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Thesis general info:

This thesis comprises of five chapters

Chapter one is a general introduction of the cyanobacteria, their characteristics,
characterization of cyanobacteria, environmental pollutants and their remediation.
Chapter two is based on isolation of cyanobacteria from wastewater. Cyanobacteria
culturing, purification, Identification and selection of strains for the removal of Cd and
Pb.

Chapter 3 contains the results of biosorption potential of dried biomass of Fischerella
muscicola and Nostoc sp., Kinetic and Isotherm modeling of the experimental
biosorption data.

Chapter 4 describes the results of Cd and Pb toxicity assessment in two cyanobacteria,
Fischerella muscicola and Nostoc sp. Biosorption potential of fresh biomass of
Fischerella muscicola and Nostoc sp. in removing Cd and Pb from aqueous solutions,
Kinetic and Isotherm modelling of the experimentalbiosorption data.

Chapter 5 compiles the results of [ron oxide nanoparticles synthesis using metabolites
extract of Fischerella muscicola and Nostoc sp., characterization of nanoparticles and
their applications in the removal of Cd and Pb from aqueous solutions, Kinetic and
Isotherm modelling of the biosorption experimental data.

Combine conclusion of all the chapters (chp-2 to chp-5) and future recommendations.
The bibliography was arranged at the end of the thesis.
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mg Mili gram
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pm Micrometer
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Cm Centimetre

CO Carbon Dioxide

DNA Deoxyribo Nucleic Acid
DMSO  Dimethylsulfoxide

L Liter

LM Light microscopy
Min Minutes

mm Millimetre

NCBI National Centre for Biotechnology Information
NaCl Sodium chloride
NaNOs3;  Sodium Nitrate

OD Optical Density
pH Power of hydrogen
PCR Polymerase chain reaction

Ph.D Doctor of Philosophy

QAU Quaid-I-Azam University Islamabad

SEM Scanning Electron Microscope/Microscopy
sp. Species

FTIR Fourier Transform Infrared Spectroscopy

XRD X-Ray diffraction
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EDX Energy-dispersive X-ray spectroscopy
Cd Cd

Pb Lead

IONPs Iron Oxide Nanoparticles
uv Ultraviolet spectroscopy
HMs Heavy Metals

NPs Nanoparticles

CdCl, Cd chloride

Pb(NO:s)2 Lead nitrate
FeCl3.6H20 Iron chloride hexahydrate

HCl Hydrochloric Acid

NaOH Sodium hydroxide

SPR Surface Plasmon Resonance

FAAS Flame Atomic Adsorption Spectrometer

JCPD Joint Committee on Powder Diffraction Standards
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Summary

Summary

Bioremediation using microorganisms such as bacteria, cyanobacteria, microalgae,
yeasts, and fungi is efficient, cost-effective, and eco-friendly. Among these,
cyanobacteria can carry out oxygenic photosynthesis, fix atmospheric nitrogen and
pose flexibility to sustain a range of harsh conditions. These also offer the promise for
treating environmental pollutants found in soil and water. Despite huge prospects little
or no work is available on indigenous/local cyanobacterial species of Pakistan.
Therefore, this research was initiated to isolate and assess the potentials of local
cyanobacterial strains capable of remediating heavy metals especially Cadmium (Cd)
and Lead (Pb). Three different sites were surveyed for the collection of algal samples.
Initially 45 different taxa were isolated belonged to the group: cyanobacteria, green
algae and diatoms. Among these, ten axenic strains of cyanobacteria were obtained.
Six taxa were identified up to species level while four were identified to the genus
level. Six taxa have been reported for the first time from Pakistan, viz. Desertifilum
tharense MK-2, Nodosilinea nodulosa MK-4, Fischerella muscicola MK-8,
Westiellopsis prolifica MK-9, Desikacharya MK-7, Synechocystis fuscopigmentosa
MK-13.

The purified strains were screened for Cd and Pb tolerance. Since obtained from
sewage sites, most of the strains showed tolerance to Cd and Pb concentrations.
Screening results further showed that Nostoc sp. MK-11 was the most tolerant
followed by F. muscicola MK-8. Therefore, these two strains were selected for
further analysis. Cells of Nostoc sp. and F. muscicola were cultured and their biomass
was harvested, dried and ground to fine powder. The dried biomass of Nostoc sp.
revealed highest biosrption of Pb and Cd at 60-minute contact time, with maximum
biosorption capacities of 75.757 mg/g for Cd and 83.963 mg/g for Pb. Biosrption of
Pb and Cd on dried biomass of Nostoc sp. followed the Pseudo second order Kinetics
and Langmuir isotherm models indicating chemisorption mechanism in homogeneous
manner. Biosorption-desorption tests showed above 90% metal recovery besides the
fact that the dried biomass of Nosfoc sp. holds the potential of reusability, thus, are
cost-effective and eco-friendly in nature. Dried biomass of F. muscicola displayed
rapid kinetic biosorption at 60 and 90 minutes for Cd and Pb, respectively, with
maximum biosorption at pH 7 and 5. Langmuir isotherm modeling revealed

