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Abstract

Access to clean water is vital for all living organisms, including humans. Nevertheless, due
to industrial and human activity, many harmful contaminants are being discharged into water
sources in enormous quantities. Hexavalent chromium is a prime example of this type of
pollutants. Many diseases, including cancer, have been linked to exposure to hexavalent
chromium. The World Health Organization and the Indian Standard (IS:10500) have established a
permissible limit for hexavalent chromium in drinking water at 0.05 mg/L.

Removal of Cr(VI) through its adsorption, specifically using nanoparticles synthesized from
green sources (plant part extract), is an environmentally benign technology that does not require
harmful chemicals. This doctoral study utilizes phytochemicals from matured Tea (Camellia
sinensis var. Assamica) leaves extract and polyphenols (tannic acid) to synthesize engineered Iron
oxide nanoparticles (IONPs) for the adsorption of hexavalent chromium from aqueous solution.
Chapter 1 and Chapter 2 demonstrate the introduction and literature review on various Cr(VI)
removal methods, along with a brief overview of green synthesized IONPs, specifically for
chromium removal.

Chapter 3 focuses on producing and investigating IONPs from tea leaves extract of Camellia
sinensis var. assamica for Cr(VI) removal from aqueous solution. The conditions for IONPs
synthesis (time, temperature, and iron precursors/leaves extract ratio (v/v)) were optimized using
the RSM-CCD to achieve IONPs of the desired quality. The various removal conditions (pH,
temperature, contact time, doses, and initial Cr(VI) concentration) of Cr(VI) through synthesized
IONPs were also optimized. The kinetics, thermodynamics, and isotherm analysis were performed
based on experimental outcomes. The adsorption process followed a pseudo-second-order kinetic
and Langmuir adsorption isotherm, with a remarkably higher maximum adsorption capacity of
1272 mg g'! of IONPs.

In Chapter 4, reusable and bi-functional composite chitosan (CS) beads (CS/IONPs) were
developed by infusing IONPs in the CS matrix and applied for Cr(VI) adsorption and
detoxification from synthetic wastewater. The adsorption parameters such as pH, temperature,
contact time, doses, and initial Cr(\V1) concentration were optimized. At the optimized conditions
(pH 3, 25°C, 480 min, 2.5 g/L of CS/IONPs beads, and 150 mg/L of Cr(V1)), 98.71% removal of
Cr(VI1) was observed. The synthesized adsorbent (CS/IONPs) was tested for reusability, and a
gradual decay was perceived in Cr(V1) removal within 5" cycles of adsorption.
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In Chapter 5, the investigation focuses on synthesizing multifunctional beads utilizing sodium
alginate (Alg) and tannic acid (TA). These formed Alg-TA beads possess distinctive properties,
including metal(s) ion adsorption, antimicrobial effects, and metal particle generation. In addition,
the ability of the Alg-TA beads to convert Fe(lll) into Fe complexes or IONPs contained within
them was demonstrated for enhanced Cr(V1) removal and antibacterial performance from aqueous
solution. Thus, formed Alg-TA75-Fe beads facilitates the removal of 95% Cr(VI) from 20 mg/L
aqueous solution at pH-4 and a dosage of 2 g/L, respectively. Also, Alg-TA75-Fe beads improved
antibacterial performance by 3.89 and 1.37 times for E.coli and E.hirea, respectively, compared to
Alg-TAT75 beads.

Chapter 6 investigates on CS/IONPs and Alg-TA55-Fe adsorbent beads for Cr(V1) removal
in a fixed-bed column from an aqueous solution. The study focuses on the effect of different
column parameters, specifically bed heights and flow rates. The duration of the breakthrough time
(to) was increased from 5 to 22 h and 0.75 to 4.5 h with an increase in bed height from 5 to 15 cm
at a flow rate of 1 mL/min for CS/IONPs and Alg-TAb5-Fe beads, respectively. On the other hand,
when the flow rate increased from 1 to 3 mL/min, the t, values for CS/IONPs and Alg-TA55-Fe
beads dropped from 5 to 1.5 h and 0.75 to 0.37 h, respectively. A maximum bed capacity of 391.9
and 60 mg g* was achieved with a 5 cm bed height and 1 mL/min flow rate at a fixed 20 mg/L
Cr(VI) influent concentration for CS/IONPs and Alg-TA55-Fe beads, respectively. The adsorption
data was well-fitted to various known fixed-bed adsorption models, including the Yoon-Nelson,
Thomas, Adams-Bohart, Clark, and Bed Depth Service Time models. The adsorbents (CS/IONPs
and Alg-TAb5-Fe) were regenerated in the same column for two cycles of Cr(\V1) re-adsorption
performance. The reusability studies revealed that CS/IONPs beads outperformed Alg-TAbL5-Fe
beads due to its high Cr(\VI) adsorption performance in batch mode, exhibiting a longer
breakthrough time and high adsorption capacity.

Keywords: Nature-inspired process; Plant-based polyphenols; Iron oxide nanoparticles; Central
composite design; Green synthesis process; Cr(VI) adsorption; Bi-functional composite adsorbent;
Cr(ITl) co-precipitation; Hydrogel beads; Antibacterial functionality; Fixed-bed column;

Breakthrough curve; Adsorbent regeneration and reuse
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Chapter 1

Background of the Work
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This chapter provides a background on the current work as well as an outline of an

understanding of chromium contamination and its remedial methods.

1.1. Background

Potable water is an essential requirement for all living species, including humans. In
addition to consumption, water is required for various other functions such as household,
industrial, and agricultural needs. Since the dawn of civilization, humans have embarked on a
quest to uncover the valuable resources concealed within the depths of the earth, such as natural
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gas, petroleum, and mineral ores. Consequently, the industrial revolution occurred in various
fields, resulting in the rise of mining activities and the further generation of different toxic
chemicals. The issue of effectively addressing these produced harmful chemicals and their
byproducts remained unresolved. As a result, significant quantities of hazardous chemicals,
metals, dyes, and similar substances were discharged directly into aquatic streams like rivers.
Humans have been compelled to create pollution due to a lack of alternatives. Pollution refers
to the release of unwanted hazardous compounds into the environment, including heavy metals,

pigmenting agents, chemicals, etc.

Heavy metals are naturally occurring elements with a high atomic weight and at least
five times the density of water [1]. Based on this definition, the list of heavy metals includes
Lead, Chromium, Zinc, Copper, Iron, Platinum, and many others. Chromium (Cr) has garnered
significant attention due to its widespread use, impact on the environment, and considerable
health risks, including cancer. Cr is a noxious heavy metal which typically exists in an aqueous
system in two stable oxidation states: Cr (111) and Cr(VI). Cr(VI) has been categorized as one
of the 20 most dangerous chemicals that pose a significant risk to the general public well-being
[2]. Cr(VI) is a known carcinogen that emanates from a variety of industrial effluents such as
electroplating [3], manufacturing of chromate [4], leather processing [5], alloy manufacturing
[6], and textile [7] with concentration varying between a wide range (0.5 - 270,000 mg/L) [8].
Additionally, Cr enters surface waters via various natural means like the erosion of rocks and
volcanic eruptions [9]. Cr pollution has become a significant concern in India and globally
[10]. Highly soluble Cr(V1) oxyanions, namely, CrOs* and Cr,O7%, are the most common
forms of Cr(V1) and cause extremely carcinogenic (Group 1 as per World Health Organization)
and mutagenic health effects [11]. Cr(Ill) can cause membrane disturbances in erythrocytes
and skin irritation. However, it is vital for regulating the metabolism of proteins, lipids, and

carbohydrates. On the other hand, Cr(V1) is 500 times more hazardous than Cr(I11) [12]. Also,
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the higher mobility of Cr(VI) allows it to penetrate through skin cells, where it could generate
reactive oxygen species leading to the damage of DNA [13]. The existence of Cr(V1) in soil
and waterbodies causes its ubiquitous exposure to the ecosystem and seriously affects the

likelihood of humans.

Various strategies have been employed to remove Cr(VI) from polluted water,
including membrane filtration, photocatalysis, chemical precipitation, ion exchange,
electrocoagulation, and adsorption [14-16]. Nevertheless, it is-noteworthy that many of these
technologies come with inherent challenges, such as high operational and maintenance costs,
limited effectiveness in metal removal, substantial energy demands, and the generation of
hazardous residual metal sludge, which presents a significant challenge in terms of proper
disposal [17]. Given the current situation, adsorption is the most straightforward and
economically efficient approach for wastewater containing Cr(V1) [18]. However, a substantial
cost associated with commercially available adsorbents is one of the main challenges of the
adsorption process. Consequently, developing affordable nanoadsorbents through
environmentally friendly synthesis methods has become a prominent goal for many researchers

and scientists [19].

The present thesis explores the utilization of green synthesized Iron oxide and its
composite nanostructures for the removal of Cr(VI) from synthetic wastewater through
adsorption. Firstly, tea leaves extract-mediated synthesis of Iron oxide nanoparticles (IONPS)
were synthesized and applied to remove Cr(VI) from the aqueous solution. In addition, the
IONPs were ex-situ infused in the chitosan (CS) matrix to form reusable CS/IONPs beads for
the removal of Cr(VI). Also, tannic acid (TA) mediated IONPs were formed over sodium
alginate (Alg) beads to enhance their Cr(VI) removal capability and antibacterial functionality.
Moreover, the synthesized CS/IONPs and Alg-TA-Fe beads were subsequently employed as
the adsorbent material in a fixed-bed adsorption column for the removal of Cr(V1).
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1.2. Objectives

In order to address the knowledge lacuna identified in Chapter 2, this thesis has the

following objectives:

i.  To develop a vegetal route for the synthesis of iron oxide nanoparticles (IONPs) by
using Camellia sinensis var. assamica leaf extract for Cr(\V1) adsorption
ii.  To infuse IONPs into chitosan (CS) matrix for the formulation of reusable CS/IONPs
composite adsorbents for Cr(VI) removal
iii. To develop tannic acid (TA) assisted IONPs/sodium alginate (Alg) composite
adsorbent (Alg-TA-Fe) for simultaneous Cr(V1) uptake and antibacterial functionality

iv.  To investigate CS/IONPs and Alg-TA-Fe beads in a continuous adsorption process for

the decontamination of Cr(VI)

1.3. Thesis Outline

The thesis has been organized into seven chapters in accordance with the four objectives

listed above. A chapter-wise thesis outline is presented as follows.
Chapter 2

This chapter provides an overview of water contamination, treatment through
nanoadsorbents, and different synthesis methods of nanoparticles. A brief review on green
synthesis of IONPs and using them to remove hexavalent chromium from contaminated water

is presented in this chapter.

Chapter 3

Chapter 3 focused on producing and investigating IONPs from tea leaves extract of
Camellia sinensis var. assamica for Cr(VI) removal from aqueous solution. The conditions for
IONPs synthesis (time, temperature, and iron precursors/leaves extract ratio (v/v)) were
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optimized using the Response Surface Methodology-Central Composite Design (RSM-CCD)

to achieve IONPs of desired quality.
Chapter 4

In Chapter 4, reusable and bi-functional composite CS beads (CS/IONPs) were
developed by infusing IONPs in the CS matrix and applied for Cr(VI) adsorption and
detoxification from synthetic wastewater. The reusability of synthesized CS/IONPs beads was
evaluated in terms of the number of adsorption cycles.

Chapter 5

In Chapter 5, the investigation focused on synthesizing multifunctional beads utilizing
Alg and TA. These formed Alg-TA beads possess distinctive properties, including metal(s)
adsorption, antimicrobial effects, and metal particle generation. In addition, we demonstrate
the ability of the Alg-TA beads to convert iron (Fe) salts into IONPs contained within them
(Alg-TA-Fe) for enhanced Cr(VI) removal and antibacterial performance from aqueous
solutions.

Chapter 6

Chapter 6 employed CS/IONPs and Alg-TA-Fe adsorbent beads for Cr(\V1) removal in
a fixed-bed column from an aqueous solution. The study investigated the impact of different

column parameters, specifically bed heights and flow rates.

Chapter 7

The salient findings of the present investigation are summarized in this Chapter. The

recommendations for future work directions are appended at the end of this chapter.
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Chapter 2

Review of Literature and Objectives

Co-
precipitation

Hydrothermal
/Solvothermal

Iron oxide Nanoadsorbent

nanoparticles for hexavalent
(IONPs) chromium
synthesis

removal

Bioinspired/
Green

Thermal
decomposition

(Plant-polyphenol-mediated synthesis of iron oxide nanomaterials for heavy metal removal:
A review. Aquib Jawed, Swati Sharma, Animes K. Golder, and Lalit M. Pandey, Elsevier, p.

115-129)

This chapter provides a background on water contamination and chromium: sources,
effects, and removal techniques. Also, a brief literature review on green synthesized IONPs
applied for Cr(VI) removal, along with an overview of the different synthesis methods of

IONPs, is provided in this chapter.

2.1. Sources of water and need for freshwater

Water is nature’s most precious gift to humanity and all living creatures. Water is vital in
various aspects of human life, encompassing agriculture, hydration, industrial processes, and
other uses. Water exists in the biosphere as thin shells surrounding the globe. In addition, it is
abundantly present in oceans and below the surface of the Earth as aquifers. Specifically, in
the atmosphere and surface of Earth, it exists in the form of vapor, droplets, tiny particles of
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ice, and largely, in the liquid phase. For the successful continuation of various biosphere
processes, water acts as a passage for supplying nutrients and chemicals into the system. In
addition, it also serves as a commodity in our day-to-day events and plays an essential role in
developing socio-economic processes [20]. The Earth’s surface is predominantly covered by
water, accounting for approximately 71% of its total area. This vast water coverage is essential
for supporting various forms of life. Oceans contain 96.5% of the Earth’s water, while glaciers
and the ice masses of Antarctica and Greenland hold 1.7% and 0.001% in the air as clouds,
vapour, and precipitation, respectively. Merely 2.5% of the total water on Earth is classified as
freshwater, with a significant portion of 98.8% found in ice and groundwater. Less than 0.3%
of freshwater is in rivers, lakes, and the atmosphere; a minimal amount (0.003%) also exists in
living organisms and manufactured things [21]. Understanding the source of freshwater and
significance of protecting a pristine water supply is crucial for assuring the continuous
accessibility of this vital resource for present and future generations. Freshwater sources play
a crucial role in ensuring the long-term viability of life on the Earth. Clean and potable water
comes from a variety of natural reservoirs and spots. The main sources include surface water
features such as lakes, rivers, and reservoirs, which offer easily accessible water for various
needs like industrial, drinking, and agriculture. Groundwater, located below the Earth’s surface
in aquifers, functions as a concealed yet plentiful reservoir of potable water, frequently
accessed through wells. Rainwater, collected via watershed networks and stored in tanks,
provides an environmentally beneficial option to achieve freshwater. In areas with limited
access to freshwater sources, desalination technologies are crucial for converting seawater into
potable water. Water on Earth undergoes a continuous movement known as the hydrological
cycle. This cycle involves evaporation, transpiration (evapotranspiration), runoff,

condensation, and precipitation. Ultimately, the water typically ends up in the sea. The
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processes of evaporation and transpiration have a significant role in the generation of

precipitation across terrestrial regions.

Freshwater is an essential resource that is vital for sustaining life on Earth. Primarily, it
plays a crucial role in protecting human survival, acting as the foundation for cooking, drinking,
and hygiene, the lack of which would significantly endanger our health and general welfare. In
addition, agriculture, a crucial component of the global food supply, heavily depends on
freshwater for activities such as irrigation and livestock care. Freshwater also plays a vital role
in industrial operations, serving as a medium for calming and cleansing, and is essential in
processes ranging from production to energy generation. Also, freshwater supports many
ecosystems, such as rivers, lakes, and wetlands. These ecosystems provide habitats for
numerous species and play a crucial role in maintaining environmental stability through
biodiversity and complex food chains. The global decline of this valuable natural resource can
be attributed to the rapid processes of urbanization, industrialization, and climate change [22].
Water scarcity is an eminent and formidable obstacle that confronts our contemporary society
in the current era [23]. Freshwater scarcity can harm various aspects of a community, including
the economy, environment, and impoverished individuals. The meteoric rise of the global
population is also accelerating the depletion of the finite reserves of freshwater, propelling
humanity towards an impending water crisis [24]. This instance arises due to the perception of
water as an inexhaustible and costless resource. Even in areas with adequate or abundant
supplies, there is a growing risk to water resources due to pollution and increasing demand.
The water demand will continue to rise by 2050 due to the projected global population growth,
which is estimated to reach between 9.4 and 10.2 billion [25]. The water strain will be
exacerbated by disparities in population growth across various regions, which are not
influenced by local resources. Ensuring the protection and long-term stewardship of this

valuable resource is crucial for the well-being and overall health of our planet.
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2.1.1 Water contamination

The issue of freshwater contamination is increasing globally, presenting a substantial risk
to both human well-being and the natural surroundings. This problem stems from multiple
sources, such as agricultural runoff, incorrect disposal of household chemicals, effluent from
various industries, and insufficient wastewater treatment [26]. Substances such as pesticides,
heavy metals, pathogens, and pharmaceuticals can infiltrate freshwater reservoirs, rendering
them unfit for human consumption and detrimental to the health of aquatic ecosystems [27].
The consequences of potable water contamination are widespread. Water contamination is
among the leading causes of human health issues. Every year, 4 billion incidences of water-
related diseases cause 3.4 million deaths worldwide, primarily in children under 5 years old
[28]. An estimated 37.7 million Indians are annually afflicted with waterborne diseases; alone,
diarrhoea is responsible for the deaths of 1.5 million children [29]. In addition, contaminated
water can adversely impact agriculture and food safety. This is due to the fact that when
polluted water is utilized for irrigation, it can contaminate crops. Further, the presence of
harmful compounds in aquatic environments has a detrimental impact on the watery living
organisms. This disruption of food chains and habitats reduces biodiversity and causes long-
lasting ecological harm [30]. Hence, preserving water quality, encompassing intricate and
delicate interconnections among physical, hydrological, chemical, and biological attributes, is
of the utmost importance. From the user’s perspective, water quality refers to the physical,
chemical, and biological characteristics of water that individuals use to consider for their
suitability. Water contamination is a significant global issue that has garnered considerable
attention from researchers worldwide. The urgent need for a sustainable solution to
decontaminate polluted water and produce potable water has become a focal point in this

current era.
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2.1.2 Sources of contaminated water

The sources of contaminated water are diverse and widespread, presenting a significant
challenge for both human health and the environment. Contaminated water sources can
introduce pollutants and pathogens, leading to waterborne diseases and other health risks. The

primary sources of contaminated water are well described below [31]:

e Point sources - It comprises easily identifiable origins or outlets via which pollutants or
impurities are purposefully or unintentionally transported directly into aquatic ecosystems,
including bodies of water such as lakes, rivers, or seas. These sources typically have a clear
and specific pollution point and are often connected to accidental spills, residential
wastewater systems, storm overflow, and industrial wastes.

e Industrial effluent - Industries frequently discharge contaminants into natural streams.
These discharges are comprised of toxic dyes, heavy metals, and other harmful substances.

e Mining activities - The various mining practices release significant amounts of heavy
metals and hazardous compounds into water bodies located in their proximity. Persistent in
nature, these pollutants can cause detrimental long-term consequences for aquatic
organisms and human well-being.

e Non-point sources - It is a pervasive form of pollution that originates from multiple sources,
making it difficult to manage. This category encompasses pollution from various sources,
such as lawns, road runoff, and farming practices.

e Agricultural runoff - The use of fertilizers in farming leads to contaminate rivers, streams,
and groundwater. This contamination poses significant threats to aquatic ecosystems and
the safety of drinking water supplies.

e Solid waste - Toxic chemicals and harmful substances can seep into the groundwater from
landfills. Over time, these leached pollutants move towards adjacent surface water sources,

impacting the quality of potable water and causing harm to ecosystems.
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e Erosion - Erosion of soil, which occurs due to construction activities, deforestation, and
agricultural practices, can result in the deposition of sediment in bodies of water.

e Wastewater - Untreated wastewater from domestic and industrial sources is a major
contributor to water pollution. This raw wastewater threatens human health and aquatic life
due to the presence of pathogens, as well as medications and chemicals.

e Natural contaminants - Geological formations can give birth to natural pollutants. Specific
geographical areas display natural accumulations of inorganic substances such as fluoride,
arsenic, or radon. As a result, when groundwater passes through these layers of rock and
soil, it can absorb harmful compounds, which noticeably affect the quality of drinking water
[32].

2.1.3 Water contaminants
The presence of contaminants in water is a multifaceted and pervasive problem, impeding

the environment and public health in substantial ways. Contaminated water, naturally or

polluted by human activity, can introduce several toxic compounds and pathogens into aquatic
environments, resulting in significant consequences. Concerning water pollution, there are
three main types of contaminants.

¢ Organic contaminants

¢ Inorganic contaminants

¢ Biological contaminants

Organic contaminants - Freshwater often contains organic contaminants that have been
detected on a large scale, and a significant number of these compounds are classified as human
carcinogens. Over 200 organic pollutants have been identified in groundwater, and this figure
continues to rise [33]. Some organic pollutants degrade naturally, whereas others endure. Most
biodegradable organic pollutants come from human waste and industrial effluent. Some are

naturally derived from lipids, proteins, oils, and carbohydrates. Microorganisms have the
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ability to convert these substances into stable inorganic compounds. Although they do not
immediately harm living organisms, they can potentially lower dissolved oxygen levels in
groundwater. Typical organic pollutants include pesticides, plasticizers, personal care items,
dyes, pharmaceutical compounds, hydrocarbons, volatile organic chemicals, and halogenated
compounds [34, 35]. Exposure to organic compounds can lead to severe health issues such as
hormone imbalances, neurological disorders, and cancer [36]. Household garbage, pesticides,
and industrial contaminants are the primary sources of organic pollution of freshwater caused
by human activity [37]. Due to the slow degradation or lack thereof, these compounds pose a
long-term risk to groundwater quality, potentially impacting its suitability for drinking
purposes.

Inorganic contaminants — These include chemical substances or elemental components
found in natural, unmodified water ecosystems such as lakes, rivers, and underground aquifers.
Inorganic hazardous substances like cadmium (Cd), lead (Pb), chromium (Cr), copper (Cu),
cyanide, arsenic (As), and mercury (Hg) threaten the well-being of human populations and the
natural environment. These contaminants can infiltrate drinking water through natural sources,
industrial operations, and plumbing systems [34].

Cd, with an acceptable limit (AL) of 0.003 mg/L in drinking water [38], is primarily
released into the aquatic environment through natural sources such as rocks and volcanoes in
the earth's crust. Anthropogenic activities like household usage, industrial development, waste
management, plantation, and animal husbandry are the primary causes of Cd pollution in the
environment, accounting for approximately 80% - 90% of the total contribution. The toxic
effects of Cd primarily occur through the generation of free radicals, specifically reactive
oxygen species. The build-up of these unpaired electrons ultimately leads to oxidative stress,
causing oxidation, which harms vital biological macromolecules such as lipids, DNA, and
proteins. Furthermore, the interaction of Cd can disrupt the regular operations of the -SH, which
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possesses biological structures [39]. Pb (AL 0.01 mg/L) [38] contamination is becoming a
growing concern in urban areas with aging water infrastructure. Water gradually erodes the
lead present in urban water networks. This can result in a diverse array of developmental
challenges for youngsters and hypertension and renal disorders in older individuals [40]. Cr,
with an AL of 0.05 mg/L [38], is a naturally occurring element in the ground. It is commonly
utilized in the electroplating and leather industries. Typically, it enters aquatic bodies through
the runoff from previous mining activities and these enterprises’ inappropriate trash disposal.
Excessive chromium exposure results in kidney and liver damage and respiratory issues [41].
Cu (AL 0.05 mg/L) [38] can infiltrate water sources through natural occurrences in rock and
soil or, more commonly, due to the corrosion of domestic plumbing systems. Temporary
exposure to copper causes minor gastrointestinal discomfort, whereas prolonged exposure can
result in kidney impairment or irreversible liver [42]. Cyanide (AL 0.05 mg/L) [38] typically
contaminates water due to inadequate waste disposal practices. Exposure to cyanide has been
demonstrated to cause deadly damage to the brain, liver, and spleen in people [43]. As (AL
0.01 mg/L) [38] contamination is a significant issue, particularly in India and Bangladesh.
Arsenicosis is a disease that occurs as a result of drinking water contaminated with arsenic.
The toxicity and elimination of arsenic substances and their metabolites are heavily influenced
by their oxidation states, specifically Arsenite (As(l11)) and Arsenate (As(V)) and methylation
level of arsenicals. It has been observed that As(l11) is 10 times more toxic than As(V) [44].
Hg (AL 0.001 mg/L) [38] enters potable water through agricultural drainage, seepage from
waste dumps, and certain industrial operations. Hg in water leads to cognitive dysfunction,
neurological diseases, stunted growth in children, miscarriages, and alteration of the hormonal
system [34]. Furthermore, a sub-class of inorganic pollutants i.e. radiological pollutants result
from the presence of radioactive materials. The potential sources of radioactive substances
include soils or rocks that the water permeates or certain industrial waste. The radiation (o, 3,

Page | 13
TH-3409_ 176152009



and y) emitted by soil and rock is influenced by their mineralogical composition. Minerals
having higher concentrations of thorium, uranium, and potassium demonstrate significant
levels of natural radioactivity. Typically, the source rock’s radioelements (thorium, potassium,
and uranium) concentration is reflected in soils. Radioelements are typically less of an issue in
surface water than in groundwater. As per the USEPA National Interim Primary Drinking
Water Regulations, radium-226 holds significant importance among the naturally occurring
radionuclides that could be found in public drinking water supplies [45]. The maximum
concentration level of radium-226 and a particles, as per the US Environmental Protection
Agency (US-EPA), was set at 5 pCi/L and 15 pCi/L, respectively, in drinking water systems
[46]. Radiation contamination of any kind raises the risk of cancer [34].

Biological contaminants - Waterborne biological contamination results from living
organisms, including algae, bacteria, viruses, phytoplankton, or protozoa. Each one of these
can contribute to their specific water quality issues. Algae consist of diverse species, ranging
from tiny, single-celled organisms to enormous, eukaryotic seaweeds. These are pretty
widespread and rely on water nutrients, namely phosphorus. Most often, the nutrients come
from industrial pollutants or residential runoff. The proliferation of algae causes taste and odor
issues in water. In addition to this, it also obstructs water filters and leads to undesirable slime
deposits around the carriers [34]. Bacteria are single-celled microorganisms that play diverse
roles in natural and human-created environments. There are several harmful microorganisms
(pathogens) like Escherichia coli, Pseudomonas aeruginosa, Campylobacter jejuni, etc. in
water that have the potential to cause waterborne diseases such as gastroenteritis, dysentery,
and cholera [47]. Certain nonpathogenic bacteria, such as crenothrix iron, can lead to taste and
odor issues in water, although not hazardous [34]. Similarly, Protozoans include a variety of
unicellular, tiny eukaryotic microbes that are classified under the domain Eukarya. Protozoans
such as Giardia and Cryptosporidium are frequently present in bodies of water, such as rivers
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and lakes, that have been polluted with animal waste or wastewater discharge sites of sewage
treatment facilities [48]. These microbes can cause abdominal pain, nausea, diarrhea,
headaches, exhaustion, and dehydration [34]. Viruses are the tiniest living entities that have the
ability to cause infections and induce diseases. Hepatitis, Noroviruses, Sapoviruses, and

Enteroviruses are frequently detected in freshwater that has been contaminated [47].

2.2 Heavy metals contaminations

Freshwater that is contaminated contains both inorganic and organic pollutants, including
chemical pesticides, laundry detergents, medicinal products and heavy metals. The heavy
metals found in the crust of earth are resistant to deterioration or destruction. Looking at the
periodic table of elements, heavy metals comprise a block of all the metals in Groups 3 to 16
that are in periods 4 and above, encompassing the transition metals, post-transition metals, and
lanthanides [49]. Heavy metals specific gravity and density are higher than 5.0 and 5.0 g/cm?,
respectively. These are called “toxic metals™ due to their intoxicating properties, even at minute
concentrations. Some heavy metals are micronutrients like iron (Fe), zinc (Zn), Cu, cobalt (Co),
and nickel (Ni) but are toxic in excess concentrations. Heavy metals like Cd, As, Cr, Cu, Hg,
Ni, Pb, etc., have contaminated surface and groundwater sources [50]. Heavy metals are often
released into the environment through several human-caused (Industries: electroplating,
mining, leather tanning, etc.) and natural routes (erosion, mineral deposits, weathering of rocks,
and volcanic eruptions), each of which has important implications for both ecosystems and
human health. Heavy metals exhibited detrimental effects on all living organisms. They attach
to and disrupt the operation of crucial cellular processes. The accumulation of non-
biodegradable heavy metals like Hg, Cd, Se, Pb, Fe, Cr, and As in their various oxidation states
by humans and plants causes severe issues with health and the environment [51]. The toxicity
of these hazardous heavy metals depends on the duration and dosage of exposure to live
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organisms. Extended exposure to heavy metals through skin contact, inhalation, and
contaminated food consumption can lead to the emergence of various illnesses in both
individuals and additional creatures [52]. Cr has garnered significant attention among these
heavy metals due to its extensive usage, discharged into the environment, and considerable

health risks, including the development of cancer [53].

2.2.1 Chromium

In 1797, the remarkable discovery of chromium was made by French chemist Louis
Vauquelin. This groundbreaking finding involved the identification of chromium in the
intriguing Siberian red lead ore, also known as Crocoite. The name "chromium” is inspired by
the Greek word "Chroma," which means colour. This stimulation is due to the wide range of
naturally occurring colorful compounds of chromium.

Chromium (Cr; MW =51.99 g/mol) is the 7" most abundant element in the earth’s crust
[54] and has been categorized as one of the topmost pollutants and listed among 13 other major
hazardous heavy metals. India is 4" in the world in terms of yearly chromite production. In
2022, India's chromite production reached 4.2 million metric tons, accounting for almost 10.24
% of the global chromite mining output of 41 million metric tons [55]. Various natural sources
of Cr are plants, animals, volcanic dust, rocks, and gases [56]. In nature, a significant proportion
of Cr exists in the form of insoluble chromites, which get converted to soluble form through
weathering, oxidation, sorption, desorption, dissolution, reduction, and precipitation, adding a
little to the deposits of Cr in water and soil [57]. However, the concentration of Cr is increasing
tremendously in soil and water due to various anthropogenic activities resulting in the
contamination of the environment. The Cr(VI) and Cr(l11) are the most stable oxidation states
of Cr, whereas the others (-2 to +5) are short-lived and degenerate soon [57]. The toxicity of

these two stable oxidation forms of Cr contradicts each other. The trace component Cr(l11) is
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essential for plants and humans [58] and is a growth promoter (not essential) for plants at low
concentrations [59]. It has low mobility and is almost insoluble in water, which renders it less
toxic [60, 61]. However, Cr(VI) is considered a potential carcinogen [62, 63] because of its
excellent solubility in water, high mobility across biological membranes, and strong oxidizing
potential. Moreover, free radicals were produced during the reduction of Cr(VI) to Cr(llI)
inside the plant system [64, 65]. The two ionic species of Cr occur in diverse forms in the
environment. Cr(V1) is found as chromate oxyanions (Cr.04> and Cr.07%), whereas Cr(l1l)

forms complexes of oxides, hydroxides, and sulfates [66-68].

2.2.2 Permissible limits for chromium

Several regulatory agencies have established the maximum allowable chromium
concentrations in potable water and industrial effluent. The World Health Organization and the
Bureau of Indian Standards have specified an acceptable limit for Cr(V1) in drinking water as
0.05 mg/L [38, 69]. The US-EPA recognizes Cr(VI) as hazardous. The US-EPA includes total
chromium in the drinking water standard, with a permissible limit of 0.1 mg/L [46]. The
European Union has set the maximum allowable level of total chromium in drinking water at
0.05 mg/L [70]. The permissible limits of Cr(V1) and total chromium in wastewater generated
from various industries, as set by the Central Pollution Control Board (CPCB, Schedule V1),

are 0.1 mg/L and 2 mg/L, respectively, for discharging effluent in inland surface water [71].

2.2.2 Various sources of chromium

Soil, water, and air are the three main components of the environment. In this way,
there are two categories of environmental pollutants: natural and anthropogenic. Any source of
pollution that is connected to human activity is considered anthropogenic. Chromium often

infiltrates surface and groundwater systems through both natural and anthropogenic sources.
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2.2.2.1 Natural sources

e Chromium is found in nature mainly in two forms: chromite (FeCr.04) and crocoite
(PbCrO4). Chromite ore often possesses a high level of hardness (5.5 hardness on Mohs
hardness index), exhibits a lustrous appearance, and displays a colour resembling steel grey.
The composition of chromite ore can vary, with Cr content ranging from 40 to 68%.
Crocoite is a mineral that displays a vibrant, orange-red colour and has a relatively low
Mohs hardness index of 2.5-3. The chromium element was initially derived from the
crocoite [72]

e Chromium possesses distinct geochemical behaviour in natural water systems. Chromium
is found in natural waters in minute amounts as Cr(111), the predominant form of chromium
in the environment, exhibiting extremely low mobility. Under conditions of intense
oxidation, chromium can exist as Cr(\V1) and persist in polyatomic anionic form as CrO4*
[72].

e Chromium is present in the atmosphere due to mainly two phenomena: windblown sand
and volcanic activity. The global deposition of chromium to soil was estimated to be around

4.6 x 10* metric tons per year, indicating its long-lasting presence in the atmosphere [72].

2.2.2.2 Anthropogenic sources

The sources of chromium caused by human activity include polluted soils, airborne
emissions from industrial activities, and contaminated groundwater. Chromium pollution is
commonly associated with wastewater and sludge generated by various industrial activities,
including metal finishing, chromate manufacturing, electroplating, wood preservation and pulp
production facilities, and textile dyeing and processing industries [16]. These industries are
major sources of harmful chromium residues in freshwater streams, resulting in significant
detrimental effects on animal well-being and indirectly harming aquatic ecosystems. A
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significant portion of the anthropogenic chromium pollution comes from the leather tanning

industrial effluent. In tanning, chromium salts play a significant role in producing high-quality

leather resistant to deterioration [73]. Various physicochemical characteristics of leather

tannery in Dindigul town (Tamil Nadu), electroplating in Panchkula (Haryana), and textile in

Erode (Tamil Nadu) effluents are listed in Table 2.1, and it was found that the value of Cr(tot)

(total chromium) was well above the permissible limit. The efficiency of chromium metal

consumption in the tanning process of leather is only around 60-80%. As a result, the effluent

generated in the tanning industry contains a significant quantity of chromium [74]. The

chromium species in tanning wastes initially exists in less toxic Cr(l11). However, these species

undergo oxidation with time and transform into Cr(V1), which is significantly more toxic [75].

Table 2.1: Physio-chemical characteristics of various industrial effluents [76-78].

TH-3409_176152009

S. Parameters Tannery Electroplating | Textile | Permissible limit as per
No. effluent effluent effluent CPCB for inland
surface water
1. Temperature (°C) 27+0.8 25 - Shall not exceed 5°C
above the receiving water
temperature
2. pH 6.7 £ 0.48 3.2 8.75 55t09.0
3. Turbidity (NTU) 434 + 30 - 89.6 -
4. TDS (mg/L) 19713 + 452 6040 -
5. Alkalinity total as | 1330 = 858 - - -
CaCOs(mg/L)
6. Calcium (mg/L) 561 + 52 - 134 -
7. | Magnesium (mg/L) | 294 +78 - 19 -
8. Sodium (mg/L) 4388 + - 2125 -
2071
0. Potassium (mg/L) | 901 + 628 - 95 -
10. Sulphate (mg/L) 966 + 386 337 190 -
11. | Iron metal (mg/L) 341+ - - 3
0.33
12. Cr(tot) (mg/L) 194+ 35 47 15.52 2
13. Biochemical 2152 £ 93 450 30
oxygen demand 1064
(mg/L)
14. | Chemical oxygen | 5083 =917 561 859 250
demand (mg/L)
15. Total suspended | 2244 + 137 1107 - 100
solids
(mg/L)
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2.2.2 Adverse effects of chromium

Humans need Cr(l11) for the normal breakdown of carbohydrates, fats, and proteins.
Both low and high levels of Cr(111) in the body are destructive. In contrast, Cr(\V1) is 500 times
more hazardous than Cr(l11) [79]. Cr(VI) toxicity is influenced by the route of exposure and
the composition and amount of Cr(VI) compounds. Cr(VI) exerts its toxic effects due to
negatively charged Cr species complexes that can easily pass through cell membranes via the
channel of ionic sulphate. Subsequently, the Cr(VI) undergoes fast reduction to the non-toxic
Cr(111) via biological reducers, including ascorbate and glutathione, leading to the formation of
several harmful reactive intermediates [2]. The detrimental impact of Cr(VI) can result in
various health issues, including respiratory disorders, lung cancer, allergic reactions, and
damage to the digestive organs, liver, and Kidneys. Exposure to materials containing Cr(VI)
through inhalation can lead to respiratory illnesses, including asthma, bronchitis, and
bronchogenic cancer [41]. The human carcinogenicity from Cr(VI) inhaling was widely
recognized [64]. Cr(V1) is classified as a Group A carcinogen and is known to cause cancer
through inhalation, according to the US-EPA [80]. In addition to this, Cr(\V1) is one of 127
substances that the International Agency for Research on Cancer has enlisted in Group 1
(probably carcinogenic to humans) as having the highest potential risk to human health when
present in urban environments [81]. A study found that people living in small villages with
drinking water contaminated by Cr(V1) levels above 0.5 mg/L had a higher mortality rate from
stomach cancer [82]. A mortality study focused on ecology found that water contamination
with Cr(VI) at levels ranging from 41 to 156 pg/L resulted in a notable rise in liver cancer
mortality. The study also revealed elevated rates of lung cancer and malignancies affecting the
kidney and other genitourinary organs in women [83]. A separate study was conducted to
evaluate the negative health impacts on a population that was exposed to elevated levels of
Cr(VI) (=20 mg/L). The findings of this study indicated a small rise in the occurrence of

Page | 20
TH-3409_ 176152009



dermatological and gastrointestinal issues in an area where the groundwater was contaminated

with Cr(VI) [84].

2.3. Methods of chromium removal

Water pollution from human activities can pose substantial environmental and
individual health hazards. Therefore, this polluted water must be treated before being released
into the aquatic streams and land surfaces. Various conventional methods for removing
chromium from contaminated water are adopted in this direction, like Adsorption,
Electrodialysis, Coagulation, Photocatalysis, Chemical Precipitation, Membrane Filtration,

and lon exchange, as shown in Figure 2.1.
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Figure 2.1: Various removal methods of chromium from contaminated water. Adapted and

reprinted from Ref. [85-89].

