR spectra of MnO,/PCBC before and after adsorption of TC (MnO,/PCBC -
TC), (c) Proposed adsorption mechanism of TC adsorption on MnO,/PCBC.
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Additionally, the predominant aromatic composition of MnO,/PCBC suggests

potential n-n donor-acceptor interactions with electron-deficient TC molecules.

Table 5.8: Physicochemical properties of MnO,/PCBC before and after TC

adsorption

Specific Surface Total pore Average pore
Adsorbent Area (SSA) (m?/g) | volume (cm*/g) size (nm)
MnO,/PCBC 50.83 0.1118 4.3967
MnOzlPCBC_after TC 1738 0.0538 6.1909
adsorption

In table 5.8, it is noted that the specific surface area (SSA), and overall pore
volume of MnO,/PCBC decreased after TC adsorption. This observation suggests
that pore filling could be a significant factor influencing TC adsorption onto
MnO,/PCBC. According to Liang et al., the SSA and pore structure are crucial
variables affecting the adsorption of organic pollutants on bio-based adsorbents
through the pore-filling mechanism. This implies that changes in pore
characteristics, such as reduced pore size and SSA, could impact the adsorption
capacity and efficiency of MnO,/PCBC for TC removal (H. Liang et al., 2022).

During the process of TC adsorption using MnO,/PCBC (with a pHpzc of 7.40) at
acidic pH levels (below the first dissociation constant pK;;=3.32 of TC), the
surface functional and unsaturated groups of MnO,/PCBC undergo protonation,
resulting in minimal 7 electron interaction with TC. However, as the pH increases
from 3.32 to 7.78 (pKj2), TC adopts a zwitterionic form, acting both as a &= donor
and an acceptor, facilitating interactions with the MnO,/PCBC surface (Atugoda
et al., 2021). Additionally, the -OH and -COOH groups present on the
MnO,/PCBC surface may establish hydrogen bonds with N-containing moieties
on TC molecules. Furthermore, the functional groups of TC and the benzene ring
on the surface of MnO,/PCBC may act as H-bond donors, potentially enhancing
the sorption affinity of MnO,/PCBC for TC (G. Liang et al., 2019; J. Luo et al.,
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2018). This suggests that hydrogen bonding could play a crucial role in the
adsorption mechanism of MnO,/PCBC for TC, as illustrated in Figure 5.9c.

5.3. Conclusion

Using a number of tests and studies, the adsorption of tetracycline (TC) onto
MnO,/PCBC was carefully examined. MnO,/PCBC shows promise for use in
water treatment applications due to its efficient adsorption capabilities for TC
removal, with an optimized removal effectiveness of 94.89% achieved under
optimum conditions. The central composite design (CCD) analysis used to
optimize TC removal showed that temperature, pH, MnO,/PCBC dose, and initial
TC concentration are important determinants of adsorption efficiency. With an
adjusted R® of 0.9233, the quadratic model demonstrated a good association
between the response (% elimination) and operational parameters. The PSO
model fits the process, and the Langmuir isotherm model fits the experimental
data remarkably well, suggesting monolayer adsorption. The adsorption process
appears to be endothermic, spontaneous, and advantageous at elevated
temperatures. Furthermore, using EDTA-2Na studies and FTIR spectroscopy, the
effects of surface complexation and hydrogen bonding on adsorption efficiency
are clarified. The importance of these mechanisms is demonstrated by the
decrease in removal rate with EDTA addition and the observed alterations in
vibrational bands. Moreover, the reduction in both specific surface area and total
pore volume subsequent to TC adsorption implies that pore filling plays a crucial
role in adsorption. In the end, it is concluded that MnO,/PCBC is a sustainable
adsorbent for the removal of TC wherein TC is adsorbed onto the adsorbent

mainly by surface complexation, hydrogen bonding and pore filling mechanisms,
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Chapter 6
ADSORPTION OF CIPROFLOXACIN BY LAYERED
DOUBLE HYDROXIDE-MODIFIED PINE CONE BIOCHAR
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Chapter 6
ADSORPTION OF CIPROFLOXACIN BY LAYERED
DOUBLE HYDROXIDE-MODIFIED PINE CONE BIOCHAR

6.1. Introduction

Antibiotics are categorized as emerging contaminants as they are found in the
environment at very low concentrations (Ashiq et al., 2019; J. R. de Andrade et
al., 2020; Kiecak et al., 2019; Saxena et al., 2021) and are persistent. Antibiotics
enter the environment through various pathways, including wastewater discharge
and agricultural runoff (Prakash Bobde et al., 2021). Their presence in water
bodies and soil has disrupted ecosystems, potentially contributed to antibiotic
resistance in bacteria, and posed risks to aquatic and terrestrial organisms,
including humans(Prakash Bobde et al., 2021). In wastewater, their
concentrations typically vary in the range of ng/L to pg/L, while in industrial and
hospital effluents, they can be found in mg/L (Kiecak et al., 2019; Maged et al.,
2020).

Ciprofloxacin (CPF) is an antibiotic that is commonly utilized to manage bacterial
infections in humans and animals. It belongs to the fluoroquinolone class of
antibiotics and is known to have a broad spectrum of activity against a wide range
of bacteria (Wakejo et al., 2022). However, the use and disposal of CPF can lead
to its presence in the environment, including surface water bodies and
groundwater (Jie Li et al., 2018). After administration, CPF and its metabolites
are excreted in urine and feces. Approximately 15-50% of the administered dose
is expelled unaffected in urine within 24 hours, while 10-15% is excreted as
metabolites. In feces, around 20-40% of the dose is excreted unchanged or as
metabolites over a period of 5 days (Antonelli et al., 2020).

The presence of CPF and other antibiotics in the environment raises concerns due
to their potential impact on ecosystems and human health. Removing CPF from
aqueous solutions is necessary to protect the environment and public health (Jie Li
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et al., 2018). Their low concentration in water sources necessarily demands
effective monitoring and removal strategies to mitigate their adverse effects.
Various techniques exist in the literature demonstrating the elimination of CPF
from aqueous solution, including adsorption (Alonso et al., 2018; Ezekoye et al.,
2020; C. Liang et al., 2018), ozonation (Asif et al., 2021), photocatalytic
degradation (X. X. Zhang et al., 2015), photochemical oxidation (Mahdi-Ahmed
& Chiron, 2014), electro-coagulation (Parsa et al., 2016), biodegradation (Xiaobin
Liao et al., 2016) and catalytic oxidation (Nemati Sani et al., 2019).

Adsorption is extensively employed for removing contaminants, including CPF,
from aqueous solutions (Al-Musawi, Mahvi, et al., 2021; Guzel Kaya et al., 2021,
Ji et al., 2021). It involves physical / chemical fixation of the contaminants onto
the surface of the adsorbent, such as activated carbon, zeolite, or clay (Antonelli
et al., 2020; Chandrasekaran et al., 2020; Zide et al., 2018). Adsorption is an
effective technique for extracting CPF from aqueous solutions since it offers
several advantages over other methods. Adsorption is considered to be very
effective for CPF removal due to high removal efficiency, versatility, cost-
effective, reusability, and non-toxicity (Y. Chen et al., 2015; Gen¢ & Dogan,
2015; V. Shukla et al., 2023), and it is a widely accepted method for the
elimination of CPF from water (Y. Chen et al., 2015; Gen¢ & Dogan, 2015).
However, the effectiveness of adsorption depends on different components, such
as structural characteristics of the adsorbent, pH, temperature, and initial
concentration of CPF in the water, among others. Biochar is one of the cost-
effective adsorbents which can be mass produced by pyrolysis of an organic
matter using food and agricultural waste as a source material. Among various
sources for producing biochar, pine cone biochar (PCBC) is a highly porous
carbon-rich material that is reported to have a high surface area and various
surface functionalities, such as -OH, -COOH, and -NH,, which can interact with
adsorbate molecules through a number of chemical interactions (Prakash Bobde,
Sharma, Kumar, Pandey, et al., 2023; H. Liang et al., 2022; L. Liang et al., 2021).

PCBC can be obtained from Chir pine, a species of pine tree, which is widely

109



found in the Himalayan region of India (specifically Uttarakhand) and its
neighboring countries. (Fulé et al., 2021). Chir pine trees are highly susceptible to
forest fires due to the high resin content in their needles and twigs. To mitigate the
impact of such natural disasters on forest cover, it is essential to utilize the vast
biomass of pine trees in a sustainable manner (Neelima Shah , IFS Rajiv Dhiman,
2022). Researchers have explored the use of pine cones, pine needles, and pine
bark as feedstock to develop bio-based adsorbents in their studies (Cela-Dablanca
et al., 2022; Debnath et al., 2017; D. Pandey et al., 2022). By utilizing these
organic resources, one can overcome the challenges posed by forest fires whilst
deriving valuable products from the pine tree biomass. However, biochar on its
own is not capable of adsorbing contaminants effectively (Prakash Bobde,
Sharma, Kumar, Pal, et al., 2023; Kumar et al., 2023). This calls for the need to
engineer its surface such that surface functionalities become competent enough to
adsorb contaminant molecules with high efficiency. Layered double hydroxides
(LDHSs), on the other hand are known to have a high surface area and active sites
(P. Bobde et al., 2022; Prakash Bobde et al., 2021), which can enhance the
adsorption of contaminant molecules. Additionally, LDHs have a positively
charged surface, which can attract and adsorb negatively charged molecules.
When LDHs and PCBC are combined to form a composite, it is anticipated to act
synergistically to enhance the adsorption of antibiotics (Y. Wang et al., 2020).
Moreover, the combination of LDHs and PCBC creates a diverse range of
functional groups on the surface (de Souza dos Santos et al., 2020), which
increases the types of interactions that can occur with the adsorbate. Therefore,
the LDH/PCBC is likely to be a better adsorbent than PCBC alone, encompassing
the qualities of its constituents for the removal of CPF from water with high
adsorption capacity, unique surface properties, and environmental friendliness (de
Souza dos Santos et al., 2020). The composite has the potential to be cheap and
competent method for the elimination of CPF from wastewater.

The intent of this work is to develop LDH/PCBC composite and to examine its

adsorption efficacy for the elimination of CPF from its aqueous solution. The
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adsorption process is optimized based on the design of experiment using central
composite design. Adsorption isotherm, kinetics and thermodynamics of the
process have also been investigated. Regeneration and reuse of the spent
adsorbent upto several cycles have been investigated, and an adsorption
mechanism is proposed. This is the first study of its kind that investigates the
removal of CPF utilizing LDH/PCBC composite.