biosorption capacities of 63.5 mg/g for Cd and 70.2 mg/g for Pb, signifying
1
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effective biosorption in homogeneous manner. Biosrption of metals onto the dried
biomass of this strain also followed the pseudo-second-order kinetics showing the
chemisorption of metals. Functional groups responsible for heavy metal binding,
highlighting hydroxyl, amine, carbonyl, carboxyl, and sulfoxide groups crucial for
metal ion complexation, showed biosorbent potential for Cd and Pb, while the
Scanning electronmicroscopy highlighted the altered morphology after the biosorption
process. Furthermore, desorption of Cd and Pb using 0.1 M Hydrochloric acid showed

efficient metal desorption with a recovery rate of 90%.

Iron oxide nanoparticles (IONPs) synthesized using extracts of two cyanobacteria (F.
muscicola and Nostoc sp.) and parallel analyses were carried out. The Langmuir
isotherm calculated maximum adsorption capacities for F. muscicola based IONPs as
94.161 and 93.370 mg/g for Pb and Cd, respectively. Similarly, Langmuir isotherm
calculated maximal adsorption capacities of Nostoc sp. mediated IONPs as 105.932
and 118.764 mg/g for Cd and Pb, respectively. The recyclability of IONPs revealed
retention of their adsorption efficiency. Hence, this study indicated that Nostoc sp. has
higher potentials of adsorbing Cd and Pb ions compared to F. muscicola, both these

strains are derived from the indigenous algal flora thriving in polluted water.

The study recommends exploring diverse ecological niches and hybrid water
treatment systems, advancing genetic engineering, and improving biosorption
methods, with field trials needed to validate the feasibility and ecological safety of

cyanobacteria-based solutions.
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1.1. Introduction

Cyanobacteria also known as Blue-green algae form a natural group by virtue of
being the only group of prokaryotic algae. These organisms have an outer plasma
membrane enclosing protoplasm containing 70s ribosomes, DNA fibrils not enclosed
in a separate membrane and photosynthetic thylakoids. Chlorophyll a is the major
photosynthetic pigment and oxygen is evolved during photosynthesis (Lee, 2018). It
has been hypothesized that cyanobacteria evolved in freshwater around 2.5 billion
years ago (Blank, 2013). In eukaryotes, the photosynthetic organelle is believed to
have possibly emerged from the process of endosymbiosis between a cyanobacterium
and a photoautotrophic host (Loffelhardt and Bohnert, 1994). There are
morphologically diverse types of cyanobacteria that exist as: filamentous, unicellular,
colonial, benthic or planktonic (Whitton and Potts, 2007; Burja et al., 2001). These
are among the most common photosynthetic organisms found in nature.
Cyanobacteria survive in a variety of ecologies including freshwater, marine, and
terrestrial habitats. These are well-known for their potential to carry out several
metabolic processes and can quickly change from one mode to another (Stal, 1995).
All cyanobacteria possess the capability of oxygenic photosynthesis while some
cyanobacterial species can shift to sulfide-dependent anoxygenic photosynthesis
(Cohen et al., 1986). In dark or under anoxic conditions, cyanobacteria can carry out
fermentation for energy generation (Stal, 1997). Heterocysts are specialized cells that
some filamentous cyanobacteria have evolved for nitrogen fixation (Capone et al.,
2005).

Lee (2018) classified cyanobacteria into three major orders: (1) Chroococcales,
which areeither single celled or loosely bound together in slimy irregular colonies.
Synechococcus, Synechocystis and Micocystis are some of the genera included in this
group; (2) Oscillatoriales are long, thread-like cyanobacteria and represented by
Oscillatoria, Phormedium, Lyngbya, Trichodesmium, Anthrospira (Spirulina) and
Hydrocoleus; and (3) Nostocales, another thread-like algae with special heterocysts
(Lee, 2018). Due to their abundance, variety and ecological function, unicellular
cyanobacteria play a vital role in aquatic environments (Hallenbeck, 2017). These
microorganisms had a significant impact in the initial increase of atmospheric oxygen
approximately 2.3 billion years ago (Holland, 2002). More recently, cyanobacteria

have earned attention for their potential in bioenergy production and the synthesis of



Chapter 1 Introduction and Review of Literature

valuable biocompounds. As a result, during the past 20 years, cyanobacterial
engineering has been a hot topic of research (Hallenbeck, 2017).