2.3.1 Electrodialysis

In this technique, ions are transported between solutions using a semipermeable
membrane in the presence of an electric field. Two electrodes are present that are selective in
transporting positive or negative ions. For example, Sadyrbeva achieved a 90 % stripping
degree of Cr(VI) in 4 h from 2.95 mg/L of Cr(VI) solution when it passed through a liquid
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membrane in an electric field [90]. This method achieved a significant reduction in Cr(\V1)
levels, although it does come with substantial capital and operating expenses. One additional

limitation of Electrodialysis is the frequent fouling of membranes.

2.3.2 Photocatalysis

Photocatalysis is initiated by the semiconductor's electron/hole pair, which gives rise to
energy and is simultaneously absorbed by the photon. The hole facilitates the oxidation of
water, resulting in the generation of hydroxyl (OH) radicals. These OH' Radicals attack the
pollutants present in the water [91, 92]. A photoreduction of 94 % Cr(V1) was reported from a
176.5 mg/L aqueous solution using TiO2 photocatalysts at pH 3 and a dosage of 2 g/L within
60 min. This method suffers several drawbacks, including limited visible light usage,
inadequate movement of electrons and holes in semiconductor bands, and fast charge

recombination [93].

2.3.3 lon exchange

Anion exchange-based resin has proven to be highly effective in the removal of Cr(VI).
In the process, OH" ions undergo substitution for Cr ions over the resin bed. The bed was
revived after depletion through a potent base such as NaOH [94]. Gode et al. [95] studied the
removal of Cr(V1) using a tertiary amine group-containing ion exchanger, i.e., Lewatit MP 62
and Lewatit M 610. The Cr(VI) removal % was found to be 95 for both Lewatit MP 62 and M
610, respectively, at a pH of 5.0 and dosage of 1 g within 60 min from 100 mg/L aqueous
solution. A common issue with this technique is the need for frequent regeneration of the ion

exchange bed [96].
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2.3.4 Membrane filtration

This treatment technique is based on filtration through various membranes classified
by their pore size, with names: microfiltration (MF), ultrafiltration (UF), nanofiltration (NF),
and reverse osmosis (RO). MF membranes possess the largest pore sizes (0.1-5 um). UF pore
sizes (0.1-0.001 pm) lie between MF and NF (0.001 — 0.01 pm) membranes. RO has the most
diminutive pore sizes (0.0001 to 0.001 wm) among all the membranes. These membranes can
capture and retain tiny particles, pathogens, and soluble macromolecules like proteins.
Polyamide membranes are commonly employed in the purification of effluents containing
chromium. Recently, Wei et al. [97] synthesized NF by immobilizing 2, 5-
diaminobenzenesulfonic acid into a polyamide layer for Cr(\V1) removal. The prepared NF had
10 % and 30 % Cr(V1) rejection performance at pH 4 and 5 from 10 mg/L of aqueous solution.
The major limitations of this technique are the deposition of solute on the membrane surface
in a large-scale operation and the maintenance/replacement of the membrane filters frequently
to enhance the process efficiency. In addition to this, RO-based filtration is not an economical

approach for large-scale water treatment due to its fouling problem.

2.3.5 Chemical precipitation

The process of chemical precipitation entails the separation of a substance from a
solution through the addition of appropriate chemicals and allowing the resulting precipitate to
settle [98]. The reduction of Cr(VI) to Cr(lll) through chemical precipitants like ferrous
sulphate and lime are widely used for Cr(VI) removal. During the process, Fe?* oxidizes to
Fe3*, and Cr(VI) reduced to Cr(l11). Afterward, lime precipitates the hydroxide of Cr(111) [99].
In a study by Ramakrishnaiah et al. [100] sodium metabisulphite and ferric chloride were used
as a reducing agent to achieve 100 % removal efficiency of Cr(VI) from 1000 mg/L of aqueous

solution. For this, a pH of 2 and dosages of 80 and 100 mg/L were optimized for Cr(VI)
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reduction within 5 min for sodium metabisulphite and ferric chloride, respectively. The method
has several disadvantages: high quantity of sludge production and metal removal efficiency
depend upon pH of the solution. Additionally, this approach is not recommended for metal ion

concentrations that are too low.

2.3.6 Coagulation and Flocculation

Coagulation is the process of adding a coagulant to an aqueous solution in order to disrupt
the stability of colloidal suspension. In Flocculation, polymers are added to assist the
destabilized particles to clump together and make their settlement easy. This can also be
accomplished through gentle stirring, causing the particles to form aggregates termed flocs that
further settle through sedimentation. In a study by Haydar et al. [101] tannery wastewater was
treated with the coagulation-flocculation-sedimentation process by using coagulant alum with
both anionic and cationic polymer as a coagulant aid. The results of the study revealed that C-
492 resulted in the removal of 97%, 93.5%, 36.2%, and 98.4% of turbidity, total suspended
solids (TSS), total chemical oxygen demand (TCOD), and Cr by using the alum combined with
a cationic polymer. Further, removed 99.7%, 96.3%, 48.3%, and 99.7% of turbidity, TSS,
TCOD, and Cr removal by using the anionic polymer and coagulant combination. The optimum
dose of alum and C-492 were reported as 100 and 5 mg/L, respectively. In this technique,
significant limitations are the requirement of several chemicals and a high quantity of sludge

production.

2.3.7 Adsorption

Adsorption involves the removal of pollutants from contaminated water onto a suitable
material through various physical (electrostatic) and chemical (bonds) interactions at the
interface. The process of adsorption can be categorized into two types: physical and chemical.
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This labelling is based on the nature of the forces responsible for the adsorption, whether Van
der Waals or chemical forces, as shown in Figure 2.2. The adsorbent refers to the substance on
which the targeted pollutant is adhered, while the pollutants are known as adsorbate. The
selection of different adsorbents relies on the specific contaminants that need to be eliminated
from the polluted water. Choosing the right adsorbent is essential for enhancing adsorption
efficiency. The adsorption process is a cheap and effective technique for removing
contaminants in low concentrations. Adsorption also offers benefits such as accessibility,
effectiveness, ease of operation, and profitability [102]. The process of adsorption can also be
reversed. By utilizing appropriate alkalis, adsorbate can be desorbed from the adsorbent and
subsequently reused for further adsorption of adsorbate. For higher efficiency of the adsorption,
it can also be carried out in continuous mode (column study). Adsorption is frequently
employed in water treatment operations because of its operational convenience, simplicity, and
lower initial capital requirements. It is also advantageous as it results in minimal or no creation
of hazardous compounds and marginal sludge production. Nowadays, nanoadsorbent
(adsorbent particle size < 100 nm) are extensively utilized for the remediation of water and

wastewater [103].

E.Iectrost.atic = M . 0 Surface
interaction | complexation
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Chemical Physical
precipitation M (OH?*) adsorption

Figure 2.2: Adsorption mechanisms for pollutant removal from water/wastewater. Adapted
and reprinted from Ref. [104].
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2.3.8 Removal of chromium through various techniques from industrial effluents

The removal of electrolytes from salted or pickled hides was first accomplished in the
leather industry by Mellon and associates in 1970 using electrodialysis [105]. Rao et al. [106]
employed electrodialysis to enhance the uptake of Cr from tannery effluent. The findings
demonstrated a notable enhancement in the uptake of Cr following the implementation of
electrodialysis. In addition to Cr, they also eliminated the remaining tanning bath salts. The
hybrid electrocoagulation-electrodialysis technique is capable of completely removing Cr from
tannery wastewater. Electrocoagulation is a pre-treatment technique that prevents the
membrane from clogging during electrodialysis [107].

Cavaco et al. [3] employed chelating exchange resin and weak cationic resin to extract
Cr(111) from the electroplating industry. According to the experiment results, Cr(Ill) was
effectively removed by both resins. In a separate study by Rengaraj et al. [108], an aqueous
solution containing Cr was treated with a cation exchange resin, resulting in a Cr removal
efficiency of more than 95%.

Uddin et al. [109] utilized NaHCOs, CaCO3z and MgO as precipitating agents to
eliminate and recover Cr from chrome tannery wastewater. The maximum removal efficiency
of Cr(l11) was found to be 99.97% for NaHCOz and 99.95% for CaCOs, at pH levels of 8.31
and 8.9, respectively. On the other hand, MgO exhibited the highest removal efficiency of
99.98% at pH 8.91. In a separate study by Kostrzewa et al. [110], precipitation of Cr(I1l) was
performed using solutions containing either 3% or 30% NaOH, 10% Ca0O, 10% NaHCO3 and
10% Na>COs. This solution was used to treat leached out sulfate ions generated from a steel
plant. The analysis showed that a significant portion of Cr(l1l) was successfully precipitated
and separated as a solid. At pH 5, the precipitation yields for NaOH, Cao, and NaHCO3 were

more than 99%, respectively.
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In a study by Amuda et al. [111], FeCls and organic polymer were utilized as coagulants
to remove Cr from beverage industrial wastewater. The FeCls dosages spanned from 0 to 500
mg/L, whereas the polymer dosages ranged from 0 to 100 mg/L. The optimal dosages of total
Cr removal from the wastewater were found to be 300 mg/L for ferric chloride and 65 mg/L
for polymer. The utilization of varying ratios of FeClz and polymer resulted in improved
removal efficiency, specifically achieving a range of 84-97% for total Cr. Another study by
Song et al. [112], utilized FeCls and Al2(SO4)s as coagulants to reduce the concentration of
total Cr in tannery wastewater. The total Cr removal efficiency ranged from 74% to 99% when
the initial concentration was 12 mg/L. This efficiency was optimized at 800 mg/L dose of FeCls
and Al2(SOa)s3) at pH 7.5.

A study conducted by Mohammad et al. [113], examined the recovery of Cr from
tannery effluent using RO technology equipped with a UF unit and was found to have a positive
impact on Cr recovery. Tripathi et al. [114] recovered Cr from tannery effluent using RO. The
Cr recovery achieved through RO treatment was 98.66%. This high recovery rate was

completed within a pH range of 5.6 to 7, at around 25 °C, and under a pressure of 150 psi.

2.3.7.1 Nanoadsorbent

Various researchers have reported the usefulness of nanomaterials as adsorbents in
water treatment due to their larger surface area, reactivity, tiny sizes, and surface-free energy
[115-118]. An enormously high ratio of surface area to volume enhanced the adsorption
efficacy of the nanoadsorbent [119]. A number of studies have been carried out to eliminate
Cr(VI1) from water/wastewater by employing nanomaterials as adsorbents [53, 120]; a few of
them are also enlisted in Table 2.2.

Carbon has the ability to form carbon-to-carbon long chains due to its binding capability
in both straight and complex branching, which enables the double or triple-bond formation and
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collection of atoms in different geometrical arrangements [121]. Carbon nanomaterials have
been widely used for the removal of heavy metals due to their high sorption capacities and non-
toxicity [122]. The synthesized carbon nanotubes (CNTs) by an expensive and advanced two-
stage chemical vapor deposition technique having a diameter ranging from 30-33 nm removed
83% of Cr(VI) from 1 mg/L of metallic solution within 120 min at pH 9 and a 9 mg/mL dosage.
The Qm value of CNTs for Cr(VI) removal as per Langmuir isotherm was 2.49 mg g [123].
Also, Polyethyleneimine-multiwalled carbon nanotube (MWCNTS) polymeric hanocomposite
(PEI-MWCNTSs) having an average diameter of 25 nm, pore volume of 2 x 10 cm®g and
surface area of 1.70 m?/g removed 99% of Cr(VI) from 10 mg/L metallic solution at a dosage
of 2 mg/mL within 60 min and pH < 4. The Qm value of PEI-MWCNTSs for Cr(VI) removal
was found to be 40 mg g*. This prepared nano-composite was reused 5 times by losing only
20 % of its adsorption efficiency [124].

Graphene has a honeycomb network structure and was extracted from graphite, and it
also possesses good mechanical properties, electrical properties, and thermal conductivity
[125]. It was available in many forms, such as graphene oxide (GO) and reduced graphene
oxide (r-GO), and also used for the removal of heavy metals from water/wastewater. GO is the
oxidative product of graphene (prepared by modified Hummer’s method (MHM)), which
contains a variety of oxygen functional groups, i.e., carbonyl and epoxy groups [126]. While
r-GO is the reduction product of GO, having more structural defects than graphene, it can be
easily modified by functional groups such as -OH, -NH>, and -COOH. GOs were combined
with Magnetite (FesO4) nanoparticles (NPs) and functionalized with the different amounts (1.0,
2.0, and 5.0 g) of polydimethyldiallyl (PMDAAC) (denoted as PMDAAC 1.0, PMDAAC 2.0,
and PMDAAC 5.0) to enhance the adsorption process by its long chain of carbon atoms. GO
functionalized with PMDAAC 2.0 (PMGO-2) removed 99 % of Cr (V1) from 70 mg/L metallic
solution at a pH of 4.5 and a dosage of 2 g/L. The Qm value of PMGO-2 was 95.2 mg g [127].
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Another group [128] synthesized GO-based inverse spinel nickel ferrite (GONF)
nanocomposite by the chemical co-precipitation method. The GONF, having dark and shiny
morphology, triangular shape with a surface area of 136 m?/g and average particle size of 37.25
nm, removed 99.6% of Cr (111) from 10 ppm of metallic solutions at a dosage of 0.75 g/L within
120 min at pH of 6. The chemisorption of metal ions on surfaces of GONF exhibited different
surface morphologies compared to bare ones. The Qm values of the nanocomposite were
reported to be 64.10 mg g* Cr (I11) as per Langmuir isotherm, and the nanocomposite was
reused up to 3 cycles by losing only 5% of its efficiency.

IONPs have a large prospective for the environmental remediation of a wide range of
contaminants due to their low cost, ease of manufacture, and modification. IONPs have a high
surface area to volume ratio, superparamagnetism, low toxicity, chemical inertness, and
biocompatibility [129] and can easily immobilize other adsorbents over their surface for
enhanced activities. Fe-based nanomaterials have been explored in many morphologies, such
as NPs, nano-ovals, nanobelts, and nanorings [130-133]. Heavy metal removal through
adsorption on IONPs in agueous solution leads to the aggregation of NPs and competitive
adsorption from other adsorbates. These large aggregates, thus formed in the aqueous solution,
alter their magnetic properties as well as remove different inorganic and organic pollutants
from water/wastewater. This non-dispersion ability of IONPs in aqueous solution can be
reduced by synthesis optimization, reducing surface energy, and surface modification methods
[134]. FesOs NPs is easily separated from water due to their magnetic properties. The most
common method of synthesis of FezOs NPs in the laboratory is sol-gel method [135]. FezOa4
NPs can be synthesized using ferric chloride tetrahydrate and ferric chloride hexahydrate as the
starting raw materials. [136]. Yuan et al. [137] used diatomite-supported and unsupported
FesOs NPs to remove Cr(VI) from synthetic wastewater. The FezOs4 NPs were synthesized
using ferric chloride tetrahydrate and ferric chloride hexahydrate as precursors. The kinetic
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model was fitted to pseudo-second-order Kkinetics. Langmuir equation was best fitted to the
equilibrium data in the above work. In another study, Fe3Os NPs synthesized with
tetramethylammonium hydroxide having spherical particles of 15-30 nm with a surface area of
12.7 m?/g removed 58.4% of Cr(VI) at pH of 2 from 20 mg/L of chromium solution,
respectively at a dosage of 1.0 g/L. The Qm for Cr(VI) removal was found to be 34.9 mg g},
and the synthesized Fe3O4 NPs were reused two times [138]. Also, silane coupling agents were
used to increase IONPs stability and zeta potential. It was reported that FezOs NPs fabricated
on halloysite nanotubes surfaces and modified by 3-piperazinepropylmethyldi-methoxysilane
(KH-108) and anilino-methyl- triethoxysilane (KH-42) removed 81.35% Cr(V1) at pH of 3 and
100% Cr(VI) at pH of 2 from 20 mg/L binary metallic solutions. The zeta potential of both
KH-108 and KH-42 modified NPs varies from 10 to -38 mV in the pH range of 2-10. The Qm
values of KH-108 modified NPs for Cr(VI) removal as per Langmuir isotherm were reported
to be 59.90 mg g* at 308K [139].

Surface modifications by attaching different organic molecules/inorganic shells for
preventing IONPs oxidation have been explored [140-143]. Functional groups like -COOH
and —NH2 groups are found to increase their stability, adsorption efficiency, and surface area
for chelating metal ions from water/wastewater [144]. Recently, —-NH> functionalized (FezOas-
NH2) NPs were formed with enhanced surface area due to the grafting of amino groups over
its surface. These prepared Fes04-NH2 NPs removed 97.94% Cr (V1) from 1 ppm metallic tap
water at pH 6.6. The Qm values for the Cr (V1) removal as per Langmuir isotherm were reported
to be 222.12 mg g* [145]. A distinct study concluded that —NH; functionalized FesO4@SiO--
NH2 showed good solvent dispersion ability and magnetic property. In addition [146], Fe3O.-
NH2 NPs exhibited excellent rapid chelating properties for metal anions and optimally removed
Cr (1V) from 600 ppm metallic solution at pH 6. The Qm values for Cu (I1) an Cr (IV) removal
as per Langmuir isotherm were reported to be 11.24 mg g*. In another study, aminated FesO4
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NPs having an average size of 50 nm were filled into chitosan/polyvinyl alcohol nanofibers to
form a nonporous membrane over polyethersulfone. The synthesized membrane of 60 + 5 um
thickness was found to have optimal removal of Cr(VI) at pH of 2 from 20 mg/L individual
metallic solutions with an adsorbent dosage of 0.5 mg/L, respectively. At lower pH values,
electrostatic interaction occurred between the amine and hydroxyl groups on the nanofibrous
membrane and chromium anions, i.e., Cr,07% and HCrO*. The Qm values for Cr(VI) removal
were found to be 525.8 mg g* [147]. A cationic surfactant cetyltrimethylammonium bromide
(CTAB) was also used to cap FesOs NPs through the electrostatic interaction (OH—--NH4")
between surface hydroxyl groups of FesO4 and the ammonium groups in CTAB (Figure 2.3).
These modified NPs showed enhanced removal (95.77%) of Cr(V1) at pH 4 and dosage of 12
mg/mL from 100 mg/L metallic solution as compared to uncapped NPs (74.49%). Cr(VI)
adhered to the ammonium functional groups present on the surface and was reduced to
insoluble Cr(I1l) hydroxide [148]. The —NH> functionalization, as scrutinized in the above
examples, elucidates that —\NH> functionalization incorporates high surface area and alters the

surface charge over the Fe-based NPs to enhance their adsorption capacity.

Fe (II)

Fe (11I)

Cr (V1) Cr (111)

Cr (V1) reduction
8 "G

Figure 2.3: Adsorption of Cr(VI) on the surface of CTAB coated Fe3O4 NPs. Adapted and

reprinted from Ref. [148].
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In another study [138], FesO4 NPs synthesized with tetramethylammonium hydroxide
having spherical particles of 15-30 nm with a surface area of 12.7 m?/g removed 58.4% of Cr
(VI) and at pH of 2 in 10 ppm of chromium solution, at a dosage of 1.0 g/L. The Qm values for
Cr (V1) removal were found to be 34.9 mg g%, and the adsorbent was effectively reused twice.
Hematite (0-Fe203) NPs, as a photocatalysts, also have very good efficiency for metal removal
in water. Recently, Wang et al. [149] revealed that -OH a-Fe2Os NPs synthesized by the
solvothermal method with an average particle size in the range of 11-27 nm were found to
remove Cr (VI) in 20 ppm metallic solution at a dosage of 0.5 mg/mL under photocatalytic
activity and enhance removal efficiency from 24.8% to 70.2% due to synergetic effect. IONPs

appear to follow the right path, making them suitable/potential candidates for Cr(VI) removal.
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Table 2.2: Various Nanoadsorbent utilized for Cr(VI) removal.

TH-3409_176152009

S. Adsorbent Synthesis method Qm Optimized conditions | Isotherm | Ref.
No. NPs Composites (mg g?) fitted
1. Magnetic iron—nickel oxide Co-precipitation - 30 pH-5, Dosage-3-6 Langmuir | [150]
mg/mL, reusable upto 4
cycles
2. 8-FeOOH-coated y-Fe 03 Sol-gel - 25.8 pH-2.5, Temperature-25 | Langmuir | [151]
magnetic NPs °C, Dosage-5 mg/mL
3. Amino-modified Fez04 Co-precipitation Diethylenetriamine 11.24 pH-2, Dosage-2.6 Langmuir | [146]
magnetic NPs mg/mL, Contact time-
60 min
4, Magnetic Fe30s@SiO»- Solvothermal Crosslinking 336.7 pH-2, Dosage-0.5 Langmuir | [152]
chitosan mg/mL, Contact time-
1440 min
5. Polypyrrole/FesO4 magnetic Polymerization | Insitu-polymerization 243.9 | pH-2, Initial metal cone | Langmuir | [153]
nanocomposite 200 mg/L
6. Magnetic graphene oxide Co-precipitation Microwave-plasma 258.6 pH 2, Contact time-20 | Langmuir | [154]
foam/Fes04 nanocomposite chemical vapor min
deposition
7. Core-shell magnetic Fe304 Solvothermal 246.09 pH-2, Dosage-0.1 Langmuir | [155]
@poly(m-Phenylenediamine) mg/mL, reused up to 6
times
8. Magnetic chitosan beads Co-precipitation Cross-linking 69.4 pH-4, reusable up to 10 | Langmuir | [156]
cycles
9. Fes0s@C@MgAl-layered Hydrothermal Modified by AIOOH 152 pH-6, Dosage-1 mg/mL, | Langmuir | [157]
double-hydroxide through sol-gel Contact time- 60 min,
method reusable up to 6 cycles
10. | Humic acid coated FesO4NPs | Co-precipitation Humic acid 3.37 pH-4, Dosage-10 Langmuir | [158]
mg/mL
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11. Mesoporous Hydrothermal Organic-inorganic 244.5 pH-2, Dosage-0.5 Langmuir | [159]
polydopamine/titanium dioxide self-assembly method mg/mL, Contact time-
composite nanospheres 35 min
12. | Titanium oxide-Ag composite Hydrothermal Facile solution route 25.70 pH-2, Contact time-35 | Langmuir | [160]
min, reusable up to 4
cycles
13. | Magnetic titanium nanotubes Hydrothermal Phosphorene 35 pH-9, Dosage-0.8 - [161]
coated phosphorene mg/mL, reusable up to 5
cycles
14. RGO/Nickel oxide Modified Dissolve in hydrazine 198 pH-4, Dosage-0.33 Langmuir | [162]
nanocomposites hummers hydrate solution mg/mL, Temperature-
method 25°C
15. | Gallium-doped zinc oxides NPs | Co-precipitation - 66.36 pH-3.0, Contact time- | Langmuir | [163]
760 min
16. Titanium dioxide NPs Co-precipitation - 21.92 pH-4, Dosage-0.1 Langmuir | [164]
mg/mL
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2.4. Approaches of IONPs Synthesis

In the last decades, the development of IONPs was done by numerous
researchers for Cr(VI) removal [165, 166], and many reports have found various ways to
produce control shape, high solvent dispersion, bioactive and stable IONPs [167, 168].
Numerous methods for synthesizing IONPs are available, like Co-precipitation, sol-gel,

hydrothermal, thermal, sonochemical, etc.

2.4.1 Co-precipitation method
The co-precipitation method is the simplest method to obtain magnetic particles. The
NPs were synthesized by oxidizing the formed ferrous hydroxide suspensions [141] and aging
Fe2* and Fe®*" hydroxides to form homogeneous spherical FesOs NPs [169]. The Fe precursor
used of different salts, the Fe?* and Fe3* ions ratio, pH, temperature, and ionic strength decide
their physical features [170]. IONPs (FesOas or y-Fe203) are usually prepared using precursors
with both Fe?* and Fe3* ions, as shown in (1). The preparation of FesO4 NPs follows the below
chemical reaction:
Fe?* 4+ 2Fe3* + 80H™ - Fe; 0, + H,0 (2.1)
The formation of FezO4 should be expected under alkaline conditions with pH ranges
between 8 and 14. Also, the reaction should occur in a non-oxidizing environment with a
stoichiometric ratio of 2:1 between Fe?* and Fe®'. Nevertheless, the prepared NPs were
oxidized to form Maghemite (y Fe20z3), as shown in (2).
Fe;0,+ 2H' - yFe,05 + Fe?* + H,0 (2.2)
The method produces particle sizes of various distribution ranges. Kang et al. [171]
synthesized monodisperse, FesO4 NPs of spherical shape with a diameter of 8.5 + 1.3 nm, 0.5
ratios of Fe?*/Fe* precursor in stoichiometric ratio, and a pH of 11-12. The dispersion of the

Fe30s NPs can be enhanced by aeration of y-Fe2O3 suspension in solutions [170]. lida et al.
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[172] also prepared FesOs NPs by varying ferrous and ferric salts at various ratios and with
base 1,6-hexane diamine. The study revealed that variation in the ratio of Fe?*/Fe** enhanced
the Fe3O4 NPs particle size from 9 to 37 nm due to the formation of large-sized hydroxides.
Small-sized NPs were formed by increasing the medium pH value and ionic strength [173].
The above parameters affect surface complexity and the zeta potential value of the particles
[174]. In the preparation of FesO4 NPs, temperature also plays a crucial role, below 60°C
reaction temperature, Fe2O3z was formed, while above 80°C favors the formation of Fe3s04 from
iron oxide precursors [175, 176] Oxidation during the synthesis was prevented through
nitrogen gas bubbling. Furthermore, N2 purging formed smaller particles compared to another
method without oxygen removal [175, 177].
The main advantages of this process are:
e Atatime, the quantity of synthesizing NPs is substantial
e The reaction temperature is on lower side due to the homogeneous mixing of the formed
precipitates
e Low-sintering reactive powders of fine metal oxide synthesis are done in a simple way
The main disadvantages of this process are:
e High purity, accurate stoichiometric phase of the synthesized particles is not achieved
through the process
¢ Different solubility and precipitation rates of the reactants affect the particle formation
¢ Not having a common condition for the synthesis of particles
e The synthesized particles tend to agglomerate due to their small size, which causes high

surface energy
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2.4.2 Sol-gel method

The process involves gel formation through the wet-chemical technique that utilizes
either a chemical solution or colloidal particles. The hydrolysis of the precursor in solution
formed a nanoscale “sol.” Additionally, condensation and polymerization lead to a metal oxide
network denominated as “wet gel.” The reactions are carried out at room temperature.
Therefore, calcination is done to achieve the ultimate crystalline state [178, 179]. From past
studies [180], it was well established that gel properties solely depend upon the ‘sol’ formed
during the process. The process kinetics depend upon the growth of reactions, condensation,
and hydrolysis. However, the assembly of the synthesized particles depends upon the solvent
used, reaction temperature, concentration of metal precursors engaged, agitation, and pH [181].
For example, Takai et al. [182] synthesized FesO4 NPs by combining sol-gel with vacuum
annealing at 200-400°C. Results showed that various sizes of FesO4 NPs could be obtained by
simply varying the calcination temperature. Also, the material's magnetic property is enhanced
with an increase in the particle size in terms of saturated magnetization value (Ms). Lemine et
al. [135] also synthesized FesOs NPs using a modified sol-gel route method. The method
included ethanol as a solvent for iron precursor, which was placed in an autoclave after 15 min
of stirring and dried under supercritical conditions of ethanol. XRD results also revealed that
prepared FesOs NPs of pure and single phase without impurities and also peaks are very broad
which indicates the formation of very fine particles in the nanoscale range TEM result explored
the formation of 8 nm size of FesO4 NPs. Recently, Gao et al. [183] synthesized sol-gel process-
based amphiphilic magnetic nanocomposites. In the process, hydrophilic, hydrophobic N-
octyltrimethoxysilane and 3-aminopropyltriethoxylsilane were used to modify FesOs NPs
through one-step sol-gel method and make them both hydrophobic as well as hydrophilic in
nature. This hydrophilic nature of FesOs4 NPs makes them quickly disperse in the aqueous
solution. The prepared NPs were also used to remove Phthalate esters (PAE) from a different
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aqueous solution of various concentrations of PAEs. The PAE was adsorbed through
hydrophobic interaction on octyl chains on the prepared NPs.
The main advantages of this process are:
e The prepared NPs are of better homogeneity and purity
e The gel state of the process enhances the geometric complexity of the materials
e Thin bond coating of the metallic substrate with different materials can be
accomplished through this route
The main disadvantages of this process are:
e The produce NPs have high permeability, weak bonding, hard porosity control, and low
wear-resistance

e The extra time required for sintering of the materials to achieve their crystallinity

2.4.3 Hydrothermal/Solvothermal method

The synthesis refers to the production of IONPs through various chemical reactions
occurring in a sealed autoclave at pressure and temperature higher than normal. When a solvent
other than water is used to conduct the synthesis, the term "Solvothermal method" is used
instead of "Hydrothermal method." The pressure and temperature values can be as high as 2000
psi and above 200°C [170]. Oxidation and Hydrolysis of metal oxide mixtures took place in
this process. The control of particle size is through grain growth and nucleation rating. For
example, Zhang et al. [184] synthesized the necklace-shaped superstructures self-assembled
by FesO4 NPs coated with poly (vinyl pyrrolidone) (PVP) through the hydrothermal method.
The prepared nanostructure consists of an 80 nm size of FesO4 NPs. The sample exhibited a
ferromagnetic behaviour with Ms value of 51.0 emu g™. In another study by Shibing et al.
[185] well-dispersed FesO4 NPs of size 160 nm were produced without sodium sulphate. The
electrochemical properties of the synthesized FesO4 NPs as cathode electrodes of lithium-ion
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battery was studied through charge/discharge tests and showed a discharge capacity of 1267
mA h g* at a current density of 0.1 mA cm. Wang et al. [186] prepared water-soluble FesOx
NPs by conventional one-pot hydrothermal method. A 40 mL mixture was formed in the
process, which contains 0.2 mmol of FeClz 6H20 and 4 mmol sodium citrate. Further, 0.3 g of
polyacrylamide (PAM) and 0.5 mL of ammonia (13.2 mol L) were added to the above mixture
under continuous stirring at 25°C. The prepared mixture was placed in a Teflon-lined autoclave
for 12 h at 200°C. The synthesized NPs were found to remove Cr(VI) from the agueous
solution. The NPs were found to have 28 mg/L of water solubility at 18°C for at least 1 month.
The main advantages of this process are:
e Solubility of the material can be achieved through accurate solvent by heating and
pressurizing the system closed to its critical point
e Easy production of various states of the products, i.e., metastable state, intermediate
state, and specific phase
e Easy control of the synthesized product's shape distribution, size, and crystallinity
through altering reaction factors like precursor type, type of solvent, reaction
temperature, etc.
The main disadvantages of this process are:
e Required an autoclave separately for the synthesis

e The reaction takes place at high temperatures and pressure. Therefore, safety is an issue

2.4.4 Thermal decomposition method

The iron precursors were decomposed in hot organic surfactants, and samples of
effective size, fine-size dispersal, crystallinity, and water-soluble IONPs were obtained [169].
IONPs with good dispersion ability and fine size can be attained by decomposition of
precursors at a higher temperature, such as [Y?" (at)a ], (Y= Co, Ni, Fe; a=2 or 3, at =
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acetylacetonate), M" (C)n (C as N-nitrosophenyl hydroxylamine and using organic solvents
like fatty acids [175]. Alivisatos and co-workers [187] reported that at 250°C-300°C,
inoculating solutions of FeCls in octylamine formed long-chain amines, which resulted in the
synthesis of y-Fe2O3 NPs. The synthesized NPs were found to have good dispersion ability,
high crystallinity, and a size of 4 to 10 nm. [188]. Monodisperse Fe304 NPs were prepared at
high temperature (265°C), with sizes ranged from 3 to 20 nm. The size of NPs was control by
thermal decomposition and using huge quantities of surfactant and organic solvents. Thermal
decomposition of metal organic precursors leads to the formation of metal NPs, but oxidation
in this process can develop monodisperse oxides of metal.
The main advantages of this process are:
e Enables simple adjustment of the shape, size, and composition of the synthesized NPs
e Creation of almost uniformly sized NPs
The main disadvantages of this process are:
e Required high temperature for synthesis
e Involvement of organic solvents in synthesis makes it less suitable for biological

applications

2.4.5 Sonochemical method

This method has been used as a competitive method for the abovementioned [175]. The
effects of ultrasound arise from acoustic cavitation, causing the breakdown of bubbles in the
liquid. The temperature and pressure for the bubble to collapse are generally designed at 5000
K and 1000 bar, respectively. Typically, the volatile liquid of low vapour pressure generates
this liquid bubble. Titanium horn is irradiated with an ultrasound probe that operates at 20 kHz
[181]. Researchers applied this synthesis method for the preparation of IONPs and several
nanocomposites [189]. Vijayakumar et al. [190] reported a particle size of 10 nm of FezO4
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powder through a sonochemical method. The NPs obtained are superparamagnetic and have a
< 1.25 emu g'* magnetization. The prepared NPs were agglomerated, amorphous, and porous.
For example, iron carbonyl was sonicated in decalin to form an amorphous iron powder [152,
153] and found to have a 120 m? g** surface area. The powder was annealed at 350°C, and 50
nm particle size was obtained [181]. Kim et al. [191] synthesized FesOs NPs using co-
precipitation and sonochemical methods. The results revealed that particle synthesizing with
the sonochemical method results in higher crystallinity and Ms values.

The main advantages of this process are:

e Enhances the rate of reaction

e The process involves high energies and pressures within a short time frame

e No additives are required

The main disadvantages of this process are:

e Low production of the synthesized NPs

e Inefficient energy

This study primarily examines the implications of bioinspired IONPs in eliminating Cr(V1)
from aqueous solution. The following sections comprehensively review the most significant

research on the bioinspired synthesis of IONPs.

2.5. Bioinspired/Green Synthesis of IONPs

The chemical synthesis of IONPs is done in the presence of different reactive and toxic
chemicals, such as borohydrates and hydroxides, which cause innumerable impacts on the
surrounding environment animal and plant life [192, 193]. Hence, there is a vital requirement
for environment-friendly methods for the synthesis of IONPs. A few of the main advantages
of green synthesis over the conventional chemical synthesis methods include (a) environmental

benign analytes, (b) less energy-intensive, and (c) use of renewable resources [194].
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In green synthesis, a large variety of biological sources like bacteria, fungi, and plant part
extracts are utilized for the synthesis of NPs [195]. Microorganism-based protocols of NPs
synthesis have been used by various researchers, while plant-based synthesis is in trend over
the past few years [196]. The duration of metal salts reduction into nano-scale is more rapid in
plant extracts-based synthesis protocols than in microbes-based methods [197]. Polyphenolic
(PPs) constituent of plant extracts has been the area of prime interest due to their congenital
chemical characteristics. PPs constitute a broad range of biomolecules, from alkyl aldehydes

to alcohols [198].

2.5.1 1ONPs using plant extract

Plants have emerged as the most promising creatures for the efficient production of
IONPs in recent years, owing to their ease of availability, low cost, and benign nature. The
phytochemicals present in plants contribute to a decrease in the size and stabilization of the
formed IONPs. Phytochemicals, including polyphenols, flavonoids, amino acids, alkaloids,
terpenoids, and tannins, are found in varying concentrations throughout different parts of a
plant [199]. During the IONPs synthesis procedure, the formation of NPs is initially indicated
by a colour change resulting from the reduction of Fe metal salt precursor by phytochemicals
present in the prepared plant extract. This bioinspired reduction also serves as a stabilizing
agent for the synthesized IONPs. The key active agent in the synthesis of metal NPs are PPs,
which are readily present in various parts of plants (e.g., tea, red grape) like leaf, seed, stem,
and root [200, 201]. Routinely, PPs are used by plants for their defense against ultraviolet
radiation and pathogens in the surrounding atmosphere. PPs extract from green tea comprises
mainly four catechins: epigallocatechin gallate (EGCG), epigallocatechin, epicatechin gallate,

and epicatechin. EGCG constitutes almost 50-80 % of the catechins [202].
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Wang et al. [203] synthesized nano zero valent iron NPs (nZV1) by using extracts of

green tea (GT) and eucalyptus leaves (EL). The synthesized GT-Fe and EL-Fe NPs were quasi-
spherical in shape with a diameter ranging from 20 to 80 nm. These synthesized NPs were
found to be less aggregated as compared to chemically prepared NPs as observed using
scanning electron microscopic (SEM). Condes et al. [204] also synthesized IONPs by using
the extract of GT leaves. The prepared NPs were found to be quasi-spherical in shape with a
size of less than 80 nm. Carvalho et al. [205] developed a green catalyst of IONPs by using
extracts of Camellia sinensi. Both black tea (BT) and white tea (WT) were used for the
synthesis of BT-Fe and WT-Fe catalysts. The prepared catalysts were irregular, with a dense
agglomeration of Fe/PPs. Further, both the prepared NPs were supported over SiO2, Al>O3,
CeO, and ZrO> surfaces to reduce the aggregation of the particles.
Similarly, Chrysochoou et al. [206] used GT, BT, and Oolong tea (OT) extracts for the
synthesis of IONPs. The NPs prepared from all three GT, BT, and OT extracts were spherical
with a diameter ranging from 40-50 nm. The IONPs synthesized from GT extracts showed less
particle aggregation than BT and OT extracts due to the higher concentration of PPs/caffeine
in GT extracts. Similarly, the surface area of the synthesized NPs was found to be the highest
in GT extract, i.e., 5.8 m?g, than in OT and BT extracts, which were 5 and 2.6 m?/g,
respectively.

The formation of IONPs under various atmospheric conditions was also found to affect
the innumerable physiochemical aspects of the synthesized NPs. Recently, Lin et al. [207]
developed IONs by using GT extracts as a reducing agent under nitrogen (N2) and oxygen (Oz)
atmospheres, respectively. The spherical NPs synthesized under the N2 atmosphere were found
to be less aggregated and smaller in size (95 nm) than the O, atmosphere (167 nm) due to the

capping of NPs in the non-N> atmosphere as observed by SEM. Also, the binding energy peaks
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as exposed by X-ray Photoelectron Spectroscopy at 706 eV in N2 and 530.7 and 532.8 eV in
O atmosphere confirmed the formation of Fe® and Fe-O, respectively.