6.2. Results & Discussion

6.2.1. Selection of adsorbent

The removal efficiency of many adsorbents for the contaminant Ciprofloxacin
(CPF) was shown in figure 6.1a. With an 85.94% Ciprofloxacin removal
effectiveness, LDH/PCBC was the highest of all the adsorbents evaluated. As a
result of its greater ability to remove ciprofloxacin, LDH/PCBC is the most

effective adsorbent and need to be chosen for additional research.
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Figure 6.1: Comparison of different adsorbent for the removal of CPF(Prakash
Bobde et al., 2024)

The removal efficiencies of several composite materials, namely 5:95
LDH/PCBC, 15:85 LDH/PCBC, and 25:75 LDH/PCBC, were given as
percentages for the contaminant Ciprofloxacin in the figure 6.1b. With 86.09%
Ciprofloxacin removal efficiency, the 25:75 LDH/PCBC composite outperformed
the other adsorbent. Because of its better ability to remove ciprofloxacin, the
25:75 LDH/PCBC composite is the most promising adsorbent and ought to be the

target of more research.
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6.2.2. Adsorbent Characterization

The XRD pattern of PCBC and LDH/PCBC composite is shown in figure 6.2a.
The diffraction peaks at 23.2° and 43.8° for PCBC were found to originate from
the crystalline planes of C(002) amorphous carbon structures and C(100) in a
graphite structure, respectively. The peaks correspond to the XRD pattern that has
been previously identified (Yan et al., 2021).The formation of Mg-Al-LDH in
LDH/PCBC was confirmed by the presence of the diffraction peaks at 11.3°,
22.5°, 34.1°, 60.0°, and 61.3°, which corresponds to (003), (006), (0 12), (110),
and (113) reflections of LDHs comprising divalent and trivalent ions (Lee et al.,
2019; Zubair et al., 2020). Thus, the XRD analysis of LDH/PCBC confirms its
crystalline nature.

The FTIR spectra of a PCBC and LDH/PCBC composite are revealed in figure
6.2b. The spectra showed a vibrational band around 3432 cm™ for PCBC and
3450 cm™ for LDH/PCBC caused by stretching vibrations of O-H bonds in
hydroxyl groups (Lee et al., 2019; Zubair et al., 2020), whereas Abdellaoui et al.
(de Souza dos Santos et al., 2020) reported that a weak band around 1630 cm™
mean intensity range is attributed to two factors: the bending mode of water
molecules and the vibration of the anion within the lamella. Two peaks at around
1384 and 1096 cm™ (in LDH/PCBC) or 1045 cm™ (in PCBC) were found to
correspond to the stretching vibration of nitrate and C-O functional groups
respectively (Wakejo et al., 2022)(Zubair et al., 2020). The vibrational bands
observed around 632 cm™ are typically associated with the stretching vibrations
of the Al-O or Mg-O bands, which are the cations responsible for forming LDH
(de Souza dos Santos et al., 2020; Zubair et al., 2020). Thus FTIR spectra clearly
confirm that the coupling of biochar into MgAI-LDH layers produced promising
composites with a variety of functionalities (OH, C-O-C, C=0, C=C, NOg3, metal
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metal oxide).
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Figure 6.2: (a)XRD, (b)FTIR of PCBC and LDH/PCBC
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Figure 6.3: BET adsorption-desorption isotherm of LDH/PCBC(Prakash Bobde
etal., 2024)
Figures 6.3, which show the N, adsorption-desorption isotherms of LDH/PCBC,

was measured at 77.35 K. The volume of N, adsorbed increased dramatically at a

low value of P/P,, as seen in figure 6.3, showing the existence of micropores on
the surface of LDH/PCBC. As the relative pressure increased, the adsorption
capacity subsequently steadily increased. The specific surface area (SSA) was
calculated using the BET equation. LDH/PCBC has a little less total pore volume
but a greater average pore size than PCBC (Table 6.1). However, the SSA may be
reduced by around one order of magnitude when LDH is combined with PCBC to
form LDH/PCBC composite. This might be explained by the development of
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surface-bonded species as a result of LDH's alteration of PCBC (Y. Wang et al.,
2020). PCBC is classified as a Type | isotherm by the IUPAC, whereas
LDH/PCBC is shown to have a Type Il isotherm. Type Il isotherm also suggests
an unregulated layered growth process. Instead of direct interactions between the
adsorbent surface and the adsorbate, Type IlI isotherms arise from strong lateral
contacts among adsorbed molecules. The non-rigid agglomeration of the biochar
particles prevents the LDH/PCBC’s adsorption isotherm from flattening at the
highest relative pressure yet observed.

Figure 6.4. FESEM images of (a)PCBC (magnification x2000) and
(b)LDH/PCBC (magnification x100000) (Prakash Bobde et al., 2024)

The PCBC surface is relatively loose, as noticeable in the FESEM images in
figure 6.4a. The LDH/PCBC's (figure 6.4b) surface is covered with many
protrusions that resemble thorns. As the material's surface becomes looser, the
adsorption properties become more visible. Table 6.1 and 6.2 lists the
microstructural  characteristics and elemental composition, respectively.
According to the elemental analysis, the addition of LDH results in MgAl-LDH
emerging on the surface of LDH/PCBC as opposed to PCBC, which lowers the
PCBC's carbon content while raising its oxygen content.
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Table 6.1: Microstructural properties and elemental composition of the

adsorbents
SSA Total pore volume | Average pore size
Adsorbent
(m°/g) (cm/g) (nm)
PCBC 172.19 0.1046 1.2144
LDH/PCBC 20.14 0.0712 8.6414
LDH/PCBC after CPF | ¢ /g 0.065 6.43
adsorption

Table 6.2: Elemental composition of PCBC and MnO,/PCBC

Elemental Composition (Weight %)

Adsorbent c H 0 N Mg Al
PCBC 78.38 1.25 15.78 1.34 0.23 0.16
LDH/PCBC 61.76 1.66 23.59 1.22 6.41 1.95
LDH/PCBC after
CPF adsorption ) i i i i i

6.2.3. Influence of contact duration on the adsorption of CPF
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Figure 6.5: Influence of the quantity of CPF adsorbed (mg/g) versus contact
duration onto the adsorbents(Prakash Bobde et al., 2024)

The study investigated the rate of CPF adsorption by LDH/PCBC at pH 7, by
varying the contact time between 5 minutes and 1440 minutes. The experiments
were conducted using 0.5 g/L LDH/PCBC and an initial CPF concentration of

200 mg/L, with contact times ranging between 5 minutes to 1440 minutes. Figure
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6.5 illustrates that the adsorption capacity of CPF is enhanced sharply with
shaking intervals up to 480 minutes for both the adsorbents, followed by a gradual
increase up to a contact time 960 minutes. Adsorption capacity very slowly
increased from 960 minutes to 1440 minutes. The equilibrium adsorption capacity
was reached at 1440 minutes.

6.2.4. Model of fitting and Analysis of Variance (ANOVA) using CCD

The CPF adsorption process parameters were optimized employing the CCD, and
the experimental data was mentioned in Table 6.3. A second-order polynomial
model was employed to fit the data, which shows a good fit with an R? value of
0.95. A suggested quadratic model was also tested, and it has higher R® and
adjusted R? values of 0.98 and 0.95, respectively. To access the model’s validity
and adequacy, ANOVA was used to identify the impact of key factors and
interaction factors. The ANOVA results show that the proposed polynomial
model is statistically significant.

Table 6.4 presents the outcome of the ANOVA analysis, which shows that the F-
value and p-value of the model are 40.86 and <0.0001, respectively. The small p-
values indicate that the model is significant, and F-value suggests that there is
only a 0.01% possibility that such a large F-value could happen owing to noise.
Table 6.4 also shows that the independent variables, including initial CPF
concentration, pH, LDH/PCBC dose and temperature have a remarkable impact
on CPF removal. The terms B, C, D, BD, A? and B? are all significant in the
model. These findings are consistent with similar studies by Najafpoor et al.,
Yousefi et al. and Wakejo et al., who used different adsorbents to remove CPF
from aqueous solutions (Najafpoor et al., 2019; Wakejo et al., 2022; Yousefi et
al., 2021).

Important model terms have p-values < 0.05, while non-significant terms have p-
values > 0.05. The signal-to-noise ratio is calculated by Adeq precision, and a
value > 4 is considered desirable. The ratio of 22.641 in this design stipulates an

adequate signal. Therefore, this model can successfully steer the design space.
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According to the statistical analysis using CCD, the predicted model equation that
includes significant main and interaction factors can be expressed as equation 6.2.
The coded value of the pH, LDH/PCBC dose, initial CPF concentration, and
temperature are represented by A, B, C and D respectively in the equation.
Additionally, the significant interaction parameters are represented by AB, AC,
AD, BC, BD and CD.

CPF removal = 84.43-0.79*A+12.52*B-
5.13*C+9.15*D+0.19*A*B+0.0085*A*C+0.07*A*D-0.29*B*C—
3.92*B*D+0.04*C*D-3.59*A%-8.28*B%*+1.60*C*-1.41*D? (6.1)
Based on the coefficients presented in equation 6.1, it is evident that factor C has
a negative effect, while factors A, B and D have a positive effect on the removal
of CPF. The order of impact of each parameter on CPF removalisB>D >A >C
as confirmed by the results in Table 6.4. It is noteworthy that the temperature and
LDH/PCBC dose have the most significant impact on the removal of CPF.
Equation 6.2 demonstrates the equation in terms of actual factors for the
adsorption of CPF onto LDH/PCBC.