The unicellular freshwater cyanobacterium Synechocystis is a remarkable model
organism in the field of single-cell research for genetics, physiological investigations
of photosynthesis, and energy studies (Ikeuchi and Tabata, 2001; Lindberg et al.,
2010). Remarkably, the complete genome sequencing of Syrechocystis sp. PCC 6803
marked a significant milestone, as it was the first phototrophic organism and the fourth
organism overall to undergo such comprehensive sequencing back in 1996 (Ikeuchi
and Tabata, 2001; Kaneko et al., 1996).

According to Humbert and Fastner, (2016) cyanobacteria exhibit a range of
morphologies, including filamentous forms that are multicellular, colonial, and
unicellular. Their cell size spans a wide range, from less than 1 pm in diameter for
picocyanobacteria to as much as 100 um for certain tropical Oscillatoria species
(Jasser et al., 2017; Schulz-Vogtet al., 2007). Unicellular cyanobacteria have diverse
cell shapes such as spherical, ovoid, or cylindrical, and they can aggregate into
colonies held together by a mucous matrix, or mucilage, secreted during colony
growth (Chorus and Welker, 2021; Mur et al., 1999). The number of cells
development and growth (Kumar et al., 2010) and they are essential for motility and
symbiotic colonization of hosts (Meeks and Elhai, 2002; Adams and Duggan, 2008;
Meeks and Elhai, 2002; Uyeda et al., 2016; Wong and Meeks, 2002). Heterocysts,
which can be observed in multicellular cyanobacteria like Anabaena and Nostoc, are
enormous, spherical cells with a thicker cell membrane than vegetative cells. They
have potential in fixing nitrogen (Kumar et al., 2010). Akinetes are long-lasting cells
that resemble spores and emerge when growth circumstances are unfavorable, such as
cold or drought (Kumar et al., 2010) and akinetes, similar to heterocysts, possess a
robust cell wall (Uyeda et al., 2016). It has been postulated that akinetes could serve
as evolutionary precursors to heterocysts (Wolk et al., 1994).

1.2. Occurrence and distribution

Cyanobacteria have captivated the attention of ecologists owing to their broad
presence and considerable influence in various ecosystems. These microorganisms
inhabit a wide array of environments, spanning from freshwater bodies to marine
habitats, and even extreme niches like hot springs and deserts (Whitton, 2012). The

distribution of cyanobacteria is intricately tied to numerous environmental factors,
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encompassing nutrient availability, water, temperature, light intensity, and pH levels
(Paerl and Paul, 2012). The interplay of these factors contributes to the diverse
patterns of cyanobacteria distribution across ecosystems. Freshwater systems stand
as primary cyanobacteria habitats, encompassing both stagnant and flowing
environments. In nutrient-rich waters, cyanobacterial blooms frequently occur,
disrupting ecological equilibrium and impacting water quality (Paerl et al., 2016). The
emergence of these blooms is often linked to excessive nutrient inputs, particularly
phosphorus and nitrogen, which provide nourishment for cyanobacterial growth
(Chorus and Bartram, 1999). Cyanobacteria also showcase adaptability in marine
ecosystems, flourishing in nutrient-deficient waters by utilizing strategies such as
diazotrophy to fix atmospheric nitrogen and sustain their growth. This distinctive trait
allows them to occupy ecological niches that might be less accessible to other primary
producers.

Cyanobacteria put significant influence on global carbon and nitrogen cycles,
impactingnutrient availability and primary productivity within aquatic systems (Stal,
2012). Presence ofcyanobacteria is not confined solely to benign environments. They
have been documented in extreme habitats, illustrating their remarkable resilience.
For example, cyanobacterial mats in hot springs and hypersaline lakes underscore
their ability to withstand extreme temperatures, salinities, and pH levels (Nandagopal
et al., 2021). This adaptability is facilitated by their potential to synthesize specialized
metabolites and pigments that offer protection against harsh conditions. However, the
prolific growth of cyanobacteria can have adverse repercussions. The development of
harmful algal blooms (HABs) is a notable concern due to the production of toxins like
microcystins and anatoxins, which pose threats to aquatic organisms and human health
(Chorus and Bartram, 1999).