Apart from GT leaf extracts, various researchers have explored the synthesis of IONPs
using leaves of other plant extracts, as illustrated in Table 2.3. In a study by Makarov et al.
stable IONPs were synthesized using Rumex acetosa and Hordeum vulgare plant leaf extracts.
The biochemical characteristics of both the extracts, like pH, the concentration of protein, and
reducing metabolites, were done, and it was found that plant extracts having low molecular
weight components are suitable candidates for IONPs synthesis. IONPs synthesized by using
Rumex acetosa extracts were well dispersed and 30-40 nm in diameter. In the case of IONPs
prepared by using extracts of Hordeum vulgare, aggregation of particles was found within the
initial 1 hour of reaction. The citrate buffer was used to make these NPs stable for upto 1 week
after the synthesis. pH played an important role in terms of stability of the synthesized NPs,
which were found to be more stable at a low pH, i.e., R. acetosa extract (pH 3.7) and H. vulgare

extract (pH 5.8), as shown in Figure 2.4 [208].
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Figure 2.4: Stability of synthesized IONPs by using R. acetosa extract (pH 3.7) and H. vulgare

extract (pH 5.8) extracts. Adapted and reprinted from Ref. [208].
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Table 2.3: Influence of plant sources on the synthesis of various nZV1 and IONPs.

S.No | Nanoparticles Plant used Morphology and size | Reference
1. nZVI Camellia sinensis Spherical, 5 to 15 nm [209]
2. nZVI Pomegranate, Spherical, 10 to 30 nm [210]

Mulberry and Cherry
3. nZVI Camellia sinensis Spherical, 70 nm [211]
4. FesO4 Stevia Spherical, <25nm [212]
5. FesO4 Soya bean Spherical, 8 nm [213]
6. FesOq4 Camellia sinensis Spherical, 40 - 60 nm [214]
7. FesOq4 Dolichos lablab L. Spherical, 12.5 nm [215]
8. Fes0q4 Kappaphycus alvarezii Spherical, 16.5 nm [216]
9. Fe304 Padina pavonica Spherical, 10 to 19.5 [217]

(Linnaeus) and nm and 21.6 to 27.4

Sargassum acinarium. nm

10. Fe-PPs Eucalyptus Cubic, 40-60 nm [218]
tereticornis

Eslami et al. [219] developed nZVI using leaf extracts of Myrtus communis as a
reducing agent for reducing Fe metal salts to form the desired NPs. The reduction of Fe(lll)
precursors under alkaline conditions formed nZV1 due to the formation of hydrolyzed products
of the tannin compound (Tellimagrandin 1) present in the leaf extracts, as shown in Figure 2.5.
These hydrolyzed products of the tannin compounds, i.e., glucose gallic acid and ellagic acid,
tend to reduce the Fe(lll) to Fe(ll) and subsequently Fe?* to Fe®. The hydroxyl (-OH) and
carbonyl (-C =O) groups present in the PPs acted like hard and soft ligands, respectively. The
hard ligands (-OH) reduced the metal precursors, and consecutively, soft ligands (-C=0)
capped the synthesized NPs as per the hard-soft acid-base (HSAB) theory. The microscopic
images of nZV1 found that NPs were spherical with a diameter ranging between 20 to 40 nm
and surrounded by a transparent organic layer of phytochemicals to prevent the aggregation of
particles. The capping of biomolecules from the leaves extract over nZV1 was found to decrease

its zeta potential value from -2.43 (uncoated nZVI) to -22.4 mV.
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Figure 2.5: Reaction mechanism of hydrolyzable tannin-based reduction of Fe salt. Adapted and

reprinted from Ref. [219].

2.5.2 10ONPs using Microorganism

The application of microorganisms in synthesizing IONPs has attained considerable
attention in recent years, mostly due to its several advantages over traditional chemical
methods. There are various microbes, like bacteria, algae, and fungi, that are extensively
employed for the synthesis of IONPs. The microorganism-based synthesis is classified into two

categories: intracellular and extracellular. The intracellular process involves the uptake of
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metal ions into microbial cells, leading to nanoparticle formation in the presence of
biomacromolecules. The extracellular approach involves the reduction of precursors by
enzymes, proteins, cell wall components, and other metabolites present in the culture medium
to form nanoparticles [220]. Most of the studies employed the latter method for synthesizing
IONPs. Different microorganisms like bacteria, fungi, and algae, which were reported for the

synthesis of IONPs, are discussed below:

2.5.2.1 Bacterial-based synthesis

Nowadays, bacterial-based synthesis has been extensively used to produce IONPs due
to its eco-friendly and sustainable nature [221]. Both gram-negative and gram-positive
bacterial strains performed this approach of IONPs synthesis. Several researchers have
employed bacteria as nano-scale production facilities for IONP synthesis [222]. Crespo et al.
[223] reported the intracellular and extracellular synthesis of IONPs by utilizing gram-negative
E.coli and Pseudomonas aeruginosa strains, respectively; for the intracellular activity, 15 mL
of bacterial culture was incubated with different Fe metal salts, such as (ImM and 10 mM)
FeSO4, 1 mM FeCls, and 1 mM iron citrate (C12H1sFes014) at pH 6.5 for 2 days. Subsequently,
for 30 min, the solutions were sonicated and centrifuged for 5 min at 8500 rpm. However, in
the case of extracellular synthesis, the culture of bacteria was spun in a centrifuge, and resultant
supernatant was mixed with Fe precursor salts, such as FeSQOs, FeCls, and iron citrate of varied
concentrations (1 and 10 mM) at different pH (6.5 and 9). The average sizes of the produced
IONPs ranged between 23-24 nm. In a separate study [223], E.coli was employed to synthesize
IONPs. The IONPs synthesis included mixing the bacterial supernatant with 1 mM FeSO4 for
48 h at a pH of 6.5 and temperature of 37°C. The produced spherical IONPs were found to
have an average size of 18 £ 2 nm. Desai et al. [224] synthesized magnetic IONPs with an
average size ranging from 10-20 nm using Pseudomonas stutzeri KDP_M2. The IONPs
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synthesis involved a 96 h incubation of 100 mL bacterial culture supplemented with 0.5 mM
ferric quinate (C14H19FeO12) at pH 9 and temperature of 37°C.

Likewise, gram-positive bacterial strains have also been explored for the synthesis of
IONPs. In a study by Daneshwar et al. [225], three gram-positive bacteria viz. Bacillus
pasteurii, Bacillus subtilis, and Bacillus licheniformis were used to biosynthesise ammonia and
bio-surfactant for IONPs production. Initially, bacterial cells were inoculated with Potato
Dextrose Agar (PDA) media for 36 h at 35°C and 150 rpm. Subsequently, in broth medium,
calcium chloride (40 g/L) and urea (30 g/L) were added and the flasks were placed back in the
shaker incubator for an additional 96 h to produce ammonia through urease activities.
Afterwards, the Fe precursors, 1 M FeCl; and FeCls were added in a ratio of 1:2.5 (v/v) to the
bacterial mediums for IONPs synthesis. The formed IONPs attained a rhombohedral structure
in the cases of Bacillus pasteurii and Bacillus subtilis strains. Dynamic light scattering analysis
revealed the sizes of synthesized IONPs as 37.4 nm, 53.5 nm, and 98.17 nm, using Bacillus
pasteurii, Bacillus subtilis, and Bacillus licheniformis strains, respectively. Another group,
Hajiali et al. [226], reported the synthesis of IONPs using a gram-positive strain of Bacillus
megaterium. The grown bacterial culture of Bacillus megaterium was mixed in a ratio of 1:1
(v/v) with 0.1 M FeSOg4 at 25°C to produce IONPs. The diameter of synthesized spherical
IONPs was found to be in the range of 20-30 nm. In a separate study [227], IONPs were
synthesized using auxin produced from the bacterium supernatant of Paenibacillus polymyxa.
The IONPs were synthesized by mixing auxin at a 50 pg/mL concentration with 2 mM
FeCls-6H20 over a water bath sonicator for 5 h at 45°C. The synthesized spherical IONPs

exhibited an average diameter of 26.65 nm.

As mentioned above, the studies inferred the formation of stable and smaller-sized NPs
at more extended incubation periods. The various functional groups like alkyl, hydroxyl, and

amine are responsible for reducing and capping agents to form IONPs.
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2.5.2.2 IONPs using Fungi

Heterotrophic eukaryotes like fungi are abundant throughout the biosphere, even in the
most inhospitable conditions like deep-sea sediments, deserts, and highly salty areas [228].
Fungus has some extraordinary properties over other organisms like bacteria and algae. These
benefits include the production of extracellular enzymes, a strong binding capability to cell
walls, huge biomass-generating capacity, and the ability to utilize economical raw materials
for growth [229]. Fungi are more environmentally viable, metal tolerant, and easy to scale up
[230]. Therefore, nowadays, many researchers employ fungi to synthesize IONPs. Various
metabolites, like polysaccharides, alkaloids, triterpenoids, fatty acids, vitamins, and minerals,
bio-reduce metal precursor salts to nanoscale materials.

In a study by Chatterjee et al. [231], IONPs were produced using Aspergillus niger
BSC-1 of manglicolous origin. The fungus culture was incubated at 120 rpm for 10-12 days at
28°C. Consequently, fungal mycelia were separated utilizing the Whatman grade 1 filter paper
and added to iron precursors of FeCls.6H20 and FeSO4.7H20 in the ratio of 2:1 (v/v). Further,
the prepared mixture was incubated under dark conditions for 3 h at 28°C for the formation of
IONPs. The size of synthesized IONPs varied in the range of 20 - 40 nm. Mahanty et al. [232]
synthesized IONPs using filamentous manglicolous fungi, namely STSP 27 (Fusarium
incarnatum), STSP10 (Trichoderma asperellum), and STSP 19 (Phialemoniopsis ocularis).
The fungal cell filtrates were mixed in a 2:1 molar ratio of Fe precursors (FeCl. and FeCls)
solutions for 5 min, which prompted the formation of IONPs. The average diameters of
synthesized IONPs were found to be 30.56 + 8.68 nm, 25 + 3.94 nm, and 13.13 + 4.32 nm
using the filtrates of Fusarium incarnatum, Trichoderma asperellum, and Phialemoniopsis

ocularis, respectively.

Alamilla et al. [233] utilized the biomass of Alternaria alternata fungi to synthesize

IONPs. The filament fungus was incubated at 30°C for 5 days at 150 rpm for the production of
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biomass. Fe precursor (FeSO4; 1mM) was added to this culture and incubated at 45°C for 3
days at 150 rpm for the formation of semi-oval and spheroid IONPs with sizes ranging between
10 to 80 nm. Mohamed et al. [234] utilized the biomass of Alternaria alternata fungus to
produce IONPs. The fungal biomass was produced in a liquid medium at 28°C and 150 rpm
for 72 h. Afterwards, the filtrate media was mixed with 1mM of Iron nitrate (Fe(NO3)s3) for the
synthesis of IONPs and again incubated at the above-mentioned conditions under dark. The
synthesized cubical IONPs attained particle sizes in the range of 5.1-12.1 nm. In a separate
study [235], the IONPs were synthesized using the biomass of fungi Fusaium oxysporum. The
Fusarium biomass was incubated at 28° C and 180 rpm for 5 days. The obtained cellular-free
extract was mixed with 1 mM FeClz and allowed to incubate in the dark for an entire night at
28°C and180 rpm to facilitate the development of IONPs. The result showed the formation of

spherical IONPs with particle sizes ranging between 2.5-20 nm.

2.5.2.3 Algal - based synthesis

Due to being rich in polymeric molecules, mainly polysaccharides, algae biologically
reduce metal ions to produce flexible forms. Algal extracts typically contain a variety of
ingredients, including minerals, proteins, carbohydrates, polyunsaturated fatty acids, and
pigments (e.g., carotenoids, chlorophylls, and phycobilins). Other bioactive materials, such as
antioxidants (tocopherols and polyphenols), also serve as stabilizing and reducing agents in the
synthesis of IONPs. Owing to these combined properties, algae were applied as model
organisms in the environmentally benign synthesis of IONPs.

Bhukal et al. [236] reported the synthesis of IONPs using Spirulina biomass. The
washed Spirulina powder was added to 120 mL of deionized water, and a homogenous solution
was formed. 1M FeCls was added to this algal supernatant in a ratio of 1:1 (v/v) and mixed for
2 h at 75°C to synthesize IONPs. The synthesized IONPs have non-uniform particle structures
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with an average size of 28.5 nm. El-kassas et al. [237] utilized two types of seaweed, viz.
Sargassum acinarium (Linnaeus) and Padina pavonica (Linnaeus) Thivy Setchell 1933 were
utilized for the production of IONPs. The synthesis of IONPs using both the algae was
performed in two steps: first was algal extraction in which freeze-dried algal samples,
approximately 1 g, were subjected to boiling in 100 mL of distilled water for 15 min with
continuous stirring. Afterwards, the resulting extract was allowed to cool to room temperature
and filtered. In the next step, the 0.1M FeCls solution and filtered extract were mixed for 60
min at room temperature in a 1:1 (v/v) ratio to synthesize IONPs. The synthesized spherical
IONPs from P. pavonica and S. acinarium extracts attained particle sizes in the range of 10-
19.5 nm and 21.6-27.4 nm, respectively. The richness of diverse phyotchemical constituents in

P. pavonica contributes to the formation of smaller-size IONPs in comparison to S. acinarium.

Marine algae have also been utilized to synthesize IONPs. In a study by Bensy et al. [238],
IONPs were synthesized using the extract of marine algae (Ulva lactuca). The algal extract and
0.1 M FeCls were mixed in the 1:1 (v/v) ratio and allowed to stand for 2 h at room temperature.
Thereafter, the formed suspension was dried at 40°C to produce IONPs. The size of the
synthesized IONPs varied between 30-40 nm. Mashjoor et al. [239] used an aqueous extract
from the green macroalgae Ulva flexuosa (wulfen) to synthesize IONPs by reducing a solution
of FeCls/ FeCl, (2:1 M ratio) at 88°C along with drop-by-drop addition of 1 M NaOH to
achieved pH between 8 to 11. The color of the mixture changed from light brownish-orange to
black with time, signifying the formation of IONPs. The synthesized cubo-spherical IONPs

had a particle size of 12.3 nm.
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2.6. Adsorption of Cr(VI) onto green synthesized IONPs

The versatile chemical characteristics of green synthesized IONPs have achieved great
attention in the field of Cr(VI) adsorption, as enlisted in Table 2.4. The PPs modified IONPs,
incorporated either as stabilizing, capping, or reducing agents, have been widely explored in
the field of Cr(VI) removal.

Garcia et al. [240] performed an optimization study on the adsorption capacity of Cr(VI)
using yerba mate (YM) extract fabricated Fe NPs. A higher removal (Qm=1580 mg g?)
occurred in the presence of a higher amount of PPs extract (rich in caffeine acid) due to their
good reducing ability, in comparison to nZVI (Qm=745 mg g1). However, it was observed that
Cr(VI) reduction occurred within min of interacting with Fe?*, causing it difficult to understand
the involved adsorption kinetics as no traces of Cr(VI) were remained in the solution, i.e.,
established 100% removal. Zu et al. [241] also reported the effective removal (94.7%) of
Cr(VI) at pH 5 by prepared green tea-mediated nZVI/Cu NPs. Likewise, Chrysochoou et al.
[206] also reported maximum Cr removal at pH 3 using Green tea extract:2Fe ratio as the
optimum concentration for the maximum removal efficiency.

Similar results were reported by Liu et al. [242] stating 100% removal of Cr(VI1) by
eucalyptus leaf extract synthesized Fe NPs when the ratio of polyphenol extract was twice that
of NPs (i.e., 2:1 v/v). It was observed that at a higher PPs: NPs ratio (3:1), the overall Cr
removal declined to 73.7% due to the overall reduction of the concentration of Fe** ions in the
reaction mixture. In a similar way to decreasing the concentration of PPs to NPs (1.5:1), the
overall Cr adsorption also declined to 58.2% due to the formation of larger-sized NPs.
Interestingly, this study puts forward the impact of another parameter, the concentration of PPs
extract in regulating the adsorption activity of the adsorbent. In addition, the extraction

temperature affected the quality of PPs, which in turn varied the adsorption capacity. A ~100%
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removal of Cr was observed when the extraction temperature was maintained at 80°C, which
got significantly declined to 43.6% when extracted at 60°C.

The IONPs produced from pear peel extract were employed to adsorb Cr(VI) from a
synthetic metal solution. The synthesized IONPs showed a remarkable 99.1% removal of
Cr(VI) within a contact duration of 120 min. The prepared extract served dual roles as both
stabilizing and capping agents for the formed IONPs. Fe?* facilitated the reduction of Cr(VI)
to Cr(I11) through surface adsorption. At last, on the IONPs, Fe?* and Cr(Il1l) co-precipitate
[11]. A similar study was done on Cr(VI) adsorption through IONPs synthesized using an
extract of eucalyptus leaves. The surface complexation and co-precipitation were the
predominant adsorption mechanisms responsible for a high Cr(VI) removal efficiency (98.9%)
of IONPs [243].

Lingamdinne et al. [244] synthesized IONPs using seed extract of Cnidiummonnieri (L.)
Cuss (CLC) was utilized for the individual removal of Cr(lll) and Pb(ll) from an agqueous
solution. The synthesized IONPs exhibited maximum removal efficiency for Cr(l11) and Pb(ll)
at pH 4.0 and a dosage of 0.5 g/L within 100 min. The Qm values of IONPs for Cr(l11) and
Pb(11) removal were found to be 102.3 mg g* and 105.6 mg g, respectively as per Langmuir
isotherm. In another study by Sharma et al. [245], IONPs were synthesized using leaf extract
of Spilanthes acmella for the removal of As(lll), Co(ll), Cd(ll), and Cu(ll) from aqueous
solutions. The optimization of metal ions removal occurred at pH 7.0, with a dosage of 0.6 g/L
for As(l11) and Co(ll) and 0.8 g/L for Cd(Il) and Cu(ll). The adsorption isotherm analysis
showed that the Qm were highest for As(l111) (21.83 mg/g), followed by Co(ll) (20.43 mg/g),
Cu(ll) (15.29 mg/g), and Cd(Il) (13.54 mg/g), using the Langmuir isotherm model. A separate
study by Idris et al. [246] synthesized IONPs using the aqueous stem bark extract of Prosopis
Africana removed 100% of Cr and Zn, and 37% of Pb from tannery effluent at a 20% (v/v)
dosage within 20 min. Mohanty et al. [10] utilized IONPs produced from manglicolous fungi
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Aspergillus tubingensis (STSP 25) to effectively remove Pb(ll), Ni(ll), Cu(ll), and Zn(I1) from

synthetic wastewater. The batch adsorption experiments demonstrated that at a pH of 6 and a

temperature of 40°C, 1 g/L of IONPs dosage removed >90% of heavy metals from an aqueous

matrix of 10 mg/L concentration.

Table 2.4: Performance of IONPs prepared using various extracts for Cr(VI) removal.

TH-3409_176152009

S Size of Qnm Removal
N ' Extracts IONPs Optimized conditions (mg o Reference
0. 1 %
(nm) g7)
. pH-3.2, Dosage-0.2 mL,
1. SAEQE?;? 5 Initial concentration -50 | 699 | 100 [247]
mg/L, Contact time-90 min
pH-2, Dosage-2 mL, Initial
Punica concentration -1000 mg/L,
2 granatum leaf . Contact time-60 min, 186 ¢ [248]
Agitation speed-100 rpm
pH-5, Dosage-0.5 g/L, Initial
3. | Eucalyptus leaf | 20-80 concentration -15 mg/L, 149.3 60 [249]
Contact time-30 min
pH-4.7, Dosage-2 g/L, Initial
4, Peanut skin 25-77 concentration -10 mg/L, - 100 [250]
Contact time — 1 min
Nephrolepis Dosage-l._s mL, Initial
5. . 40-70 concentration -50 mg/L, - 98.01 [251]
auriculata . 4
Contact time-90 min
Green tea pH-5, Dosage-ZO g/L, Initial
6. Eetiact 40-80 concentration -100 mg_/L, 66 - [252]
Contact time-1440 min
pH-2, Dosage-1 g/L, Initial
7. t\éggizcluer;f - concentrati_on -25 mg/L, - 100 [253]
Contact time-30 min
Eucalyptus Dosage-0.8 g/L, Initial
8. globules leaf 50-80 concentration -200 mg/L, 5.47 98.1 [254]
extracts Contact time-30 min
pH-2, Dosage-0.5 g/L, Initial
9. Barberry leaf 20-40 concentration -50 mg/L, - 100 [255]
Contact time-60 min
pH-3, Dosage-5 mL, Initial
10, | [Eucalyptus | 2.34% | 0 ontration - 204.43 mg/L, | - 100 [256]
globulus leaf 0.53 c . X
ontact time-30 min
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2.7. 1ONPs Impregnated Biopolymers for Cr(VI) adsorption

The removal of Cr(VI) through powdery IONPs from aqueous solution leads to the
aggregation of NPs and also limit their reusability [257, 258]. These mentioned issues of IONPs
can be tackled through various approaches like reducing their surface energy, tuning the
synthesis method, and surface modification [134, 259]. In this regard, the surface of IONPs has
been attached by different organic molecules/inorganic shells to prevent IONPs oxidation [260-
263]. Functional groups like carboxylate, hydroxyl, and amine increased their stability,
adsorption efficiency, and surface area for chelating metal ions from water/wastewater [144].
Therefore, in this regard, natural polymer chitosan has been mostly used as the matrix for the
immobilization of IONPs via entrapment to form the desired composites for Cr(\VI1) removal
[264, 265].

Chitosan (CS) is the second most abundant fiber derived from chitin. CS is attained by
deacetylation of chitin, which is mainly found in crustacean shells, and there are plentiful waste
shells from the food industry. CS contains 2-acetamido-2-deoxy- B-D-glucopyranose and 2-
amino-2- deoxy-f-D-glucopyranose residues. For environment remediation purposes, CS is
considered to be a low-cost, effective adsorbent A large amount of amino and hydroxyl
functional groups present in the CS act as a coordination site and formed complexes with metal
ions [266]. CS in various forms, such as spheres and films, were used for Cr(VI) adsorption
[267]. Beads obtained from bio-resources like polysaccharide chitosan (CS) [268] are emerging
as a potential adsorbent for environmental remediation.

Various researchers have studied the synergetic effect of IONPs and chitosan for heavy
metal adsorption [269]. Composites of IONPs-chitosan were prepared in different structures
like films, beads, etc. Recently, Neto et al. [270] developed a composite film of
chitosan/CNTs/IONPs for Cr (V1) removal from a synthetic solution. The prepared composite

has a varying concentration of all three materials, i.e., iron oxide, CNTs, and CS. The composite
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with a concentration of 0.5 (w/w) of CS in CNTs/iron oxide found a Qm of 477.30 mg g* at
40°C for Cr(VI) removal from 100 mg/L of an aqueous solution. The removal of Cr(VI) was
optimized at pH 4, with an adsorbent dose of 0.3 g/L and a contact time of 180 min. Lasheen
et al.[271] also developed FezOs-chitosan films by casting approach and found to remove 92
% for Cr(VI) from 20 mg/L of an aqueous solution. The Qm for Cr(VI) was reported as 116.2
mg g™ per Langmuir isotherm. Magnetic beads of CS were also prepared by Huang et al. [156]
using the cross-link method. The prepared beads were insoluble at various pH conditions of
the solvent. Cr(VI) removal was optimized at pH 4 and a contact time of 80 min. The isotherm
model was well fitted to Langmuir isotherm with a Qm value of 69.4 mg g*. In a study by Ravi
et al. [272], CS was coated with IONPs and found to remove 96.3 % of Cr(VI) from 150 mg/L
of an aqueous solution. The removal of Cr (VI) was optimized at 5.32 and 80 min of pH and
contact time, respectively. The isotherm of adsorption was well-fitted to the Langmuir isotherm
model. Another study by Horst et al. [273] prepared magnetic nanocomposites composed of
IONPs and chitosan, which were synthesized by co-precipitation of iron precursors and CS in
a non-oxidizing environment. The prepared nanocomposites were used for Cr(VI) removal and
found to have Qm of 46 mg g* at pH 4 within 45 min from 100 mg/L of an aqueous solution.
Also, the prepared composites were found to be excellent recyclable upto 8 cycles by losing
20% of its adsorption capacity in the last cycle. Shalaby et al. [274] coated IONPs with CS to
remove Cr(VI1) from 80 mg/L of metal concentration. The prepared coated structure was non-
agglomerated with a spherical diameter of 13 nm as revealed by TEM micrographs. The
synthesized structure removed 98 % of Cr(VI) at pH 2 within 100 min. The Qm was reported
to be 39.6 mg g* as per Langmuir isotherm. Therefore, from the above studies, it is clear that
various composites of IONPs-chitosan have been found to remove Cr(VI) from synthetic

solution.
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2.8. Conclusions

IONPs have piqued the curiosity of researchers in water treatment due to their affinity
for removing Cr(VI) from contaminated water. The production of IONPs using different
synthesis techniques has raised concerns over their potential toxicity, expensive nature, and
intricate processes. Consequently, scientists have been compelled to investigate other methods
for the straightforward creation of these nanostructures. Hence, green synthesis provides an
economically efficient, reliable, and commercially feasible approach to produce IONPs.
Moreover, this approach offers a substantial yield and generates extraordinary structures of
nanoparticles. The water contaminates Cr(V1) needs an environment-friendly adsorbent for its
removal, which simultaneously does not cause any secondary pollution. Green synthesized

IONPs have been identified as a viable candidate in this context.

2.9 Knowledge gap and thesis objectives

e Selectivity and adsorption capacity achieved by typical adsorbents are not adequate for
large-scale applications

e Loss of adsorption capacity due to substrate ions leaching and cause of secondary
pollution

e Nano-adsorbents used for water treatment suffer from high synthesis costs, lower
adsorption capacity, and difficulty in adsorbent recovery

e Lack of investigation about the interaction of nano-adsorbent infused in composite
beads with heavy metal ions to better understand the removal mechanism

e Scope for the development of recoverable and re-useable nano-adsorbents in an

environmentally benign process
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e Development of bio-based nano-adsorbents for the reduction of Cr(lll) to Cr(VI)
(decrease in toxicity) and simultaneous removal of Cr(Ill) and Cr(VI) is interest of

environmental scientists

Based on the literature survey, it has been determined that Cr(VI) is an extremely toxic
pollutant released in large quantities due to various anthropogenic and natural sources into the
ground and water bodies. Additionally, we have determined that there is an apparent necessity
to investigate affordable and eco-friendly adsorbents to remove hazardous Cr(V1) through
adsorption. The extensive utilization of IONPs for Cr(\V1) removal is evident from the existing
collection of documents. However, shifting our attention towards innovative and
environmentally-friendly methods for producing these nanoparticles is essential. Several
studies have been conducted on the different techniques and procedures for synthesizing IONPs
and their use in eliminating chromium. However, the utilization of bioinspired synthesized
IONPs in chromium removal demonstrates a limited number of approaches and requires further

research.

The tea plant (Camellia sinensis var. assamica) belongs to the theaceae family and is used
for the production of tea beverages. This species is native to India's Assam area. It grows well
in tropical climates and at low elevations [275]. More than half of India's tea is produced in
Assam alone [276]. The extract of matured tea leaves (i.e., rejected leaves) emerges as a
suitable stabilizing and reducing agent in green synthesis due to its high PPs content [277].
This doctoral study utilizes phytochemicals from matured tea (Camellia sinensis var.
Assamica) leaves extract and polyphenols (tannic acid) to synthesize engineered IONPs for the
removal of Cr(V1) from aqueous solutions. So, the objectives of this doctoral work are designed

as given below:
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e To develop a vegetal route for the synthesis of iron oxide nanoparticles (IONPs) by
using Camellia sinensis var. assamica leaf extract for Cr(\V1) adsorption

e To infuse IONPs into chitosan (CS) matrix for the formulation of reusable CS/IONPs
composite adsorbents for Cr(VI) removal

e To develop tannic acid (TA) assisted IONPs/sodium alginate (Alg) composite
adsorbent (Alg-TA-Fe) for simultaneous Cr(V1) uptake and antibacterial functionality

e To investigate CS/IONPs and Alg-TA-Fe beads in a continuous adsorption process for

the decontamination of Cr(V1)
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Chapter 3

Vegetal route for the synthesis of iron oxide nanoparticles
(IONPs) by using Camellia sinensis var. assamica leaf
extract for Cr(V1) decontamination and removal
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(Synthesis of iron oxide nanoparticles mediated by Camellia sinensis var. Assamica for
Cr(VI1) adsorption and detoxification. Aquib Jawed, Animes K. Golder, Lalit M. Pandey
(2023), Bioresource Technology, 376, 128816)

Highlights

e Green synthesis of tea polyphenols-coated iron oxide nanoparticles (IONPs)

e Synthesis conditions optimization for IONPs through Response Surface Methodology
e Synthesized IONPs removed 96 % of Cr(VI) under optimized conditions

e Langmuir isotherm predicted the Cr(V1) adsorption capacity of 1272 mg g for IONPs

e IONPs surface active sites act as an adsorption and reduction spots for Cr(V1)
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This chapter aimed to develop an eco-friendly nanomaterial for the adsorption and
detoxification of Cr(V1) in aqueous solution. Towards this goal, IONPs were synthesized using
dried leaves extract of Camellia sinensis var. assamica for the removal of Cr(V1). The synthesis
conditions (time, temperature, and iron precursors to leaf extract ratio (v/v)) of IONPs were
optimized using Response Surface Methodology-Central Composite Design (RSM-CCD). The
formed IONPs were characterized using various analytical techniques such as UV-Vis,
FETEM, FTIR, XRD, EDS, etc. The process of Cr(V1) adsorption over IONPs was investigated
through kinetic, thermodynamic, and isotherms studies. Furthermore, the adsorption

mechanism was elucidated.

3.1. Introduction

As discussed in Chapter 2, IONPs were proven to be a potential candidate for Cr(VI)
detoxification. Nevertheless, chemical synthesis of IONPs suffers drawbacks like the
requirements of extravagant and toxic chemicals, such as organic solvents and NaBH3, leading
to secondary pollution. The quick oxidation and agglomeration of IONPs also restrict their
usage [278].

Therefore, IONPs synthesis utilizing plant extracts has been endorsed nowadays because
such processes avoid using noxious reducing agents. Several studies have documented the
synthesis of IONPs through plant-based extracts made of Eucalyptus [243], Rosa indica [279],
Eucalyptus globules [280], Acacia catechu [281], Green tea [12], and Citrus limetta [282].
These extracts are usually composed of polyphenols (PPs), flavonoids, and ascorbic acids that
serve a dual role (reducing and stabilizing agent) in producing IONPs.

The green synthesized IONPs were also utilized for the removal of Cr(VI) from aqueous
solution. Likewise, Hao et al. [12] synthesized core-shell IONPs through green tea extract

showing 97.7% Cr(VI) removal within 60 min from 80 mg/L. They also reported a maximum
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adsorption capacity (Qm) value of 74 mg g*. Jin et al. [243] employed eucalyptus leaf extract
to produce IONPs. At a pH of 4.2 and dosage of 0.8 g/L, IONPs removed 98.2% of Cr(VI) in
480 min from 10 mg/L aqueous solution and attained a Qm value of 20.5 mg g*. Guo et al.
[283] used grape seed extract to synthesize zero-valent iron NPs (nZV1). It resulted in 94.4%
removal of Cr(VI) at a pH of 3 from 25 mg/L metal concentration. These studies revealed that
green synthesized IONPs found to have a lower Qm value which needs to be improved for their
practical applications on an industrial scale.

Camellia sinensis var. assamica, a native species of Assam tea, belongs to the theaceae
family, and it is widely used for tea beverage production in the Northeastern part of India. It
grows well in tropical climates and at low elevations [275]. More than half of India’s tea is
produced in Assam alone. The extract of matured tea leaves (i.e., rejected leaves) emerges as a
suitable stabilizing and reducing agent in green synthesis due to its high PPs content [277].
Catechin accounts for 60-80% of tea PPs [284]. The reduction potential (E° vs. Ag/AgCI
electrode) of PPs in tea extract typically ranges from 0.3 to 0.8 V vs. Standard hydrogen
electrode (SHE). On the other hand, E° of Fe®* to Fe, Fe** to Fe?" and Fe?* to Fe are -0.036,
0.77,and -0.44 V vs. SHE [277], respectively. Therefore, tea extract could reduce Fe3* forming
IONPs. The extract of Camellia sinensis var. assamica has not been explored much for
formulating IONPs. Recently, Xiao et al. [277] synthesized nZVI through leaves extract of
Camellia sinensis var. assamica (mast.) kitamura via microwave extraction method and
explored for the dye removal. Therefore, the use of Camellia sinensis var. assamica tea extract
for IONPs synthesis and its application towards Cr(VI) removal is a prudent area of
environmental researches.

Accordingly, in this Chapter, IONPs were synthesized using dried leaves extract of
Camellia sinensis var. assamica for the adsorption and detoxification of Cr(V1) in aqueous
solution. The effect of reaction time (30 - 150 min), temperature (25 - 85°C), and iron
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precursors to leaf extract ratio (0.3 - 1 v/v) on the formation of IONPs was studied and
optimized using RSM-CCD. The synthesized IONPs were characterized using various
analytical techniques and investigated for Cr(VI) removal through batch adsorption test. A
thorough equilibrium adsorption and thermodynamics study was carried out. The mechanism

of Cr(VI) is postulated based on both solution and solid phase reactions.

3.2. Materials and Methods

3.2.1. Materials

Iron(1) chloride tetrahydrate (FeCl2.4H20) (cat. no: A16327), iron(lll) chloride
hexahydrate (FeCls.6H20) (cat. no: A16231), and 1,1 -diphenyl-2 picrylhydrazyl (DPPH) (cat.
no: 29128) were procured from Alfa Aesar, India. The chromium standard for Atomic
absorption spectroscopy (AAS) (1000 mg/L, cat. no: 02733) from Sigma Aldrich, India, was
utilized and then further diluted to lower concentrations of Cr(VI) to create the solutions for
the batch adsorption studies. Folin-ciocalteu (cat. no: F9252) and epigallocatechin gallate
(ECGC) (cat. no: E4143) were procured from Sigma Aldrich, India. 1,5-Diphenylcarbazide
(DPC) (cat. no: GRM519), potassium ferricyanide (cat. no: GRM1034), di ammonium
hydrogen phosphate (cat. no: GRM1102), pyrogallol (cat. no: GRM7444), potassium acetate
(cat. no: GRM1091), sodium phosphate monobasic (cat. no: GRM3964), quercetin dihydrate
(cat. no: RM6191), magnesium chloride (cat. no: GRM3922), sodium chloride (cat. no:
GRMS853), calcium chloride (cat. no: GRM534), magnesium sulphate heptahydrate (cat.no:
GRM684), and sodium nitrate (cat. no: PCT0014) were purchased from Himedia, India. The

experimental studies were performed in double distilled water (18 MQ, Millipore system).
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3.2.2 Preparation of Camellia sinensis var. assamic bio-extract

Fresh leaves of Camellia sinensis var. assamica were plucked from the tea garden located
at the Indian Institute of Technology Guwabhati, Assam. The bio-extract was prepared following
the steps (Figure 3.1). First, leaves were washed to remove dust particles that adhered to them.
It was then further air-dried at ambient temperature for a few days until the weight of dried
leaves attained to a constant value. Dried tea leaves at a 10 % (w/v) of concentration were
extracted in water over a water bath at 80°C for 2 h. As time passes, the watery solution turns
dark brown. Polyphenolic compounds in the extract caused this colour change. Further, the
extract was vacuum-filtered after being cooled to room temperature. Afterwards, the filtered

extract was centrifuged and stored at 4°C until further usage.

Collection of tea leaves from IITG Garden

v

Wash the collected leaves with double distilled water

Air dried the washed leaves for few days

Mixed the tea leaves (50 g) in double distilled water (500 mL) at 80°C for 2 hrs in a water bath

Vacuum filter the Cooled extract and further centrifuged

v

Store the prepared extract at 4°C for further usage

Figure 3.1: Schematic for the preparation of Camellia sinenss var. assamica bio-extract.

3.2.3 Phytochemical analysis of camellia sinensis var. Assamica leaves extract
3.2.3.1 Determination of ECGC

A ECGC stock solution of Img/mL was prepared in double distilled water (pH < 4.0). The
prepared stock solution was then utilized to make the mixture of standards (10-50 pg/mL).
Further, the calibration curves were plotted from the prepared diluted concentration of ECGC
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in pg/mL. Either a 20 pL aliquot of the tea leaves extract or standard ECGC sample was
injected into an HPLC system (Varian, Model: ProStar.210, USA), which was outfitted with a
UV detector and a C18 column (Agilent TC-C18) that was set to run at 25°C. The current study
used a mobile phase consisting of methanol (MeOH), water, and orthophosphoric acid in a
20:79.9:0.1 (v/viv) ratio (isocratic mode) with a flow rate of 1 ml/min [285]. The scanning

wavelength was set to 210 nm.

3.2.3.2 FC assay

Total polyphenolic content (TPC) of Camellia sinenss var. assamica leaves extract was
determined using the FC method [286]. In a nutshell, 125 uL of tea leaves extract (10% wi/v)
and 500 pL of FC (10% v/v) reagent were mixed and maintained in the dark for 5 min before
adding 375 pL of 10% (w/v) sodium carbonate. After another 60 min, the mixture was tested
for absorbance at 765 nm. The calibration curve was used to compute the TPC, which is

expressed in mg of gallic acid equivalent (GAE) per 100 g of dried tea leaves (DW).

3.2.3.3 DPPH assay

DPPH was used in the antioxidant assay that measures antioxidants ability to scavenge free
radicals (SFR) by producing a deep violet color when a stable free radical is present [287].
When a DPPH solution comes into contact with a free radical scavenging agent, it turns brilliant
yellow. Camellia sinenss var. assamica leaves extract or standard ascorbic acid concentrations
(640 pL) of 2, 4, 6, and 8 (ug/mL) were added to the DPPH solution (1 mM). H* ion was
released with the reaction between DPPH and an antioxidant resulting in a lower absorbance
value at 515 nm. The DPPH activity was demonstrated in mg of ascorbic acid equivalent (AAE)

per 100 g of DW.
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3.2.3.4 Superoxide radical scavenging capacity (SRSC) assay (pyrogallol)

Camellia sinenss var. assamica extract was quantified for SRSC (pyrogallol) activity [288].
25 mM pyrogallol (80 uL), Tris-HCI buffer (50 mM, pH 8.2, 560 pL), and sample (80 uL)
were nurtured at 25°C for 5 min. Afterwards, to end the reaction, 8 mM HCI solution (80 uL)
was put into the mixture. The wavelength for measuring the absorbance of the mixture was 420
nm. The positive control was 100-500 pg/mL of standard ascorbic acid. The value of SRSC is

expressed in mg of AAE per 100 g of DW.