CPF Removal = — 799.72 + 2.54*A + 576.78*B — 0.14*C + 4.71*D — 0.23*A*-
207*B%? + 0.0003*C? - 0.0063*D? + 0.2333*A*B + 0.000028*A*C +
0.0011*A*D - 0.0196*B*C — 1.30*B*D + 0.000036*C*D (6.2)
The coefficient of regression (R?), adjusted coefficient of determination, and
predicted determination coefficients, have model fit statistics of 0.98, 0.95, and
0.91, respectively. This suggests that the model accounts for 95% of the variation
in the CPF removal response, indicating good fitness of the model (Table 6.4). In
a study conducted by Wakejo et al., using CCD experimental design, similar
model fit statistic values were reported (R?=0.98) for CPF adsorption (Wakejo et
al., 2022).
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Table 6.3: Adsorption capacity values for the adsorption of CPF on LDH/PCBC
obtained using CCD and RSM

E%n A B(g/lL) C(mg/L) D (K) Experimental Predicted Residual
1 3 0.1 50 283 54.28 53.09 1.20
2 11 0.1 50 283 52.83 50.98 1.85
3 3 0.5 50 283 87.17 86.19 0.98
4 11 0.5 50 283 85.50 84.82 0.68
5 3 0.1 200 283 45.13 43.33 1.80
6 11 0.1 200 283 42.73 41.25 1.48
7 3 0.5 200 283 75.57 75.25 0.32
8 11 0.5 200 283 74.58 73.92 0.66
9 3 0.1 50 313 79.26 79.00 0.26
10 11 0.1 50 313 77.18 77.16 0.02
11 3 0.5 50 313 95.29 96.43 -1.15
12 11 0.5 50 313 94.45 95.34 -0.88
13 3 0.1 200 313 69.06 69.41 -0.35
14 11 0.1 200 313 67.53 67.60 -0.07
15 3 0.5 200 313 84.72 85.66 -0.93
16 11 0.5 200 313 83.74 84.60 -0.86
17 2 0.3 125 298 78.51 79.81 -1.30
18 12 0.3 125 298 75.93 77.83 -1.90
19 7 0.05 125 298 51.29 55.84 -4.55
20 7 0.55 125 298 88.50 87.15 1.35
21 7 0.3 31 298 91.37 93.33 -1.96
22 7 0.3 218 298 79.28 80.52 -1.24
23 7 0.3 125 279 64.03 70.80 -6.77
24 7 0.3 125 316 97.24 93.67 3.57
25 7 0.3 125 298 87.00 84.43 2.57
26 7 0.3 125 298 86.92 84.43 2.49
27 7 0.3 125 298 87.17 84.43 2.74
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Table 6.4: ANOVA results for adsorption capacity of CPF by using LDH/PCBC

Sum of Mean

Source DDL F-value p-value
square square
Model 6117.23 14 436.95 40.86 <0.0001
A-pH 1202 1 12.02 1.12 0.3099
B- LDH/PCBC dose 3000 1 3000 280.56 < 0.0001
C- CPF initial concentration 502.43 1 50243 46.99 <0.0001
D-Temperature 1600.72 1 1600.72 149.7 <0.0001
pH* LDH/PCBC dose 05576 1 0.5576 0.0521 0.8232
pH* CPF initial concentration 0.0011 1 0.0011 0.0001 0.9919
pH*Temperature 0.0718 1 0.0718 0.0067 0.936
LDH/PCBC dose™ CPFinitial ;59 1 139 (1209 07248
concentration
LDH/PCBC dose*Temperature 245.54 1 24554 2296  0.0004
CPF initial 00269 1 00269 00025 0.9609
concentration*Temperature
(pH)? 7558 1 75.58 7.07 0.0208
(LDH/PCBC)? 401.82 1 401.82 3758 <0.0001
(CPF initial concentration)? 1496 1 14.96 1.4 0.2599
(Temperature)? 1159 1 11.59 1.08 0.3183
Total Error 128.32 12
Total (corr.) 6245.55 26

6.2.5. Interaction effects of different experimental factors

The pH of a solution is a critical parameter as it impacts both the surface
characteristics of the adsorbent and the interactions between the adsorbate and
adsorbent (Asghar et al., 2019b). As can be shown in figure 6.6, the LDH/PCBC's
pH point of zero charge (pHpzc) is around 7.35. The surface of LDH/PCBC is
positively charged at pH values below 7.35 and negatively charged at pH values
over 7.35, according to the pHpzc finding. CPF has two pK, values, namely pKa
(6.1) and pKa2 (8.7), which correspond to the protonation and deprotonation of the
-NH; group in the piperazine moiety, respectively. At a pH lower than pK,;, CPF
exists in the form of CPF" due to protonation, while at a pH higher than pK, it
exists in the form of CPF due to deprotonation. Between pK, and pKg,, CPF
molecules exist in the zwitterionic form owing to the balance of charges between
-NH; and -COOH groups (Yousefi et al., 2021; B. Zhang et al., 2017).
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ApH(final pH-initial pH)

pH
Figure 6.6: Plot of initial pH versus ApH for LDH/PCBC(Prakash Bobde et al.,
2024)

Figure 6.7 represents 3D surface graphs of percentage removal of CPF onto
LDH/PCBC. According to figure 6.7(a-c), the percentage removal of CPF by
LDH/PCBC was found to increase as the pH of the solution was raised from 2 to
7 and then reduced upon further increase in the pH. The optimal pH for CPF
adsorption onto LDH/PCBC was found to be 7.0. This pH level is significant
because CPF forms zwitterions, leading to strong electrostatic attraction among
CPF and positively charged LDH/PCBC, resulting in maximum adsorption at this
pH level. Dehghan et al. (2019) reported a similar trend in CPF adsorption onto a
metal organic framework (MOF) with increasing pH from 3 to 7.5, while CPF
adsorption decreased at pH values above 7.5, attributed to protonation-
deprotonation reactions of CPF groups (A. Dehghan et al., 2019).

The dose of LDH/PCBC used in an adsorption process is an important factor
affecting the removal efficiency of CPF from its aqueous solution. Figure 6.7
shows that increasing the adsorbent dose from 0.1 g/L to 0.5 g/L (at pH 7.0, 200
mg/L initial CPF concentration, and temperature 298 K) results in an
enhancement in the elimination of CPF. Gulen and Demircivi (2020) witnessed a
comparable pattern in CPF adsorption using a dioctahedral clay structure. Shang
et al. (2016) also reported similar pattern in an increase in CPF removal efficiency
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with rise in the adsorbent dose from 0.025 to 0.5 g/L. This behaviour can be
attributed to the increase in available active sites, which enhances the adsorption
of CPF onto the adsorbent (Khoshnamvand et al., 2017; Najafpoor et al., 2019).
The initial concentration of the pollutant is known to influence the efficiency of
adsorption and therefore, the effect of initial concentration of CPF was examined,
and the results are depicted in figure 6.7. At pH 7, an adsorbent dose of 0.5 g/L,
and temperature 298 K, rise in the initial CPF concentration from 50 to 200 mg/L
resulted in decrease in the removal efficiency. An increase in initial CPF
concentration reduced the removal efficiency due to the inadequate availability of
adsorbent sites for high CPF concentrations (El-Bendary et al., 2022). Similar
findings were reported by Yousefi et al., who noted a decline in CPF removal
efficiency from 83% to 59% when the CPF concentration is raised from 30 to 100
mg/L (Yousefi et al., 2021). The highly negative value of 4G° for LDH/PCBC at
all temperatures indicates spontaneous adsorption process (table 6.8). Further
evidence to the spontaneity of the adsorption process at higher temperature comes
from an increasingly negative free energy shift as temperature rises. The above
stated thermodynamic characteristics of the adsorption process are suggested by
the positive values of 4H° and 45° (Q. Li et al., 2021; P. Zhang et al., 2019).
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Figure 6.7: 3D surface graphs for % removal efficiency of CPF by
LDH/PCBC(Prakash Bobde et al., 2024)

6.2.6. Process parameters optimization

Simulation of the adsorption mechanism was performed to determine ideal values
for process variables like pH, primary concentration of CPF, adsorbent dosage
and temperature for the reduction of CPF through LDH/PCBC using Minitab 16.
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The optimum values of all the factors affecting adsorption of CPF on LDH/PCBC
are given in table 6.5. For validation of the model, the experimental tests were
performed under optimal conditions which clarify that the predicted and
investigated adsorption capacity is near about same for the adsorbent LDH/BC.

MNew pH LDH/PCBC CPF conc Temperat
0: 1000 HiGh 12.0 0.550 218.750 316.750
BIELLY ity [7.0548] [0.4503] [52.2541] [302.9863]
Predict Low 2.0 0.050 31.250 279.250
% Remova
Maximum
y = 97.7414
d = 1.0000

Figure 6.8: Optimization of adsorption process of CPF onto LDH/PCBC (Prakash
Bobde et al., 2024)
Table 6.5: Optimum values for adsorption of CPF by LDH/PCBC

Removal (%)

Adsorbent A B(g/L)  C(mg/L) D (K) Experimental Predicted

LDH/PCBC 7.05 0.45 52 303 97.6 97.74

A-pH, B-LDH/PCBC dose, C-Initial CPF concentration and D-Temperature

6.2.7. Adsorption Kinetic, isotherm and thermodynamic study

The adherence of atoms, ions, or molecules from a liquid or solution to the
adsorbent's surface is known as adsorption. The adsorption mechanism is a
behaviour that occurs on the surface. The impact of temperature, pH, adsorbent
dose, initial concentration, agitation time can be visualized in the adsorption
process. PFO, PSO, Elovich and ID models were used to validate the adsorption
kinetics of the experimental data. In this study, the transient action of the CPF

sorption method was analysed utilizing the PSO, PFO, Elovich and 1D model.
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Figure 6.9: (a) PFO, (b) PSO (c) Elovich and (d) ID plots for the adsorption of
CPF on LDH/PCBC. Experimental conditions: LDH/PCBC dose = 0.5 g/L, Initial
concentration of CPF = 200 mg/L, Temperature = 298K, pH = 7. (Prakash Bobde

et al., 2024)

The rate constant, K; (min*) was evaluated using the plot of In(ge-qy) vs time t.
The plot of In(ge-q) against time t is shown in figure 6.9a. Figure 6.9b reveals the
plot between t/g; against time t. As revealed in table 6.6, the R® value of PSO were
observed to be higher than that of R? value of other kinetic models suggesting that
the adsorption of CPF onto LDH/PCBC follows PSO kinetics [37]. Furthermore,
the estimated ., which is derived from a PSO kinetic model, closely
approximates the observed g.. Overall, these findings imply that the rate of CPF
adsorption, which entails covalent bonding via electron sharing between
LDH/PCBC and the CPF molecule, was regulated by chemisorption (Wakejo et
al., 2022)(Atugoda et al., 2021)(Balarak, Baniasadi, et al., 2021). More precisely,

124



the complexation reaction, hydrogen bonding, and m-m interaction could have
contributed to the chemisorption process. Comparable results have been
documented in the literature. Adsorption of CPF by modified bamboo biochar
(Wakejo et al., 2022), thermally modified bentonite clay (Antonelli et al., 2020),
v-Al,O3 nanoparticles (Najafpoor et al., 2019) and functionalized multi-walled
carbon nanotubes (Yousefi et al., 2021) obtained similar findings.