1.3. Cyanobacteria culturing

Cyanobacteria play an important role in global primary production and
biogeochemical cycling, adapting to a wide spectrum of growth conditions that shape
their physiology, metabolism, and ecological functions. To cultivate cyanobacteria
effectively, scientists manipulate diverse parameters to mimic natural habitats. Light,
crucial for photosynthesis, is regulated by adjusting light intensity and photoperiod to
match strain-specific requirements (Huang et al., 2018). Temperature, another key

factor, varies among strains but generally fallswithin the 20 to 30°C range (Singh et
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al., 2017). Agitation and aeration replicate native hydrodynamics and enhance
nutrient exchange (Huang et al., 2018).

Culturing media formulation is equally significant. BG11 and BGo media offer
essential nutrients and trace metals, with BG11 designed for general cultivation and
BGo lack combined nitrogen for nitrogen fixation studies (Stanier and Cohen-Bazire,
1977; Rippka et al., 1979). Solid media like agar plates aid in isolating and purifying
colonies, crucial for obtaining axenic strains (Rajaniemi et al., 2005). Conversely,
liquid cultures allow large-scale growth in various vessels, from Erlenmeyer flasks to
photobioreactors, enabling controlled conditions like light, temperature, and aeration
(Singh et al, 2017). pH serves as a critical culturing parameter impacting
cyanobacteria growth. Different strains have varying optimum pH, necessitating the
maintenance of the appropriate pH range to achieve optimal growth rates and
metabolic activities (Rajaniemi et al., 2005). pH influences nutrient availability,
enzyme activities, and cellular processes in cyanobacteria, making it a crucial
consideration in culturing conditions. Recent research by Hagemann and Hess (2018)
underscores the role of carbon availability, especially inorganic sources like CO; and
HCOs- which influence photosynthetic rates and carbon assimilation strategies in
cyanobacteria. Understanding and managing these multifaceted culturing conditions
are pivotal for successful cyanobacterial cultivation and for advancing our
comprehension of their diverse ecological functions and potential application.

1.4. Identification of cyanobacteria

Traditionally, the identification, enumeration, and classification of cyanobacteria
have relied upon light microscopy, wherein morphological characteristics like cell
size, cell division pattern, width of trichome, terminal cells morphology, presence of
specialized cells (e.g., akinetes and heterocytes), and the occurrence of aerotopes have
been key criteria (Castenholz, 2015; Radkova et al., 2020; Tan et al., 2023). This
approach is contingent upon easily discernible features that remain recognizable even
when using light microscopy at lower magnifications. Nevertheless, it often proves
challenging, particularly for groups lacking distinctive attributes and featuring small
cell sizes. Furthermore, phenotypic plasticity among cyanobacteria, especially in
groups like picocyanobacteria, further complicates identification. For instance, the
categorization of unicellular organisms that are less than 2-3 pum in size as species

belonging to Synechococcus or Cyanobium, along with those of equivalent
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dimensions that form colonies and produce mucilage, is ascribed to species of
Aphanocapsa, Anathece or Aphanothece. According to studies by Huber et al. (2017)
and Jezberova and Komarkova (2007), Cyanobium species are capable of generating
colonies in response to grazing pressure that exhibit morphological characteristics
resembalace to those of Anathece. The close affinitiesbetween these two genera have

been established by 16S rRNA phylogenetic analysis (Komarek et al., 2011).

The identification of simple coccoid cyanobacteria is made more difficult by the
fact that only a small number of morphological characteristics at the cellular level
(Komarek et al.,, 2014). According to Komarek et al. (2014), higher-order
cyanobacteria have more morphological variety and can have specialized
characteristics like heterocytes, branched trichome, or akinetes. Consequently,
many simple coccoid species confront identification through light microscopy,
potentially harboring cryptic diversity or leading to misinterpretations. Consequently,
it is considerably less viable to infer any conclusions regarding the potential of
cyanobacterial communities solely from their morphological characteristics

(Palinska and Surosz, 2014; Tanabe et al., 2009; Komarek, 2016).