3.2.3.5 Total flavonoid content (TFC)

The TFC of Camellia sinenss var. assamica extract was quantified using the microplate
method [289]. 200 puL volume of sample was added to 40 pL of potassium acetate [CH3COOK],
520 puL of methanol, and 40 puL of aluminum nitrate [A1(NOz3)2.9H-0] (10% (w/v)). After
allowing the mixture to sit for 40 min at room temperature, the absorbance was measured at
415 nm. The various concentrations (10-50 pug/mL) of standard quercetin dihydrate were used
to prepare the calibration curve. The capture TFC value was expressed in quercetin equivalent

(QE) per 100 g of DW.

3.2.3.6 Reducing power assay

Ferric reducing power (FRP) of Camellia sinenss var. assamica extract was adopted as
stated elsewhere [289]. Briefly, 80 uL of the sample was combined with 40 pL of potassium
ferricyanide (1% w/v) and 40 pL of sodium phosphate buffer (0.2 M, pH 6.6). The prepared
samples were incubated at 50°C for 20 min. After that, 40 uL of tri-chloroacetic acid (10%
w/v), 40 uL of double distilled water, and FeCls (0.1% w/v) 20 ul were mixed into the incubated

solution. Further, the absorbance was measured at 700 nm. The various concentrations (100-
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500 pg/mL) of standard quercetin dihydrate were used to prepare the calibration curve. The

FRP value was expressed in QE per 100 g of DW.

3.2.4 Synthesis of IONPs

The IONPs were synthesized using prepared bio-extract of Camellia sinensis var. assamica
(Figure 3.2). In the synthesis process, 0.1 M FeCl3.6H20 and 0.05M FeCl2.4H.0 (1:1, v/v)
aqueous solution was mixed with Camellia sinensis var. assamica extract in the N2 atmosphere
as per the experimental details (Table 3.1). A strong black precipitate was observed, which
signifies the production of IONPs. Further, the formed IONPSs suspension was centrifuged for
20 min at 8000 rpm, and the neutral pH was maintained by several washes. After washing, the
precipitate was dried in a vacuum oven at 60°C for 24 h and grind in mortar/pestle to produce
IONPs powder for further characterization and Cr(\VI) removal studies.

Cr(VI) Adsorption

Epigallocatechin gallate HO OH un
study

OH HONAL €
\y O
OH HO_ o Q
HOQC-O &
Re: ogpr 3
HO Q

ey
- Characterization
Bioreduction —FETEM
| ucti
N, atmosphere FESE_M
—UV-Vis
—BET
10% (wiv) 0.1 M FeCl,.6H,0
extract and 0.05M —DSC/TGA
Quantification FeCl,.4H,0 IR
8 oo @ solution Iron Oxide NPs —XRD
oL rikw - L XPS
LEEL® o (Black precipitate)
I I I I —EDS

Figure 3.2: Schematic of IONPs synthesis steps using Camellia sinensis var. assamica leaves

extract.
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3.2.5 Optimization of IONPs formation through RSM

Three independent factors, namely, time (30-150 min), temperature (25-85°C), and Fe®*-
Fe?*/tea leaves extract (v/v) (0.3-1) were investigated using the CCD to achieve IONPs of
desired quality. The formation of IONPs was monitored by recording the optical absorbance at
277 nm. To predict the outcome, 20 sets of experiments were conducted based on the CCD.
Further, the experimental data were also subjected to regression analysis using the ANOVA

(analysis of variance).

3.2.6 Characterizations of IONPs

Ultraviolet-visible spectroscopy (UV-Vis) (Shimadzu, Model: UV-2600, Japan) was
employed for the characterization of leaves extract, Fe precursors solution, and progress of
IONPs formation in the wavelength ranging from 200 to 800 nm. High-resolution X-ray
diffractometer (XRD) (Rigaku Technologies, Model: Smartlab, Japan) was utilized to analyze
the crystal structure of the synthesized IONPs. Field emission scanning electron microscopy
(FESEM) (Zeiss, Model: Sigma, Germany) and Field emission transmission electron
microscope (FETEM) (JEOL, Model: 2100F, Japan) were employed to examine the shape and
size of IONPs. Energy dispersive spectroscopy (EDS) (Zeiss, Model: Sigma, Germany) was
captured for the elemental analysis. The presence of surface functional groups onto IONPs
was investigated by Fourier transform infrared spectroscopy (FTIR) (PerkinElmer, Model:
Spectrum two, USA). The specific surface area of IONPs was quantified through Brunauer-
Emmett-Teller (BET) (Qunatchrome, Model: Autosorb-1Q MP, Austria). The thermal stability
of IONPs was examined using a Differential scanning calorimetry (DSC) /Thermo Gravimetric
analysis (TGA) System (Netzsch, Model: STA449F3A00, Germany). X-ray photoelectron
spectroscopy (XPS) (Ulvac, Model: PHI 5000 VersaProbe III, Japan) utilizing Al ka (1486.6
eV) was also employed to determine the chemical state of IONPs and their alteration, if any,
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after Cr(\VI) adsorption. Further, particle size analyzer (Anton Paar, Model: LitesizerTM 500,

Austria) was used to measure the zeta potential of the synthesized IONPs.

3.2.7 Batch adsorption study for Cr(VI) removal through synthesized IONPs

The procedure involved mixing 10 mL of 40 mg/L Cr(V1) solution with a series of flask
contactors containing 0.1% (w/v) of IONPs, for 3 h agitation at 180 rpm in an incubator shaker
(Scigenics, Model: Orbitek-LE, India). After an incubation period, the samples were
centrifuged. The collected supernatant was mixed with DPC reagent at an appropriate dilution
for the spectrophotometric analysis at A = 543 nm to quantify dissolved Cr(VI) concentration
[290]. The equilibrium adsorption capacity (ge, mg g) was examined using the adsorption
experiments at different Cr(\/1) concentrations, ranging from 40 to 375 mg/L (Eq. 3.1, [196]).
Further, AAS (Variant, Model: Spectra AA240, USA) was utilized to compute the changes in

concentration of Fe with and without a Cr(V1) solution.

_ (Co—Ce)XV
- m

Qe (3.1)

Where V denotes the volume (L) of the solution, Co, and Ce represent the initial and

equilibrium concentrations of Cr(VI) (mg/L), and m states the mass of the IONPs used (g).

3.3 Results and discussion

3.3.1 Phytochemical analyses of bio-extract

The prepared extract of 10% (w/v) of Camellia sinensis var. assamica was quantified
for ECGC, TPC, DPPH SFR antioxidant activity, SRSC, TFC and FRP. The concentration of
ECGC in the leaves extract of Camellia sinensis var. assamica was found to be 929.2 + 11
pg/mL (Figure 3.3). Further, the amount of TPC, DPPH antioxidant activity, SRSC, TFC, and

FRP in the extract of Camellia sinensis var. assamica were estimated to be 2532 + 28 mg GAE,
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27.88 + 8 mg AAE, 6718.51 + 84.13 mg AAE, 353.44 + 12.12 mg QE and 6755.55 + 80.12
mg QE per 100 g on DW basis, respectively.

ECGC was one of the key component found in green tea leaves (Camellia sinensis),
which accounts for its antioxidant properties [291]. Luo et al. [292] reported ECGC content of
1022.22 pg/mL in Camellia sinensis leaves extract of 2.7% (w/v) prepared at 85°C. It implies
that Camellia sinensis contains a high concentration of ECGC compared to Camellia sinensis
var. assamica prepared in the present work. The amount of TPC in the extract of Camellia
sinensis was found to be 15200 + 200 GAE per 100g DW which was on the higher side than
Camellia sinensis var. assamica extract. However, Santos et al. [293] reported the maximum
value of TPC 18284 + 186 GAE per 100g DW for Aspalathus linearis extract. Also, in a
separate study by Baba et al., [286] the amount of TPC reported was 45 + 1.70 mg GAE/g for
the root extract of Arisaema jacquemontii at 60-65 °C in methanol for 3-4 h. This revealed that
extraction in water as a solvent yielded more TPC content. The value of DPPH scavenging
activity of Camellia sinensis var. assamica extract in mg AAE/ 100 g of DW reported by
Armstrong et al. [294] was 98 times higher than the present work. This advocates that a lower
extraction time was sufficient for the higher value of DPPH antioxidant activity. Further, the
SRSC value of the prepared Camellia sinensis var. assamica extract was 76 times higher than
the reported value of 88.51 + 1.6 AAE per 100g DW [289]. It implies that Camellia sinensis
var. assamica leaves extract could inhibit the generation of O3 Which was formed during the
oxidation of pyrogallol molecules [292]. In terms of TFC, a study by Baba et al. (2015) reported
TFC in the root extract of Arisaema jacquemontii as 35 + 2.20 mg rutin equivalents/g [286].
Further, in a separate study by Dehimat et al. [289] Varthemia sericea leaves extract was laden
with a higher value of TFC (1843 £ 111 mg QE per 100 g DW). The FRP value for Camellia

sinensis extract showed the maximum value of 9744 + 280 mg AAE per 100g of DW due to
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the presence of green tea catechin (ECGC). It could cause significant Fe3* reduction for IONPs

formation.
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Figure 3.3: HPLC chromatogram of 10% (w/v) Camellia sinenss var. assamica leaves extract.

3.3.2 RSM-CCD optimization of synthesis conditions for the production of IONPs

Three independent variables, namely, reaction time (A, min), temperature (B, °C), and Fe?*-
Fe3*/leaves extract ratio (v/v, C) affecting the IONPs formation, were selected for RSM-CCD.
A, B, and C had lower/upper boundaries as 30/150, 25/85, and 0.3/1, respectively. The 20
experimental sets were created by the RSM software (Table 3.1). The absorbance value at 277
nm was selected as the model response, which was indicative of the presence of PPs forming
IONPs.
Absorbance at 277 nm = 0.12 + 0.014A + 0.014B — 0.0095C + 0.0025B — 0.012AC —
0.0025BC + 0.008A% — 0.0025B% + 0.0027C? (3.2

A quadratic polynomial, Eqg. 3.2, was fitted to the experimental response data. The
experimental results were close to projected response values with the correlation coefficient
(R?) > 0.96. The model terms A, B, C, AC, and A2 were considered significant with p-value <
0.05 after conducting an ANOVA analysis with the three independent variables (A, B, and C)

and their interactions (AB, BC, AC, A?, B, and C?). The optimal synthesis conditions of IONPs
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were found to be 48 min, 26°C, and 0.36 (v/v) Fe?*-Fe*/leaves extract ratio. Figure 3.4 (a, b,

and c) depicts the 3D response surface plots at the optimized conditions for the synthesis of

IONPs. The absorbance value at the optimal conditions for IONPs synthesis was found to be

0.086 (Figure 3.5), which agreed with the predicted value of 0.085.

Table 3.1: Experimental and predicted values of Absorbance at 277 nm in relation to

independent variables (pH, temperature and Fe?*-Fe**/leaves extract ratio) in RSM-CCD runs.

TH-3409_176152009

S. Independent variables Experimental Predicted
No | Time Temperature | Fe?*-Fe3*/leaves result with result with
(min) (°C) extract (v/v) absorbance at 277 | absorbance
nm at 277 nm

1 54.3 37 0.44 0.1 0.09

2 125.6 37 0.44 0.15 0.15

3 54.3 72 0.44 0.13 0.13

4 125.6 72 0.44 0.19 0.18

5 54.3 37 0.86 0.11 0.11

6 125.6 37 0.86 0.11 0.11

7 54.3 72 0.86 0.13 0.13

8 125.6 72 0.86 0.14 0.13

9 30 55 0.65 0.12 0.12

10 150 55 0.65 0.16 0.17

11 90 25 0.65 0.09 0.09

12 90 85 0.65 0.13 0.14

13 90 55 0.3 0.14 0.15

14 90 35 1 0.11 0.11

15 90 55 0.65 0.12 0.12

16 90 55 0.65 0.13 0.12

17 90 55 0.65 0.12 0.12

18 90 55 0.65 0.12 0.12

19 90 55 0.65 0.12 0.12

20 90 55 0.65 0.12 0.12
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Figure 3.4. Plots of 3D response surface for absorbance at 277 nm for the independent

parameters as Fe?*-Fe®*/leaves extract ratio (a), temperature (b), and time (c).

3.3.3 Characterization of synthesized IONPs

In order to characterize the synthesized IONPs, a variety of analytical techniques were
employed. The spectra of UV-Vis absorption for Fe precursor, the aqueous leaf extract of
Camellia sinensis var. assamica, and IONPs were performed in the spectral range from 200 —
800 nm (Figure 3.5). The tea extract showed two optical absorption bands at 210 and 277 nm,
respectively. It infers the existence of catechins, tannins, flavonoids, and carbohydrates in the
extract [295]. Moreover, the Fe precursor showed an absorption peak at 295 nm. Further, after
mixing leaf extract and Fe precursor solution at the RSM optimized conditions, the formed
IONPs showed an absorption band of tea extract at 277 nm with lower intensity, indicating the

utilization of PPs during the synthesis of IONPs. Furthermore, the synthesized IONPs were
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surrounded by charged organic molecules formed during iron reduction through aqueous leaf
extract. Therefore, electrostatic repulsion ions also play a critical role in preventing further

nanoparticle agglomeration [219].

0.8
——IONPs
. Tea leaves extract
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Figure 3.5: UV-Vis spectra of tea leaves extract, Fe precursor, and reaction product (IONPs)
obtained from mixing of FeCl».4H,0 and FeCls.6H-0O, at the optimized conditions from RSM-
CCD design. The inset shows the photographic image of the FeCl>.4H>O and FeClz.6H,0

solution, tea extract and formed IONPs (from left to right).

Further, In the XRD pattern (Figure 3.6) of synthesized IONPs using aqueous tea leaf
extract, lacked distinct diffraction peaks, implying that IONPs were largely amorphous due to
the diverse composition of bio-extract. The bioextract was composed of organic components
that capped IONPs, which attribute to the broad hump at around 26 = 25°[250]. Also, the EDS
pattern (Figure 3.7) exposed the presence of Fe, O, C, and Au elements. The contents of Fe and
O in IONPs were found to be 21.64 and 27.23% by weight, respectively. Carbon showed the
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highest content of 30.56% by weight, resulting from phytochemicals capped on the synthesized

IONPs [277].
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Figure 3.6: XRD patterns of IONPs synthesized using bio-extract of Camellia sinensis var.

assamica.
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Figure 3.7: EDS spectrum of synthesized IONPs using bio-extract of Camellia sinensis var.

assamica.
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The FTIR spectra of the synthesized IONPs was done along with the prepared extract of
Camellia sinensis var. assamica to find out the active functional groups (Figure 3.8) as listed
in Table 3.2. In the FTIR spectrum of IONPs, robust peaks appeared at wavenumbers of 3359,
2932, 1621, 1365, 1079, 825  and 535 cm™. The band at 535 cm™ was associated with the Fe-
O bond vibration [296]. The hydroxyl (O-H) bond stretching from PPs was related to a
wavenumber peak of 3359 cm™ in IONPs, which was aroused from the extract of Camellia
sinensis var. assamica [296]. The bands at 2932, 1621, and 1365 cm™ resembled stretching
and bending vibrations of C-H, C=0, [297] and C-H in alkanes [296] bond, respectively, which
confirmed the capping of phytochemicals from the tea extract over synthesized IONPs. Further,
the bands at 1097 and 825 cm™ resonate with the stretching and bending vibrations of the C-
O-C and C-H bonds, respectively [296]. The spectra of tea extract include peaks at
wavenumbers of 3379, 2928, 1626, 1450, 1367, 1068, 822, and 611 cm™. The 3379 cm™
wavenumber peak corresponded to robust vibration stretching in the O-H group present in
Camellia sinensis var. assamica extract. The band at 2928 cm™ was found to be associated with
the C-H bond stretching. Further, the stretching of C=0 bond represented the peak at 1626 cm-
L corresponding to catechins, PPs, and flavonoids present in the extract [298]. The C-C ring of
aromatics stretching corresponded to the band at 1450 cm™. At 1367 and 1068 cm* bands were
related to the bending of C-H plane vibration. Additionally, bands at 822 and 611 cm™
resembled the bending of C-H in trans alkene [299].

Table 3.2: Wavenumber and corresponding functional groups identified in the FTIR spectra

of Camellia sinensis var. assamica extract and synthesized IONPs.

Wavenumber (cm?) Functional groups
535 Fe—0
611 C — Hin trans alkene
1097 C—0-C
822, 825, 1068, 1365 and 1367 C — H bending

1450 C—C

1621 and 1626 C=0

2928 and 2932 C — H stretching

3359 and 3379 O—H
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Figure 3.8: FTIR spectra of (a) Camellia sinensis var. assamica. extract and (b) synthesized

IONPs.

Moreover, FETEM and FESEM analyses were done to look into the size and shape of as-
synthesized IONPs. FETEM and FESEM images (Figure 3.9) revealed nearly spherical IONPs.
The particles were well dispersed due to the surface capping of bio-analytes acting as
stabilizing agents. The synthesized IONPs were found to have an average particle size of 21.33
+ 3 nm, as revealed by the histogram of the particle size distribution (PSD) from the FESEM
micrograph. Further, from FETEM images, the average particle size was found to be 7.37
1.8 nm. The D-spacing (0.20 nm) and lattice fringes of IONPs were visible in the HRTEM
image at a 5 nm magnification scale. The selected area electron diffraction (SAED) pattern of
IONPs reveals the irregular arrangement of scattered electrons (bright spots). Further, the
spatial resolution of the SAED pattern demonstrates the amorphous nature of IONPs [300]. It

supports the XRD analysis.
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Figure 3.9: Synthesized IONPs using bio-extract of Camellia sinensis var. assamica (a)

FETEM, (b) FESEM, (c) PSD, (d) HRTEM, and (e) SAED pattern.

The BET graph (Figure 3.10) reveals a Type IV adsorption-desorption isotherm of IONPs.
It showed a clearly defined hysteresis loop, indicating the mesoporous nature of IONPs. The
estimated diameter, surface area, and pore volume of IONPs were 37 nm, 18.27 m?/g, and 0.17
cm?®/g, respectively. The hysteresis pattern demonstrated that condensation occurred roughly
between 0.4 and 0.9 (P/Po). The DSC/TGA (Figure 3.11) analysis showed the breakdown of
IONPs started at about 250°C and subsequently at 380°C, which concluded at about 500°C,
demonstrating that the sample was a form of iron oxide [301]. At a temperature above 800°C,
the weight loss of IONPs (60%) was almost invariant. This reduction in weight loss from 0 -
800°C was due to the elimination of phytochemicals capping and water molecules present over

the synthesized IONPs, reflecting the material thermal stability.
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Figure 3.10: Nitrogen adsorption-desorption isotherms of IONPs synthesized using bio-extract

of Camellia sinensis var. assamica.
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Figure 3.11: DSC/TGA plot of IONPs synthesized using bio-extract of Camellia sinensis var.

assamica.
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3.3.4 Cr(VI) removal using synthesized IONPs
3.3.4.1 Effect of pH and temperature

Both the pH and temperature of the environment have substantial effects on the adsorption
process. Adsorption of Cr(V1) over the synthesized IONPs was investigated across a pH range
of 2 to 10. At pH 2, the maximum ¢ value of 38.19 mg g™* was obtained (Figure 3.12(a)). The
value of ge was decreased from 38.19 to 9.52 mg g with the rise in pH. Cr(VI) ions exist in
an aqueous solution as H2CrO4, HCrO4~, CrO4*, and Cr,O7*" based on pH values. Chromic
acid (H2CrO4) was dominant at pH < 2. In the pH range from 2 to 6, hydrogen chromate
(HCrO4") and dichromate (Cr,O7*") ions were predominant. Above pH > 6, chromate (CrO4%")
was found as a significant species of Cr(VI1) [302].

Cr(VI) reductions under acidic and basic conditions in an aqueous solution were expressed
in Egs. 3.3 and 3.4, respectively.

Cr,02~ + 14H* + 6e~ — 2Cr3* + 7H,0 (3.3)

CrO2~ + 4H,0 + 3e” - Cr(OH); + 50H~ (3.9)

As seen in Eq. 3.3, the Cr(VI) species reduction occurred in acidic conditions, increases
dissolved Cr(l1l) production. Whereas a basic pH increases Cr(Ill) hydroxide (Eq. 3.4).
Therefore, Cr(V1) reduction to Cr(I11) by IONPs was significant at pH 2 (Egs. 3.5 and 3.6), and
Fe?* in IONPs was oxidized to Fe®*.

Cry,0%~ + 6Fe?t + 14H* - 2Cr3* + 6Fe3* + 7H,0 (3.5)

HCrO, + 7H* + 3Fe?* — 3Fe3* + Cr3* 4 4H,0 (3.6)

The release profile of Fe?* and Fe** with (line and filled symbol) and without (line and
unfilled symbol) Cr(V1) solution was shown in Figure 3.12(b). The Fe?"concentration was
decreased while there was an increase in Fe* concentration when IONPs were mixed with
Cr(VI) solution. This shows the oxidation of Fe?* to Fe3* to reduce Cr(V1) ions as per Egs. 3.5
and 3.6.
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Zeta potential of as-synthesized IONPs was found to be -20.06 and -46.06 mV at pH values
of 2 and 10, respectively (Figure 3.13), indicating a lower negative surface charge in acidic
conditions. A better ionic contact between Cr.07*~ and HCrO4™ ions, and IONPs occurred when
the pH value was below 6. This caused the deprotonation of IONPs and competition between
OH" and chromate ions. The improved interactions between Cr species and IONPs in the acidic
environment led to the maximum removal of Cr(V1) (95.5%) at a pH value of 2.

Further, the effect of temperature on Cr(VI) removal over synthesized IONPs was
examined. As shown in Figure 3.12(c), the ge declined with the rise in temperature from 25 to
40°C due to weakened solute (IONPs) - solvent (Cr(V1)) interactions at higher temperatures.
The active site of IONPs could chelate well with Cr species at lower temperatures, resulting in
a stable structure [303]. It further indicated Cr(VI) removal using synthesized IONPs was
exothermic. Based upon pH and temperature studies for Cr(\VI) removal, further adsorption

experiments were accomplished at pH 2 and a temperature of 25°C.

3.3.4.2 Effect of IONPs dosage and contact time

The effectiveness of Cr(VI) removal could be affected by the quantity of IONPs. Figure
3.12(d) depicts Cr(VI) removal % and ge in mg g* at varying IONPs dosages (0.1 to 2 g/L)
under optimized conditions of pH and temperature, as attained in Section 3.3.4.1. The Cr(VI)
removal was enhanced from 54% at 0.1 g/L to 95.5 % at 1 g/L dosage of IONPs. Due to more
active adsorption sites, the removal efficiency was enhanced with more amount of IONPs. The
increase in ge with increasing IONPs dosage was consistent with the earlier finding [304].
Further, ge declined from 217 to 38 mg g* at a dosage of 0.1 and 1 g/L, respectively, due to
unoccupied adsorption sites. Cr(V1) elimination percentage of more than 90 % above 0.5 g/L
IONPs doses illustrates a high potential of the synthesized IONPs. There was no significant
change in Cr(VI1) removal observed above dosage of 0.75 g/L IONPs. Hence, further batch
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adsorption tests were dosed at 0.75 g/L. As exposed from Figure 3.12(f), Cr(VI) removal
increased considerably during the initial stage (upto 45 min). It might also be due to a
significant concentration gradient of Cr(V1) and an abundance of vacant adsorption sites onto
IONPs. Subsequently, as the contact period was lengthened, Cr(\V1) adsorption over IONPs
was deferred due to the depletion of Cr(V1) adsorption sites and their species. In 180 min, the

adsorption equilibrium was established.

3.3.4.3 Effect of initial Cr(\V1) concentration

To identify the most satisfactory conditions for Cr(VI) removal, its initial concentrations
were varied from 40 to 450 mg/L. Figure 3.12(e) shows that ge of 379.21 mg g* was saturated
beyond the initial Cr(\VI) concentration of 400 mg/L. This resulted from the complete
occupation of adsorption sites at higher Cr(\V1) concentrations which were left unoccupied at
lower Cr(VI) concentrations [303]. Consequently, 40 mg/L was determined to be the optimal
Cr(VI) concentration, achieving more than 95% Cr(VI) removal for further kinetics
experiments. Furthermore, the adsorption capacity of IONPs when C. value reached to 0.05
mg/L (permissible Cr(VI) limit in drinking water) from C, (10 mg/L), denoted as q(0.05), was

found to be 13.27 mg g*.
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Figure 3.12: The

influence of various parameters for the removal of Cr(VI) through

synthesized IONPs. (a) Variation in ge under different pH conditions (Co, — 40 mg/L and IONPs

dosage - 1 g/L), (b) Fe?* and Fe®* release profile with (line and filled symbol) and without (line

and unfilled symbol) Cr(V1) solution, (c) Effect of temperature on ge (Co — 40 mg/L, pH - 2,

IONPs dosage - 1 g/L), (d) Effect of IONPs dosage on Cr(VI) removal % and ge (Co — 40 mg/L

and pH - 2), (e) Effect of initial Cr(\V1) concentration on ge along with fitted adsorption isotherm

TH-3409_176152009

Page | 83



models (IONPs dosage - 0.75 g/L and pH - 2), and (f) Effect of contact time on q: along with

fitted adsorption kinetic models over experimental data (Co — 40 mg/L, IONPs dosage - 0.75

g/L, pH - 2).
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Figure 3.13: Zeta potential in mV of synthesized IONPs at various pH.

3.3.4.4 Effect of co-existing ions

The common interferents, namely, Na*, Ca?*, Cl-, and NO* present in industrial and
domestic wastewater could seriously affect Cr(VI) removal efficiency. According to earlier
research [303], low concentrations (0 - 20 mM) of co-existing ions had no substantial influence
on Cr(VI) removal. Consequently, our study aimed to identify the impact of high-concentration
(50 mg/L) co-existing ions that could affect the elimination of Cr(VI) using IONPs. The effect
of common cations (Na*, Ca?* and Mg?*) and anions (CI, SO4*, PO4*, and NO3) on Cr(VI)
removal (%) and ge (Mg g*) was evaluated (Figure 3.14). The study revealed no remarkable

effect of co-existing ions, even up to 50 mg/L, on Cr(VI) removal efficiency. Further, as the
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ratio of PO4>/IONPs dosage was 0.06, there was no negative effects of PO4* ions toward

Cr(VI) removal efficiency. A similar observation was also reported in the literature [231].
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Figure 3.14: Effect of co-existing ions on Cr(V1) removal (%) and ge (mg g*) using IONPs

(Co— 40 mg/L, IONPs dosage - 0.75 g/L, pH - 2).

3.3.4.5 Thermodynamics study

The relations shown in Egs. 3.7-3.9 were employed for the determination of thermodynamic
variables, such as Gibbs free energy (G°), enthalpy (H°), and entropy (S°) of Cr(V1) adsorption

onto IONPs [305].

AG’ = —RTInK¢ (3.7)

AG’ = AH® — TAS’ (3.8)
AS’ AH'

anC = T - E (39)
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Where R stands for the gas constant (8.314 J mol™ K), K¢ (L g*) refers the distribution
coefficient (ge/Co), and T represents adsorption temperature in Kelvin.

The intercept and slope of plot InK vs 1/T curve (Figure 3.15) were used to determine
AH® and AS®, respectively. Whereas, Egs. 3.7 and 3.8 were used to calculate AG°. The Cr(VI)
adsorption over the synthesized IONPs was found to be exothermic and spontaneous, as
evidenced by the negative values of AH® (-3.68 KJ mol™) and AG® (-17 KJ mol™?), respectively
(Table 3.3). It also supports the negative effect of temperature on Cr(VI) removal, as discussed
in section 3.4.1. AS® value was found to be 44.68 J mol K1, It implies that the IONPs/liquid
interface has a higher degree of randomness when Cr(V1) was adsorbed onto IONPs [306].
AH° values < 20 kJ mol™ indicate physisorption, while values ranging from 80 to 200 kJ mol
Limply a chemisorption process [307]. The AH° value showed that the adsorption of Cr(VI)
over synthesized IONPs to be a physisorption process. Also, the value of AG® was about -17
kJ mol™t. This further implied that Cr(VI) removal using IONPs was a spontaneous

physiochemical adsorption process [303].
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Figure 3.15: Linear fitting of distribution coefficient against temperature for Cr(\V1) adsorption

over synthesized IONPs.
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Table 3.3: Thermodynamic variables for Cr(\V1) adsorption over synthesized IONPs.

Tem?%ature Ge (Mg oY) | AG (KJ mol) | AH (KJ mol?) | AS (J mol?K?) | R2
298.15 | 38.20 17
310.15 |  37.65 17.43
313.15 | 35.8 117.70 -3.68 44.68 0.97
318.15 | 34.65 117.89

3.3.4.6 Isotherms of Cr(\V1) adsorption

The models of adsorption isotherm, namely Langmuir, Temkin, Dubinin- Radushkevich
(D-R), and Freundlich, were engaged to study the nature of Cr(\VI1) adsorption at a fixed
temperature of 298.15 K [196, 308]. The fitted adsorption isotherm models (ge versus Ce) were
shown in Figure 3.12(e) (represented by symbols). The adsorption isotherms and the associated
fitted parameters with root mean square error (RMSE) values were enlisted in Table 3.4.

The Langmuir isotherm plot has an R? of 0.99. Qm and K. were calculated as 1272 mg g*
and 0.001 L mg?, respectively. Based on the separation factor (R.) value, adsorption can be:
favorable (0 < R < 1), unfavorable (R > 1), linear (RL = 1), and irreversible (R = 0) [309].
The Re was found to be in the range of 0.69 - 0.95, implying a favorable process of Cr(VI)
adsorption. The extent of multilayer adsorption well describes the Freundlich isotherm model.
As per the nonlinear fitted expression of Freundlich isotherm (Table 3.4), n and K¢ were
determined as 1.22 and 2.95 (mg g*) (mg L), respectively. Parameters of the Temkin
isotherm i.e., br and Ar were determined as 16.47 J mol™and 0.0283 L mol™, respectively. The
D-R isotherm parameters, B, and E were found to be 2.44 x 10° mol? J2and 14.31 KJ mol?,
respectively. D-R isotherm did not fit the data well, having a relatively lower R? value of 0.96.

Based on the R? and RMSE values, the best-fit isotherm model was arranged as follows:
Langmuir > Freundlich > D-R > Temkin. It implies that the adsorption of Cr(VI) by using
synthesized IONPs takes place predominantly by forming a monolayer onto the surface of
IONPs [12, 243]. The observed value of Qm for Cr(\V1) adsorption in this study (1272 mg g})
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was compared (Table 3.6) with reported data of modified hydrochars and microbial-based
synthesized IONPs. The Qm value of the present work was found to be considerably higher as
compared to other adsorbent for Cr(VI) removal. Also, modified hydrochars and microbial-
based synthesized IONPs required more contact time to remove Cr(VI) than plant-based Iron

nano adsorbent.

3.3.4.7 Cr(VI) adsorption Kinetics

Figure 3.12(f) shows the kinetics of IONPs for the adsorption of Cr(VI). Within the first 45
min (Figure 3.12(f)), Cr(VI) adsorption was quite faster, and 95% Cr(VI) removal was
accomplished owing to the presence of abundant vacant sites onto IONPs. Due to a decrease
in readily accessible active sites, the adsorption rate slowed, and it plateaued after 180 min
[11]. The non-linearized fitted kinetic models were illustrated in Figure 3.12(f). Elovich,
pseudo-first-order (PFO), pseudo-second-order (PSO), and intra-particle diffusion (IPD)
models were examined to study the kinetic behavior for the adsorption of Cr(\V1) over IONPs.
Figure 3.12(f) shows the fitted kinetic model's g: (mg g*) values against time (represented by
symbols). Further, the best-fitted model parameters with RMSE values were depicted in Table
3.5.

PSO model provided the best fit (Figure 2(f)) for Cr(\V1) adsorption by using IONPs, with
the lowest RMSE value (1.057) compared to the other three models. This indicates the process
of Cr(VI) removal was controlled by Van der Waals forces (adsorptions) and electron transfer
(reduction) [310]. Further, the rate constant values Ki, Kz, Kinitiar [Initial 45 min], and Kintra
[After 45 min] for PFO, PSO, and IPD models were found to be 0.09 min, 0.004 g mg min,
5.67 mg gt min %5 and 0.075 mg g* min °°, respectively. The fast adsorption kinetics (Kinitiar)

was attained for Cr(V1) removal through as-synthesized IONPs within 45 min, which further
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slowed down (Kintra) until equilibrium was achieved at 180 min representing the process of IPD

(Figure 3.16).
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Figure 3.16: Linear fitted plot of Intraparticle diffusion analysis for Cr(\V1) adsorption over

synthesized IONPs.

Table 3.4: Adsorption isotherm models fitted parameters for Cr(\V1) adsorption using IONPs
at 298.15 K.

TH-3409_176152009

Isotherm model Linear expression Parameters Value RMSE
Langmuir C 1 Ce Qm (mg g™) 1272
de QmKL Qm Ki (L mg?) 0.001
5.709
RL 0.69 - 0.95
R? 0.99
Freundlich 1 _ + ll n 1.22
08qe = 108kp + 11108ce [Tk (mg gT)(mg 2.95 8.656
L—l)l/n :
R? 0.99
Temkin Qe br (J mol ™) 15.13
R R :
= b—Tln(AT) + b—Tln (Co) Ar(Lg?) 0.0296 | 40.824
T T R? 0.96
D-R In(qe) = In(Qy,) — PBe? B(mol®J?) |244x10°| 32545
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1 -1
o R+ 5 E (KJ moll) 1431
C. Qm(Mggd) | 399.70
_ 1 RZ 0.96
J28B

Qm: Maximum adsorption capacity; ge: Equilibrium adsorption capacity; Kr: Freundlich

constant; Ki: Langmuir constant; R.: Separation factor; 1/n: adsorption intensity; B: sorption

energy constant; E: mean free energy; At & br: Temkin constants

Table 3.5: Model fitted kinetic parameters for the adsorption of Cr(\VI) over IONPs at a fixed

initial concentration (Ce— 40 mg/L).

Model of kinetic | Linear expression Parameters Value RMSE
PFO In[g, — q¢] = Inq, — Kt de (mg g%) 38.03
Ky (mint 0.09
1 (min”) 1.174
R 0.99
PSO t [ 1 ] " t de (Mg g}) 40.78
q. LK,q2l * q, K2 (g mg min’ 0.004
1) 1.057
R? 0.99
i 1 1 int
Elovich g = Eln(aﬁ) . [_;ln ® a(mgg mln_l) 3(;.2(3‘17
B (gmg™) : > 589
R? 0.95
IPD q: = Kit®>+C Initial 45 min
Kinitia (Mg g 5.67
min %)
C(mgg?l) 2.84
R? 0.97
After 45 min 1.758
Kintra (Mg g'l 0.075
min %)
C(mgg?l) 37.40
R? 0.92

K1 and Kz2: PFO and PSO constant; B: desorption constant; a: initial adsorption rate; K;j and C:

IPD rate constant and intercept

TH-3409_176152009
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Table 3.6: Reported optimized conditions and Qm values of Cr(VI) adsorption using green

synthesized iron nano adsorbents.

Adsorbent Optimized conditions Qm | Ref.
pH | Temperature Initial Doses | Time | (mg
(°C) Concentration | (gL | (min) | g?)
(mg L) )
Pyrus 5 55 10 0.4 120 | 26.97 | [11]

sinkiangensis Yu
pear peel extract —
FeNPs

Rosa indica 7 25 20 0.5 100 | 16.39 | [279]
flower petal
extract — FeONPs

Eucalyptus - 25 200 0.8 30 5.47 | [280]
globules - nano-
zero valent FeNPs
Acacia catechu 2 25 50 1.5 120 | 29.5 | [281]
leaf extract -
Fe(OH)z NPs
Punica granatum 2 45 100 - 120 | 125 | [248]
leaf extract -
Fe%Fes0*
nanocomposite -
modified cells of

Yarrowia
lipolytica
Camellia sinensis | 2 25 40 0.75 | 180 | 1272 | This
var. assamica leaf study

extract - IONPs

3.3.4.8 XPS analysis and Mechanism of Cr(\V1) removal by IONPs

The synthesized IONPs were subjected to XPS analysis (Figure 3.17(a1)). The XPS survey
spectra of IONPs before and after Cr(\V1) adsorption were analyzed. The high-resolution XPS
spectrum was also investigated, in which the Fe, O, N and C peaks were visible before
adsorption. The components were formed by deconvoluting the peaks. Two fitted peaks,
corresponding to the OH™ and O-C=0 [311] centers with binding energies of 531.25 and 532.87
eV, were present in the O1s high resolution spectrum of the IONPs profile (Figure 3.17 (a2)).
Prior to Cr(V1) adsorption over IONPs, the peak of OH"in O1s shifts from 531.25 to 531.3 eV,

while the Ols peaks of O-C=0 remain unchanged (Figure 3.17 (as)). Three components
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provided the best fit for the C1s spectrum, with 284.71, 286.28, and 288.50 eV peaks resembled
C-C, C-H [311], C=0, and OH-C=0 [312], respectively (Figure 3.17 (as)). The C1s peaks of
C-H and C-C were unaffected by Cr(\V1) adsorption, but OH-C=0 was shifted from 288.5 to
288.45 eV and C=0 from 286.28 to 286.24 eV, respectively (Figure 3.17 (as)). The C1s and
O1s spectra reinforced the surface of IONPs due to the capping of Camellia sinensis var.
assamica extract biomolecules. Further, three peaks were identified in the deconvoluted Fe2p
spectrum of IONPs at 711.36, 716.54, and 724.9 eV, respectively (Figure 3.17 (as)). The
characteristic peak from Fe2pss, core level electrons at the Fe3* octahedral site was shown by
the major peak at 711.36 eV [312]. The carboxylate-iron bond was supported by a peak at 724.9
eV, which indicated the presence of Fe?" species in the octahedral site [313]. The binding
energy of 716.54 eV for Fe2ps2 with a weak shoulder corresponds to the Fe?*of IONPs. The
Fe2, peaks of Fe2psr2, Fe?*, and Fe2paz at 710.65, 715.93, and 723.83 eV resulted from Cr(V1)
adsorption (Figure 3.17 (a7)). The Cr(VI) uptake onto IONPs was validated with the appearance
of the peak of Cr2p in the after adsorption XPS spectra. The Cr2p spectrum deconvoluted into
three peaks, i.e., 578.14, 582.66, and 586.81 eV, respectively, ascribed to Cr(111)2pss2, Cré* and
Cr(111)2p12 [314] (Figure 3.17 (ag)). Based upon XPS analysis, the process of Cr(VI) removal
occurred through surface adsorption along with the reduction of Cr(VI) to Cr(lll) through

synthesized IONPs.
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Figure 3.17: Synthesized IONPs XPS survey spectra (a1) before and after Cr(\V1) adsorption,

high resolution spectrum (az and as) O1s, (a4 and as) C1s, (as and a7) Fe2p, (as) Cr2p.