As shown in figure 6.9d, the plots had a multi-linear trend, suggesting that the
CPF adsorption process included three phases. According to Balarak and Mckay
et al. (Balarak & McKay, 2021; Wakejo et al., 2022) the first stage, which lasted
from 0 to 120 min., represented boundary layer mass transfer. The second linear
segment, which depicts the intraparticle diffusion process, comprised the
adsorption time of 120-960 min. In the third step, which lasted between 960 to
1440 min., CPF molecules were adsorbed on the LDH/PCBC's internal surface.
Due to the drop in CPF concentrations (Wakejo et al., 2022; B. Zhang et al.,
2017) and the number of accessible active sites (Wakejo et al., 2022), the last
stage had a relatively low slope, indicating that the adsorption equilibrium had
been attained. The quick removal of CPF in the first stage was shown by the rapid
adsorption rate; however, when CPF concentrations and accessible active sites
reduced in the succeeding phases, the adsorption process slowed down (Wakejo et
al., 2022). Furthermore, it seemed that the intraparticle diffusion mechanism had
less of an impact on the CPF adsorption Kinetics, as seen by the modest linear
dependence of CPF adsorption on t®° (Emily Chelangat Ngeno et al., 2016;
Wakejo et al., 2022). However, the high constant (c) parameter value indicated
that the CPF adsorption onto LDH/PCBC was also caused by the boundary layer's
influence. As a result, it was discovered that the large surface area of the MBC
and the presence of many functional groups on the surface of biochar improved
the adsorption of CPF onto LDH/PCBC (Atugoda et al., 2021; Wakejo et al.,
2022). In general, liquid film diffusion, surface adsorption, and intraparticle
diffusion worked together to regulate the CPF adsorption rate onto LDH/PCBC
(W. Huang et al., 2020; Wakejo et al., 2022).
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Various sorption isothermal models are commonly used to analyse the correlation
among sorption and aqueous concentration of the adsorbate at equilibrium.
Isotherm models play a crucial role in adsorption processes as they provide
important information about the sorption capacity and the interactions among the
adsorbent and adsorbate (Davoud Balarak et al., 2022).

Table 6.6: Kinetic parameters for the adsorption of CPF onto LDH/PCBC

Co (mg/L) 200

Theoretical g, (Mg/g) 345.35
ge (Mg/Q) 216.84
PFO Ky(min™) 0.0026
R? 0.9555
ge (Mg/Q) 357.14

PSO Ko(g.mgtmin?)  4.1x107
R? 0.9881
a 61.461
Elovich i 0.0234
R’ 0.9525
Ki(mg/g.min?)  6.4774
ID c 117.94
R’ 0.9472

In this study, four isotherm models were used to understand the adsorption
behaviour of CPF onto LDH/PCBC. The Langmuir, Freundlich, Temkin, and
Dubinin-Radushkevich models were utilized to calculate the adsorption of CPF
onto LDH/PCBC, and their parameters are presented in Table 6.7. The adsorption
isotherm plots are shown in figure 6.10(a-d).

The Langmuir isotherm model was utilized to characterize the type and nature of
the isotherm. The calculated value of the separation factor, R, (0.0463), denoted
that the CPF adsorption process onto LDH/PCBC is favorable (Jie Li et al., 2018;
Stylianou et al., 2021). The regression coefficient of the Freundlich model was
found to be greater than that of Langmuir, Temkin, and Dubinin-Radushkevich
models, indicating a good fit of the former to the adsorption data. The value of the
Freundlich constant, 1/n, indicated that the LDH/PCBC surface is heterogeneous,

with n > 1, indicating preferential adsorption. CPF was found to have monolayer
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adsorption on a heterogeneous surface, consistent with previous studies (Jie Li et
al., 2018). The results indicating heterogenous nature of LDH/PCBC surface
conforms with the intraparticle kinetic study indicating multi-mechanistic nature
of CPF adsorption onto LDH/PCBC.
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Figure 6.10: (a)Langmuir, (b)Freundlich, (c)Temkin and (d)Dubinin-
Radushkevich plots for the adsorption of CPF on LDH/PCBC. Experimental
Conditions: LDH/PCBC dose= 0.45 g¢/L, shaking time = 1440 min., initial CPF
concentration =52 mg/L, pH = 7.05, Temperature = 303 K. (Prakash Bobde et al.,
2024)

The functional groups responsible for CPF adsorption onto LDH/PCBC were
identified as OH, C-H, C-O, and C=0, which provided a heterogeneous surface
for CPF adsorption (Wakejo et al., 2022). Overall, the isotherm models provided
important information about the adsorption process and the nature of the
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LDH/PCBC surface, which can be useful for optimizing the adsorption process in
practical applications (Wakejo et al., 2022).

To investigate the adsorption of CPF onto LDH/PCBC, the influence of
temperature was analysed with the optimized conditions, ranging from 278K to
313K (figure 6.11).

Table 6.7: Isotherm parameters for the adsorption of CPF onto LDH/PCBC

K. (L/g) 49.019
a (L/mq) 0.1029
Langmuir Qo(Mg/g) 476.19
RL 0.0463
R’ 0.9501
Kt 78.202
Freundlich n(g/L) 2.1777
R? 0.9949
B 97.312
Temkin A(L/g) 1.2287
R? 0.9368

Om (ng/g% 276.41 ,

Dubinin-Radushkevich ﬁE(r('l‘(‘J’}n':é JI)) 3583917)‘ 10

R’ 0.6986

The negative values of A4G° for CPF adsorption on LDH/PCBC at a certain
temperature revealed the spontaneous nature of the adsorption process and hence
beneficial for adsorption of CPF. The positive values of 4H° also pointed that the
adsorption process is endothermic. Positive values of 4S° stipulated an
endothermic adsorption process that is aided by the enhanced randomness of CPF.
Thermodynamic parameters for the adsorption of CPF onto LDH/PCBC are
presented in table 6.8.
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Figure 6.11: Plot of RInKg versus (U/T) x10%K™) for estimation of

thermodynamic parameters. (Prakash Bobde et al., 2024)

Table 6.8: Thermodynamic parameters for the adsorption of OTC onto

MnO,/PCBC
AHC (kJ/mol) 56.886
AS® (3/mol) 216.08
278 K -3.1842
283 K -4.2646
288 K -5.3450
. 293 K -6.4254
AG" (kJ/mol) 208 K -7.5058
303 K -8.5862
308 K -0.6666
313K -10.7470

The maximum CPF adsorption capacity by LDH/PCBC in this study was 476.19
mg/g at pH 7.05 and at 303K temperature, which is comparable to higher CPF
uptake than mostly reported adsorbents. Table 6.9 summarises the adsorption

capacity of CPF on the reported adsorbents.
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Table 6.9: Adsorption of CPF onto numerous adsorbents reported in literature.

Adsorbent Co Dosage | pH | Temp. | Time | Removal Je
(mg/L) | (g/L) (K)_ | (min) | (%) | (mgig) | RETerences
Modified (Wakejo et
bamboo biochar | 20 05 | 75| - 46 960 | 7843 | 0N
(MBC) al., 2022)
(Balarak &
MWCNTSs/AILO3 10 1.2 7 318 60 - 41.73 McKay,
2021)
. (Antonelli
pentonite VL - | o006 | - | 328 | - ~ | 1445 | etal,
y 2020)
Y. X.
KMS- (
10-200 | 0.135 - - - - 181.32 | Wang et
1/CYS/Fe;0, al., 2018)
i ) (Zhu et al.,
Graphene 2-60 5 7 298 1440 322.60 2015)
Siliceous hybrid
S 50- (Soares et
;r;ieéls of alginic 1200 15 5 298 1440 - 464 al., 2019)
ZIF-67 derived (C. Liang
hollow cobalt 3-100 40 7 303 720 - 471.7 etal.,
sulfide 2018)
LDH modified
pine cone biochar 52 045 |7.05| 303 1440 97.6 476.19 | This Study

(LDH/PCBC)

6.2.8. Regeneration Study of LDH/PCBC
A feasibility study was carried out to evaluate if LDH/PCBC could be used

effectively in the CPF adsorptive removal process. The study involved 5 cycles of

adsorption and desorption, and the results revealed that the removal of CPF onto
LDH/PCBC reduced from 97.6% to 91.6% as illustrated in figure 6.12. This
suggests that the LDH/PCBC can be reused without remarkable loss in the

percentage removal, with 91.6% of CPF still being removed in the fifth cycle,
emphasizing that the LDH/PCBC is stable and sustainable adsorbent for CPF

removal from its aqueous solution. This feature of LDH/PCBC makes it a

valuable adsorbent considering environmental concerns and economic feasibility

for practical applications.
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Figure 6.12: Adsorbent regeneration study(Prakash Bobde et al., 2024)

6.2.9. Adsorption Mechanism of CPF on LDH/PCBC

Surface adsorption likely occurred, with hydrogen bonding and metal-Cx bonding
potentially playing significant roles. The -NH groups from the CPF molecules and
hydroxyl groups from LDH/PCBC likely formed hydrogen bonds between them.
Additionally, metal-Cn interactions, involving electrostatic interactions where
positively charged cations interact with the negatively charged electron cloud of
n-systems, were possible. Magnesium and aluminium likely engaged in these
interactions with the m-electron cloud of CPF molecules. To confirm the impact of
surface complexation on CPF adsorption, EDTA-2Na was introduced into the
solution to observe its effect on adsorption efficiency (Fig. 6.13a). Upon the
addition of 1 mM EDTA, the removal rate of CPF by LDH/PCBC decreased by
approximately 14%, suggesting efficient CPF adsorption through complexation.
Figure 6.13b demonstrates FTIR spectra of LDH/PCBC before and after CPF
removal. A shift in the vibrational bands from 3450 cm™, 1096 cm™ and 632 cm™
in LDH/PCBC before CPF adsorption to 3457 cm™, 1029 cm™ and 639 cm™,
respectively after adsorption of CPF is observed. The surface of LDH/PCBC
consists of numerous functional groups such as -OH, C-H groups in aromatic
rings, and phenolic O-H bonds as evident from FTIR study, which may play a
remarkable role in the CPF adsorption process. A new weak band at 1484 cm™
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appeared in LDH/PCBC, indicating N-H bending vibration in CPF molecule (S.
Pandey et al., 2012). The LDH/PCBC mainly comprises aromatics and may
undergo m-m donor-acceptor interactions with the electron deficient CPF
molecules (m -acceptor) during its adsorption (Jie Li et al., 2018), thereby
enhancing the adsorption process. Average pore size, SSA, and overall pore
volume were all observed to be relatively smaller in the LDH/PCBC after CPF
adsorption (Table 6.1). This implies that pore filling may be one of the variables
influencing CPF adsorption onto LDH/PCBC. The SSA and pore structure,
according to Liang et al., are important factors that affect the adsorption of
organic pollutants on bio-based adsorbents by pore-filling mechanism (H. Liang
etal., 2022).