Summarily, first, the Cr(\V1) ions were adhered to the surface of IONPs. Cr(V1) could then
interact with the surface active sites of IONPs, and some Cr(VI) species were reduced to
Cr(l11), releasing Fe3*/Fe?* ions, as evidenced by the XPS analysis. The possible routes of
Cr(111) conversion from Cr(V1) and oxidation of Fe® to Fe?* and Fe?* to Fe®** co-occurred [283].
Cr(I11) was precipitated as Cr(OH)s(s) with the increase in solution pH. It also could be co-
precipitated in the presence of Fe(ll1), formed solid solution-like species such as CrxFe1-x(OH)3
[315]. However, the surface adherence of Cr species process was found to perform a dominant

aspect in the removal process of Cr(VI) through synthesized IONPs.

3.4. Conclusions

In this study, IONPs were successfully synthesized by using leaf extract of Camellia
sinensis var. assamica. A statistical approach was used to optimize IONPs synthesis condition,
namely, time (30 - 150 min), temperature (25 - 85°C), and iron precursors to leaf extract ratio
(0.3 - 1 v/v) by using RSM-CCD design. IONPs were examined for the removal of Cr(V1) in
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an aqueous solution in a batch adsorption experiment at ambient condition. The optimal
parameters to remove Cr(VI1) were determined as pH 2, temperature of 25°C, and dosage of
0.75 g/L, respectively, and, 38.19 mg g™* of IONPs adsorption capacity was achieved with an
initial concentration of 40 mg/L. The Langmuir isotherm model could adequately represent the
adsorption process with a Qm value of 1272 mg g*. The presence of common cations (Na*,
Ca?" and Mg?*) and anions (CI, SOs*, PO4*, NOg3) to the Cr(VI) solution, didn’t show
detrimental effect the Cr(\VI) removal efficiency. Cr(VI) removal using IONPs was exothermic
and spontaneous in nature. The Kkinetic of Cr(\V1) uptake using IONPs well followed the pseudo-
second order kinetic model. The recycle of IONPs should be explored. Consequently, IONPs
can be considered affordable, reliable, and eco-friendly adsorbents for Cr(VI) removal from
wastewater.

IONPs could detoxify Cr(\V1) by reducing it to Cr(I11) which was clearly supported by
existence of Cr(l111)2pz; (578.14, eV) and Cr(l11)2p12 (586.81 eV) in X-ray photoelectron
spectroscopic analysis. The mechanism for the removal of Cr(VI) includes adsorption and its

reduction to Cr(111) along with Cr(I11)/Fe(lll) co-precipitation
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Chapter 4

Entrapment of IONPs into chitosan (CS) matrix for the
formulation of reusable CS/IONPs composite Cr(VI)
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(Bio-based iron oxide nanoparticles forming bi-functional chitosan composite adsorbent for
Cr(VI) decontamination. Aquib Jawed, Animes K. Golder, Lalit M. Pandey (2024), Chemical
Engineering Journal, 481, 148411)

Highlights

e Bi-functional composite chitosan beads (CS/IONPs) developed for Cr(V1) removal

e CS/IONPs beads successfully achieved 99% removal of Cr(\V1) at optimized condition

e Langmuir isotherm predicted the Cr(\V1) adsorption capacity of 345 mg g for CS/IONPs
e The beads were efficiently regenerated with NaOH solution and reused up to 4 cycles

e Cr species adsorbed and reduced by various surface and interior moieties of beads
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In this Chapter, bio-based IONPs were immobilized and entrapped within the CS matrix
to synthesize reusable bi-functional (adsorption/reduction) composite CS/IONPs adsorbent.
The synthesized CS/IONPs beads were applied to remove Cr(VI) from the synthetic metallic
solution. The influence of various environmental conditions, namely, pH, temperature,
CS/IONPs dosage, initial Cr(V1) concentrations, and contact time, were studied and optimized.
The isotherms, Kinetics, and thermodynamics investigations were thoroughly performed.
Moreover, several analytical methods such as EDS, FESEM, XPS, etc. were used to
characterize the synthesized CS/IONPs adsorbent and also to understand Cr(V1) adsorption
behavior. Finally, CS/IONPs adsorbent regeneration studies were carried out for Cr(VI)

removal to explore its practical application.

4.1. Introduction

In Chapter 3, we reported synthesis of IONPs using Camellia sinensis var. assamica
extract and applied them to remove Cr(VI) from water. With a Qm of 1272 mg g*, the
synthesized IONPs are an effective adsorbent for the removal of Cr(\VI). However, due to their
nano-scale dimensions and low magnetization, the synthesized IONPs pose a challenge for
their separation from treated water, impeding their recycling applications. One potential
approach to address this challenge involves the impregnation of synthesized IONPs into a
polymer matrix and, further, cross-links them to form the structure of milli-scale adsorbent
beads [15, 316, 317]. The control pore size in cross-linked polymer provides a suitable passage
for the impregnating IONPs and allows the formation of a coarse adsorbent from the cross-
linked reactions. In addition, selecting a suitable polymer matrix with particular functional
groups can improve the removal efficacy of the synthesized IONPs by creating a synergistic
effect. A commonly available amino polysaccharide, Chitosan (CS), composed of amine (NH>)

and hydroxyl (OH) groups for heavy metal ions scavenger, has been widely applied in the
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treatment of Cr-polluted water [318]. Various reported literature adopted the in-situ and ex-situ
chemically synthesized IONPs-impregnated CS sorbent for Cr(\V1) removal [316, 319].

Recently, Li et al. [8] developed in-situ CS magnetic beads and applied them to treat a 50
mg/L synthetic metal solution of Cr(\V1). The synthesized beads were determined to remove 99
% of Cr(VI) in 1200 min at a pH of 5. The Qm value for CS magnetic beads was 293.46 mg g
! In another study, 99.25% of Cr(V1) was removed by in-situ synthesized composite adsorbent
composed of CS/coconut shell activated carbon modified with iron from 25 mg/L synthetic
metallic solution at pH 3 within 2880 min. The synthesized beads exhibited a reported Qm value
of 645 mg g* [320]. A separate study formed chemically synthesized IONPs in situ-
impregnated CS beads for Cr(VI) removal from 20 mg/L agueous solution. The synthesized
beads were found to remove 75% of Cr(VI) at pH 5 within 600 min. The Qm value for the
formed beads was 69.8 mg g* [321].

Further, chemically synthesized Fe® NPs (nZVI) were added ex-situ in the CS matrix to
form CS-nZVI beads to remove Cr(V1) from the aqueous solution. The synthesized CS-nZVI
adsorbent attained a removal of 82% Cr(VI) from 20 mg/L solution at pH 6.4 in a time duration
of 30 min [322]. However, the entrapment of green synthesized IONPs into the CS matrix has
not been extensively investigated for Cr(\VI) removal. This urges a demand for environment-
friendly composite sorbent of CS for Cr(V1) removal. The ex-situ infusion of green synthesized
IONPs in the CS matrix and, thus, forming beads for Cr(\V1) removal is still a novel topic for
environmental research. The encapsulation of green synthesized IONPs onto CS matrix creates
a composite material with a composition combining organic and inorganic components. Such
formed composite materials integrate the features of IONPs (adsorption and reduction) with
the attributes of CS (complexation and ion-exchange). Therefore, the formed cross-linked

combination of IONPs and CS composite adsorbent (CS/IONPs beads) is expected to
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effectively couple the benefits of both materials, resulting in a highly effective composite
adsorbent for Cr(VI) removal.

Accordingly, in this Chapter, CS/IONPs beads were prepared through the ex-situ infusion
of green synthesized IONPs in the CS matrix. The cross-linking of the CS/IONPs mixture to
form spherical beads was performed in sodium tripolyphosphate (STPP) solution to make the
whole synthesis process environment-friendly [323, 324]. However, to be best of our
understanding, there have been no prior investigations performed on the adsorption of Cr(VI)
onto CS/IONPs beads, containing IONPs synthesized using leaf extract of Camellia sinensis
var. Assamica. The specific novelty of the present research includes the assessment of the
synthesized CS/IONPs beads to decontaminate harmful contaminant Cr(V1) from an aqueous
solution along with its productive regeneration. The influence of various environmental
conditions, namely, pH, temperature, CS/IONPs dosage, initial Cr(\VI) concentrations, and
contact time were studied and optimized. Furthermore, a comprehensive analysis was
conducted to ascertain the adsorption efficacy of the CS/IONPs adsorbent concerning the
elimination of Cr(VI). The isotherms, kinetics, and thermodynamics investigations were
thoroughly performed. Moreover, several analytical methods were used to characterize the
synthesized CS/IONPs adsorbent and to understand Cr(V1) adsorption behaviour. Finally, the
regeneration studies of used CS/IONPs adsorbent were performed and tested for Cr(VI)

removal to evaluate their practical applicability.

4.2. Materials and Methods

4.2.1 Materials
Chitosan (cat. no: GRM9358; degree of deacetylation: > 75%), acetic acid glacial (AA)
(cat. no: AS001), 1,5-diphenylcarbazide (DPC) (cat. no: GRM519), magnesium chloride (cat.

no: GRM3922), sodium chloride (cat. no: GRM853), sodium phosphate monobasic (cat. no:
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GRM3964), calcium chloride (cat. no: GRM534), sodium nitrate (cat. no: PCT0014) and
magnesium sulphate heptahydrate (cat. no: GRM684) were purchased from Himedia, India.
Sodium tripolyphosphate (cat. no: 85124) was purchased from Sisco research laboratories Pvt.
Ltd. Cr standard solution (1000 mg/L, cat. no: 02733) supplied and prepared from Ammonium
dichromate by Sigma Aldrich, India, was diluted to lower Cr(V1) concentrations with deionized
water to make working solutions for batch adsorption studies. The experimental studies utilized
double distilled water that was obtained from a Millipore system (Mili-Q) with a resistivity of

18 MQ.

4.2.2 Synthesis of CS/IONPs adsorbent

In Chapter 3, we used an agqueous extract of Camellia sinensis var. assamica to synthesize
IONPs. These IONPs were utilized in this Chapter for the formation of CS/IONPs beads. For
the synthesis of beads, first, 2% (w/v) CS was dissolved in 1% (v/v) AA, and then 0.25% (w/v)
IONPs were added to the mixture while it was stirred continuously (200 rpm) at room
temperature. The resulting mixture was frequently swirled for 24 h. Subsequently, the obtained
solution was dropped into a solution of STPP (1% (w/v)) through a syringe to produce spherical
CS/IONPs beads (Scheme 4.1), which were aged for 12 h in the same solution for hardening.
The hardened CS/IONPs beads were rinsed multiple times with double distilled water unless
the pH was neutralized. The same procedure was followed to synthesize bare CS beads without
including IONPs. For further characterization, the synthesized CS and CS/IONPs beads were
freeze-dried. Cr(V1) removal experiments were performed through wet beads (CS/IONPs and

CS) dosed in numbers according to the evaluated dry weight of each synthesized beads.
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% CS Beads

2% (W/v) CS in 1% AA 1% (w/v) STPP

Scheme 4.1. Adopted protocol of CS and CS/IONPs beads synthesis.

4.2.3 Characterization of synthesized beads

Fourier transform infrared (FT-IR) spectrometer (PerkinElmer, Model: Spectrum two,
USA) recorded the pertinent functional groups on CS/IONPs beads within the wavenumber
from 4000 to 400 cm™*. The synthesized beads were analyzed using a high-resolution X-ray
diffractometer (XRD) (Rigaku Technologies, Model: Smartlab, Japan) system. The elemental
composition of the formed beads was evaluated using an X-ray photoelectron spectroscopy
(XPS) instrument (Ulvac, Model: PHI 5000 VersaProbe I11, Japan), with Al k (1486.6 eV) as
the excitation source. The morphological changes of the synthesized CS beads after IONPs
infusion were examined using Field emission scanning electron microscopy (FESEM) (Zeiss,
Model: Sigma, Germany). Energy dispersive spectroscopy (EDS) (Zeiss, Model: Sigma,
Germany) was engaged with synthesized beads for elemental analysis. The particle size
analyzer (Anton Paar, Model: Litesizer™ 500, Austria) was used to measure the surface charge
in mV of the formed beads at various pH values (3, 4, 6, 8, 10). CS and CS/IONPs beads
thermal stability was inspected using Differential scanning calorimetry (Netzsch, Model:
STA449F3A00, Germany) with a Thermo Gravimetric analysis (TGA) System. The surface
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area of both the synthesized beads was determined using the Brunauer-Emmette-Teller (BET)
instrument (Qunatchrome, Model: Autosorb-1Q MP, Austria). The mechanical strength of CS
and CS/IONPs beads in various pH (3, 6, 10) of double distilled water was analyzed in an
Electro-Mechanical Universal Testing Machine (ZwickRoell, Model: Z005TNProline,
Germany). It was expressed in terms of the force (N) value used for the breakdown of a bead

under uniaxial compression.

4.2.4 Removal of Cr(VI) using synthesized CS/IONPs beads in batch adsorption

The experimental procedure involves conducting batch experiments in 30 mL glass bottles
at a starting pH of 3.0 and temperature of 25°C unless stated otherwise. CS/IONPs beads
(0.25% w/v) were stirred in 150 mg/L Cr(VI) initial concentration for 8 h in a shaker incubator
(Scigenics, Model: Orbitek-LE, India) at 180 rpm. Following the incubation period, the
samples underwent centrifugation, resulting in the supernatant extraction. Further, to evaluate
dissolved Cr(VI1) concentration, the recovered supernatant was diluted with DPC reagent and
measured spectrophotometrically at 543 nm. Using Atomic emission spectroscopy (Agilent,
Model: MP-AES - 4210, USA), the concentrations of total chromium (Cr(tot)) and Fe were
measured in the solution. Cr(l11) concentration in the aqueous phase was calculated from the
difference between Cr(tot) and Cr(\VI) concentrations.

A series of batch adsorption studies were carried out to assess the adsorption efficacy of
synthesized CS/IONPs beads. These experiments involved the assessment of the effect of pH
(3-10), temperature (25-45°C), CS/IONPs beads doses (0.5-3 g/L), co-existing ions (Na*, Ca®*,
Mg?*, PO4*~, SO4*", NOs~, CI"), adsorption isotherms (25 - 900 mg/L), and adsorption kinetics
(30 - 480 min) studies. pH of the solutions was adjusted with HCI and NaOH solutions. The
equilibrium adsorption capacity (ge, mg g*) and Cr(VI) removal % were calculated as per the
following relations (Egs. 3.1, Chapter 3 and 4.1).
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Cr(VI) removal % = £ x 100 (4.1)

o

Herein, Co (mg/L) and Ce (mg/L) represent the initial Cr(\VI) concentration and the

residual Cr(V1) concentration in the aqueous phase after reaching adsorption equilibrium.

4.2.5 Reusability studies of synthesized CS/IONPs beads

Conducting reusability studies is crucial for determining the practical applicability of an
adsorbent. The Cr(VI) desorption experiments were carried out in accordance with the
previously described approach, with minor alterations [316, 325]. The Cr(VI) loaded
CS/IONPs beads were agitated in a 30 mL glass contactor with 10 mL of 1M NaOH at 180
rpm and 25°C for a duration of 4 h. As stated earlier, the concentration of Cr(VI) in the post-
desorbed supernatant was determined. The desorbed CS/IONPs beads were then washed in
deionized water and allowed to dry. Following the washing procedure, the CS/IONPs beads
were subsequently revived into a fresh 150 mg/L Cr(V1) solution for the purpose of conducting
further adsorption study, as outlined in Section 2.4. A total of four sequential
desorption/adsorption cycles were performed to investigate the CS/IONPs reusability for

Cr(VI) removal.

4.3. Results and Discussion

4.3.1 Characterization of synthesized beads

The synthesized beads of CS and CS/IONPs as depicted in Scheme 4.1 were spherical
with diameters calculated as 5.2 £ 0.38 and 5.1 £ 0.74 mm, respectively. The physical
appearance of CS/IONPs was black due to the infusion of IONPs (Scheme 4.1), whereas the
CS beads looked white (Scheme 4.1). The preparation procedure of CS beads involved using
CS powder containing functional groups, including hydroxyl (-OH) and amine (-NHz) and

carbon chains. As a result, the CS beads include C, N, and O (Figures 4.1(a) and 4.2(a)).
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Further, after IONPs infusion in CS, the gelated Fe in the CS matrix appeared in the EDS
spectrum (Figure 4.2(b)) and image mapping (Figure 4.1(b)). Moreover, upon the reaction of
Cr(VI) with CS/IONPs beads, the mapping (Figure 4.1(c)) and EDS spectrum (Figure 4.3)
displayed the presence of Cr peaks and surface coverage, revealing Cr adsorption over the

formed beads.
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Cr beads
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Figure 4.1: EDS mapping of (a) CS beads, (b) Fresh CS/IONPs beads, and (c) Used CS/IONPs
beads after Cr(VI) adsorption. (O — Oxygen, C — Carbon, N — Nitrogen, Fe — Iron, Cr —

Chromium)

Figure 4.2: EDS spectra of synthesized (a) CS and (b) CS/IONPs beads.
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Figure 4.3: EDS spectrum of used CS/IONPs beads after Cr(\V1) adsorption.

The lower magnification view of CS (Figure 4.4(a)) and CS/IONPs (Figure 4.4(b)) beads
exhibited a resemblance and provided a visual representation of the desiccated circular surface
of the produced beads. The FESEM images of the formed bead’s outer, inner, and cross-section
surfaces were also captured to reveal the morphological changes between CS (Figures 4.4(c),
4.4(e), and 4.4(g)) and CS/IONPs (Figures 4.4(d), 4.4(f), and 4.4(h)) beads. The CS beads
exhibited a smooth outer surface (Figure 4.4(c)), whereas the CS/IONPs (Figure 4.4(d)) variant
displayed a rough surface with minor cracks. The inner surface of CS beads (Figure 4.4(e))
showed a pattern of cross-linked CS aggregates. However, following the infusion of IONPs
(Figure 4.4(f)), the inner portion displayed gelated and uniformly distributed IONPs in the CS
matrix. This distribution in the CS matrix was infused with various Fe (Fe?* and Fe3*) species
in IONPs. The cross-section micrographs revealed heterogeneous and undulated surfaces for
CS (Figure 4.4(g)) and CS/IONPs (Figure 4.4(h)) beads, respectively. Following the adsorption
of Cr(VI), circular and rough surfaces of CS (Figures 4.5(a) and 4.5(b)) and CS/IONPs beads

(Figures 4.5(c) and 4.5(d)), respectively, were observed from FESEM micrographs.
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Figure 4.4: FESEM micrographs (a and b) Top view, (¢ and d) Outer, (e and f) Inside, (g and

h) Cross-section of synthesized CS and CS/IONPs beads, respectively.

ZOUM  enT=500kv  Mag= 100X  WD=72mm  SignalA=inLens

P
}i"i’"' EHT= 500V Mag= 100X  WD=54mm  SignalA=inLens fi”""" EHT= 5004V Mag= 5000KX WD=55mm  SignalA=inLens

Figure 4.5: FESEM micrographs (a and ¢) Lower (100X) and (b and d) Higher (50 KX)

magnifications of CS and CS/IONPs beads, respectively, after Cr(VI) adsorption.

Figure 4.6(a) displays the XRD patterns of the original CS powder, CS, and CS/IONPs
beads. The CS powder exhibited distinct peaks at 9.7° and 19.5° on the 26 scale, which is

attributed to crystals forms | and forms Il in CS structure and revealed the existence of CS
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hydrophilic groups [325, 326]. However, two more broad humps at 30.12° and 41° also
appeared in CS powder, representing an amorphous carbon structure. After the formation of
CS beads, crystal forms 1 peak disappeared, and forms Il shifted to 19°. The broad hump in CS
powder at 30.12 ° formed a distinct peak at 30.3° in CS beads, and another hump moved to
40.3°. The CS/IONPs beads showed a similar trend as CS beads, with a broad hump at 30.19°
and narrow humps at 18.74° and 40.95°, respectively. The disappearance and shift of crystal
forms I and forms Il peaks, respectively in CS/IONPs beads might be due to the chelation of
Fe3* with the CS hydrophilic group (-NH2) [316].

The N2 adsorption-desorption isotherm study was conducted to determine the BET area of
synthesized CS and CS/IONPs beads at 77 K by plotting the adsorbed quantity (cm®/g) against
relative pressure (P/Po) as shown in Figure 4.6(b). The plotted N2 adsorption-desorption
isotherms of both CS and CS/IONPs beads exhibited a Type IV isotherm pattern and an H4
hysteresis loop [327, 328]. The specific BET surface area (Sget) of CS and CS/IONPs beads
were found to be 25.42 and 63.67 m?/g, respectively. This increase in Sger of CS/IONPs beads
confirmed the successful inclusion of IONPs in CS matrix with enhanced porosity. The average
pore diameter of CS beads was determined to be 6.62 nm, while for CS/IONPs beads, it was
found to be 11.65 nm. The total pore volume of CS was determined to be 0.04 cm®/g, whereas
for CS/IONPs beads it was estimated as 0.18 cm®/g. This indicates that the inclusion of IONPs
in CS matrix may improve the adsorptive properties by enabling easy access for Cr(VI) ions
within the pores. Moreover, after Cr(\V1) adsorption (Figure 4.7), the SgeT, pore diameter, and
pore volume of the used CS/IONPs beads were reduced to 8 m?/g, 4.92 nm, and 0.045 cm®/g,
respectively as compared to pre-adsorbed beads. The decrement in the surface area of used
CS/IONPs beads reveals the occupancy of Cr(V1) species inside the mesopores of CS/IONPs
beads [329]. These findings illustrate that the adsorption of Cr(\V1) occurs both on the surface
of the synthesized CS/IONPs beads and within their mesopores [330].
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Figure 4.6: (a) XRD spectra of CS powder, CS beads, and CS CS/IONPs beads and (b)

Nitrogen adsorption/desorption isotherms of synthesized CS and CS CS/IONPs beads.
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Figure 4.7: Nitrogen adsorption/desorption isotherms of synthesized CS CS/IONPs beads after

Cr(VI) adsorption.

The thermal stability of the CS and CS/IONPs beads was analyzed using TGA (Figure

4.8). According to TGA curves, the CS and CS/IONPs beads experienced a weight loss of 16%

at 200°C, followed by a weight loss of 50 and 51% at 400°C, respectively. This observed %

weight loss was caused due to the evaporation of physically adsorbed water molecules and the

TH-3409_176152009
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decomposition of CS [325]. Upon reaching the termination temperature of the TGA experiment
(800°C), the final % weight losses were 68 and 64% for CS and CS/IONPs beads, respectively.
The weight reduction was ascribed to the complete degradation of the CS backbone under high-
temperature conditions and dihydroxylation of Fe oxides [321]. The TGA curves were also
compared to evaluate the difference between the CS and CS/IONPs beads. The analysis
indicated no apparent difference between the two types of beads (CS and CS/IONPs) until the
temperature reached 200°C. It was observed that the initial decomposition rate of the CS beads
was higher as compared to CS/IONPs. After that, at 800°C, CS beads (68%) had more mass
loss than CS/IONPs beads (64%). This demonstrates that the addition of IONPs reduced the
amount of weight loss of CS at elevated temperatures. This may occur due to the bonds between
IONPs and chains of CS molecules, which increases the decomposition temperature [325].
Consequently, CS/IONPs beads can be considered stable up to 200°C and suitably applied for

water treatment at normal temperature.

—— CS Beads
—— CS/IONPs Beads

T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800
Temperature (°C)

Figure 4.8: TGA profile of synthesized CS and CS CS/IONPs beads.
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The mechanical strength of synthesized CS and CS/IONPs beads in various pH (3, 6, 10)
solutions was expressed in terms of compressive force (N) for the breakdown of a bead as
shown in Figure 4.9. When compared to bare CS beads, the CS/IONPs could withstand 54%
more compressive force at all pH conditions, for its breakdown (Figure 4.9). This revealed the
enhancement of mechanical strength in the CS beads through the inclusion of nanomaterials,

which is also supported by previous studies [331, 332].

I CS beads

I CS/IONPs beads

Force (107 N/bead)

pH-3 pH-6 pH-10

Figure 4.9: Mechanical strength of synthesized CS and CS CS/IONPs beads at various pH

conditions of double distilled water.

4.3.2 Removal of Cr(VI) through synthesized CS/IONPs beads
4.3.2.1 Effect of pH and temperature

Cr(VI) ions exist in various forms in an aqueous solution, including chromate (CrO4%),
hydrogen chromate (HCrOy), and dichromate (Cr.07%), depending upon the solution pH. At a

pH range of 2-6, the predemoninat Cr(VI) species are HCrO4 and Cr.07%. While CrO4*
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becomes the dominating species at pH > 6. The initial pH was adjusted between 3 and 10 for
Cr(VI) solution for the current adsorption studies. The amount of Cr(\V1) adsorbed to CS/IONPs
beads depends on the pH. ge value was maximum (58.56 mg g?) at an initial pH 3 (Figure
4.10(a)). On the other hand, the bare CS beads showed only 24 mg g removal (Figure 4.11)
at the similar pH. This postulates that IONPs infused in the CS matrix were key candidates
responsible for the adsorption and reduction (Egs. 4.6 and 4.7) of Cr(V1) species in the aqueous
solution. The results are line with the investigations made in Chapter 3. Moreover, the zeta
potential magnitude was more positive in the case of CS/IONPs (52.77 mV) than CS (41.63
mV) beads at pH 3 (Figure 4.12). Further, the -NH, and —OH functional groups on CS/IONPs
beads were also protonated in acidic solutions (pH<4) [333]. This led to enhanced electrostatic
interactions compared to CS beads between protonated CS/IONPs beads functional groups and

Cr(VI) species in acidic conditions (pH 3) (Egs. 4.2-4.7).

R—NH, + H* > R— NH} (4.2)
R — NH? + HCrO; — R— NH? ....HCrO; (4.3)
R—OH+ H* - R— OHJ (4.4)
R — OH} + HCrO; — R— OH} ....HCrO; (4.5)
HCrO; + 7H* + 3Fe?* — 3Fe3* + Cr3* + 4H,0 (4.6)
Cr,0% + 14H* + 6Fe?t — 6Fe3* + 2Cr3* + 7H,0 (4.7)

Therefore, IONPs reduction affinity and electrostatic interactions of protonated functional
groups (-NHz and -OH) in CS/IONPs beads at pH 3 were responsible for maximum Cr(VI)
removal. Further, increased pH decreased the ge from 58.56 to 4.54 mg g*. This was due to
decrement in surface charge (5.83mV, pH 10) (Figure 4.12) and deprotonation of the positively
charged (-NH>, and —OH) groups over CS/IONPs beads occurred at high pH due to low H* ions
concentration. This causes an electrostatic repulsion between the negatively charged Cr species
and the synthesized CS/IONPs beads.
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Figure 4.10(b) depicts how temperature influences Cr(VI) removal. Low temperature
showed a better Cr(V1) removal from the aqueous solution. Specifically, the ge was increased
from 27.63 to 58.56 mg g as the temperature dropped from 45 to 25°C. The observed
phenomenon can be ascribed to the weaker interactions of solute (CS/IONPs beads) — solvent
(Cr(VI solution)) at elevated temperatures. Moreover, the active sites of CS/IONPs beads
exhibited stronger chelation with Cr species at reduced temperatures and formed a stable

structure [334].

4.3.2.2 Influence of CS/IONPs beads dosage and contact time

Figure 4.10(c) illustrates the relationship between the dosage of CS/IONPs in g/L and the
percentage of Cr(V1) removal and ge in mg g*. Cr(VI1) removal % was higher with increased
CS/IONPs beads doses and achieved a plateau at 3g/L dosage. This trend started from 31% to
99% at 0.5 and 3 g/L CS/IONPs beads dosages, respectively. However, at 2.5 g/L dosage, the
Cr(VI) removal (Figure 4.10(c)) reached the plateau. As active adsorption sites increased,
Cr(VI) removal efficiency increased when more CS/IONPs beads were dosed into the Cr(V1)
solution. The earlier finding also supports the correlation between escalated adsorbent
(CS/IONPs) dosage and enhanced Cr(VI) removal [323]. However, due to unoccupied
adsorption sites, ge was decreased from 92 to 49 mg g* at 0.5 and 3 g/L dosages of CS/IONPs
beads, respectively. As illustrated in Figure 4.10d, the removal of Cr(V1) exhibited a significant
increase during the initial stage, up to 300 min. The observed phenomenon could be attributed
to the concentration declivity of Cr(VI) and a surplus of unoccupied adhesion spots over
CS/IONPs beads [335]. The prolonged contact time exhausted the Cr(V1) adsorption sites,
which further delayed Cr(VI) adsorption on CS/IONPs beads. Meanwhile, the adsorption

equilibrium was achieved within 480 min.
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4.3.2.3 Effect of initial Cr(\V1) concentration

A range of initial concentrations was tested to determine optimal conditions for removing
Cr(VI), ranging from 25 to 900 mg/L (Figure 4.10(e)). Moreover, despite the increase in Qe
value, the removal % was reduced as the initial Cr(\V1) concentration climbed. This reduction
in Cr(VI) removal % was due to the inverse relation between Cr(VI) removal % and C, as
depicted in Egs. 4.1. On the other hand, ge values were found to be increased with a rise in
Cr(VI) concentrations. This observed phenomenon was ascribed to the saturation in adsorption
spots of CS/IONPs beads at elevated Cr(\V1) concentrations, which were left vacant at lower
concentrations [336]. As a result, 150 mg/L was established as an optimal concentration of

Cr(VI) for further kinetics tests, attaining more than 95% Cr(V1) elimination.
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Figure 4.10: Effect of (a) pH (Co - 150 mg/L and CS/IONPs dosage - 2.5 g/L), (b) temperature

(Co - 150 mg/L, CS/IONPs beads dosage - 2.5 g/L, pH - 3), (c) dosage (C, - 150 mg/L and pH

- 3), (d) time (Co - 150 mg/L, CS/IONPs beads dosage - 2.5 g/L, pH - 3), and (e) initial Cr(VI)

concentration (CS/IONPs beads dosage - 2.5 g/L and pH - 3) on Cr(VI) removal through

synthesized CS/IONPs beads.
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Figure 4.11: Effect of pH on e using bare CS beads (Co - 150 mg/L and CS beads dosage -
2.5¢g/L).
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Figure 4.12: Variation of zeta potential of CS and CS/IONPs beads measured at different pH.
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4.3.2.4 Effect of co-existing ions

The efficacy of the synthesized adsorbent (CS/IONPs beads) in removing Cr(VI) from
contaminated water may be hindered by co-existing ions. In this regard, several cations (Na,
Ca**, Mg?") and anions (PO4*", SO4*", NOs", CI") were individually introduced into the
aqueous Cr(V1) solution at a concentration of 1 and 10 mM, respectively (Figure 4.13). The

¥ C; z2

ionic strength (1) of co-existing ions was evaluated as I = >

[337]. Ci and z donated the

concentration of co-existing ions (mol/L) and charge, respectively. The | values follow the
trend as Ca?* > Mg?* > Na* for cations while POs*" > SO4>" > NO3~ > Cl~in the case of anions.
The removal efficacy of Cr(VI) was not significantly altered by the inclusion of co-existing
cations due to electrostatic repulsion between the positively charged CS/IONPs adsorbent and
cations at lower pH. The lowest ge value was observed in the case of a higher concentration of
Ca?" ions because of the high | value compared to other cations. Due to the lower affinity and
I value of NO3~ and CI~ as compared to other co-existing anions (PO4+>~ and SO42°), they were
found to have less influence on the adsorption capacity of CS/IONPs beads [335]. The
competitive effects of PO4>~ and SO4> for Cr(\V1) elimination were significant. The strength of
these effects was increased with an increase in the | value of anions. This was due to the
identical tetrahedral structure of PO4*~, SOs*~ and Cr(VI) species (HCrOs) [316].
Consequently, PO+~ and SO4*>~ competed with Cr species to access the adsorption sites over
CS/IONPs beads. The IONPs composed of Fe®* species of Fe and PO4*~ ions tend to form
complexes with Fe3* species at low pH values, reducing the efficacy of Cr(VI) removal [336].
The observed results were consistent with previous research on the effect of co-existing ions

on Cr(VI1) removal using similar adsorbents [320].
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Figure 4.13: Effect of co-existing ions on ge (Co - 150 mg/L, CS/IONPs beads dosage - 2.5
g/L, pH - 3).

4.3.2.5 Thermodynamics study

The thermodynamic variables for Cr(VI) adsorption through CS/IONPs beads were
determined at various temperatures (298, 303, 308, 313, and 318 K). Egs. 3.7-3.9 (Chapter 3)
were employed to calculate the three thermodynamic parameters, namely, Gibbs free energy
(AG), enthalpy (AH), and entropy (AS) change of Cr(VI) removal [338-340].

The various thermodynamic parameters as calculated from the linearized fitting of Figure
4.14. The slope and intercept values of Figure 4.14 were employed to quantify the magnitude
of AH and AS, respectively. Afterwards, the computed AH and AS values were equated in Eq.
3.8 (Chapter 3) to evaluate the magnitude of AG. The spontaneous occurrence of Cr(VI)
adsorption through CS/IONPs beads was indicated through negative magnitudes of AG at
different temperatures. As the temperature increased, the negative magnitude of AG values
dropped (14.8 to 13.8 KJ mol™?), indicating that low temperatures favoured Cr(V1) adsorption
using prepared CS/IONPs beads, as described in Section 3.2.1 (Chapter 3). Cr(V1) adsorption

was facilitated mainly by electrostatic interaction (physisorption), as indicated by values of
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AG<20 KJ mol™? [333]. The negative value of AH (-29.35 KJ mol™) advocated that Cr(VI)
removal through CS/IONPs beads was an exothermic process. The magnitude of AS was
estimated to be -48.55 J mol! K1, This indicated a decrease in randomness at the CS/IONPs

beads/liquid interface upon Cr(V1) adsorption onto the beads [321].

6.0
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Figure 4.14: Linear correlation between distribution coefficient and inverse of adsorption

temperature for Cr(VI1) elimination over synthesized CS/IONPs beads.

4.3.2.6 Adsorption kinetics

It is important to look into the kinetics of Cr(\V1) adsorption through CS/IONPs beads to
design an adsorption system properly. The kinetics of CS/IONPs beads for Cr(VI) adsorption
are illustrated in Figure 4.15a. Cr(V1) adsorption was much faster in the first 300 min (Figure
4.15a, symbols show experimental data points) and attained 90% removal owing to abundant
empty sites on CS/IONPs beads. The adsorption rate decelerated and reached a plateau at 480

min due to reduced active sites.
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To gain additional insight into the adsorption process, four frequently employed kinetic
models were utilized to interpret the Kinetics data, namely, pseudo-first-order (PFO), pseudo-
second-order (PSO), Elovich, and intra-particle diffusion (IPD) models. The graph in Figure
4.15a displays the gt (mg g*) values obtained from the fitted kinetic models plotted against
time (min), represented by the fitted lines. Table 4.1 shows the model parameters of the fitted
models to the experimental data and their corresponding root mean square error (RMSE) and
correlation coefficient (R?) values.

As depicted in Table 4.1, the PSO model exhibited the lowest RMSE value of 1.301
compared to the other three models. However, the estimated fitted value of ge (73.40 mg g™?)
significantly deviated from the experimental value (58.56 mg g). In contrast, the PFO model
demonstrated an RMSE value of 1.588 and a fitted g. value of 58.67 mg g close to the
experimental de value of 58.56 mg g*. Hence, Cr(VI) adsorption kinetics using CS/IONPs
beads followed the PFO model. It corroborates that Cr(\V1) adsorption onto the CS/IONPs
beads was primarily driven by physisorption [341-343]. The rate constants for PFO (K1) and
PSO (K2) models were determined to be 0.009 min~! and 0.00012 g mg min™2, respectively.
Also, the R? values for both the PFO and PSO kinetic models were calculated as 0.99. The
parameters o and B of Elovich model were calculated as 0.972 mg g min'tand 0.052 g mg ™,
respectively with an R? value of 0.98. Further, the Weber-Morris model fitted results (Figure
4.16) indicate that Cr(\V1) adsorption onto CS/IONPs beads occurred in stages. Initially, a fast
adsorption process happened on the surface of CS/IONPs beads, which was then succeeded by
diffusion through the pores of the beads (up to 300 min). As the active sites and pores were
saturated by that time (300 min), the adsorption process then moved to the interior pores of
beads, i.e., IPD, which continued up to 480 min. The values of rate constants for IPD,

specifically Kinitiar (<300 min) and Kinra (>300 min), were calculated as 3.22 mg g~ min®®
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(R?=0.97) and 0.425 mg g * min®® (R?=0.96), respectively. The comparatively higher value of

Kinitial t0 Kintra indicated a more rapid adsorption rate during the initial phases of Cr(VI).
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Figure 4.15: Non-linearized fitting of adsorption (a) Kinetics and (b) Isotherms models.
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Figure 4.16: Linear fit to the experimental data using intraparticle diffusion model of Cr(\VI)

adsorption on synthesized CS/IONPs beads.

4.3.2.7 Adsorption isotherm

The adsorption isotherms may reveal interaction processes involved in Cr(VI) removal by

CS/IONPs beads. The Qm value of CS/IONPs beads can be obtained from an isotherm plot,
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providing insight into the adsorption performance. Adsorption isotherm models, specifically,
Langmuir, Redlich-Peterson (R-P), Sips, and Freundlich, were employed at 298.15 K. Figure
4.15b shows the derived adsorption isotherm models (ge against Ce) (indicated by lines). Table
4.2 presents the adsorption isotherms models equation, fitted parameters, R%, and RMSE
values. Langmuir isotherm graph yielded Qm, K, and R? values as 345.53 mg g%, 1.1x10 L
mg~?, and 0.98, respectively. The value of the separation factor (RL) varied between 0.49-0.97,
indicating a favorable Cr(VI) adsorption system [305]. Freundlich isotherm model constitutes
a suitable model to represent multilayer adsorption. Freundlich isotherm is expressed in a non-
linear form (Table 4.2), exhibiting n, K, and R? of 1.47, 1.82 (mg g %) (mg L), and 0.98,
respectively. The Sips and R-P model is a hybrid model that involves characteristics of both
Langmuir and Freundlich models. The Sips isotherm parameters, specifically qmax, Ks, and ns,
were calculated to be 478.08 mg g%, 1.16x10° L mg™ and 0.92, respectively. Further, the
parameters associated with the R-P model, namely Kre, are, and g, were determined as 1.64 L
g2, 0.5 (L mg?)9, and 0.39, respectively. The R?values of both (Sips and R-P) isotherm models
were determined to be 0.98.

The isotherm models were evaluated based on their RMSE values, as listed in Table 4.2.
Sips model showed the lowest RMSE value (6.554), followed by R-P, Freundlich, and
Langmuir models, in that order. This demonstrates that heterogeneous active sites over
CS/IONPs beads were involved in the adsorption of Cr(VI) [344]. Also, the heterogeneity
exponent (ns) value of Cr(VI) removal through CS/IONPs beads was not equal to unity (Table
4.2), which confirms the occurrence of heterogeneous adsorption [345]. This heterogeneity was
due to various active components such as IONPs, -NH>, and -OH on the surface of CS/IONPs
beads. However, most of the utilized CS based adsorbents co-related well with Langmuir
isotherm model for Cr(VI) adsorption [318, 346-348]. In contrast, the fitted outcomes of the
Langmuir equation were used for assessing the Qm. The computed Qm of CS/IONPs beads for
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Cr(VI) removal was substantial, reaching 345.53 mg g* at pH 3 and 25 °C, as shown in Tables
4.2. Table 4.3 compares the achieved Qm value as calculated from Langmuir isotherm of
synthesized CS/IONPs beads to those of other CS-based adsorbents at the optimized removal
conditions. Looking into some of the reported literature (Table 3), bare CS in powdery and
flake forms does not have much Qm value for Cr(VI) adsorption. However, CS-based
composite (aerogel/hydrogel) achieved a higher adsorbed mass of Cr(VI) over them than its
powdered form. Further, a higher Qm value was attained in the case of CS-based beads, which
suggested beads form as a suitable composite adsorbent of CS as compared to other forms. The
achieved Qm value (345.53 mg g*) of CS/IONPs beads in the present study was relatively
higher than those of other CS-based beads adsorbent.

Table 4.1: Parameters for PFO, PSO, Elovich, and IPD kinetic models for the removal of 150
mg/L Cr(V1) using CS/IONPs beads.

';1'232;: Non-Linear expression Parameters Value RMSE

0e (Mg g 58.67
PFO qe = (1 — efat) Ka (min) x 10° 1 1588

R? 0.99

] e (Mg g?) 73.40

__ Kyqet Kz (g mg min) x

PSO 9= TR 10 o 1.301

R? 0.99

1 a(mg g min) 0.972

. q: = =Ln(aft) 1

Elovich B B (g mg™) 0.052 1.914

R? 0.98

Initial 300 min

Kinitial (T% 9'1 min 3.22

C (mgg?) 0.69

IPD q: = Kito's +C R2 0.97
After 300 min 2.211

: Tmi

Kintra (rr;%)g min 0.425

C (mgg?) 49.46

R? 0.96

[The constants K; and K; represent the PFO and PSO, respectively. The desorption constant was denoted by B, whereas
the initial adsorption rate was denoted by a. The rate constant (K;) and intercept (C) were domains of IPD.]
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Table 4.2: Parameters of adsorption isotherm models for Cr(V1) adsorption onto CS/IONPs beads.

Isotherm model Non-Linear expression Parameters Value RMSE
Qm (mg g™ 345.53
_ Q.,K,C, KL (L mg?) x 103 1.1
Langmuir e = m ~ 0.49 - 0.97 7.650
R? 0.98
1 n 1.47
Freundlich qo = KiCP Ke (mg g‘l)gmg L-hLn 1.82 6.895
R 0.98
Omax (Mg g™) 478.08
Sips qe = —qm“"KSCgS Ks (L mg) x 107 L1 6.554
1+ KsC,* Ns 0.92
R? 0.98
KepC, Krp (L gll) 1.64
R-P e = T4 appC? e (Lgmg ! 8:2 6.865
R? 0.98

constants and, Kre, are and g- R-P constants

[Ke- Freundlich constant, K -Langmuir constant, Ri-separation factor, n- adsorption intensity, qmax - maximum adsorbed amount, Ks and ns- Sips

Table 4.3: Reported Qm values and optimum conditions for Cr(\VI) removal using CS-based adsorbents.
Optimized conditions
T CF(V') Qm - i
Adsorbent Initial | Temperature | Doses Co_ntact Initial Cr(\_/l) removal | (mg g Regenelratlon . Afnt' Source
H (°C) (/L) time | concentration (%) 1) cycles interference
P (min) (mg/L)
CS powder 4 20 0.1 240 0.5 94.7 35.6 - Cl, SO~ [349]
CS flakes 3 30 13 180 30 - 22.09 - - [318]
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CS-doped
multiwalled carbon 2 - - 60 - - 26.14 - [350]
nanotubes
CS-based hydrogel | 4.5 25 0.83 3000 100 94.72 | 73.14 - [351]
s O'Agosac“ha”de 3 30 0.5 | 100 100 - | 1481 . [352]
ydrogel
CS-graphene oxide
(GO)/
carboxymethyl - 25 0.1 2880 0.58 - 127.4 - [353]
Cellulose
composite aerogel
CS-modified 3 Na*, Ca?*,
magnetic bamboo 25 25 1440 300 >90 127 Fe3*, CI, [354]
biochar S04%, POs*
FeS-CS-biochar |, 25 02 | 360 500 100 | 88.18 Cl, S0 | [355]
composite
Polyethyleneimine-
activated carbon-
FesOs- 6 29 1 30 - 98 199.8 - [356]
CS/polyvinyl
alcohol beads
Ca®*, Mg?*,
Fe»03-GO/CS Zn%*, NO* ,
beads 2 45 0.9 3000 80 94.3 | 141.50 Cl. 50.2, [342]
PO,
Na*, Ca?*,
2+ 3- i
CS/IONPs beads 3 25 2.5 480 150 98.71 | 345.53 g/logf E%A?,_’, SIS(;ISy
Cl”
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4.3.2.8 Mechanism of Cr(VI) removal

The mechanisms behind the removal of Cr(VI) through CS/IONPs beads were
investigated through analytical techniques of XPS (Figure 4.17) and FTIR (Figure 4.18(a)),
respectively. Figure 4.17 displays the XPS spectra obtained before and after Cr(\V1) adsorption.
The presence of the Cr2p spectrum in the Cr-loaded CS/IONPs beads advocates (Figure 4.17a)
the removal of Cr(VI). The XPS spectra of C1s (Figures 4.17b and 4.17c) revealed the presence
of three distinct peaks at binding energies (BE) of 284.5, 286.1, and 288.4 ¢V. These peaks
were attributed to C-C, C—-N, and C=0 functional groups [316, 357]. This observation revealed
the possible existence of CS groups, such as—NH2 and -OH, in CS/IONPs beads. The oxidation
of the n—OH group facilitated the removal of Cr(VI) [316] and thus promoted Cr(V1) removal
efficiency through CS/IONPs beads. Moreover, in the case of CS/IONPs beads deconvoluted
N1s spectra (Figure 4.17d), two peaks were found at 400.9 and 402.8 eV, which were assigned
to -NH2, and -NH- of CS, respectively [321]. After Cr(\V1) adsorption (Figure 4.17¢), the -NH>
functional group peak was shifted, which validated their participation in Cr species removal.
Further, protonation of -NH> to NH3" was confirmed through a deconvoluted peak (Figure 6€)
at 402 eV [320]. The peaks at 532 and 533.9 eV of O1s in CS/IONPs beads (Figure 4.17f) were
ascribed to C-OH and -O-C-O, respectively [316, 320, 358]. After Cr(V1) adsorption (Figure
4.17qg), the deconvoluted peak of C-OH was shifted to 532.6 eV, while the peak for -O-C-O
remained unchanged. This proposed that C-OH groups were involved in Cr(VI) removal
through CS/IONPS beads. Prior to Cr(V1) adsorption (Figure 4.17h), the BE peaks at 709.2,
712.4, and 721.2 eV were associated with Fe?* and Fe3* in CS/IONPs beads, respectively [320].
However, after adsorption of Cr(VI) (Figure 4.17i), the Fe?* peak disappeared (oxidized to
Fe3*), and Fe®" peaks were shifted to higher BE (713.2 and 723.2 eV), along with additional
peaks aroused for Fe*at 710.3 and 715.4 eV, respectively [359]. These findings demonstrated
that Cr(VI) adsorption through CS/IONPs beads involves Fe?* and Fe3* Furthermore, the
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deconvoluted peaks in the Cr2p spectrum (Figure 4.17j) at BE of 577.7 and 587.2 eV
corresponded to Cr(l11) [316, 360], signifying the reduction of Cr(VI). The peaks observed at
582.6 and 590 eV were attributed to Cr(V1) [361], which advocated the adsorption of Cr(VI)
occurred through CS/IONPs beads. Cr(l11) also could be removed by co-precipitation with
Fe(lI11), forming a solid solution-like species.

The stretched vibrations of O-H and N-H (Figure 4.18(a)) caused the broad band between
3300 - 3450 cm™ observed in CS/IONPs beads [316]. The methyl (-CH3) and methylene (-
CHy>) groups C-H stretched vibration in CS were assigned to the band at 2929 cm™ [321]. The
-NH; groups bending was observed to the bands at 1640 and 1565 cm™ [362]. The band at 1565
cm* became weaker and broader in the spectrum of Cr(V1) adsorbed CS/IONPs beads, which
could be ascribed to the formation of a complex between -NH2 and Cr(ll1) [316]. The -CH>
bending was associated with a robust 1383 cm* band [363]. At 1315 cm™, the absorption band
corresponded to amide 111 (C-N stretching) [364]. The secondary alcohol groups’ C-O signals
were observed at 1068 and 1162 cm™ [321]. The iron oxides in CS/IONPs beads corresponded
to the bands with wavenumbers of 709, 892, and 535 cm™ [316, 365]. Further, these bands
were weakened after Cr(V1) adsorption (CS/IONPs-Cr beads), which was attributed as a result
of secondary alcohol groups chelated with Fe** [321]. These observations imply that IONPs in
CS/IONPs beads were implicated in Cr(\V1) removal.

To facilitate a more comprehensive examination of Cr(VI) ions removal mechanism,
differences in Cr species concentrations, comprising Cr(VI), Cr(lll), and Cr(tot), were also
observed over the contact time (480 min) of Cr(\VI) removal through CS/IONPs beads (Figure
4.18(b)). During the first 300 min of contact time, Cr(tot) concentration decreased significantly
before levelling off at a plateau (480 min). The observed fast rise in Cr(lll) concentration
suggested a significant quantity of Cr(\V1) species reduced through reaction with Fe?* ions (Egs.
4.6 and 4.7) during the initial stages of Cr(\VI) removal. Afterwards, CS/IONPs active sites
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quickly re-adsorbed the produced Cr(l1l) ions, leading to a plateau for Cr(I11) concentrations.
Nevertheless, Cr(l11) adsorption over CS/IONPs beads reached saturation within 300 min. As
a result, the steady reduction reaction of Cr(VI) to Cr(lll) led to an increase in the
concentrations of Cr(I11) from 300 min, ultimately reaching nearly the saturation concentration
of 34 mg/L at intitial pH 3.

Furthermore, Cr(tot) concentration exhibited a notable decline following a similar pattern
as Cr(V1). This observation suggests that during the contact period of 480 min, more significant
Cr(VI) ions underwent adsorption onto the CS/IONPs beads surface rather than being
condensed to Cr(ll1). According to the above explanations, Cr(VI) removal mechanisms
through CS/IONPs beads involved adsorption and reduction of Cr species through various

surface and interior moieties of the formed beads, as described in Figure 4.19.
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Figure 4.17: (a) XPS survey spectra of fresh and used CS/IONPs beads, deconvoluted XPS
high-resolution spectrum for (b and c) C1s, (d and e) N1s, (fand g) O1s, (h and i) Fe2p and (j)

Cr2p.
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Figure 4.18 (a) FTIR spectra of CS/IONPs and after Cr(VI) adsorption (CS/IONPs-Cr) beads
and (b) Measured Cr(tot), Cr(\V1), and Cr(Ill) concentrations within a contact period of 480

min of Cr(V1) species with CS/IONPs beads.
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Figure 4.19: The proposed Cr(V1) elimination approach uses synthesized CS/IONPs beads.

4.3.2.9 Reusability of CS/IONPs beads

The ability of a saturated adsorbent to be well regenerated and reused impacts its practical
usefulness. The present investigation involves the assessment of Cr(VI) desorption using
NaOH solution for four successive cycles. The findings indicate that the removal % remained

consistent (98 %) for up to two cycles but dropped to 83 % in the final (4™) adsorption cycle
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(Figure 4.20). The desorption of Cr(VI) was about 99.8% up to two desorption cycles. It started

to decline with more desorption/adsorption cycles and reached 48 % in the 4" desorption cycle

MUINVE
AR
A0000

Desorption and adsorption cycles

Figure 4.20: Variations in Cr(VI) removal and desorption % during four cycles of repeated
adsorption and desorption of CS/IONPs beads in aqueous solution (Co - 150 mg/L, CS/IONPs

beads dosage - 2.5 g/L, pH - 3, Desorbing agent - 1M NaOH).

All elements (O, C, N, and Fe) except Cr were present in EDS image mapping of used
CS/IONPs beads (Figure 4.21). It indicates complete desorption of Cr(V1) ions from the beads
in NaOH solution up to two desorption cycles. The conversion of Cr(VI) to Cr(lll) also
declined beyond two desorption/adsorption cycles (Figure 4.22). The incomplete desorption of
Cr(V1) species from CS/IONPs beads resulted in the unrecoverable occupation of adsorptive
sites over the beads and decreased the adsorbent (CS/IONPs beads) and adsorbate (Cr(\V1))
interactions [325] after the first two desorption/adsorption cycles. As a consequence, the

removal percentage of Cr(V1) was reduced in subsequent adsorption cycles.
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Figure 4.21: EDS image mapping of reused CS/IONPs beads after Cr(\V1) adsorption (O —

Oxygen, C — Carbon, N — Nitrogen, Fe — Iron).
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Figure 4.22: Variation in Cr(lll) concentrations in aqueous solution during four cycles of

repeated adsorption and desorption of CS/IONPs beads.

Also, the changes in Cl1s, Ols and N1s signals (Figure 4.17c, 4.17e and 4.17g) of
CS/IONPs beads after Cr(VI) adsorption exposed the partial oxidation of adsorbent beads
[366]. This passivation contributed towards progressive degradation of the CS/IONPs beads
during subsequent adsorption cycles, which decreased the Cr(VI) removal efficacy upon its
reusability (Figure 4.20). Figure 4.23 reveals that a very small amount of iron (<0.55 mg/L)

was leached from IONPs into the aqueous solution during subsequent adsorption cycles and
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followed a decreased trend, with the lowest in the last (4") cycle. It implies that the IONPs
remained closely packed in the CS matrix during subsequent cycles of Cr(VI) adsorption
through CS/IONPs beads. These findings suggest that CS/IONPs beads can undergo facile
regeneration using NaOH. Therefore, CS/IONPs beads are regarded as a suitable adsorbent
candidate for removing Cr(VI) in real applications.
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Figure 4.23: Variation in Fe concentration in agueous solution during four cycles of repeated

adsorption and desorption of CS/IONPs beads.

4.4. Conclusions

In the present investigation, bio-based IONPs were immobilized and entrapped within the
CS matrix to synthesize reusable bi-functional composite CS/IONPs adsorbent. The stability
of CS/IONPs beads was significantly affected by the pH of the aqueous solution, and composite
beads were found to be stable above pH>3. The used CS/IONPs adsorbent retained its
morphological and structural attributes after 4 cycles of reusability tests. CS/IONPs exhibited

a maximum 58.56 mg g* adsorption capacity at the optimized initial pH of 3, CS/IONPs dose
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of 2.5 g/L, and temperature of 25°C with an initial Cr(VI) concentration of 150 mg/L. Co-
existing cations (Na*, Ca®*, Mg?*) did not significantly affect Cr(VI) adsorption capacity;
however, PO,* and SO.* anions interfered with Cr(V1) adsorption owing to complexation
with Fe3* species in CS/IONPs. Langmuir isotherm suggests that CS/IONPs composite beads
could adsorb as high as 345 mg Cr(V1)/g CS/IONPs. The change in Gibbs free energy, heat of
adsorption, and entropy of Cr(VI) adsorption was found to be -14.8 to -13.18 KJ mol?, -29.35
KJ mol?, and -48.55 J mol™ K%, respectively.

Cr(VI) species were removed by electrostatic interactions between protonated NHs* and
OH" functional groups of CS/IONPs beads. Fe(ll) and Fe(lll) synergized Cr(VI) removal
through Cr(VI) reduction to Cr(lll) and Cr(l1I)/Fe(lll) co-precipitation along with Cr(I1l)
surface complexation with the —NH2 group. CS/IONPs beads exhibited a gradual decay in
Cr(VI) removal within 5 cycles of adsorption, and a decrease of 15.7% in Cr(V1) removal was
observed using the re-used adsorbent. Therefore, CS/IONPs are a potential bi-functional
composite adsorbent for Cr(\V1) removal and Cr(V1) detoxification to Cr(llI).

A significant difference in Cr(\VI1) adsorption efficacy was observed when comparing
CS/IONPs beads to the synthesized IONPs. The IONPs exhibited 3.68 times greater Qm values,
along with rate constants Ky and Kz, which were 10 and 33.33 times higher than the CS/IONPs
beads, respectively. However, Fe dissolution was significantly more in IONPs than CS/IONPs
beads. Further, the CS/IONPs beads were found to have a BET surface area 3.48 times more
than that of the IONPs. Moreover, the lower concentrations of PO4*>~ and SO4>~ in aqueous
solution greatly impacted the Cr(VI) removal efficiency of CS/IONPs beads compared to

IONPs.
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Chapter §

Tannic acid (TA) assisted formation of IONPs/sodium
alginate (Alg) composite adsorbent (Alg-TA-Fe) for Cr(VI)

removal and antibacterial functionality
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Composite adsorbent (Alg-TA and Alg-TA-Fe) beads developed for metal(s) removal

e Ability of Alg-TA beads to remove metal(s) increased with increasing TA incorporation
e |ONPs formed within Alg-TA75 beads enhanced Cr(V1) removal efficiency by 86.23%
e Alg-TA75-Fe beads showed E.coli and E.hirea growth inhibition of 74% and 85%

e Higher amount of TA enhanced the stability of the synthesized Alg-TA-Fe beads
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In this Chapter, novel and environment-benign beads were prepared by incorporating tannic
acid (TA) and ferric ions (Fe(l11)) into an alginate (Alg) hydrogel to enhance its Cr(V1) sorption
properties and antimicrobial performance. Firstly, we synthesized Alg beads with varied (15-
75%) TA content. These synthesized Alg-TA (15-75) beads were applied for the individual
removal of Pb(ll), Zn(I1), Cu(ll), Fe(lll), and Cr(VI) from aqueous solution. Furthermore, we
used the Alg-TA (15-75) beads to form IONPs. The modified Alg-TA (15-75)-Fe beads were
then employed for enhanced Cr(VI) removal from the aqueous solution. The influence of
various Cr(V1) removal conditions, namely, pH, Alg-TA (15-75)-Fe beads dosage, and initial
Cr(VI) concentrations, were studied. Moreover, the synthesized Alg-TA and Alg-TA-Fe beads’
antibacterial performance was tested over Escherichia coli (E.coli) and Enterococcus hirea

(E.hirea), respectively.

5.1. Introduction

In Chapter 4, the preparation of CS/IONPs beads was described, and applied to remove
Cr(VI) from the aqueous solution. In this Chapter, another biopolymer, i.e., alginate (Alg), was
utilized to form the metal sorbent beads along with antibacterial functionality. Alg is a
hydrophilic polysaccharide linear binary copolymer composed of (1-4)-linked B-d-mannuronic
acid (M) and o-I-guluronic acid (G) residues as monomers, constituting M-, G-, and MG-
sequential blocks. The use of Alg hydrogels is in demand due to its porous network structure,
rapid swelling behavior, charge over the surface, and functional group attached [367].
Recently, Alg was extracted from Laminaria digitata, and hydrogels of alginate-acrylamide
were formed through a polymerization technique for Pb(Il) removal from an aqueous solution
[368]. In a separate study by Qu et al., [369] urea formaldehyde was grafted onto Alg beads to
enhance the porosity and stability of the formed beads for the removal of Pb(ll), Cu(ll), and

Cd(ll), respectively, from aqueous solution. The metals, pathogens, and dyes present in the
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wastewater were also disinfected by encapsulating Alg beads with zinc oxide NPs [370]. This
postulates that several modifications on Alg beads can be used as an adsorbent to remove heavy
metals and pathogens from the wastewater.

The key active agent in the synthesis of metal NPs is polyphenols (PPs), i.e., tannic acid
(TA), which are readily present in various parts of plants (e.g., tea, red grape) like leaf, seed,
stem, and root [200, 201]. Catechol groups in TA can bind over surfaces through both covalent
and non-covalent interactions [371]. Routinely, PPs are used by plants for their defense against
ultraviolet radiation and pathogens present in the surrounding atmosphere. Green tea PPs
extract primarily comprises 4 catechins: epigallocatechin gallate (EGCG), epigallocatechin,
epicatechin gallate, and epicatechin. EGCG accounts for roughly 50-80% of overall catechins
[202]. Graphene oxide (GO) was reduced with EGCG by Liao ef al. [372] creating reduced GO
(rGO). In order to retain the flavonoid structure, EGCG was converted to galloyl-derived
orthoquinone via nucleophilic addition of epoxide, which then reduces GO to rGO. There has
been a lot of work done in recent years to create novel polymer adsorbents with extraordinary
adsorption capacities at a low cost [373-375]. In a study by Ucer et al. [376], the adsorption of
Cu(Il), Cd(1I), Zn(II), Mn(II), and Fe(IIl), respectively, was achieved through TA-coated
activated carbon. The highest affinity of metal adsorption was achieved for Cu(Il) with a %
removal of 65.5 at pH 5.4. In another study by Zou et al. [377], adsorption of Pb(II) ions was
done through TA@Zr and found to have a Qm of 100 mg g as per Langmuir isotherm. Zing
et al. [378] prepared double crosslinked Fe**-TA-HCHO polymer for the removal of Pb(Il),
Hg(1I), and As(III), respectively, from synthetic metal solutions. The Qm values for Pb(Il) and
Hg(1I) removal through synthesized Fe**-TA-HCHO were reported as 819.67 and 699.3 mg g
!, respectively. Further, a TA-rGO composite was developed by Cheng et al. [379] for Cr(VI)
removal with a Qm value of 179.22 mg g''. When applied to graphene sheets, TA inhibits the
formation of aggregates by dampening the hydrophobic stacking interactions between
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individual sheets. The coordination polymer of Fe**-TA, as reported by Ejima et al. [380] was
prepared by a one-pot fabrication approach. The method required no unique tools, and the
regents employed were both economical and environmentally friendly. Motivated by
polyphenols' remarkable anti-inflammatory properties. The functionalized film of TA was
developed by Yang ef al. [381] to create a simple and effective chemical strategy for the
acquisition of circulating tumor cells without tagging. Also, Zhang et al. [382] created a
polypropylene separator coated with a TA/Fe’" complex to slow the shuttle effect of
polysulfides in lithium-sulfur batteries. Fe**-TA polymers tend to disassemble in acidic
conditions due to the strong pH dependence of their coordination, thereby restricting the
usefulness of the promising materials [380]. Therefore, it is crucial to create a study and
adaptable TA-based material.

Accordingly, in this Chapter, environment-benign beads of Alg with varied (15-75%) TA
content were prepared by using the polymerization technique. The synthesized Alg-TA (15-
75) beads were characterized for weight, size, polymer content, and swelling ratio, respectively.
The synthesized beads of Alg-TA (15-75) were applied to remove Pb(II), Zn(II), Cu(II), Fe(III),
and Cr(VI) from aqueous solution. Further, the synthesized beads of Alg-TA (15-75) were
dipped in Fe precursor solution to form IONPs within them and thus formed novel Alg-TA
(15-75) -Fe beads. These formed beads of Alg-TA (15-75)-Fe were used to enhance Cr(VI)
removal from the aqueous solution. To the best of our knowledge, this is the first time Alg-TA
-Fe beads have been synthesized and used in environmental cleanup. Furthermore, several
analytical methods were used to characterize both the synthesized beads of Alg-TA and Alg-
TA-Fe. The influence of various Cr(VI) removal conditions, namely, pH, Alg-TA (15-75)-Fe
dosage, and initial Cr(VI) concentrations, were studied and optimized. Moreover, the
antibacterial performance of the synthesized beads (Alg-TA and Alg-TA-Fe) was also tested
on E.coli and E.hirea pathogenic bacterial strains.
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5.2. Materials and Methods

5.21 Materials

Tannic acid (cat. no: A17022) was bought from Alfa Aesar, UK. Sodium alginate (cas.
no: 9005-38-3), copper (II) sulfate (cas. no: 7758-98-7) (CuSOs4), and calcium chloride (cas.
no: 10043-52-4) were procured from Thermo Fisher Scientific, UK. Lead (II) nitrate (cat. no:
228621) Pb(NOs3)2) and zinc (II) chloride (cat. no: 208086) (ZnCly) were purchased from
Sigma-Aldrich, UK. 1,5-Diphenylcarbazide (DPC) (cat. no: GRM519) and ferric chloride
anhydrous (FeCls) (cat. no: GRM1379) were purchased from Himedia, India. The chromium
standard for atomic absorption spectroscopy (AAS) (1000 ppm), purchased from Sigma-
Aldrich (cat. no: 02733), was diluted and used for Cr absorption experiments. Double distilled

water (18 MQ, Millipore) was used throughout the experiments.

5.2.2 Synthesis of Alg, Alg-TA and Alg-TA-Fe beads

Hydrogel beads were prepared by crosslinking a mixture of Alg and TA with calcium
chloride solution by adapting a protocol reported in the literature [195, 383]. First, a thick
solution of as-bought 4% (w/v) Alg was prepared in double distilled water (>1 h orbital shaker).
Then 15-75% of TA (w/w with respect to Alg) was mixed into Alg solution and stirred until a
homogeneous mixture was obtained. The Alg-TA mixture was then either pipetted into 3.5 %
CaCl; solution (w/v) to form hydrogel Alg-TA beads or poured into a mold containing the
CaCl; solution to form bulk samples for visual inspection and mechanical testing. To obtain
the dry weight of hydrogel beads and to perform further physical characterization, including
measurement of metal ion adsorption, beads were lyophilized (18 h), and then oven-dried (4
d). To induce iron particle formation, the Alg-TA beads were immersed in 0.1 M FeCls solution

(i.e. 5.58 g/L Fe*") for 30 min and then rinsed with water to form Alg-TA-Fe beads. A color
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change indicating FexOy particle formation can be seen within 5-10 min. The control beads,

i.e., only Alg beads dipped in FeCls solution, were also prepared and denoted as Alg-Fe.

5.2.3 Characterization of synthesized Alg, Alg-TA and Alg-TA-Fe beads

The synthesized Alg-TA-Fe beads were imaged using a Field-Emission Scanning Electron
Microscope (FESEM) (Zeiss, Model: Sigma, Germany) operated at 3 kV. Elemental mapping
of Alg-TA-Fe bead surfaces was achieved using Energy dispersive spectroscopy (EDS) (Zeiss,
Model: Sigma, Germany) installed in the SEM. The bead surfaces were also examined with X-
ray photoelectron spectroscopy (XPS) (Ulvac, Model: PHI 5000 VersaProbe III, Japan)
conducted using Al Ko X-rays, with a take-off angle of 45°. The measurements were performed
under low energy electron and Ar” surface charge correction. A pass energy of 23.5 eV was
used for high-resolution scans, while a pass energy of 117.4 eV was used for survey spectra.
The binding energy (BE) of the primary Cls peak at 284.8 eV (C-C/C-H) was employed to
compensate for specimen charging during data acquisition. The high-resolution scan BE data
was further compensated for during peak fitting to be consistent with the main Cls C-O peak
of the alginate material. A Shirley background was used in all high-resolution peak fittings,
and Gaussian peak components of equal width were assumed for each type of peak (Ols, Cls,
Fe2p, Fe2p satellite). BE fittings were further constrained within a range of chemical shifts
reported for each bonding environment in the literature. Fourier transform infrared (FT-IR)
spectrometer (PerkinElmer, Model: Spectrum two, USA) recorded the pertinent functional
groups on the synthesized TA powder, Alg and Alg-TA (15-75) beads within the wavenumber
from 4000 to 400 cm™!. Further, the sizes of the prepared Alg and Alg-TA beads were
determined by using Image J analysis. The wet, over-dried, and lyophilized weights of the
synthesized Alg and Alg-TA (15-75) beads were also reported. The Universal Testing Machine
(Instron, Model: 5944, USA) was employed to conduct the mechanical testing of the
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synthesized larger hydrogel samples of Alg and Alg-TA (15-75), respectively. Furthermore,
the swelling ratio of the synthesized Alg and Alg-TA (15-75) was calculated using the
following Eq. 5.1 [384]. Where Wt and W4 represent the wet and dry weight of the formed Alg

and Alg-TA beads in g, respectively.

We— Wy

t

Swelling ratio =

(5.1)

5.2.4 Batch adsorption studies through synthesized Alg, Alg-TA and Alg-TA-Fe beads
The batch adsorption experiments were carried out for Pb(Il), Cu(Il), Zn(II), Fe(III),
and Cr(VI) ions, respectively, from synthetic wastewater samples. Briefly, 1 g/L of lyophilized
beads (Alg and Alg-TA (15-75)) were taken and mixed with C, of Pb(Il), Cu(Il), Fe(III), and
Zn(Il) of 50 mg/L in glass vials and were agitated at a speed of 180 rpm and temperature of
25°C in a shaker incubator (Scigenics, Orbitek-LE) for 12 h. The effects of various pH (2.0,
4.0, and 6.0) were explored to obtain the optimal pH condition for Pb(II), Zn(II), and Fe(III)
removal, respectively, through Alg and Alg-TA (15-75) beads. The removal of Cu(Il) and
Cr(VI) using synthesized beads of Alg and Alg-TA (15-75) beads was performed at a constant
pH of 4. Further, the synthesized Alg-TA (15-75)-Fe beads were applied to remove Cr(VI)
from 20 mg/L aqueous solution. In addition, the effect of various pH, adsorbent dosage, and
initial concentration were also studied in the range from 2.0 to 8.0, 1 to 2 g/L, and 20 to 150
mg/L, respectively, were explored to obtain the optimal removal conditions. Moreover, the
adsorption isotherm studies were also performed on the synthesized beads Alg, Alg-TA (15-
75), and Alg-TA (15-75)-Fe beads, respectively. Inductively coupled plasma mass
spectrometry (Agilent, Model: 7700 series, USA) was used to measure the concentrations of
metal ions (Pb(II), Cu(Il), Fe(Ill), and Zn(II)), respectively, in the solution during adsorption
experiments. Further, DPC reagent was utilized to determine the concentration of dissolved

Cr(VI) by measuring absorbance at A = 543 nm in a spectrophotometer [290]. The adsorption
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capacity (qe, mg g'') and removal % of metal ions were determined by using Eq. 3.1 (Chapter
3) and Eqg. 4.1 (Chapter 4), respectively. Moreover, Langmuir and Freundlich isotherm
expressions as already stated in Chapter 3 were equated to determine the adsorption isotherm

parameters of the synthesized beads.

5.2.5 Antibacterial studies of the synthesized Alg, Alg-TA, Alg-Fe and Alg-TA-Fe beads

The antibacterial performance of the synthesized Alg, Alg-TA (15-75), Alg-Fe, and Alg-TA
(15-75)-Fe beads was done by using both broth dilution and zone of inhibition (ZOI). The
beads were tested for Escherichia coli (E. coli, MTCC 1610) and Enterococcus hirea (E. hirea,
MTCC 3612) bacteria, respectively. The bacteria were grown in fresh Luria Broth media, and
optical density (O.D.) at 600 nm was adjusted to 0.025, which resembles 107 CFU/mL. The
prepared cultures of the bacteria were incubated with Alg, Alg-TA (15-75), Alg-Fe, and Alg-
TA (15-75)-Fe beads at a dosage of 0.05 and 0.1 % (w/v), respectively, in a sterile 50 mL
falcon’s tube for 12 h at 37°C. After the incubation period, the O.D. 600 nm values were
measured for different sets of concentrations of beads. Further, in the ZOI method, samples of
Alg, Alg-TA (15-55), Alg-Fe, and Alg-TA (15-75)-Fe beads were put over the Mueller Hinton
agar (MHA) grown bacteria (E.coli and E.hirea) plates for 12 h at 37°C. After incubation, the

images of MHA plates were captured, and ZOI was measured using Image J software.

5.3. Results and Discussion
5.3.1 Alg-TA bead formation and characterization

Figure 5.1(a) illustrates the facile procedure of producing Alg-TA beads, adapted from
the literature [385] simply by mixing TA powder into a sodium alginate solution and then
pipetting drops of this mixture into a CaCl. solution for gelation. The hydrated Alg-TA beads,
through the entire range of 15-75% TA incorporation, mostly retain the color of pure Alg beads
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when initially prepared (Figure 5.1(b) and Figure 5.2(a)), and they acquire a brown tint after
drying (Figure 5.2(b)). Roughly spherical beads may be formed up to 55% TA incorporation
(Alg-TA-55) (Figure 5.1(c)), while higher TA resulted in more viscous Alg-TA mixtures that
more easily gel into shapes influenced by the pipetting process (Figure 5.1(d)). Larger hydrogel
sample may also be prepared by pouring Alg-TA pre-gelation mixtures into suitable molds

filled with CaCl> solution (Figure 5.2(c)).
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Figure 5.1: Schematic of hydrogel adsorbent bead preparation (A) and examples of wet beads

of unfunctionalized 4% Alg (w/v) (B), and Alg-TA55 beads with 45:55 Alg:TA content (C)
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Figure 5.2: (A) Wet Alg beads (i) and (ii-v) Alg-TA beads with 15, 35, 55 and 75% of TA.
(B) Dried Alg beads (i) and (ii-v) Alg-TA beads with 15, 35, 55 and 75% of TA. (C) Larger
hydrogel samples molded from the 50 mL Falcon tubes of Alg (i) and (ii-v) Alg-TA gels with
15, 35, 55 and 75% of TA.

ATR-FTIR characterization of dried Alg-TA beads (Figures 5.3 and 5.4(a)) shows clear
absorption bands expected for both alginate and TA, demonstrating actual TA incorporation
from the pre-gelation mixture. In fact, based on the increases in peak areas for absorption bands
expected for TA between 1153~1700 cm™ when increasing amounts of TA were added (and
corresponding decreases in alginate bands between 950~1153 cmt), we inferred that the actual

TA: alginate ratio in the gel (Figure 5.3 inset) tended to be higher than the pre-gelation Alg-
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TA mixture for lower TA additions (e.g., 25% TA incorporated at 15% added). TA
incorporation became roughly proportional to the amount added at TA content above ~50%.
The exact IR peak positions were also observed to shift gradually with the amount of TA added,

possibly indicating specific chemical interactions during the gelation process.
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Figure 5.3: Main IR absorption bands of Alg-TA beads spanning 800-1800 cm™ compared
with the unfunctionalized Alg bead and neat TA powder as measured by ATR-FTIR. The full
spectra from 650-4000 cm™ is shown in Figure 5.4(a). The inset plots TA incorporation against
the weight percentage of TA added during hydrogel preparation, as indicated by the relative
absorbance increases in TA-associated peaks from 1153-1800 cm™. The same trend is also
indicated by the relative decreases in Alg-associated absorbances below 1180 cm™ (Figure

5.4(b)).
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Figure 5.4: (A) FTIR absorbance spectra of Alg gel, TA powder, and Alg-TA with 15, 35, 55,
and 75% of TA. (B) Relative absorbance peak area (%) basis variations in wavenumber regions
(800-1153 cm* and 1153-1800 cm™) of Alg-TA with 0, 15, 35, 55, 75 and 100% of TA.

Figure 5.5 compares the sizes, weights, volumes, and swelling ratio of Alg-TA hydrogel
beads. The wet and dry weights of the beads were measured (Figure 5.5(a)) in order to obtain
the swelling ratio (Figure 5.5(b)). To obtain higher weighing accuracy, especially for dried
beads, 5-10 beads were weighed together, and their averaged weights were reported.
Interestingly, while actual TA content on the beads increased with TA addition (Figure 5.3),

the wet and dry weights, and hence the swelling ratio, initially remained similar to pure Alg
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beads at 15% TA added (Alg-TA-15 beads). With further increases in TA incorporation, the
dry weight decreased systematically by more than 10-fold between 15% and 75% TA, but the
wet weight remained roughly similar up to 55% TA. Thus, the swelling ratio increased from

ca. 20-times for Alg-TA-15 beads (similar to native Alg) to ~70-times for Alg-TA-75.
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Figure 5.5: (A) Average wet and dry weights of Alg-TA beads with increasing TA content.
(B) The average diameters of the same beads measured from image analysis. (C) The weight
percentage of Alg+TA material within each bead type calculated from the wet and dry weights.
(D) Corresponding swelling ratio of beads of increasing TA content.

At the same time, the size of swollen beads, controlled by the preparation drop volume
and the viscosity of the pre-gelation mixture, was roughly similar across Alg-TA-15, Alg-TA-
35 and Alg-TA-55 before dropping somewhat for Alg-TA-75 (average diameter ~0.5 cm
compared to ~0.4 cm; Figure 5.5(c)). Thus, overall, higher TA incorporation enabled formation
of beads of similar sizes with lower polymer densities (Figure 5.5(d)). Since TA molecules are
too small to crosslink into a hydrogel themselves (MW < 1711 depending on the number of
galloyl groups), [386] our observations indicate the strong ability of TA to bind with alginate
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polymer chains, in line with our previous report on the superior binding ability of TA on
cellulose, another polysaccharide [387]. Indeed, compressive mechanical testing of wet
hydrogel samples further indicated only a ~20% drop in toughness as TA content increased to
75% (Figure 5.6), despite the 4-times reduction of polymer weight content from 4% to 1%

(Figure 5.5(d)), and similar elastic moduli for all levels of TA incorporation.
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Figure 5.6: Stress versus strain plot of Alg and Alg-TA with 15, 35, 55 and 75% of TA

hydrogel samples at a loading rate of 1 mm/min.