During CPF adsorption using LDH/PCBC (pHp.c= 7.7) (figure 6.6), at low pH
values (lower than pK,;=6.1), the surface functional and unsaturated groups of
LDH/PCBC become protonated, leading to minimal m electron interaction with
CPF. However, with increase in the pH from 6.1 to 8.7 (pKj,2), CPF becomes
zwitterionic and acts as both as a © donor and an acceptor, thereby supporting
interactions with the LDH/PCBC surface (Atugoda et al., 2021). Furthermore, the
-OH and -COOH groups on the LDH/PCBC surface may form hydrogen bonds
with -N and F-containing moieties on CPF molecules. In addition, the adsorption
process may involve ion exchange.

The piperazine rings of CPF molecules carry a positive charge (NH,") in neutral /
slightly acidic solutions, and the resulting CPF" ions are attracted to the polar
surface of the biochar, causing the release of H* ions (Jie Li et al., 2020).
Considering above results, Figure 6.13c illustrates the possible mechanism for the
adsorption of CPF onto LDH/PCBC.

132



a 100 b
LDH/PCBC
I
80 = _
£
- @ )
© < N
3 60 £ o 3
£ § = g
2 E 3
ES - €
= £ LDH/PCBC-CPF
20 o
EAE-
5 g3z % ©
< -
0 T . Il L 1 1 M ! 1
non-EDTA EDTA 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'l)
c
lon exchange Pore filling
interactions
o o
F o o
OH
(\Nﬁlﬁ/k Fm/%ﬁ
HZN\) K\N N
A HN\) A Electrostatic
N o o interactions
“hg SSe
L X g
o HN.
A v + \) A . 0o o
< % ’ pH>8.7 mLOH
+ — (\N N
Hydrogen + pH<6.1 HN\) A
Bonding - o o
0 o~ _ . + F OH
F % \
e 0 N N
131‘(\)N z 9 Ve - A
A
&+
Q
7 3 0 o o o
= t‘\> A\ F. - -
SRS FS g
= HN.
o (é A
Complexation ‘@Hj n-nt electron donor &
P acceptor interactions
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6.3. Conclusion

In this study, the efficacy of LDH/PCBC composite is assessed for the adsorptive
removal of CPF from its aqueous solution. The efficiency of LDH/PCBC in the
elimination of CPF from aqueous solution is found to be 97.6% under optimised
conditions (pH = 7.05, adsorbent dose = 0.45 g/L, initial CPF concentration = 52
mg/L and temperature = 303K). The findings show that the initial concentrations
of CPF and temperature have a direct correlation with adsorption capacity, but the
adsorbent dose has an adverse impact on the adsorption capacity of LDH/PCBC.
The results of the statistical analysis show that the LDH/PCBC dose and the
initial CPF concentration levels that were taken into consideration have the
greatest impacts on CPF adsorption. The Freundlich isotherm and the Ho’s PSO
kinetics model provided the best descriptions. The pore-filling, n-n-EDA
interactions, electrostatic interactions, ion exchange, and hydrogen bonding are
implicated in the adsorption of CPF on LDH/PCBC composites. Additionally, it is
noteworthy that LDH/PCBC is reusable as a competent adsorbent for the removal
of antibiotics from water, indicating the possibility of its development into a

sustainable and affordable method for CPF removal from water.
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Chapter 7
ADSORPTION OF TRICLOSAN BY PINE CONE BIOCHAR
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Chapter 7
ADSORPTION OF TRICLOSAN BY PINE CONE BIOCHAR

7.1. Introduction

In recent decades, the widespread use of antimicrobial agents in personal care
products and household items has led to the increased presence of contaminants in
water sources, drawing attention to the potential risks posed to both ecosystems
and human health. Among these contaminants, triclosan, a commonly used
antibacterial and antifungal agent, has gained particular scrutiny due to its
widespread use and persistence in the environment. Triclosan, initially introduced
for its antimicrobial properties, is commonly found in soaps, toothpaste, and
various household items.

Triclosan has been extensively used in personal care products and medical
settings due to its ability to inhibit bacterial and fungal growth. Its chemical
structure and persistent nature makes it resistant to degradation, contributing to its
accumulation in the environment (Yin et al., 2022). The need for effective
removal strategies has become paramount to address the environmental and
human health implications associated with its widespread use. The comprehensive
understanding of triclosan's applications is crucial for assessing its potential
impact on water quality.

The ecotoxicological effects of triclosan extend beyond its antibacterial
properties. Research has highlighted its potential to disrupt endocrine systems in
aquatic organisms, raising concerns about similar effects on humans through
exposure from contaminated water sources (Cherednichenko et al., 2012). The
urgency to remove triclosan from water arises from its persistence and the
associated risks to ecosystems and human health. Triclosan has been detected in
various environmental matrices, and its bioaccumulation potential emphasizes the
need for proactive measures (Pycke et al., 2014). Long-term exposure to triclosan

has been linked to adverse health effects, reinforcing the significance of water
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remediation strategies. Investigations into triclosan's impact on human health
emphasize the necessity of developing efficient removal methods.
Various methods have been explored for triclosan removal, including biological
degradation, chemical oxidation, and physical processes. Some microorganisms
have the ability to break down triclosan into less harmful substances. Microbes
such as bacteria and fungi can metabolize triclosan, converting it into simpler
compounds. This method is eco-friendly, but its efficiency may vary based on
environmental conditions (Singer et al., 2002). Advanced Oxidation Processes
(AOPs) like ozonation, UV irradiation, and Fenton's reagent involve generation of
highly reactive oxygen species /free radicals that can oxidize triclosan molecules,
breaking them down into less harmful byproducts. AOPs can be effective but may
require careful control and monitoring (S. Khan et al., 2019). Various membrane
processes, such as reverse osmosis and nanofiltration, can physically separate
triclosan molecules from water based on their size and molecular weight (Y. L.
Lin & Lee, 2014). These processes are effective but can be energy-intensive and
may produce concentrated waste streams. While each method has its merits and
demerits, adsorption has gained prominence due to its simplicity, efficiency, and
versatility. Adsorption involves the attraction of triclosan molecules to a solid
surface, effectively removing them from the water.
Activated carbon is widely used adsorbent for triclosan removal. Triclosan
molecules are attracted to the porous surface of activated carbon, leading to their
adsorption (Mohd Khori et al., 2018). This method is versatile, and activated
carbon can be derived from various sources, including coconut shells and wood.
Adsorption involves the adherence of triclosan molecules to the surface of
a solid material (adsorbent). This process occurs due to attractive forces, such as
Van der Waals forces, hydrogen bonding, and electrostatic interactions between
the triclosan molecules and the adsorbent.
Adsorption stands out as the preferred method for triclosan removal due to its
selectivity, cost-effectiveness, and minimal environmental impact. Adsorbents,

when properly chosen, can target specific contaminants, providing a tailored and
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efficient solution for water treatment (Aljuboury et al., 2017). This method has
shown success in removing a wide range of pollutants, making it a versatile and
practical choice. Various adsorbents have been investigated for triclosan removal,
including activated carbon, clay minerals, and biochar. Each material possesses
unique characteristics that influence its adsorption capacity and efficiency.
Activated carbon, for example, has been widely employed but may pose
economic and sustainability challenges (Y. Li et al., 2020). Biochar, derived from
biomass pyrolysis, offers a promising alternative with its abundant availability
and environmental friendliness.

Biochar has gained attention as a superior adsorbent for triclosan due to its high
surface area, porous structure, and carbon-rich composition. These properties
enhance its adsorption capacity and provide an environmentally friendly
alternative to conventional adsorbents (Mohan et al., 2014). Biochar's stability
and potential for modification further contribute to its effectiveness in triclosan
removal.

Among various biochar sources, pine cone biochar stands out for its abundance,
cost-effectiveness, and unique properties. Pine cone biochar exhibits desirable
characteristics, including high porosity and specific surface area, making it an
effective adsorbent for triclosan. Additionally, utilizing pine cone waste for
biochar production, especially in mountain region of Uttarakhand, contributes
significantly in transforming ‘trash to treasure’, simultaneously addressing pine
cone waste management. Thus, the work aligns with sustainability goals and
contributes to waste reduction.

7.2. Results & Discussion

7.2.1. Selection of the best adsorbent

The % elimination of triclosan (TS) (200 mg/L) using different adsorbents
(PCBC, MnO,, Fe304, LDH, Fe;04/PCBC, PCBC, and LDH/PCBC composite) (1
g/L) is shown in Figure 7.1. Out of all the adsorbents evaluated, the PCBC
composite exhibited the highest TS removal efficacy (93%). For additional
investigation, the PCBC composite is selected for TS removal.
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Figure 7.1: Comparison of different synthesized adsorbent (1 g/L) for the
adsorptive removal of Triclosan (200 mg/L) from water.

7.2.2. Characterization of the adsorbent

The XRD pattern of the PCBC is shown in Fig. 7.2(a). Broad diffraction peaks at
260 = 20-30° are recognised as originating from C (002) of amorphous carbon
structures that comprise aromatic carbon sheets aligned randomly. At 26 = 40—
50°, the broader and less strong peaks are associated with C (100) in a graphite
structure.
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Fig. 7.2: (a) XRD pattern and (b) FTIR spectrum of PCBC
Figure 7.2(b) shows the FTIR spectra of a PCBC. The stretching vibration of O-H
bonds in hydroxyl groups caused a notable peak in the spectra around 3438 cm™
PCBC (P. Bobde et al., 2022; Prakash Bobde et al., 2021). In contrast, the C-H
stretching and deformation vibrations are responsible for spectral band at 2976

cm™ (B. Zhang et al., 2017). C=C bond stretching vibration was suggested by a
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spectral line at roughly 1632 cm™ (Al-Musawi, Rajiv, et al., 2021; Ramanayaka,
Kumar, et al., 2020). It was discovered that two peaks, at approximately 1385 and
879 cm™, respectively, corresponded to the bending vibrations of C-H
(Ramanayaka, Kumar, et al., 2020) and C=C bonds. The -OH bending and C-O-C
bending in the cellulose and lignin structures of the PCBC are most likely the
cause of the peaks at 1048 cm™ (B. Zhang et al., 2017).

>

Figure 7.3: SEM images of PCBC
The PCBC morphology was investigated using SEM; the resulting image is

shown in figure 7.3. The SEM of PCBC displayed an uneven surface on a porous
structure. Table 7.1 lists the microporous structural characteristics and elemental
composition of synthesised PCBC as obtained from BET surface area analysis
and CHNS analysis.

Table 7.1: Physicochemical properties of PCBC

Specific Total Average Elemental _Composition
Adsorbent Surface pore pore size (Weight %)

Area (SSA) | volume C H @) N

irg) | ey | ™ | o) | o) | ) | @)

PCBC 172.19 0.1046 12144 8140|094 |14.22 | 1.42
PCBC after

TS 2.174 0.0051 4.7642 - - - -
adsorption
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7.2.3. Effect of contact time on the adsorption of TS
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Figure 7.4: Effect of the amount of TS adsorbed (mg/g) onto adsorbent PCBC

Adsorption capacity (mg/g)

with contact time

The plot of the amount of TS adsorbed (mg/g) for 200 mg/L of TS onto the
adsorbent PCBC as a function of contact time is shown in Figure 7.4. According
to Figure 7.4, the amount of TS adsorption, de (mg/g), increases from 0 min to
1440 min with contact time. Initially the adsorption of TS grew from 147.51 to
279.39 mg/g for the first 480 min, and then rose to 372.84 mg/g until reaching
equilibrium at 1440 min. Thus, in 480 minutes, the adsorption capacity grew
rapidly, reaching equilibrium in 1440 minutes.

7.2.4. RSM Study

During the investigation, a multivariable method was used to examine the
characteristics that had an impact on the removal process of TS by the PCBC.
Using analysis of variance (ANOVA) and least squares analysis, the predictability
and significance of the second-degree models were assessed. The factors that
significantly affect the response variables under inquiry can be found using the
ANOVA approach. The Fisher's F-Test is a statistical test that is used to achieve
this. The software assessed the significance and magnitude of each variable's
predicted coefficient as well as any potential interactions between them in relation

to the response variables. Effects that had p-values more than 0.05 (p > 0.05), or
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significance levels less than 95%, were regarded as errors and deleted (B. Wu et
al., 2022). The p-value shows how much a coefficient lowers the degree of
confidence in a result. Estimating the empirical error is aided by reproducing the
central points in the experimental design. To identify the crucial elements and
develop a model for optimisation, a second-degree model containing every term
was utilised. Table 7.2 provides the actual values of the four variables as well as
the percent removal values (both experimental and predicted) for the adsorption
of TS on the adsorbent PCBC.

Table 7.2: Experimental and predicted values for adsorption of TS on adsorbent
PCBC obtained through CCD and RSM
Run A B(g/L) C(mg/L) D (K)

Experimental Predicted Residual

No.
1 3 0.1 50 283 26.90 26.11 0.78
2 11 0.1 50 283 25.28 23.76 151
3 3 0.5 50 283 63.55 63.01 0.54
4 11 0.5 50 283 61.70 61.49 0.21
5 3 0.1 200 283 16.69 14.06 2.63
6 11 0.1 200 283 14.02 11.75 2.28
7 3 0.5 200 283 50.62 49.64 0.98
8 11 0.5 200 283 49.52 48.16 1.36
9 3 0.1 50 313 54.74 54.22 0.52
10 11 0.1 50 313 52.42 52.16 0.25
11 3 0.5 50 313 72.60 73.64 -1.04
12 11 0.5 50 313 71.67 72.42 -0.75
13 3 0.1 200 313 43.37 42.34 1.03
14 11 0.1 200 313 41.67 40.33 1.34
15 3 0.5 200 313 60.83 60.46 0.37
16 11 0.5 200 313 59.73 59.28 0.45
17 2 0.3 125 298 29.39 33.05 -3.66
18 12 0.3 125 298 26.52 30.84 -4.32
19 7 0.05 125 298 48.06 55.34 -7.28
20 7 0.55 125 298 89.54 90.24 -0.70
21 7 0.3 31.25 298 92.75 93.37 -0.63
22 7 0.3 218.75 298 70.27 77.62 -7.35
23 7 0.3 125 279.25 62.27 69.51 -7.24
24 7 0.3 125 316.75 93.28 94.02 -0.74
25 7 0.3 125 298 87.87 81.43 6.45
26 7 0.3 125 298 87.78 81.43 6.36
27 7 0.3 125 298 88.06 81.43 6.63

142



Data with p-values greater than 0.05 (p > 0.05) should be excluded from the
model to create a straightforward and valid model. A procedure of backward
elimination is used to accomplish this. In statistical modelling, the adjusted R-
squared (R*-adj), which accounts for the number of regression variables, is
chosen since the coefficient of determination (R?) drops as regression variables
are eliminated. For the same reason as previously stated, the predictive R-squared
(R%-pred), which represents the predictive power of the model, is also taken into
consideration (Joshi & Acharya, 2018). As a result, when one of the variables is
removed, R?, R*-adj, and R®-pred taken together can offer a quick and simple way
to evaluate the model's fit and predictive ability. These three numbers should not
differ much in a suitable model. The model equation’s regression analysis reveals
that the key parameters and their interactions have statistically significant p-
values (less than 0.0001). The significance of each coefficient is determined by
the F-value and p-value. Greater significance of the coefficients is indicated by
greater F-values and smaller p-values. In this instance, significant model terms
included the first-order effects, squared effects, and interaction effects of the
variables. For TS, the model's F-values were found to be 36.64. Moreover, it was
discovered that the p-value for each drug was less than 0.0001, demonstrating the
importance of the models. Table 4.3 displays the average squares and total
squares for each factor, along with the F and P values. Eq. (7.1) is used to forecast
the process responses for the elimination of TS after non-significant factors are
eliminated with a 95% confidence level.

% removal= -265.9868+27.0355A+587.3333B-0.2055C+0.5080D-1.9792A%
138.1320B%+0.0004C*+ 0.0009D*+0.2600AB+0.00003AC+0.0012AD-
0.0218BC-1.4555BD+0.00004CD (7.2)
In these equations, A, B, C, and D were pH, PCBC dose, TS initial concentration,
and temperature, respectively. A notable rise in percentage removal is observed
(Fig. 7.5) when pH rises from 3 to 7, suggesting that the removal process becomes
more successful as the solution becomes more alkaline. The removal process

appears to be most effective at a neutral pH, as indicated by the peak in
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percentage removal at pH 7. The percentage of removal gradually decreases
beyond pH 7 as it rises towards alkaline levels (8-11). In contrast to acidic pH,
the percentage removal is still rather high even at pH 11.

Table 7.3: Analysis of variance for adsorption capacity of TS by using PCBC

Source Sum of DDL Mean F-value P-value
square square
Model 14624.89 14 1044.63 36.64 <0.0001
A-pH 14.91 1 14,91 0.5231 0.4834
B-PCBC dose 3727.13 1 3727.13 130.72 <0.0001
C-TS initial concentration 759.34 1 759.34  26.63 0.0002
D-Temperature 1838.37 1 1838.37 64.48 <0.0001
pH*PCBC dose 0.6927 1 0.6927  0.0243 0.8787
pH*TS initial concentration 0.0014 1 0.0014 O 0.9945
pH*Temperature 0.0892 1 0.0892  0.0031 0.9563
PCBC dose*TS initial 4 74 1 173 00605 0.8098
concentration
PCBC dose*Temperature  305.06 1 305.06 10.7 0.0067
TS initial 00334 1 00334 00012 0.9733
concentration*Temperature
(pH)? 5877.87 1 5877.87 206.16 < 0.0001
(PCBC dose)? 178.94 1 178.94  6.28 0.0277
(TS initial concentration)? 39.77 1 39.77 1.39 0.2605
(Temperature)? 0.2699 1 0.2699  0.0095 0.9241
Total Error 342.14 12
Total (corr.) 14967.02 26

The percentage removal of TS consistently rises as the PCBC dose is increased
from 0.1 g/L to 0.5 g/L. There is a dose-response connection evident in the
percentage of removal, which rises steadily with each PCBC dosage increment.
The removal % increases significantly with each PCBC increment at lower dose
range (0.1-0.2 g/L). The rate of increase in removal percentage decreases as the
dose increases in the range 0.2-0.5 g/L, but there is still noticeable enhancement
with each increase in dose. The whole process efficiency is increased by higher
PCBC dosages because they offer more active sites for adsorption (Harja &
Ciobanu, 2017; Q. Li et al., 2021). The removal percentage reaches saturation at
very high dosages (about 0.5 g/L), after which any dose increases may have
decreasing returns in terms of removal efficiency. This could explain the slowing

rate of increase in removal percentage observed at higher doses.
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Figure 7.5: 3D surface graphs of percent removal efficiency of TS by using
PCBC
The relationship between TS initial concentration and the corresponding removal

percentage is shown in fig. 7.5. This indicates an inverse link between initial TS
concentration and removal efficiency. The percentage of removal noticeably
decreases as the initial concentration of TS increases from 50 mg/L to 200 mg/L.

The removal percentage is remarkably high at lower initial concentrations, such
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50 mg/L, reaching 99.2%, showing effective TS removal from the solution.
However, the removal efficiency rapidly decreases with increasing initial
concentration; at 200mg/L, the percentage of removal drops to 85.8%. This
pattern indicates that higher starting TS concentrations can make the removal
process more difficult, possibly as a result of saturation effects or more
competition for adsorption sites on the adsorbent material (Harja & Ciobanu,
2017).

The correlation between temperature and the TS elimination percentage is shown
in fig. 7.5. The percentage of TS removal clearly shows a rising trend as the
temperature rises from 278K to 313K. The removal percentage is only 85.6% at
lower temperatures, such 278 K, suggesting that TS is removed from the solution
less effectively. On the other hand, removal efficiency increases with rising
temperature; at 313 K, the percentage of removal increases to 98.0%. This pattern
indicates that higher temperatures improve the removal process efficacy, most
likely by speeding up adsorption of TS (G. Liang et al., 2019). Overall, the data
emphasise how temperature has a major impact on the removal of TS and how
crucial it is to control temperature as a critical component in order to optimise
adsorption methods for effective TS removal.