5.3.2 Effect of TA incorporation on sorption

The ability of Alg-TA beads to remove some potential toxic heavy metal ion pollutants
typically found in contaminated water/wastewater [388, 389] is shown in Figure 5.7. Sorptions
of Pb(Il), Zn(1l), and Fe(lll) at an initial ion concentration (Co) of 50 mg/L (i.e., 50 ppm) and
loading of 1 g/L (i.e., 1 g dried beads per liter of solution) were evaluated over pH 2 to 6
(Figures 5.7(a)-5.7(c)) while, as example, sorptions of Cu(ll) and Cr(VI) were tested at pH 4
(Figure 5.7(d)). Additional sorption isotherms for the Alg, Alg-TA-35 and Alg-TA-55 beads
were measured across a wide range of Co = 0.05-500 mg/L at pH 4 and analyzed with Langmuir
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(Figure 5.8) and Freundlich fittings (Figure 5.9) for Pb(I1), Zn(1l), and Cu(ll) to further evaluate
the adsorption capacity (fitting parameters shown in Tables 5.1(a)-5.1(d)). Higher pH was not
tested because of ion precipitation [390]. The chosen Co = 50 mg/L, relatively high compared
to the safety limits [391-393], was chosen to help highlight the differences between pure
alginate and the enhanced Alg-TA beads.

It is clear from Figure 5.7 that the ability of the Alg-TA beads to remove ions increased
with increasing TA incorporation under the conditions tested. For example, the Alg-TA 75
beads were able to remove a maximum of 98% Pb(11) at pH 4 (ge = 49 mg g™) and 67% Zn(11)
at pH 6 (ge = 38 mg g1), while amounts of removal by the pure Alg beads were roughly 75%
lower at these pH conditions. Moreover, while the pH response of ion removal differed
variously depending on the ion type, TA incorporation can nonetheless be seen to improve
sorption/removal especially in cases where the performance of the pure alginate beads was
poor. For example, the percentage removal for alginate only beads were all below 25% for
Pb(Il) at pH 6 (Figure 5.7a) and for Zn(l1), Fe(l11), Cu(ll), and Cr(VI) at pH 4 (Figures 5.7(b)-
5.7(d)), but the sorption performance at least doubled as TA incorporation increased

successively to 75%.
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Figure 5.7: Bulk measurements of ion removal from aqueous salt solutions using alginate
beads with different levels of TA incorporation. The effect of pH is studied for Pb(Il) (A),
Zn(II) (B) and Fe(III) (C) sorption from an initial ion concentration of 20 mg/L (i.e., 20 ppm).
(D) Corresponding measurements at pH 4 for Cu(Il) and Cr(VI). Additional measurements at
higher initial ion concentrations and corresponding model fittings are shown in Figures 5.8 and
5.9.

The enhancement of metal binding with increasing TA incorporation is expected from
the various natural functions of polyphenols, e.g., binding of cations as ion nutrients and to
enable antioxidant properties involving metal ion redox chemistry [394-396] which can be
active even at the acidic pH range of our measurements [397, 398]. The mannuronic and
guluronic acids of alginate have pKa’s of 3.4 and 3.7, respectively, [399] and hence, the
polysaccharide component of the Alg-TA hydrogel should be uncharged at pH 2 and
increasingly negatively charged above pH ~3. TA is chemically complex (pKa ~ 6 - 8.5) but is
expected to be largely uncharged under our conditions, as half-dissociation is expected only at

pH 7.8 [400]. In the case of Zn(ll), therefore, electrostatic interactions driven by alginate could
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have contributed to the overall increase in sorption as pH increased from pH 2 to 6. On the
other hand, the decrease in overall sorption for Pb(11) and Fe(l1l) as pH increased from pH 4 to
6 may be due to other properties of these cations (e.g., the low solubility of Fe(l11) above pH 4
may have interfered with the results) [401].

Sorption isotherm measurements show that the amounts of ions removed (ge) by Alg-
TA-55 beads at the highest Co tested (500 mg/L) was ca. 340 mg g™ for Pb(ll), 120 mg g'* for
Zn(l1), and 165 mg g* for Cu(ll) (Figure 5.8). At the same time, although Langmuir fittings
for Pb(1l) and Zn(1l) appear to be reasonable fits (Figures 5.8(b) and 5.8(d)), it is clear from
the trends of the raw data (Figures 5.8(a) and 5.8(c)), that the sorption capacities of the
hydrogels have not been reached, as the amounts of ions removed (ge) are still increasing
rapidly with the equilibrium concentration of ions remaining in the solutions (Ce). The Cu(ll)
data could be well fitted by Langmuir isotherms (Figures 5.8(e) and 5.8(f)), potentially
supporting the model’s single molecular adsorption per interaction site mechanism, [196] and
the fitted Qm are 143 mg/g, 164 mg/g and 167 mg/g for the Alg, Alg-TA-35 and Alg-TA-55
samples, respectively (Table 5.1).

For Pb(Il) and Zn(Il), the empirical Freundlich fitting could be reasonably applied to
describe the data at lower and higher Co regimes separately (fittings for higher ge and Ce shown
in Figure 5.8). While the Zn(l1) data show very similar behavior between Alg and the Alg-TA
beads, the large enhancements for Pb(Il) removal shown by Alg-TA beads could be consistent
with multilayer adsorption or the presence of interaction sites with heterogeneous affinities that
can be fitted by Freundlich isotherms [196, 402]. Overall, our results demonstrate
sorption/removal across a larger panel of ions than previously reported for these Alg-TA
hydrogels conveniently prepared entirely from all natural biomolecules, and we show that the
removal performance of these materials to at least match the properties of various previously
reported synthetic adsorbents [402-404].
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Table 5.1: Fitted parameters (A) Qm and (C) Langmuir constant (K.) for Langmuir and (B)
adsorption intensity (n) and (D) Freundlich constant (Kr) for Freundlich adsorption isotherm
models for metal(s) ion (Pb(Il), Zn(I1) and Cu(ll)) adsorption onto Alg and Alg-TA with 35
and 55% of TA, respectively.

TH-3409_176152009

Fitted Qm (Mg g%) Alg Alg-TA35 Alg-TA55
Pb(IT) 322.58 322.60 333.33
Zn(ID) 370.37 277.77 200
Cu(II) 142.85 163.93 166.66
Fitted '/ Alg Alg-TA35 Alg-TA55
Pb(I) 0.28 0.20 0.19
Zn(ID) 0.63 0.49 0.44
Cu(II) 0.32 0.28 0.27
Fitted K, x 10°(L mg) Alg Alg-TA35 Alg-TAS55
Pb(II) 8.85 48.66 142.18
Zn(II) 1.10 1.87 3.60
Cu(II) 30.81 21.73 89.55
Fitted K, (mg g*)(mg
|F_—l)1/n Alg Alg-TA35 Alg-TAS55
Pb(IT) 47 100 121
Zn(IT) 2.5 5.9 8.0
Cu(I) 23 28 35
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Figure 5.8: Raw data and Langmuir isotherm fitted plot for the adsorption of (A) and (B)
Pb(I1), (C) and (D) zZn(l1), (E) and (F) Cu(ll) through synthesized Alg only and Alg-TA with

35 and 55% of TA beads, respectively.
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Figure 5.9: Raw data and Freundlich isotherm fitted plot for the adsorption of (A) and (B)
Pb(ll), (C) and (D) Zn(I1), (E) and (F) Cu(ll) through synthesized Alg only and Alg-TA with

35 and 75% of TA beads, respectively.

5.3.3 Characterization of Alg-TA-Fe beads
In previous chapters 3 and 4, it was indicated that IONPs synthesized by raw plant part
extract were effective in the adsorption of Cr(V1). Moreover, as introduced earlier, TA has an

intrinsic antimicrobial effect. Therefore, given the present results demonstrating significantly
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more Fe ion sorption by Alg-TA than pure alginate gel beads (Figure 5.6(c)), we were
motivated to investigate the potential synergy in Cr(V1) sorption and antimicrobial activity by
combining Fe and TA within an alginate hydrogel system.

To maximize the potential effect, we prepared Fe incorporated Alg-TA beads (i.e., Alg-
TA-Fe beads) using a high concentration of Fe ions (100 mM FeCls; see section 5.2.2) far in
excess of the acid and galloyl groups present in the hydrogel. While pure alginate beads also
incubated in the FeCls preparation solution as controls appear indistinguishable from beads
without Fe (Figure 5.10(a)), all our Alg-TA beads with TA compositions from 15% to 75%
quickly turned a deep black in color after a short incubation (<30 min) (resulting beads
designated as Alg-TA15-Fe through Alg-TA75-Fe) (Figure 5.10(b)). Thus, there is a clear
change induced by the chemistry of the TA. Cross sections and outer surfaces of very large
samples prepared also show a homogenous black coloration (Figures 5.10(c) and 5.10(d)),
suggesting that the process responsible for the color change had initiated homogeneously
throughout the Alg-TA hydrogel matrix and the colorant likely did not have to be
transported/diffused into the gels.

To gain a better chemical understanding, we performed SEM EDS and XPS analysis
on the Alg-TAbB5-Fe and Alg-Fe beads as examples. A black coloration could potentially be
the absorption of Fe complexes or an optical scattering effect of Fe or IONP formation induced
by TA, a polyphenol. SEM imaging with EDS mapping showed that both the interior and
exterior of the gels appeared morphologically similar (Figures 5.10(e) and 5.10(f)), with some
sparsely distributed microscale particulates as well as 20-200 nm nanoparticle features.
Although the spatial resolution of our EDS analysis (~3 um for the 15 keV electron beam used)
was not high enough to directly characterize the NPs, the elemental mapping indicated a
relatively uniform distribution of Fe and O elements across both the exterior surface (Figure
5.10(e)) and cross-sectional interior of the beads (Figure 5.11). Therefore, the larger micro-
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features do not appear to be salt or Fe deposits, and there are too few nanostructures to explain
the homogeneity of the Fe or O content. Thus, the Fe present could be directly coordinated

with the alginate acid or TA galloyl groups, or any Fe or IONPs formed would be smaller than

the resolution limit of our SEM imaging (<20 nm).

B {

Alg-TA55-Fe

A

Figure 5.10: Alg-Fe beads (A) have no special coloration. The Alg-TA55-Fe bead is
dramatically darkened (B), as are Alg-TA-Fe samples at all other levels of TA incorporated.
The darkening is uniform on both the external surface (C) and across a cut section (D) even for
large-sized samples. SEM-EDS characterization of Alg-TA55-Fe (E) shows the Fe content
(purple overlay) is relatively uniform regardless of surface features, same as for other elements
detected. Higher resolution FE-SEM imaging (F) of a Alg-TA55-Fe bead cross-section
suggests a distribution of NPs within the hydrogel after Fe sorption (two NPs-like features

highlighted as examples).
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Figure 5.11: FESEM micrographs of Alg-TA55-Fe bead inside/cross-section (A) and zoomed-

in views (B and C), as well as a micrograph of the external surface (D).

EDS analysis of Fe elemental composition had large uncertainties because of
corresponding uncertainties in the amounts of C, O and Ca determined due to overlapping X-
ray lines (Figure 5.12). XPS survey scans also produced relatively small Fe peaks sometimes

near the background (Figure 5.13). On the other hand, well resolved Fe2p peaks and their
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chemical shifts were measured in high resolution scans of both the Alg-Fe and Alg-TA55-Fe
samples, with Alg-TA55-Fe exhibiting a roughly 3 times higher intensity (Figure 5.14a).
Therefore, the highly visible change in coloration (Figures 5.10(a) and 5.10(b)) of Alg-TA-Fe
samples but not for Alg-Fe could be due to a significant chemical change induced by TA. Peak
fitting differentiated at least 3 sets of chemical shifted peaks in both samples. Notwithstanding
the difference in peak intensities (i.e., 3-times higher Fe incorporated in Alg-TA55-Fe), the
main difference between the samples is a clear peak component at a chemical shift of 706.6 eV

with TA present that accounts for ca. 20% of the Fe present (Figure 5.14(b)).

W Spectrum 7

Figure 5.12: SEM-EDS of cutted Alg-TA55-Fe bead (A) micrograph, (C), (D) and (E)
spectrums at lower scale (10 um), and (B) micrograph and (F) spectra at higher scale (5 pm),
respectively.
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Figure 5.13: XPS survey spectra’s of Alg-Fe and Alg-TA55-Fe beads.

This relatively low BE corresponds to metallic Fe(0), and would be consistent with the
well-known ability of polyphenols to reduce metal salts [405, 406]. The Fe(0) component of
the Alg-Fe sample is small and could simply be fluctuations in the background. We can further
distinguish this Fe(0) material from a peak component with a chemical shift of ~708.5 eV
consistent with coordination to organic groups [407] (e.g., alginic acids or TA phenols) (Figure
5.14b), accounting for ~50% and ~70% of Fe content in the Alg-TA55-Fe and Alg-Fe samples,
respectively. The remaining peak component at ~711.1 eV for both samples is consistent with
either Fe>Os (e.g., oxidized from Fe(0)) or FeClz (e.g., unwashed salts from sample
preparation). These assignments and fitted intensities are further corroborated by chemical
shifts in Ol1s and C1s chemical shift analyses corresponding to acid and galloyl group Fe
coordination or salts (Figures 5.15 and 5.16). Thus, the alginic acid component in both samples
with and without TA likely was responsible for a majority of Fe uptake (at the high Fe®*
concentration used for preparing samples), while the TA component apparently was able to
produce Fe(0) possibly in the form of NPs, some of which could be oxidized to Fe;Os.
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Figure 5.14: (A) XPS Fe2p spectra of Alg-Fe and Alg-TA55-Fe samples. The fitted binding
energies (BEs) of the assigned principal Fe2ps. peak components and their relative
intensities/compositions are shown in (B). The BEs and areas of all peak components are shown

in Table 5.2.
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Figure 5.15: XPS high resolution spectra’s (A) Ols and (B) Cls of Alg-TA55-Fe and Alg-Fe

beads, respectively.

Table 5.2: Enlisted various Fe species binding energy (eV) and their corresponding areas (eV-

cps) as revealed from deconvoluted XPS Fe2p high resolution spectra’s of Alg-Fe and Alg-

TAbS5-Fe beads, respectively.

TH-3409_176152009

Fitted Fe2p binding | Fe[0] | Fe..COO or | Fe,0; | Fe[0] | Fe.COO- | Fe,O,
energy (BE/eV) (2p;5) | Fe..O-Ph (2p,,) | (2ps,) | (2Py)) (p,,) (2p,,)
Alg-Fe 706.6 708.5 711.1 719.7 721.6 724.3
Alg-TAS55-Fe 706.7 708.5 711.1 719.8 721.6 724.3
Fitted Fe2p | porg) | Fe.cOO- | Fe,0, | Fe[0] | Fe.COO- | Fe,O,
area
(eV-cps) (2ps,) (2ps,) (2p4),) (2p, ) 2p,,,) (2p,,,)
Alg-Fe 293 1974 712 147 987 356
Alg-TAS55-Fe| 1987 5068 2268 994 2534 1134
Additional fitting FWHM Satellite Satellite BE 2p,,, to satellite
characteristics (eV) FWHM (eV) distance (eV) intensity ratio
Alg-Fe 39 4.0 5.5 3.1
Alg-TAS55-Fe 2.6 2.8 5.5 2.8
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Figure 5.16: Calculated relative elemental composition in % from high resolution spectra’s

(A) Fe2pssz, (B) Ols and (C) C1s of Alg-TA55-Fe bead.

5.3.4 Adsorption of Cr(VI) by Alg-TA-Fe Beads

We characterized the removal of hexavalent chromium Cr(VI) by the Alg-TA-Fe beads

(Figure 5.17) following the same procedures as earlier experiments using Alg-TA beads

without Fe (Figure 5.7). Cr(V1) solutions could be prepared without precipitation over pH 2 to

TH-3409_176152009
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8 under our conditions, and we performed our sorption measurements over this range. A
dramatic increase in Cr(VI) removal can be observed using beads incorporating both TA and
Fe, with roughly 3-times higher sorption for Alg-TA-Fe vs. Alg-Fe beads in the main
experiments using 1 g/L beads in Cr(VI) solution, while the effect of pH is relatively small
(Figure 5.17(a)). For example, at pH 4, removal using Alg-Fe was only ~30%, compared with
82~94% sorption for the entire range of Alg-TA15-Fe to Alg-TA75-Fe beads, with sorption
increasing systematically with the amount of TA added. The data for other pH measurements
were similar.

The large jump in sorption from the Alg-Fe to Alg-TA15-Fe beads and the systematic
increase as more TA is added both indicate a fundamentally different mechanism of Cr(VI)
binding induced by the TA incorporated. Given the significant increase in actual TA
incorporated with increasing amounts of TA added to the bead preparation (Figure 5.3), the
small corresponding increase in Cr(VI) sorption may indicate that most of the additional TA is
bound with the alginate or has formed crosslinked polyphenol components that do not exhibit
free trihydroxyl phenol groups for Fe or Cr(VI) binding. The 3-times higher Cr(VI) sorption
with TA addition is incidentally similar to the increase of Fe incorporation from the Alg-Fe to
the Alg-TAb5-Fe bead as characterized by XPS (Figure 5.14). Moreover, our earlier data using
Alg-TA beads without Fe3* incorporation produced only roughly half as much Cr(V1) sorption
(e.g., only 51.5 % removal using Alg-TA75 at pH 4, Figure 5.6(d)). Therefore, the Cr(VI)
sorption enhancement is not directly due to ion binding to TA but is a result of Cr(VI) binding

to the material produced by TA-induced Fe incorporation, i.e., a synergistic effect.
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Figure 5.17: (A) Percentages of Cr(VI) ion removal using 1 g of Fe-incorporated Alg-TA
beads with 15-75% TA content per liter of 20 mg/L aqueous solution (i.e., 1 g/L loading), at a
pH ranging from 2 to 8. Measurements at high 1.5 g/L and 2 g/L loading were also made for
comparison. (B) Additional measurements made at higher initial Cr(VI) concentrations up to
150 mg/L plotted with Freundlich isotherm fitting. (C) Corresponding log-log plot of the data
shown in (B). Langmuir and Freundlich isotherm fittings are shown in Figure 5.18. Freundlich
parameters are shown in Tables 5.3.

We further investigated Cr(VI) removal at higher bead loadings and at various Cr(VI)
concentrations to obtain the sorption isotherms (Figures 5.17(a)-right, 5.17(b) and 5.17(c)). As
the bead concentration doubled from the previous 1 g/L to 2 g/L, the amount of Cr(\V1) removal
(at pH 4) was observed to increase more at lower TA contents (e.g., for Alg-TA15-Fe, removal
increased from ~82% to ~90%, while for Alg-TA75-Fe beads, removal increased only from
~94% to ~95%). Overall, however, the lack of complete removal indicated that Cr(\V1) sorption
was limited by simultaneous ion desorption (i.e., an equilibrium effect). Along these lines, the
sorption isotherms measured indicated that the beads could take up additional Cr(VI) as its
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concentration increased from 20 mg/L to 150 mg/L and beyond (Figure 5.17(b)). Fitting of the
data also indicates a slightly higher slope for TA-incorporated beads (Figure 5.17(c) and Table
5.3), corroborating the possibility of a different mode of Cr(\V1) sorption on hydrogels with
Fe(0) captured (see previous section). Additional FESEM imaging (Figure 5.19) did not reveal
any obvious difference in surface (inside and outside) of Alg-TA75-Fe beads after Cr(VI)

adsorption, indicating that the mechanism was molecular or at least nanoscale.
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Figure 5.18: (A) and (C) Raw data, (B) Langmuir and (D) Freundlich isotherm for Cr(VI)
adsorption through synthesized Alg-Fe and Alg-TA-Fe with 15, 35, 55 and 75% of TA,
respectively.

Table 5.3: Langmuir and Freundlich isotherms fitted model parameters of Alg-Fe and Alg-
TA-Fe with 15, 35, 55 and 75% of TA, respectively for Cr(\V1) adsorption.

TH-3409_176152009

Cr(VI) Alg-Fe Alg-TA15-Fe | Alg-TA35-Fe | Alg-TA55-Fe | Alg-TA75-Fe
Flttedg?;* (Mg 9o 51 68.21 71.67 73.42 78.86
Fitted KL (L | g 054 0.072 0.067 0.116 0.109
mg")
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Fitted K ((mg
gy (mg L- 7.0 25.5 21.8 21.5 23.7
l)l/n)
Fitted 1/n 0.19 0.19 0.23 0.26 0.26

Y outside Alg-

Inside Alg-TA75-Fe-Cr 4§ ¢/ TA75-Fe-Cr

Figure 5.19: FESEM micrographs of Alg-TA75-Fe bead cross-section (A) and external surface

(B) after Cr(\VI) adsorption.

5.3.5 Enhancements of antibacterial activity by TA and Fe incorporation
We investigated the antibacterial activity of our Alg-TA-Fe hydrogel beads because

water treatment materials possessing antimicrobial activity are advantageous in extending their
convenient storage and enabling their use over extended durations, especially in the case of
contaminated water sources already laden with bacteria, e.g., domestic wastewater. Biofouling
of the material may potentially not only alter its performance and become a health and safety
concern, but it may also lead to secondary fouling of nearby equipment surfaces and cause
further problems downstream [408]. The fouling of membranes utilized for water filtration
processes includes organic/inorganic/biofouling/colloidal fouling issues that affect the overall
efficiency of its practical applicability. Biofouling is of significant concern as it accounts for
more than 45% of all fouling issues mentioned [409]. This may especially be an issue for
naturally derived materials that may potentially be a nutrient for microbes [410, 411].
Following established protocols, we evaluated both the zone of inhibition (ZOI) due to the

surface contact of our beads on agar culture plates and the inhibition of bacterial growth in
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cultures incubated with our beads. Pathogens typically occurring in environmental waters, i.e.
E. coli and E. hirea, were chosen to evaluate the antibacterial activity of the synthesized beads.

Figure 5.20(a) visually shows the results of our ZOI measurements and compares the
effects of bead samples with and without TA (data of Alg compared with Alg-TA35 and Alg-
TADBS5 as examples), as well as compares the further effect of incorporating Fe. The quantitative
ZOIl measured for all samples tested, from Alg-TA15 to Alg-TA55 without Fe, and from Alg-
TA15 to Alg-TA75, are further plotted in Figures 5.20(b) and 5.20(c). From the images shown
(Figure 5.20(a)), it is clear that the pure alginate gel has no antimicrobial effect. In fact, alginate
gels have been used as an inoculant carrier of bacteria [411]. In comparison, ZOls can be
observed around both the Alg-TA35 and Alg-TA55 beads placed on agar plates inoculated with
E.coli and E.hirea (i.e., darkened areas around the beads at the center of the images; a ring
outlining the ZOI may or may not be obvious depending on lighting conditions). TA is a well-
known natural antimicrobial, [412] and Figure 5.20b further illustrates this effect by showing
an extension of the ZOI from roughly 4 mm to 5.5 mm, with the ZOlI being 0.5 to 1 mm longer
for E.coli than for E.hirea, as the TA content increases from Alg-TA15 to Alg-TAbB5.

When Fe is incorporated, there is a moderate extension of the ZOls at corresponding
levels of TA, with the ZOI extending from roughly 4.5 mm for Alg-TA15-Fe to 6.5 mm for
Alg-TAbL5-Fe (Figure 5.20(c)). Moreover, the ZOI further extends to roughly 7.5 mm at the
highest TA content (Alg-TA75-Fe), and Alg-Fe beads were also observed to induce a ZOl,
although this was smaller than for the Alg-TA15-Fe beads. Recent reports indicate that iron
coatings, as well as IONPs, may exhibit an antibacterial effect, with various antimicrobial
mechanisms being proposed or investigated, such as a reduction of bacterial membrane
integrity by Fe ions that can enhance antimicrobial uptake and the generation of reactive
oxygen species from the excited electrons of Fe NPs, which further causes oxidative stress and
damages the DNA [413-415]. While the exact antimicrobial mechanism of Fe ions is still under
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investigation,

our present ZOI results imply that biofouling of the Alg-TA and Alg-TA-Fe

beads themselves is unlikely and that our materials actually release TA and Fe ions as active

antimicrobial species. This may confer additional anti-biofouling effects in a water treatment

system, which we investigate in our bacterial culture studies.
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Figure 5.20: Photographs of the zone of inhibition (ZOI) of E.coli and E.hirea, respectively

(A) cultured on agar plates around a hydrogel bead. The corresponding quantitative ZOI’s

measured for

beads with increasing TA without (B) and with pre-sorbed Fe (C) in the beads.

As with the ZOlI study, we observed negligible growth inhibition of E. coli and E. hirea

bacterial growth when we immersed pure alginate beads in the culture broths as a negative
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control (Figure 5.21). Unlike the ZOI results, the addition of Fe in Alg-Fe did not produce a
significant inhibition. Since any released antimicrobial agent would be diluted much more
significantly throughout the volume of the culture broth than around the surface of the bead in
the ZOI assay, it appears that the amount of Fe ion that can be released from the alginate beads
is small.

In contrast, with TA incorporated in our hydrogel beads at increasingly higher levels,
bacterial growth inhibition was observed to be increasingly hindered. While the overall
inhibition was small for E. coli (Figure 5.21(a)), a large enhancement of the antibacterial
properties was observed with further Fe incorporation (Figure 5.21(b)). There was also a step
increase in inhibition when the number of beads "loaded" in the culture flask doubled from
0.05% wi/v to 0.1% wiv (i.e., from 0.5 g/L to 1 g/L). For example, while 19% inhibition was
observed for Alg-TA75 at 0.1% w/v loading (Figure 5.21(a)), the combination of TA and Fe
incorporation brings the inhibition up to 74% for the corresponding Alg-TA75-Fe beads
(Figure 5.21(b)). This enhancement (i.e., ca. 3.9-times between Alg-TA75 and Alg-TA75-Fe)
was much larger than anticipated from the ZOI results. Since earlier characterization indicated
a few times higher Fe incorporation in the presence of TA in the beads (Figure 5.14), the larger
contrast in performance between Alg-Fe and Alg-TA-Fe could be corroborating the large
dilution of the released TA/Fe ions in the volume of the culture broth.

Analogous trends were observed in the case of E. hirea culture, and in fact, significant
inhibition was already observed even without Fe incorporation (ca. 62% inhibition for Alg-
TAT75 at 0.1% w/v loading) (Figure 5.21(c)). Because of this already significant inhibition
under our culture conditions, the further enhancement of activity with TA-induced Fe
incorporation was not as dramatic (e.g., a maximum of 85% inhibition for the corresponding

Alg-TA75-Fe beads) (Figure 5.21(d)).
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Overall, the culture inhibition results demonstrate a synergistic action between TA and
TA-Fe incorporation. Indeed, the lack of inhibition by the Alg control shows that neither the
alginate material nor the physical surface of the beads can confer activity (e.g., by adhering or
otherwise sequestering the cells, as in some other systems). Moreover, the step change in
inhibition after doubling the bead load confirms the activities of both the Alg-TA and Alg-TA-
Fe hydrogels, and the increasing trend of inhibition with the increasing incorporation of TA
gives further evidence that TA is the fundamental causative agent leading to the change in
antimicrobial properties.
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Figure 5.21: Growth inhibition of E.coli using Alg and Alg-TA beads, without (A) and with
Fe (B), when suspended together with the bacteria in the culture broth. Corresponding
inhibition of E.hirea growth without (C) and with Fe (D). Two bead loadings (0.05% and 0.1%)

were tested.
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5.3.6 Stability of Alg-TA and Alg-TA-Fe beads

The synthesized beads should maintain their stability under the harsh conditions of the
buffer. We therefore tested whether the TA-incorporated hydrogel may be degraded/dissolved
at harsh pH environments, specifically at both acidic (pH 2) and basic (pH 10) conditions. The
synthesized Alg-TA35 and Alg-TA55 beads were found to be stable at pH 2 and 10 (Figures
5.22(a) and 5.22(c)), respectively. In the case of Alg-TA35-Fe, the beads were stable at pH 2
(Figure 5.22 (b)) however, we observed a darkening of the pH 10 basic test solution (Figure
5.22(d)), which we interpreted as the dissolution or release of the Fe ion/particle component.
On the other hand, this instability was resolved at a higher level of TA corporation; the test
solution remained clear in the presence of Alg-TA55-Fe (Figure 5.22(d)). This suggests that a
higher amount of TA enhanced the stability of the synthesized beads, corroborating our

mechanical test results (Figure 5.6).
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Figure 5.22: Photograph observations of Alg-TA35 and Alg-TA55 beads, without (A) and
with (B) pre-sorbed Fe, stored at pH 2. Corresponding observations after storage at pH 10 for

beads without (C) and with (D) pre-sorbed Fe. Arrows highlight the location of the beads.

5.4. Conclusions

The work in this chapter focuses on Alg, Alg-TA (15-75), Alg-Fe, and Alg-TA (15-
75)-Fe beads preparation and their application for the removal of heavy metal ions from an
aqueous solution. The trend of metal adsorption increased with higher amounts of TA content
in Alg. The maximum removal % values of 98, 98, 67, 59, and 51 were found for Pb(I1), Cu(ll),
Zn(11), Fe(111), and Cr(V1), respectively, through Alg-TA75 beads at a dosage of 1 g/L and pH
of 4 for Pb(11), Cu(Il), Fe(l1l), and Cr(V1), and 6 for Zn(lIl) ions, respectively. Furthermore, the

Alg-TA (15-75) beads were used to form Fe complexes or IONPs throughout them. XPS
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spectroscopy analysis indicated that most Fe ions were chemisorbed, but the Alg-TA matrix
may have formed IONPs. Thus, the formed novel Alg-TA (15-75)-Fe beads showed enhanced
antibacterial performance and Cr(V1) removal from aqueous solution compared to Alg-TA (15-
75) beads. The adsorption parameters for Cr(VI) removal through synthesized Alg-TA (15-
75)-Fe beads were optimized at pH-4, and a dosage of 1 g/L, respectively. A maximum Cr(VI)
removal of 95 % was achieved through Alg-TA75-Fe beads from 20 mg/L aqueous solution.
Synergistic antibacterial activity of TA and the IONPs was observed towards E.coli and E.hirea
strains. The antibacterial performance was enhanced by up to 4-fold for E. hirea based on
bacteria plating experiments for Alg-TA75-Fe beads. Also, the ZOlI values of Alg-TA-Fe beads
were higher than bare Alg and Alg-TA beads, respectively. The stability studies reveal that the
synthesized beads of Alg-TA were more stable than Alg-TA-Fe in both acidic and basic
conditions, respectively. Overall, based on the performance, the synthesized Alg-TA and Alg-
TA-Fe beads were found to be optimal candidates for water remediation applications.

The synthesized Alg-TA75-Fe demonstrated a lower Cr(\V1) adsorption efficiency than
CS/IONPs beads and IONPs. The CS/IONPs beads and IONPs exhibited Qm values of 4.38 and
16.12 times greater than those of Alg-TA75-Fe beads, respectively. Furthermore, it was
observed that Fe ions were released into the aqueous solution from both CS/IONPs beads and
IONPs. However, in the case of Alg-TA-Fe beads, with higher TA content, it successfully

prevented the dissolution of Fe ions.
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Chapter 6

Potential of CS/IONPs and Alg-TA-Fe beads in a
continuous adsorption process for the decontamination of

Cr(VI)

Glass wool

(CS/IONPs or Alg-TA-Fe)
packing

i Synthesized beads
' | Influent solution

Peristaltic pump

Highlights
e Cr(VI) elimination using CS/IONPs and Alg-TA55-Fe beads in continuous mode

Increasing packed bed height from 5 to 15 cm enhances Cr(V1) removal efficiency

CS/IONPs showed higher efficiency for Cr(VI) removal compared to Alg-TA55-Fe

Breakthrough models well interpreted experimental breakthrough profiles

Beads regeneration was successful with NaOH solution and reused for up to 2 cycles
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In this chapter, the synthesized beads of CS/IONPs and Alg-TA55-Fe as demonstrated in
Chapters 4 and 5 were subsequently employed as the adsorbent materials in a fixed-bed
adsorption column for the removal of Cr(V1) from the synthetic metal solution. The impact of
bed depth and influent flow rate on the performance of both types (CS/IONPs and Alg-TAb5-
Fe) of composite beads was investigated with a fixed concentration of Cr(VI). The Yoon-
Nelson, Clark, Thomas, Bohart-Adams, and Bed Depth Service Time models were employed
to analyze the breakthrough profiles of Cr(\V1) adsorption. Further, the practical applicability
of used CS/IONPs and Alg-TA55-Fe beads after Cr(\V1) adsorption was assessed through

regeneration and Cr(VI) re-adsorption tests.

6.1. Introduction

Environmental scientists are deeply concerned about the presence and widespread
occurrence of Cr(VI) due to its toxicity and the resulting consequences on both human health
and the ecological balance of our environment [416]. As discussed in Chapter 2, Cr could enter
into surface waters through various means, including natural occurrences like the erosion of
rocks and volcanic eruptions. Industrial operations like dye production, electroplating
treatments, leather tanning, and paper manufacturing contribute to the release of Cr into
environments [417]. In aquatic environments, Cr mainly exists in two distinct oxidation states,
Cr(VI) and Cr(111). The Cr(VI) species are more toxic than the Cr(l11) species by a factor of
100, imparting highly harmful effects on biological systems [418]. The Cr(\V1) species have
been recognized as potent carcinogens and mutagens, posing significant risks to the health and
functionality of living organisms [419]. Hence, it is imperative to implement an efficient
treatment method for Cr(\V1) removal before its releases into aquatic environments.

Nevertheless, the use of powdered IONPs as demonstrated in Chapter 3 for water
treatment processes often leads to agglomeration issues. Many contemporary studies also have
relied on green-synthesized powdered IONPs, typically restricting their application to batch
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experiments. For instance, Catha edulis leaf extract was utilized to produce IONPs, which were
subsequently employed to remove Cr(V1) from an aqueous solution. At a pH of 5 and a dosage
of 1 g/L, IONPs could remove 98.6 % Cr(V1) from a 20 mg/L Cr(VI) concentration solution in
60 min [420]. In a separate study, yerba mate leaf extract was utilized to synthesize IONPs for
removing Cr(VI). IONPs showed complete removal of Cr(V1) from an aqueous solution with
an initial Cr(V1) concentration of 15.6 mg/L at a pH of 3 within 20 min [240]. Another research
group employed green tea extract to produce zero-valent iron NPs (nZV1) and applied them for
Cr(VI) removal. nZV1 could effectively reduce 92.8% Cr(VI) from a rich solution (100 mg/L)
in 60 min [421]. On the other hand, fixed-bed adsorption processes are commonly employed
for industrial applications. The use of powdered IONPs in such systems is problematic due to
their tendency to cause clogging. Additionally, the separation of powdered IONPs from treated
water is quite challenging [422]. The granulation of adsorbents by incorporating powdered
IONPs into a supportive matrix is a realistic solution to overcome these challenges [321].

In this chapter, we utilized synthesized CS/IONPs and Alg-TA55-Fe composite beads in
a fixed-bed adsorption column to effectively remove Cr(VI). The study investigated the impact
of different column parameters, specifically bed heights (5, 10, and 15 cm) and flow rates (1,
2, and 3 mL/min). The Yoon-Nelson, Clark, Thomas, Bohart-Adams, and Bed Depth Service
Time models were employed to analyze the breakthrough profiles of Cr(VI) adsorption. In
addition, the practical usability of CS/IONPs and Alg-TA55-Fe beads was evaluated by

conducting regeneration and Cr(VI) re-adsorption tests.

6.2. Materials and methods

6.2.1 Chemicals
The chemicals required for the formation of CS/IONPs and Alg-TA55-Fe beads are

already documented in Chapters 4 (Section 4.2.1) and 5 (Section 5.2.1), respectively.
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6.2.2 Synthesis of CS/IONPs and Alg-TAbL5-Fe composite beads
The synthesis methodology of CS/IONPs and Alg-TAbL5-Fe beads are also documented in

Chapters 4 (Section 4.2.2) and 5 (Section 5.2.2), respectively.

6.2.3 Fixed bed adsorption studies using CS/IONPs and Alg-TA-Fe beads

Continuous fixed-bed column adsorption experiments were conducted to remove Cr(V1)
using synthesized beads (CS/IONPs and Alg-TA55-Fe) in a custom glass column with a height
(H) of 32 cm and internal diameter (D) of 1.6 cm. The column was packed with wet beads
(either CS/IONPs or Alg-TA55-Fe) and sealed with glass wool at both ends to ensure
uninterrupted flow during the fixed-bed tests (illustrated in graphical abstract). To prevent
channeling within the column, the Cr(VI) solution (influent) was pumped upward using a
peristaltic pump (MICLINS, Model: PP-20EX, India). The effluent solution was analyzed to
determine the Cr(VI) concentration (Cy) in a UV-Vis spectrophotometer at 543 nm using the
DPC reagent method.

Based on the batch adsorption studies, it was found that pH values of 3 (Section 4.3.2.1,
Chapter 4) and 4 (Section 5.3.4, Chapter 5) were optimal for maximum Cr(V1) removal using
CS/IONPs and Alg-TA55-Fe beads, respectively. Subsequently, these pH values were fixed
for the Cr(VI) influent solution for the column studies using CS/IONPs and Alg-TA55-Fe
beads. In India, groundwater typically contains Cr(V1) in concentrations ranging from 1 to 12.3
mg/L [423-426]. Therefore, for the column studies, an elevated initial influent Cr(VI)
concentration (Co) of 20 mg/L was chosen. The experimental investigations were carried out
at a fixed temperature of 25 °C. The peristaltic pump was used to maintain the flow rates (Q=1,
2, and 3 mL/min) [427] at a constant bed height (Z) of 5 cm. Further, the influence of Z (5, 10,

and 15 cm) on Cr(VI) removal was studied at a fixed Q of 1 mL/min [428].
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6.2.4 Assessment of the breakthrough curve

The efficiency of CS/IONPs and Alg-TA55-Fe beads for removing Cr(V1) was carried out
through breakthrough curve analysis, a relationship between the ratio (C/Co) and time. The
shape and duration of the breakthrough curve are critical factors for understanding the behavior
of the column and play a vital role in optimizing the overall operational design to enhance
effectiveness.

The selection of column breakthrough time (t,) occurs in instances where the
concentration of C; is found to be <0.05 mg/L [429], and the saturation time (ts) is established
at which C; reaches 95% (19 mg/L) of Co [430]. The effluent volume (Vesr, L) leaving the
column can be calculated as in Eqg. 6.1 [431]. Here, Q represents the flow rate (L/h) and te
denotes the column exhaustion time in h. The quantity of Cr(VI) at time t (h) in the column is
represented by gint (MQ) and calculated using Eg. 6.2. The quantity of unadsorbed Cr(V1) (qoutt,
mg) at a given time, t, was determined by multiplying the integral of the dimensionless quantity
by Co, and Q as given by Eq. 6.3. The quantity of Cr(\VI) adsorbed onto the column was

expressed as Qadstin mg as in Eq. 6.4.