7.2.5. Optimization of the adsorption of TS

Mew pH PCBC dos TS initi Temperat
D: 1.000 High 12.0_ D._SS’D 218_.?:'50 316.750
cur [6.9495] 0.5013] [49.5219] [298.0683]
Predict | ow 2.0 0.050 31.250 279.250
||~ _—
— - T - I - - —7 -
%Removal \
Maximum
y = 99.2187
d = 1.0000

Figure 7.6: Optimization of adsorption process of TS onto PCBC
The optimum conditions for the TS adsorption onto PCBC are shown in Figure
7.6. The results show that TS may be effectively removed from a solution
containing 50 mg/L initial concentration at pH at 6.95, PCBC dosage of 0.5 g/L,
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and 298 Kelvin. The predicted and experimental percentage removal values
nearly match, confirming the precision and dependability of the model’s
predictions. These optimized conditions provide efficient TS removal using
PCBC as the adsorbent and provide insightful information for practical
applications.

Table 7.4: Optimum values for adsorption of TS onto PCBC

% Removal
Adsorbent A B(g/L) C(mg/L) D (°K) Predicteod Experimental

PCBC 6.95 0.5 50 298 99.22 98.67

A-pH, B-PCBC dose, C-Initial TS concentration, and D-Temperature

7.2.6. Kinetic, isotherm and thermodynamic study

The table 7.5 gives the kinetic parameters and models that are used to explain
how TS is adsorbed onto PCBC. It is determined that the theoretical equilibrium
adsorption capacity (qe) is 372.84 mg/g. This value serves as a benchmark for
evaluating the accuracy of the kinetic models. The significant connection between
the PFO equation and the experimental data is shown by the high coefficient of
determination (R®) of 0.9969. The PFO equation predicts a lower equilibrium
adsorption capacity (q.) of 218.42 mg/g with a rate constant (K;) of 0.0019 min™.
A better match to the experimental data is indicated by PSO equation, which
produces a ge value of 370.37 mg/g, which is close to the theoretical value. Its rate
constant (K») is 3.79 x 10 g/mg.min, and its R? value is 0.9863.

The Elovich model offers valuable insights into the chemisorption process. Its R?
value of 0.8854 indicates a decent match, and its parameters « and g are
calculated to be 124.31 and 0.0252, respectively. The intraparticle diffusion
model has the greatest coefficient of determination (R?) of 0.9986 based on the
available data, suggesting a very good match with the experimental results.
Furthermore, the intercept (c) of 134.51 and the diffusion rate constant (K;) of
6.4145 mg/g-min¥? imply that intraparticle diffusion is important for the
adsorption process. Overall, the intraparticle diffusion model seems to be the best

fit for explaining the mechanism of adsorption due to its high R? value and the
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physical relevance of the parameters, even if all models offer insightful
information on the kinetics of the adsorption process. The curve fitting for the
equations of PFO, PSO, Elovich, and ID is shown in fig.7.7.

Assf y =-0.0019x +5.3864 b 4.0+ y=0.0027x+0.1923 A
RZ=0.9969 35| R?=0.9863
5.0 3.0}
—_ 25+
? .
Fast S 201
=
- 15 ¢
a0l 1.0 +
05k
3 5 I 1 1 1 ' 0-0 1 1 1 1 1 'l 1 L
’ 0 200 400 600 800 1000 1] 200 400 600 800 1000 1200 1400
Time Time
C ¥ =39.6104x +45.301 . d Y = 6.4145x+134.51
350 | R?=0.8854 350 | R?=0.9986
300 - 300 -
& 250+ &

250 +

200
200

150

150

0 5 10 15 20 25 30 35 40
472

Figure 7.7: (a) PFO and (b) PSO (c) Elovich and (c) ID plots for the adsorption of
TS on PCBC. Experimental conditions: PCBC dose = 0.5 ¢/L, Initial
concentration of TS = 50 mg/L, Temperature = 298 K, pH = 6.95.

The isotherm parameters for the TS adsorption onto PCBC are given in table 7.6.
A maximal monolayer adsorption capacity of 370.37 mg/g, is revealed by the
Langmuir isotherm model. Furthermore, a favorable adsorption is indicated by the
dimensionless separation factor (R_), which is calculated to be 0.0958. With a
coefficient of determination (R%) of 0.9362, the Langmuir model appears to suit
the experimental data quite well. With a R® value of 0.9449, the Freundlich

isotherm model produces a Freundlich constant (K;) of 114.46 and a Freundlich
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exponent (n) of 3.4566, showing multilayer adsorption onto heterogeneous

surfaces and a favorable fit.

Table 7.5: Kinetic parameters for the adsorption of TS onto PCBC

Co (mg/L) 200

Theoretical g, (Mmg/g) 372.84
ge (Mg/Q) 218.42
PFO Ky(min™) 0.0019
R? 0.9969
ge (Mg/Q) 370.37

PSO K,(g/mg.min) 3.79x 10°
R? 0.9863
p 124.31
Elovich S 0.0252
R? 0.8854
Ki(mg/g.min?)  6.4145
ID c 134,51
R? 0.9986

Temkin constants (A and B) for the Temkin isotherm model are 7.9257 L/g and
54.229, respectively, and it has a R? value of 0.8405, which is reasonable but
marginally less than that of the Langmuir and Freundlich models. The Dubinin-
Radushkevich isotherm model, on the other hand, has a R? value of 0.5804 and
shows a weaker fit to the experimental data than other isotherm models. Its
maximum adsorption capacity is 236.89 mg/g, its mean free energy of adsorption
(B) is 9.811 x 10 mol?k/J?, and its energy of adsorption (E) is 2257.5 kd/mol. The
Freundlich isotherm seems to fit the best among the isotherm models examined to
describe the adsorption of TS onto PCBC. The high coefficient of determination
(R value of 0.9449, which shows a significant correlation between the
experimental and projected data points, serves as the foundation for this
conclusion. Furthermore, this system's complex adsorption behavior can be
explained using the Freundlich model since it can take into account multilayer

adsorption on heterogeneous surfaces.
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Figure 7.8: (a) Langmuir (b) Freundlich (c) Temkin and (d) Dubinin-
Radushkevich plots for the adsorption of TS on PCBC. Experimental Conditions:
PCBC dose= 0.5 g/L, shaking time = 1440 min., Temperature = 298 K, pH = 6.95
Table 7.6: Isotherm parameters for the adsorption of TS onto PCBC

KL (L/g) 69.930
a (L/mgq) 0.1888
Langmuir Qo(Mg/g) 370.37
RL 0.0958
R® 0.9362
K 114.46
Freundlich n(g/L) 3.4566
R? 0.9449
B 54.229
Temkin A(L/g) 7.9257
R? 0.8405

Om (ng/gg 236.89 .

Dubinin-Radushkevich ﬂE(r(”k‘j}n‘ffl)) 2'285171_5" 10

R® 0.5804
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TS adsorption thermodynamic characteristics are shown in table 7.7 for PCBC.
The computed values for the in entropy (45°), enthalpy (4H°), and Gibbs free
energy (4G°) at various temperatures (278 K to 313 K) are given in table 7.7. At
every temperature taken into consideration in the study, the adsorption process of
TS onto PCBC is thermodynamically favourable, as indicated by the negative
values of 4G°. The magnitude of 4G° decreases with temperature, suggesting that
the adsorption process becomes more spontaneous. Furthermore, the fact that A4H°
(40.425 kJ/mol) is positive indicates that the adsorption process is endothermic,
meaning that energy input is necessary for it to proceed. The adsorption process is
expected to promote system disorder, as indicated by the positive value of 4S°
(158.26 J/mol-K).

321 " y = -40.425x + 158.26
R?=0.9042

12 1 1 1 1 1
3.2 3.3 3.4 35 3.6

(1/T)x103
Figure 7.9: Plot of RInKe versus (1/T) x10%(K™) for estimation of

thermodynamic parameters.

Overall, the interpretation of Table 7.7 suggests that the adsorption of TS onto
PCBC is favorable, spontaneous, and endothermic. The increasing negativity of
AG® with temperature indicates that higher temperatures promote greater
spontaneous process. The positive value of 4S° suggests that the adsorption

process increases the disorder of the system, contributing to its spontaneity.
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Table 7.7: Thermodynamic parameters for the adsorption of TS onto PCBC

AEP (K3Imol) 40425

A5° (JImol) 158.26

278K 3571

283 K 4,363

288 K 5.154

. 203 K 5.945
4G (klfmol) 208 K -6.736
303 K 7528

308 K 8,319

313 K -9.110

Table 7.8 shows how this result compares to earlier studies that used a variety of
adsorbents to extract TS from water. Of all the adsorbents that were taken into
consideration, the PCBC composite showed the best adsorption performance. The
PCBC showed a maximum adsorption capacity and satisfactory removal
efficiency when compared to other adsorbents. As a result, PCBC shows promise
as TS adsorbent, indicating that it can be used to effectively remove TS from
water sources.

7.2.7. Regeneration Study

The regeneration study was carried out using the same amount of adsorbent
(mention amount) after desorption of TS (concentration of TS) (explain the
desorption methodology here) over a number of cycles (mention how many
cycles). The average percentage removal of the target substance gradually
decreases as the number of cycles rises. With an average percentage removal of
99.26% in the first cycle, suggested that the target pollutant was efficiently
adsorbed onto the adsorbent. Nonetheless, the average percentage removal
gradually declines with each succeeding cycle, indicating a progressive decline
either in the concentration of adsorbent during washing steps or in the adsorption
efficiency over time due to loss of active sites with time. The average percentage
removal drops to 95.96% after the fifth cycle (Fig 7.10a), suggesting that the
adsorption process is becoming less effective. Merely 3% decrease in removal
efficiency of PCBC towards TS after 5 regeneration cycles emphasizes the
effectiveness and sustainable recyclability of PCBC as an adsorbent for
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pharmaceutical pollutant removal. This is an important inference drawn from the

study of TS adsorptive removal using PCBC synthesized from waste pine cones.

Table 7.8: Comparison of TS adsorption onto different adsorbents reported in

literature.

Adsorbent Co Dosage | pH | Temp. | Time | Removal Qe

(mg/L) | (g/L) (K) | (min) | (%) | (mglg) | Rererences
Inactivated 7 36 (Tohidi &
dried 200 2 5 308 180 - ' f Cai, 2016)
sludge ng’g
Biosolids (Tong et
derived ZO(I)L - 3 - - - 87/2 al., 2016)
biochar K9 ha'g
Activated (Mohd
carbon Khori et
derived 10-90 |0.1 - - 30 - 2.036 al., 2018)
from waste
biomass
Kenaf (Choetal.,
derived - 4 5 - 180 90 77.4 2021)
biochar
MWCNT/P (Azghandi
EG/b-CD 230 0.006 6.5 |313 18 - 430 etal.,

2019)

Pine cone
bio-based .
adsorbent 50-200 | 0.5 6.95 | 298 1440 98.67 370.37 | This Study
(PCBC)

7.2.8. Adsorption mechanism

The FTIR spectra of PCBC before and after TS adsorption are displayed in Figure
7.10b. With TS adsorbed PCBC, some vibrational bands show significant shift

while many bands show only a little or no shift. This could be the result of the

functional groups on PCBC interacting with TS during the adsorption process.
The C-O stretching (1048 cm™) band shifts to 1100 cm™ indicating n-n
interactions between adsorbed TS and PCBC. Functional groups on PCBC

surfaces, such as —OH, C=C, and C=0, may act as =n-electron donors.

Accordingly, it is possible to control the adsorption of TS onto the PCBC surface

through the n-w interaction. Furthermore, the free carboxylic acid groups present
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on PCBC's surface interact with the functional groups of TS, which may act as H-
bond donors, indicating that PCBC's sorption affinity for TS may have been
enhanced by hydrogen bonding (G. Liang et al., 2019; J. Luo et al., 2018). The
possible interactions of adsorbed TS on PCBC surface are schematized in Figure
7.10c.
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Figure 7.10: (a) Regeneration of PCBC for TS adsorption, over 5 cycles (b) FTIR
spectra of PCBC before and after adsorption of TS (PCBC-TS), (c) Possible

adsorption mechanism of TS over PCBC

Adsorbent total pore volume, and BET specific surface area were observed to be
decreased during TS adsorption (Table 7.1). This implies that one of the elements
influencing the TS adsorption onto PCBC may be pore filling. Liang et al. stated
that pore structure and specific surface area are important factors that affect how
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organic pollutants are adsorbed onto bio-based composites through a pore-filling
mechanism (H. Liang et al., 2022).

7.3.  Conclusion

The thorough analysis carried out on the TS adsorption onto PCBC provides
important information about the adsorption mechanism and the possible uses of
PCBC as an efficient and sustainable adsorbent (99% removal efficiency for
Triclosan). PCBC's structural and chemical composition is revealed by XRD and
FTIR investigations, which highlight the material's physical and surface
characteristics. SEM images show the PCBC's morphology, which is
advantageous to adsorption processes. The adsorption behavior of TS onto PCBC
is determined by kinetic tests to be time-dependent, with the adsorption capacity
reaching equilibrium in 1440 minutes. Additionally, TS removal is significantly
influenced by pH, adsorbent dosage, starting concentration, and temperature, as
revealed by RSM and kinetic modeling. The isotherm studies suggest that
multilayer adsorption on heterogeneous surfaces occurs, and the Freundlich model
best describes the adsorption behavior. Thermodynamic analysis verifies that the
adsorption process is advantageous, spontaneous, and endothermic, and that
temperature has a major effect on the removal efficiency. Furthermore, FTIR
spectra obtained before and after adsorption indicated possible interactions
between TS and PCBC, including hydrogen bonding, n-n interactions and pore-
filling mechanisms playing key role. Merely 3% decrease in the removal
efficiency from 99% to 96% emphasizes the potential of PCBC as an efficient and
sustainable adsorbent generated from pine cone waste. Overall, these results show
that PCBC has a promising future as an effective adsorbent for TS removal from
water sources, opening the door to useful applications in environmental

remediation and water treatment.
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CONCLUSION
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Chapter 8

CONCLUSION

8.1. Summary

Firstly, the work highlights the effectiveness of biochar-based nanocomposites in
removing contaminants of emerging concerns (CECs) from aqueous solutions.
Through detailed adsorption studies, it is demonstrated that nanocomposites, such
as manganese oxide-modified pine cone biochar and layered double hydroxide-
modified pine cone biochar, exhibit high adsorption capacities for various CECs

including oxytetracycline, tetracycline, ciprofloxacin, and triclosan.

Additionally, the role of response surface methodology study in experimental
design and parameter optimization is reflected in all the results chapters.
Furthermore, the adsorption mechanisms involved in the removal of CECs by
biochar-based nanocomposites are discussed. It elucidates the role of surface
functional groups, pore structures, and chemical interactions in facilitating
adsorption processes. The understanding of these mechanisms is crucial for
optimizing the design and synthesis of nanocomposites for enhanced CEC

removal efficiency.

Moreover, the chapters emphasize the potential of biochar-based nanocomposites
as cost-effective and sustainable adsorbents for the removal of CECs in water
bodies, at the same time mitigating waste management of pine cones, which is
one of the major waste generated in the forests of the Himalayan region. The
findings of the study contribute to the development of innovative technologies for

addressing emerging environmental challenges.

Lastly, the future research directions and areas for further investigation are
elaborated. It identifies opportunities for optimizing the synthesis methods,
exploring novel nanocomposite materials, and scaling up the production of

biochar-based adsorbents for real-world applications. Additionally, the
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importance of interdisciplinary collaboration and continued research efforts in

advancing the field of environmental nanotechnology are emphasized.
8.2. Conclusion

Pine cone biochar based adsorbents have been designed for the removal of
contaminants of emerging concerns from water. It became clear that the efficacy
of the various adsorbents in removing particular contaminants varied in the range
79 — 95% for different CECs. With an 89.9% removal rate for OTC, MnO,/PCBC
proved to be the most effective adsorbent. This suggests that the MnO,/PCBC is
especially effective at adsorbing OTC from water sample. With a removal rate of
79.68%, MnO,/PCBC is shown to be the most effective adsorbent for TC
removal. This suggests that the removal of TC from the solution is especially
well-suited for MnO,/PCBC.

On the other hand, LDH/PCBC shows the best elimination efficiency of 85.94%
for CPF. This implies that the most efficient method for eliminating CPF from the
aqueous solution is LDH/PCBC. With removal rates ranging from 67.59% to
94.57%, it is clear from the data that all evaluated adsorbents had exceptionally
high removal efficiency for TS. Owing to PCBC's outstanding performance and
its inherent compatibility that doesn't require modification, it becomes the best
option for additional research and possible use in water treatment procedures that
remove TS. MnO,/PCBC is ideal for removing OTC and TC, whereas
LDH/PCBC is better for removing CPF and PCBC is good for the TS removal.
PCBC, MnO,/PCBC, and LDH/PCBC underwent thorough characterization using
various analytical techniques including FTIR spectroscopy, XRD, FESEM,
CHNS analyzer, ICP-OES, BET nitrogen adsorption analysis, and pH point of
zero charge (pHpzc) determination.

The adsorption processes of various contaminants onto different adsorbents, as
evidenced by the experimental data and analyses, highlight the intricate
mechanisms involved in pollutant removal. The reduction in removal rates
observed upon the addition of EDTA-2Na suggests the significant role of surface

complexation in the adsorption of contaminants such as OTC, TC, and CPF onto
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MnO,/PCBC and LDH/PCBC. Furthermore, the shifts in FTIR spectra and
changes in physicochemical properties of the adsorbents before and after
adsorption indicate alterations in surface functional groups and pore structures,
which likely influence the adsorption capacities and mechanisms. Notably,
interactions such as m-m bonding and hydrogen bonding between the adsorbates
and adsorbents contribute to enhanced sorption affinity and efficient removal of
contaminants. These findings underscore the importance of understanding the
adsorption mechanisms and surface interactions for developing effective
adsorbents and remediation strategies for water treatment applications.

The repeated cycles of adsorption-desorption studies provide valuable insights
into the regeneration potential and sustainability of the synthesized adsorbents for
pollutant removal. The gradual reduction in adsorption efficiency observed over
multiple cycles suggests some loss of adsorbent material during washing steps or
saturation of active sites on the adsorbent surface. However, the marginal
decrease in removal efficiency (~4% to 8% over 5 cycles) for OTC, TC, CPF, and
TS removal highlights the potential reusability and sustainability of MnO,/PCBC,
LDH/PCBC, and PCBC adsorbents. Despite the decline in removal efficiency, the
adsorbents demonstrate stable performance over multiple cycles, with significant
percentages of pollutants still being removed even after five regeneration cycles.
This underscores the effectiveness and practical feasibility of these adsorbents for
continuous and sustainable pollutant removal from aqueous solutions. Such
findings are crucial for addressing environmental concerns and promoting the
adoption of cost-effective and environmentally friendly adsorption techniques in
water treatment applications. Table 8.1 summarizes the removal efficiencies of
various adsorbates obtained by various bio-based adsorbents under various

optimized conditions.
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Table 8.1: Summary of removal efficiencies of various CECs from water using

different biochar-based adsorbents

Optimized conditions
Sr. Adsorbate Removal
No. | pH ?(;jsseozb/elil)t concentration Tem;()f(r)ature efficiency (%)
J (mg/L)
1 | 8.00 M”%’ZSBC OTC - 200 303 88.10
2 | 500 | MMO2REBC T 1c 6045 298 94.89
3 | 705 |LPHPCBC—| o o5 303 97.60
0.45
4 | 695 | PCBC-05 TS50 298 98.67

8.3. Future prospects

» Tailored Adsorbents for Specific Contaminants: The study highlights

the need for tailored adsorbents to address specific contaminants
effectively. By identifying MnO,/PCBC's superior efficacy for
oxytetracycline (OTC) and tetracycline (TC) removal, and LDH/PCBC's
efficiency for ciprofloxacin (CPF), future research can focus on designing
adsorbents optimized for targeted contaminant removal.

Enhanced Adsorbent Regeneration Techniques: Investigating enhanced
regeneration techniques for adsorbents like MnO,/PCBC and LDH/PCBC
can further extend their lifespan and sustainability. Developing efficient
regeneration methods can reduce operational costs and environmental
impact, making these materials more viable for large-scale water treatment
applications.

Exploring Novel Adsorbent Combinations: Combining different
adsorbent materials or modifying existing ones could lead to synergistic
effects, improving overall contaminant removal efficiency. Investigating
hybrid materials or composite structures may offer enhanced adsorption
capacities and selectivity, opening avenues for innovative water treatment

technologies.
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» Scale-Up and Real-World Application: Scaling up the synthesized
adsorbents and conducting pilot-scale studies in real-world settings will be
crucial for validating their efficacy and feasibility for practical water
treatment applications. Assessing factors such as cost-effectiveness,
scalability, and long-term performance can pave the way for the
widespread implementation of these advanced adsorption technologies.

» Membrane development using bio-based adsorbents: Further
experimental work may involve the designing of membranes using bio-
based adsorbents to be used for water filtration in rural areas where cost

effective approach is required.
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