Verr = Q X te (6-1)

Qint = CoQt (6-2)
t Cy

Joutt = COQfO(c_O) dt (6.3)

Jadst = Qint — Youtt (6-4)

Cr(VI1) removal % achieved using the synthesized beads is expressed by Eg. 6.5. Eq. 6.6
relates the equilibrium metal adsorption capacity (geq) of the column as gags per g of adsorbent
(M) at the end of te. The empty bed contact time (EBCT, min) and empty bed volume (EBV)

of the column are described by Eqgs. 6.7 and 6.8, respectively.
Cr(VI) removal % = 245t » 100 (6.5)

Qin,t
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Qeq = ot (6.6)

Bed volume (mL)

EBCT = Q (mL/min)

(6.7)

EBV = 7 x (2)2 x H (6.8)

6.2.5 Column regeneration studies

Desorption experiments were carried out in the same column to recover adsorbed Cr(\V1)
and reuse the desorbed beads (CS/IONPs and Alg-TA55-Fe) for further adsorption studies. At
first, Cr(VI) ions were adsorbed onto CS/IONPs and Alg-TA55-Fe beads until the column
reached saturation by introducing a 20 mg/L Cr(V1) solution at Q=1 mL/min and Z=5 cm. After
that, the saturated beads were regenerated by eluting with 1 M NaOH for CS/IONPs and 0.5 M
NaOH for Alg-TA55-Fe beads [325, 432]. Following the alkali elution, the bed was thoroughly
rinsed with deionized water until the pH of the washed effluent stabilized at 7.0. The column
was again fed with fresh 20 mg/L of Cr (V1) influent solution for further adsorption study using
CS/IONPs and Alg-TA55-Fe beads under the previously mentioned conditions. This process
was repeated for a total of 3 adsorption cycles, and after each cycle, desorption was performed

to assess the breakthrough parameters of the used CS/IONPs and Alg-TA55-Fe beads.

6.3. Results and Discussion
6.3.1 Breakthrough analysis
6.3.1.1 Effect of the influent solution flow rate on Cr(V1) adsorption

The analysis of the flow rate is important in designing an adsorption column with a fixed
bed height. Figures 6.1(a) and 6.1(b) illustrate the breakthrough curves of Cr(VI) adsorption
for CS/IONPs and Alg-TA55-Fe beads at 3 different Q (1, 2, and 3 mL/min) with a constant
Co 0f 20 mg/L and Z of 5 cm. As Q increased, there was a noticeable decrease in the time (h)
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required to reach the breakthrough point (Table 6.1). In particular, t, for CS/IONPs and Alg-
TADL5-Fe beads drops from 5 to 1.5 h and 0.75 to 0.37 h, respectively, as Q increased from 1
to 3 mL/min. The decline in ty can be attributed to increased Cr(\VI) mobility in the mass
transfer zone, which led to a shorter time to reach the breakthrough concentration [432]. The
Qeq Was also lowered (Table 6.1) at higher Q due to insufficient Cr(V1) residence time in the
column [433]. Further, the EBCT was also found to be higher at lower Q values (Table 6.1) for
both CS/IONPs and Alg-TAbL5-Fe beads. This implies that higher Q resulted in an earlier
column saturation (Figures 6.1(a) and 6.1(b)), as the adsorption front rapidly reached the top
of the column [428]. Moreover, the adsorption efficiency of CS/IONPs beads was greater than
Alg-TAb55-Fe beads for Cr(\VI) removal due to longer t» values (Table 6.1). These findings are

well aligned with previous studies in the literature [428, 434].

0.8

. <)
Q o
o 04 0.4
0.2 - .
—=— 1 mL/min 0.2 —a— 1 mL/min
—e— 2 mL/min —e— 2 mL/min
0.0 —— 3 mL/min 00 —+—3mL/min
T T T T T T T . ’ T T T T T T
Time (hrs): 0 5 10 15 20 25 30 Time (hrs): 0 1 2 3 4 5 6 7
EBV: 0 4.66 9.33 14 18.66 23.32 28 EBV: 0 0.93 1.86 28 373 4.66 6 6.53

Figure 6.1: Breakthrough curves for Cr(V1) adsorption onto (a) CS/IONPs and (b) Alg-TA-Fe
beads at different flow rates (Q) (Z—5 cm, Co— 20 mg/L, pH — 3 and 4 for CS/IONPs and Alg-

TADS5-Fe beads, respectively).

6.3.1.2 Effect of synthesized beads bed height

The impact of varying bed height (Z) on the adsorption of Cr(VI) from a solution with an
initial concentration of 20 mg/L was studied at a flow rate (Q) of 1 mL/min. Both CS/IONPs
and Alg-TA55-Fe beads were tested at different bed heights of 5, 10, and 15 cm. The
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corresponding breakthrough curves are presented in Figures 6.2(a) and 6.2(b). An increase in
Z 1o 15 cm resulted in longer ty and ts values for both CS/IONPs (Figure 6.2(a)) and Alg-TA55-
Fe (Figure 6.2(b)) beads, as depicted in Table 6.1. Vefralso exhibited a direct correlation (Table
6.1) with Z, indicating that the increase in Vest was attributed to the extended contact time
between the influent Cr(\V1) and the adsorbent. The results (Figures 6.2(a) and 6.2(b)) show
that the changes in Z resulted in a slight modification both in the gradient and shape of the
breakthrough curve. Initially, there was a rapid uptake of Cr(VI), but after t,, Cr(VI)
concentration in the effluent increased rapidly. In fact, the column saturation reached earlier in
the lower Z (5 and 10 cm) compared to the higher bed depth (15 cm) for both CS/IONPs and
Alg-TA55-Fe beads (Figure 6.2). The highest Cr(\VI) removal (%) values (Table 6.1) were
observed for Z=15 cm at a Q of 1 mL/min for both CS/IONPs and Alg-TA55-Fe beads. This
phenomenon can be attributed to the larger surface area of the adsorbent beads with a higher
bed height, resulting in more available adsorption sites for Cr(VI) removal [434]. Further,
CS/IONPs beads demonstrated higher Cr(VI) adsorption efficiency than Alg-TA55-Fe beads

due to longer tn and higher geq Values.
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Figure 6.2: Breakthrough curves for Cr(V1) adsorption onto (a) CS/IONPs and (b) Alg-TA-Fe
beads at different bed heights (Z) (Q — 1 mL/min, Co — 20 mg/L, pH — 3 and 4 for CS/IONPs

and Alg-TA55-Fe beads, respectively).
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Table 6.1: Cr(V1) elimination parameters evaluated from breakthrough curves analysis for the

synthesized beads utilized in a fixed-bed adsorption column.

Beads Z Q Cr(Vl) Ceq to(h) | ts(h) | Vert | EBCT
(cm) | (mL/min) | removal (%) | (mg g?) (L) | (min)
CS/IONPs 5 1 24.7 391.9 5 20 1.8 | 10.0
5 2 22.9 368.1 3 10 2.4 5.0
5 3 16.5 260.5 1.5 5 1.8 3.4
10 1 31.6 388.4 12 32 |252] 201
15 1 53.0 384.9 22 42 13.12| 30.1
Alg-TA55- 5 1 21.5 60 0.75| 45 ]10.39| 10.0
Fe 5 2 21.4 57.9 0.62 3 054 | 5.0
5 3 19.3 54 037 | 25 |063]| 34
10 1 39.2 58.13 3 75 1054 ] 20.1
15 1 49.2 55.05 4.5 9 0.72| 30.1

6.3.2 Breakthrough curve modeling

To assess the breakthrough behaviors of Cr(VI) adsorption using the synthesized
CS/IONPs and Alg-TA55-Fe beads, theoretical kinetic models, namely, Bohart-Adams,
Thomas, Yoon-Nelson, and Clark, and a semi-empirical model known as Bed Depth Service
Time (BDST) were tested. These model equations were applied to establish a correlation

between the data fitted by the models and the experimental data [435].

6.3.2.1 Bohart - Adams model

The correlation between the ratio of C; to Co and the progression of time in a continuous
adsorption column was described by a fundamental equation developed by Bohart and Adams
[436]. This model is based on surface reaction theory and postulates that the attainment of
adsorption equilibrium in a continuous system is not an instantaneous process. The rate of
adsorption is linearly related to two key factors: the residual efficiency of the adsorbent and
the concentration of the pollutant being adsorbed. The linear expression of the model is as

follows (Eqg. 6.9).
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In (%) = KpaCot — KgaNy (Ul) (6.9)

In this equation, Kga represents the Bohart-Adams rate constant, which is measured in
L/mg/h. Ug represents the linear velocity in cm/min, and No denotes the saturation
concentration (mg/L). Figures 6.3 and 6.4 depict the simulation of experimental breakthrough
curves using the Bohart-Adams model, specifically about the parameters Q and Z for
CS/IONPS and Alg-TA55-Fe beads, respectively. The entire range of variable t was
considered throughout the breakthrough curve. Table 6.2 demonstrates that Kag values increase
with increasing Q (1 to 3 mL/min) while they decrease with increasing Z (5 to 10 cm) for both
CS/IONPs and Alg-TA55-Fe beads. These observations suggest that the kinetics of Cr(VI)

adsorption were primarily governed by the prevalence of external mass transfer [417, 437].

6.3.2.2 Yoon-Nelson model

This model states that the reduction in the adsorption rate for individual adsorbate
molecules is directly linked to the probabilities of both adsorbate-adsorption and breakthrough
occurring within the adsorbent material [438]. The linear expression of the Yoon-Nelson model

is depicted in Eqg. 6.10.

C
In (Co_tct) = Kynt — TKyy (6.10)

Where 1 represents the temporal duration required for 50% adsorbate breakthrough (min).
Kyn denotes the Yoon-Nelson rate constant (min). The values of kyn and t were determined
from the fitted plots, as shown in Figures 6.3 and 6.4 for CS/IONPs and Alg-TA55-Fe beads,
respectively. The values of T were found to be decreased at higher Q for both CS/IONPs and
Alg-TAL5-Fe beads (Table 6.2). This decrease can be attributed to the faster achievement of
breakthroughs due to the reduced EBCT (Table 6.1) [431]. A direct relationship (Table 6.2)
was found between Q and Ky in both the cases of synthesized beads (CS/IONPs and Alg-

TAS5-Fe). Further, an increase in Z (5 to 15 cm) for both CS/IONPs and Alg-TA55-Fe beads
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indicated a longer column saturation time as depicted from higher t values (Table 6.2). The 1
values closely correspond to the experimental times needed for a 50% Cr(V1) breakthrough
across all experimental conditions. Figures 6.3 and 6.4 depict the nonlinear fits of the
experimental data concerning Q and Z to the Yoon-Nelson model for CS/IONPS and Alg-
TADL5-Fe beads, respectively. The patterns exhibited by the fitted curves indicate that the model

could accurately describe the experimental data.

6.3.2.3 Clark model

The Clark model is developed based on principles of mass transfer principles in
conjunction with the Freundlich isotherm [439]. The linear expression of the Clark model is
shown in Eq. 6.11.

Ct

In ((—)n_l) — (—rt + InA) 6.11)

Co

Here, A and r (min™) represent the Clark model constants, and n represents the Freundlich
parameter. Figures 6.3 and 6.4 show the fitted Clark model to the experimental data for Cr(\V1)
adsorption onto synthesized CS/IONPs and Alg-TA55-Fe beads at different Q and Z values. It
can be observed that an increase in Z from 5 to 10 cm leads to a drop in the values of r for both
CS/IONPs and Alg-TA55-Fe beads (Table 6.2). This decrease was caused by an increase in the
number of accessible adsorbent sites, which influences the mass transfer rate [439-441].
Conversely, a noticeable positive correlation was noted between the increased r-value with the
rise in Q (1 to 3 mL/min) for both CS/IONPs and Alg-TA55-Fe beads. The experimental
outcomes and data regression analysis indicate that the Clark model exhibits a strong

correlation in capturing the effects of Z and Q for Cr(V1) removal using the synthesized beads.
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6.3.2.4 Thomas model

The Thomas model was developed to describe adsorption processes that are not controlled
by external or internal diffusion limitations [442],[443]. The model considers that the
adsorption rate is governed by the interaction between unoccupied adsorption sites and the
adsorbate without considering Intraparticle mass transfer resistance. The linear form of

Thomas's model is depicted in Eq. 6.12.

C K
In (C—‘z— )= SIHLR — KinCot (6.12)

The parameter, Kty represents the Thomas rate constant (L/mg/h), variable qo denotes the
quantity of Cr(\VI) adsorbed per g of beads, and m represents the mass of the absorbent (g).
The values of K and go were determined from the fitted plot, as shown in Figures 6.3 and 6.4
for CS/IONPs and Alg-TAb55-Fe beads, respectively. The experimental data exhibited a strong
agreement (correlation coefficients>0.99) with the Thomas model for all experimental data of
Cr(VI) adsorption using CS/IONPs and Alg-TA55-Fe beads. However, the expected go values
from the model (presented in Table 6.2), do not agree with the computed geq values using both
CS/IONPs and Alg-TA55-Fe beads, as depicted in Table 6.1. For both CS/IONPs and Alg-
TAS55-Fe beads, it was observed (Table 6.2) that K, values decreased when Z increased from
5 to 10 cm. Furthermore, an increase in Q from 1 to 3 mL/min corresponded to an increase and
decrease in Kt and qo values for both CS/IONPs and Alg-TA55-Fe beads, respectively. Thus,
lower Q and higher Z enhance Cr(V1) removal (%) over synthesized CS/IONPs and Alg-TAbL5-

Fe beads.
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Figure 6.3: Fitted breakthrough curves in various adsorption models for Cr(VI) removal using

CS/IONPs beads at different (a) Q at a fixed Z of 5 cm and (b) Z at a fixed Q of 1 mL/min.

1.0 1.0
;] a b
0.8 - 0.8
0.6 - 0.6
o o
) Q
o . o
0.4 = 1 mbL/min 004_
4 2mL/min ’
¢ 3 mL/min . 130"'
A cm
0.2 $0had NA?jams 0.2 1 —— Bohart - Adams
oon - Nelson Yoon - Nelson
—— Clark Clark
0.0 4 —— Thomas 0.0 - —— Thomas
. . T T T T T T T T T I T T T T T T T
Time(mins): 0 50 100 150 200 250 300 350 400 Time (mins):0 100 200 300 400 500 600 700
EBV: 0 0.77 154 233 3.10 3.88 4.66 5.43 6.21 EBV:0 154 310 4.66 621 777 933 10.77

Figure 6.4: Fitted breakthrough curves in various adsorption models for Cr(VI) removal using

Alg-TA55-Fe beads at different (a) Q at a fixed Z of 5 cm and (b) Z at a fixed Q of 1 mL/min.
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Table 6.2: Breakthrough curve models fitted parameters.

Beads Q Z Bohart - Adams Yoon - Nelson Clark Thomas
(mL/m (Cm) KBAX].O'3 No R? KYNX10'3 T R? A rx103 R? KTHX].O'2 Jo R?

in) (L/min/g) | (mg/L) (min?) (min) (mint) (L/h/mg) | (mgg

1
CS/IONPs 1 5 0.37 8.42 0.99 7 710.3 0.99 31.1 6 0.99 2.27 77.())0 0.99
2 5 0.9 4.55 0.99 17 384.78 | 0.99 99.38 14 0.99 5.34 71.02 | 0.99
3 5 2.1 1.97 0.99 42.2 166.65 0.99 133.16 34 0.99 12.6 50 0.99
1 10 0.3 7.73 0.99 6.5 1305.51 | 0.99 489.66 5.4 0.99 1.96 54.97 | 0.99
1 15 05 901 | 0.99 11.3 2281.75 | 0.99 | 28962.24 8 099 | 3.33 38.02 | 0.99
Alg-TA55- 1 15 1.98 0.99 30.8 167.64 0.99 53.23 27.1 0.99 9.24 22.84 | 0.99
Fe 2 5 2.1 1.35 0.99 43.3 114.22 0.99 42.17 37.8 0.99 13 16.76 | 0.99
3 5 2.3 0.9 0.99 46.75 75.88 0.99 12.71 41.21 0.99 21 15.17 | 0.99
1 10 1.3 2 0.99 26.5 338.14 0.99 1612.20 23.54 0.99 8.4 9.66 0.99
1 15 14 1.81 0.94 28.2 460.68 0.99 | 56255.73 24.9 0.88 7.9 7.08 0.99
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6.3.2.5 BDST model

The performance of the adsorption column depends upon its capacity to deliver safe treated
water over an extended period. The BDST model was employed to estimate the column service
time for a specific Z for both CS/IONPs (Figure 6.5(a)) and Alg-TA55-Fe (Figure 6.5(b)) beads.
This model assumes that the adsorption rate is controlled by the interaction between the adsorbate
and the unused adsorbent within the column bed [428, 431]. This model was first proposed by
Bohart and Adams and later improved by Hutchins [444]. The model (Eqg. 6.13) is based on a linear

relation between the variables Z and ty in a continuous fixed-bed column of adsorption.

— NoZ A Co _
6= o o 1n(Ct 1) (6.13)

In this equation, No represents the adsorption capacity (mg/L) of the synthesized beads
(CS/IONPs and Alg-TA55-Fe), and Kg is the rate constant (L/min/g). The No values (Table 6.3)

imply that CS/IONPs beads are more efficient in removing Cr(VI) compared to Alg-TA55-Fe

beads.
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Figure 6.5: BDST for (a) CS/IONPs and (b) Alg-TA55-Fe beads for adsorption of Cr(\V1) from

aqueous solution.
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Table 6.3: BDST model fitted parameters for the synthesized beads.

No Kgx103 2

Beads (mg/L) (L/min/mg) R
CS/IONPs 6.04 0.61 0.99
Alg-TA55-Fe 133 2.45 0.98

The effectiveness of CS/IONPs and Alg-TA55-Fe beads in Cr(VI) sorption was assessed
by comparing them to other adsorbents used for removing Cr(V1) in fixed bed columns. The results
are presented in Table 6.4. The CS/IONPs beads demonstrated a competitive performance of
Cr(VI) uptake which is evident from an equilibrium uptake capacity of 391.9 m g*. Alg-TA55-Fe
outperformed most of the adsorbents reported in the literature for removing Cr(VI1) in continuous

mode of operation.

Table 6.4: Performance parameters and equilibrium adsorption capacity of various adsorbents

utilized for the removal of Cr(V1) in fixed bed adsorption column.

Co Q Z Ceq
Adsorbents (ma/L) | (mLimin) | (cm) pH (mg g) Source
CS flakes 10 5 20 | 3 | 130.12 [445]
CS-Fe’ NPs - 0.12 - 6 32 [446]
CS-modified magnetic carbon
nanotube Fe beads - . 8 p 192 [447]
CS beads 'mpreﬂz‘ggd with nano-y- | 025 | 15 | 3 | 15833 | [448]
nZV1 immobilized alginate beads 10 0.5 18 7 | 320.66 [449]
SA/phosphorus tetram_ethyl methyl 5 3 15 | 3 | 33118 [450]
sulfate biocomposite beads
Core-shell/bead-like
alginate@polyethylenimine (PEI)- 50 1 10 2 | 309.19 [432]
1.5 composites
Cellulose @PEI aerogel beads 50 1 8 2 | 119.46 [451]
Titanium(IV) oxide NPs 32 1 4 2 12.94 [452]
Imidazole functionalized adsorbent 50 1 - |26 102 [453]
CS/IONPs beads 20 1 5 3 391.9 This
Alg-TA55-Fe beads 20 1 5 4 60 study
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6.3.3 Regeneration studies of CS/IONPs and Alg-TA55-Fe beads

The reusability of the adsorbent is important for practical applications for the removal of toxic
pollutants from wastewater. The desorption of Cr(V1) from the Alg-TA55-Fe and CS/IONPs beads
was conducted using 0.5 M and 1 M NaOH solutions, respectively. The breakthrough curves are
shown in Figure 6.6(a) (CS/IONPs) and Figure 6.6(b) (Alg-TA55-Fe) for the re-adsorption of
Cr(VI) using regenerated beads. Cr(VI) removal efficiency was decreased from 24.75 to 8.61%
for CS/IONPs beads, while in the case of Alg-TA55-Fe beads, it was reduced to 9.86 from 21.5 %
after the second cycle in comparison to the fresh beads (after 1% adsorption cycle). This suggests
that the Cr(VI) adsorption process in a continuous flow system may require an extended
regeneration period. In addition, ty, ts, and the calculated values of geq were decreased notably
(Table 6.5) for both CS/IONPs and Alg-TA55-Fe beads upon reuse. This implies that the

synthesized CS/IONPs and Alg-TAb5-Fe beads exhibit good recoverability [437].

1.0 5

1.0 o
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0.8 4

0.6 - 0.6 -
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o o
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—a—R ti 2 i
0.0 . I I I egeneral ion run I 0.0 g L —-ll-— R'Ieger:eralllon rlun 2
Time (hrs): 0 5 10 15 20 25 30 Time (hrs): 0 1 2 3 4 5 6
EBV: 0 4.65 9.33 14 18.66 23.32 28 EBV: 0 093 186 2.80 3.73 4.66 6

Figure 6.6: Fixed-bed column regeneration profiles for Cr(\VI) adsorption: (a) CS/IONPs, and (b)

Alg-TAb5-Fe beads.
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Table 6.5: Breakthrough curve parameters for the used CS/IONPs and Alg-TA55-Fe beads.

Beads RUN remcor\E;/IIZ% ) (mge‘é_l) ) | t(h)
First 24.75 391.91 5 20
CS/IONPs | Regeneration run 1 15.86 251.35 2.25 16.5
Regeneration run 2 8.61 136.43 0.75 12.5
First 215 60 0.75 4.5
AIg-l':I'éASS- Regeneration run 1 15.3 42.68 0.3 4
Regeneration run 2 9.86 2751 0.25 3

6.4  Conclusions

The current work successfully reports on the removal of Cr(VI) using green synthesized
CS/IONPs and Alg-TA55-Fe beads in a continuous adsorption column. The breakthrough point
reaches rapidly and leads to lower Cr(\VI) removal at lower bed heights (Z) and higher flow rates
(Q) for both CS/IONPs and Alg-TA55-Fe beads. In particular, increasing Z from 5 to 15 cm
enhances the ty values by 4.4 and 6 times for CS/IONPs and Alg-TA55-Fe beads, respectively.
CS/IONPs were more efficient for removing Cr(VI) compared to Alg-TA55-Fe beads, as
evidenced by higher geq values of 6.53 times for CS/IONPs than Alg-TA55-Fe beads. The
mathematical models, namely Clarke, Thomas, Yoon-Nelson, BDST, and Bohart-Adams, could
satisfactorily fit and interpret the experimental breakthrough profiles of Cr(\V1) adsorption over
CS/IONPs and Alg-TA55-Fe beads. Both types of beads are regenerated using an alkali solution
and reused for Cr(V1) re-adsorption up to two regeneration cycles, and showed a decrease in Cr(V1)
removal by 65.21 and 54.13% from 1% regeneration run for CS/IONPs and Alg-TA55-Fe beads,
respectively. These findings indicate that green synthesized CS/IONPs and Alg-TA55-Fe beads
have the potential for effectively eliminating Cr(VI) from aqueous solutions, making them suitable

for various industrial applications.
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Chapter 7

Overall conclusions and recommendations of future studies

Bioreduction of

Fe nrecursori

Tea leaves extract Iron Oxide NPs

(Black precipitate)

Dippedin Fe
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. ~345.53
= b d Qm

e mg Cr(VI) g'!
Continuous mode Cr(VI) removal J

Alg-TA-Fe beads CS/IONPs beads
qeq - 60 mg
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This chapter provides an overview of the key findings from the entire doctoral work. In addition,
the recommendations for future research direction are also offered in light of the current study

experience.
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7.1. Conclusions

Given the depletion of water sources and rising water pollution, there is a notable focus
and emphasis on wastewater recycling to remove contaminants. Hexavalent chromium, a
confirmed Category A carcinogen, is being utilized and discharged substantially due to human
urban and industrial activities. Adsorption is a simple, environmentally friendly, cost-effective
technique and requires minimal or no use of chemicals. This present study explicitly investigates
the elimination of hexavalent chromium from synthetic wastewater using IONPs and their
composites through adsorption.

In this adsorption study, the green synthesized IONPs using Camellia sinensis var.
assamica leaf extract was explored for Cr(\VI1) removal as a cheap, effective, and eco-friendly
adsorbent. The RSM-CCD was applied for the optimization of IONPs synthesis conditions (time,
temperature, and iron precursors to leaf extract ratio). The adsorption process followed a pseudo-
second-order kinetic model and Langmuir adsorption isotherm, with a remarkably higher Qm of
1272 mg g* of IONPs. The adsorption process was described as spontaneous and exothermic. The
proposed mechanism behind Cr(VI) removal and detoxification involved adsorption and its
reduction to Cr(11), followed by Cr(I11)/Fe(lll) co-precipitation.

Similarly, reusable and bi-functional (adsorption/reduction) CS beads (CS/IONPs) were
developed for Cr(VI) removal. A removal of 98.71% Cr(VI) was achieved by CS/IONPs adsorbent
at the optimized pH of 3, CS/IONPs dose of 2.5 g/L, and temperature of 25°C with an initial Cr(VI)
concentration of 150 mg/L. The Cr(VI) adsorption was not significantly affected by co-existing
cations, whereas anions (PO4*~ and SO4>) suppressed the Cr(\V1) removal efficiency by 18% and
15.32%, respectively, at an individual ionic concentration of 10 mM. The Cr(V1) removal process

was spontaneous and exothermic and followed the pseudo-first-order kinetic. CS/IONPs
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composite beads could adsorb a maximum of 345.53 mg Cr(V1) per g of CS/IONPs beads as
determined by Langmuir isotherm. The used CS/IONPs beads could be regenerated using NaOH
for the initial 4 cycles, but about 15.7% of active sites were reduced afterward. Cr(VI) removal
involves electrostatic interaction, Cr(VI) reduction to Cr(111), Cr(I1l) adsorption, Cr(lll) surface
complexation through abundant —NH> group, and Cr(l11) co-precipitation with Fe(l11).

Simultaneously, the simple preparation of multifunctional beads based on Alg and TA that
have a unique combination of metal(s) removal, antimicrobial, and metal particle generation. The
beads can reduce Fe salt to form IONPs within them. Thus, formed novel Alg-TA-Fe beads
displayed enhanced antibacterial activity and adsorption of Cr(\VI) from an aqueous solution. A
maximum Cr(VI1) removal of 95 % was achieved through Alg-TA75-Fe beads from 20 mg/L
aqueous solution. Synergistic antibacterial activity of TA and the Fe particles was observed. The
ZOl was also found to be higher for Alg-TA (15-75)-Fe beads than bare Alg-TA (15-75). The
antibacterial performance was enhanced by up to 4-fold for E. hirea based on bacteria plating
experiments for Alg-TA75-Fe beads. The synthesized beads exhibited excellent performance as
an adsorbent for removing Cr(V1) and pathogens from aqueous solutions.

Concurrently, continuous column studies were conducted by preparing a packed bed of
CS/IONPs and Alg-TA55-Fe beads for Cr(VI1) removal. The study investigated the impact of
different column parameters, specifically Z (5, 10, and 15 cm) and Q (1, 2, and 3 mL/min). The
column exhaustion time exhibits a direct correlation with Z and a declined correlation with Q. In
particular, t, for CS/IONPs and Alg-TA55-Fe beads drops from 5 to 1.5 h and 0.75 to 0.37 h,
respectively, as Q increased from 1 to 3 mL/min. However, increasing Z from 5 to 15 cm enhances
the t, values by 4.4 and 6 times for CS/IONPs and Alg-TA55-Fe beads, respectively. The

efficiency of CS/IONPs in removing Cr(VI1) was superior to that of Alg-TA55-Fe beads, as
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indicated by the significantly higher geq values of 6.53 times for CS/IONPs compared to Alg-
TADBL5-Fe beads. The adsorption data was well fitted to various known fixed-bed adsorption
models, including the Yoon-Nelson, Thomas, Adams-Bohart, Clark, and Bed Depth Service Time
models, with correlation coefficients, R? > 0.94. The column was regenerated by eluting the used
CS/IONPs and Alg-TA55-Fe beads using NaOH solution after Cr(\VI) adsorption. Two
regeneration cycles were conducted in the same column for Cr(\V1) re-adsorption performance, and
CS/IONPs beads outperformed Alg-TA55-Fe beads for Cr(V1) re-adsorption, exhibiting longer ty

and higher geq values.

7.2. Recommendations for future work

Adsorption has shown potential in eliminating several metal pollutants from contaminated
water, including hexavalent chromium. Hexavalent chromium removal has been investigated using
natural and synthetic adsorbents, including the ones that have been the focus of our research. Our
investigation of environmentally friendly synthesized IONPs nanoadsorbents and their composites
leads to the conclusion that these particles hold significant promise for effectively treating a wide
range of contaminants such as dyes, heavy metals, etc., including hexavalent chromium. The

prospects of the current work are as follows:

7.2.1 Attempts have been undertaken to create nanomaterials through the imitation of bio
based synthesis, employing natural bio-extracts. However, the specific roles of each

phytochemical have yet to be understood
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Researchers have created nanomaterials by utilizing natural bio-extracts through green
synthesis method. These methods use the natural characteristics of phytochemicals present in
plants extract as a reducing agent to facilitate the production of nanoparticles, providing an
environmentally friendly and sustainable alternative to traditional chemical techniques. Despite
some progress in this field, the specific functions of each phytochemical in the synthesis process
remain largely unexplored. Gaining insight into the role of these natural compounds in the
formation, functionalization, and stabilization of nanoparticles is essential for improving the
synthesis methods and boosting the characteristics of the final synthesized product
(nanomaterials). In this regard, additional investigation is necessary to elucidate the precise
functions performed by various phytochemicals, potentially leading to the advancement of more

efficient and tailored synthesis methodologies.

7.2.2 Newly explored adsorbents can undergo testing for the adsorption of other heavy
metals, and pigmenting agents, either separately or in combination and/or from

synthetic/industrial wastewater
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Heavy metals and pigmenting agent removal
— from synthetic/industrial effluent

The investigated adsorbents (IONPs, CS/IONPs beads and Alg-TA-Fe beads) offer
promising prospects for broader applications in the field of environmental remediation. These
materials can be evaluated for their ability to absorb a wide range of heavy metals and dyes, either
individually or in combination, from synthetic and industrial effluents. The adsorption study
utilizes the explored adsorbents to remove contaminants from synthetic/industrial wastewater
under the best possible conditions. Moreover, performing studies with industrial wastewater will
provide a good comprehension of practical applications, given the complex mixture of
contaminants typically found in industrial effluents. Through a comprehensive investigation of the
performance of these adsorbents under different situations, researchers may determine their
potential for removing various contaminants, optimizing operational parameters, and designing

more efficient and adaptable treatment procedures for environmental remediation.

7.2.3 The efficacy of hexavalent chromium removal can also be checked through various
combinations of CS/IONPs and Alg-TA-Fe beads in a continuous operation from

synthetic/industrial wastewater

Page | 194
TH-3409_ 176152009



combinations of CS/IONPs and Alg-TA-Fe beads
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The effectiveness of hexavalent chromium removal can be further tested at lower flow rates
(<1 mL/min) and by employing various combinations of CS/IONPs and Alg-TA-Fe beads in
continuous operations on synthetic or industrial wastewater. This strategy enables the
enhancement of removal efficiency in practical flow circumstances, replicating scenarios of
industrial wastewater treatment. The researchers can find combined effects that make hexavalent
chromium removal more effective by changing the amounts of CS/IONPs and Alg-TA-Fe beads
in varying ratios. This systematic testing is essential to create long-term practical solutions for
treating wastewater contaminated with hexavalent chromium, ultimately enhancing environmental

management and safeguarding public health.

7.2.4 Exploring the application of the adsorbent (CS/IONPs beads) for hexavalent

chromium removal on a larger scale, using a continuous mode operation, as compared to the

current bench-top study

Removal of hexavalent chromium
on a larger scale
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Several obstacles must be overcome to scale up the removal of hexavalent chromium using
CS/IONP beads, including maintaining adsorption efficiency over long periods, optimizing flow
rates, and ensuring stable bead quality. Continuous mode operation is preferred over batch
procedures due to its ability to simulate actual commercial conditions accurately. The expanded
utilization of CS/IONPs beads would enable a more comprehensive assessment of their
performance, stability, and regenerative capacity in response to varying environmental conditions.
Furthermore, it would offer valuable information regarding operating parameters, including
contact time and column height, which are crucial for designing complete treatment systems at a
larger scale. This continuous mode study could open the path for utilizing CS/IONPs beads in
industrial wastewater treatment plants, resulting in more sustainable and efficient hexavalent
chromium removal options.

7.2.4 Utilizing various approaches to thoroughly assess the financial aspects of the
synthesized adsorbent to achieve cost-effectiveness and improve their sustainability and

efficiency

Adsorbent

Materials
E“el‘ﬂ l Adsorbent Adsorption Desorption
production | p—) | ™"
Transportatioa facility
I : Durability

The high treatment cost is the primary obstacle for implementing various approaches to

Release precipitates

I

remove hexavalent chromium in the real world. It would be highly beneficial to evaluate the
viability of these methodologies in industrial-based field applications by investigating cost analysis
using various strategies.
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Appendices

Appendix Chapter 3
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Figure S3 (a): Standard calibration curve of Cr(\V1) with DPC reagent.
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Figure S3 (b): ECGC standard calibration curve.
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Figure S3 (c): Calibration curve plot of Gallic acid standard at various concentrations in pg/mL

versus O.D at 765 nm.
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Figure S3 (d): Calibration curve plot of ascorbic acid standard at various concentrations in

pg/mL versus O.D at 515 nm.
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Figure S3 (e): Calibration curve plot of ascorbic acid standard at various concentrations in pg/mL

versus O.D at 420 nm.
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Figure S3 (f): Calibration curve plot of quercetin standard at various concentrations in pg/mL

versus O.D at 415 nm.
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Appendix Chapter 4
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Figure S4: (a) Stability of synthesized (a) CS/IONPs and (b) CS beads at various pH conditions

(a (i-vi) and b (i-vi)) of double distilled water, respectively.

Appendix Chapter 5

Table S5 (a): Elemental (O, C, Fe, Ca and Na) compositions in projected particles coverage of

Alg-TA55-Fe bead as exposed from SEM-EDS spectrum.

TH-3409_176152009

Scan area Estimated
label particle 0% C% Fe % Ca % Na %
coverage
2 42% 47 £ 9% 37+ 11% 8+ 3% 8+2% 0%
7 22% 46 = 10% 35+ 12% 7+ 4% 12 £3% 0%
3 12% 43+ 11% 29+ 16% 14 £+ 5% 13 £3% 1+1%
5 7% 30 £ 10% 0% (39 +£10%) | (25 +6%) 6+ 3%
4 7% 39+ 11% 30+ 17% 12 £ 5% 18 £5% 0%

1 5% 58 £2 4% 11 +37% 17 £ 9% 15+ 7% 0%
6 3% 42 + 8% 36 £ 11% 11 +£4% 11 +£2% 0%
Ideal Alg 50% 50% - - -
Ideal TA 38% 62% - - -

Ideal Alg-TAS5 43% 57% - - -
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Table S5 (b): Enlisted various oxygen species binding energy (eV) and their corresponding areas

(eV-cps) as revealed from deconvoluted XPS Ols high resolution spectra’s of Alg-Fe and Alg-

TABS5-Fe beads, respectively.

Alg/TA| Alg/TA TA Alg/TA TA Unassigned
Peak quinone | ester/water | hydroquinone species
O- | O=C-OfFe- O-C/C-0-C/O-
Fe(x) OOH | O=C-Ph H O-Ph _
4pk Alg-Fe | 530.4 531.6 0.0 5323 0.0 534.0
opk Alg-
TAS5-Fe 529.7 531.0 531.9 532.8 533.9 534.6
AlgTA| AlgTA | 2 s TA Unassigned
Area Quinone | ester/water | hydroquinone species
O- | O=C-O/Fe- O-C/C-O-C/O-
Fe(x) OOH O=C-Ph H O-Ph )
4pk Alg-Fe | 740 3130 0 9535 0 2620
opk Alg-
TAS5-Fe 10360 [ 22969 20326 36737 20022 0

Table S1 (c): Enlisted various carbon species binding energy (eV) and their corresponding areas

(eV-cps) as revealed from deconvoluted XPS Cls high resolution spectra’s of Alg-Fe and Alg-

TAB5-Fe beads, respectively.
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A . | Adventitious Alg/TA ether/ TA Alg Alg
aromatic Alg . il acid/TA
- CorTAC-C hydroxyquinone..Fe [oxidized| carbonate
C=C ester
Peak
0- HO-
C=C C-C C-O0 0O-C-0/C-0..Fe Ph=0O | ._ C=0/Ph-
C=0..Ca/Fe -~
0-C=0
Alg-Fe| 0.0 284.8 286.0 286.9 0.0 288.0 290.1
6pk
Alg- 284.5 0.0 286.3 286.4 287.5 288.9 290.5
TA55- . . . . . . .
Fe
3pk Alg| 0.0 284.8 286.0 286.9 0.0 288.0 290.1
4pk
Alg- | 2845 284.8 285.9 286.3 287.3 289.0 290.6
TASS
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TA . |Adventitious Alg/TA ether/ TA Alg Alg
aromatic Alg . 1 acid/TA
_ C hydroxyquinone..Fe |oxidized| carbonate
C=C ester
Area
0- HO-
C=C C-C C-O O-C-O/C-0..Fe Ph=0 | . C=0/Ph-
C=0..Ca/Fe
0-C=0
Alg-Fe 0 110 3206 749 0 457 278
opk
Alg- 3819 0 6081 1338 5169 3060 1445
TASS-
Fe
3pk Alg 0 1471 13504 3076 0 1731 1948
4pk
Alg- 3271 3874 4064 753 1408 1227 153
TASS

Table S5 (d): XPS high resolution spectrum’s (i) Fe2pap, (ii) Ols, and (ii) C1s deconvoluted
binding energy (eV) peaks

[ Environment Fe2p,,
Fe metal 706.7 eV
Fe(C,H,O0OH), 707.7 eV
FeO 708.2 eV
Fe,O, 708.4 eV
FeOOH 709.4 eV
i Environment Ols
Fe,O, 529.6 eV
FeO 529.8 eV
FeO*OH 530.1 eV
FeOO*H 531.2eV
Fe(OH), 5313 eV
PhCOONa 531.4eV
Ph=0 benzoquinone | 532.2 eV
H,0 532.8 eV
Ph-OH hydroquinone| 533.2 eV
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Environment Cls
Cc=C 284.5 eV
Cc-C 284.8 eV
C-O cellulose 286.2 eV
Ph-OH hydroquinone 286.4 eV
0-C-O ~287 eV
Ph=0 benzoquinone 287.4 eV
CH,COONa acetate 288.2 eV
CH,COOAg acetate 288.3 eV
Ph-COOH 288.9 eV
CH,COOH acetic acid 289.4 eV
Ph-O-(C=0)-0O-Ph aromatic ester 290.7 eV
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