The reliance on morphological traits for cyanobacteria classification poses
challenges since these traits can be influenced by environmental and developmental
factors, hindering strain diversity characterization in cultures under selective growth
conditions. These constraints underscore the need for molecular techniques in
cyanobacterial identification (Lyra et al., 2001). The 16s rRNA gene is generally
employed as molecular markers in identifying microorganisms and revealing their
interrelationships. While this gene encompasses evolutionarily conserved regions, it
also contains variable sequences that are species-specific. Species-level identification
can be achieved by amplifying these variable regions through PCR (Lefler et al.,
2023). Studies have demonstrated precise identification of Oscillatoria limnetica
and Geitlerinema strain PCC9452 by amplifying their 16S rRNA genes (Boyer et
al., 2001). Additionally, the terminal heterocysts and akinetes of Cylindrospermum
have allowed differentiation from the Nostocacea family, enabling the identification
of 45 taxa within this genus (Johansen et al., 2014; Karan et al., 2017). Although less
frequently utilized, some researchers have explored alternative gene regions,
including nifH, recA, rpoDI, rpoCl, rpoB and, for phylogenetic analysis of
cyanobacteria (Premanandh et al., 2006). In certain studies, phylogeny-based
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determination of Synechococcus strains has been accomplished by utilizing
phycocyanin gene sequences (Robertson et al., 2001).

1.5. Potential applications of cyanobacteria

Cyanobacteria have become progressively prominent due to their promising
applications in various fields of biotechnology (Abed et al., 2009). The secondary
metabolitesof cyanobacteria, which include vital vitamins, enzymes, and toxins, serve
as large reservoirs of bioactive substances and are crucial to several biotechnological
fields (Amadu et al., 2021). The manufacturing of bioplastics using cyanobacterial
polyhydroxy alkanoates (PHA) is one industry where these chemicals are used
(Afreen et al., 2021; Koller, 2022). A promising resource for the synthesis of
bioplastics with characteristics like polyethylene and polypropylene is the
intracellular accumulation of PHA in a number of cyanobacterial species (Koller,
2022). Additionally, a wide variety of cyanotoxins are produced by cyanobacteria.
These cyanotoxins have distinct properties that have sparked attention among
scientists regarding their potential use on a worldwide industrial scale (Kurmayer et
al., 2016). A summary of all possible applications of cyanobacteria is presented in

Figure 1.1.

Figure 1.1: An overview of the possible applications of cyanobacteria in several
scientific and developmental domains (Zahra et al., 2020).

Due to their effective photosynthesis, cyanobacteria have a prospective
advantage in the manufacture of biofuels. They convert carbon dioxide and sunlight
into biomass and lipids that can be converted into biofuels (Nozzi et al., 2013; Singh
et al,, 2023). Cyanobacteria produce secondary metabolites from natural sources

generating enzymes, pigments, vitamins, and other beneficial co-products. These
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include biocatalysts for the transformation of COz into fuels and chemicals. Examples
include the major cyanobacterial pigments carotenoids and phycobili proteins, which
are utilized extensively in the bio-industry (Deb et al., 2021; Pekkoh et al., 2023).
They are used as nutritional sources and dietary supplements, comprising
intricate carbohydrates, amino acids, proteins, phycocyanin, bioactive enzymes, beta-
carotene, chlorophyll, minerals, essential fatty acids, vitamins and carbohydrates. The
term "spirulina" is used to refer to Arthrospira maxima and Arthrospira platensis.
Common uses for 4. platensisis include whole foods and dietary supplements. The
poultry, aquarium, and aquaculture sectors utilize it as a feed additive and it is grown
all over the world (Zhu et al., 2022; Liu et al., 2021; Grossmann et al., 2020). In a
range of agricultural and ecological settings, cyanobacteria can serve as natural
biofertilizers, contributing to enhanced agricultural productivity (Chittora et al., 2020;
Hamed et al., 2022; Rezasoltani and Champagne, 2023). They contain secondary
metabolites that have potential biotechnological applications in the field of medicine
(Chaubey et al., 2022; Saced et al., 2022).
They can perform bioremediation by absorbing and metabolizing pollutants like
heavy metals and organic contaminants from various environments, aiding in
environmental cleanup. Their rapid growth and self-sustaining nature further enhance
their potential as effective and eco-friendly agents for addressing pollution and
restoring ecosystems (Devi et al., 202; Encarnagdo et al., 2023). They also offer
distinct advantages in nanoparticle synthesis due to their ability to produce and
secrete bioactive compounds that can facilitate the formation and stabilization of
nanoparticles. This natural approach not only simplifies the nanoparticle production
process but also holds potential for developing environmentally friendly and
biocompatible nanomaterials for various applications including medicine and catalysis
(Ali Anvar et al., 2023; Mandhata et al., 2022).

1.6. Environmental pollutants

A major threat to human health globally is environmental pollution. The swift
progression of urbanization, agricultural practices, and industrial activities, coupled
with the increasing demand for enhanced quality of life, has led to the unavoidable
discharge of various organic chemicals, pesticides, persistent organic pollutants
(POPs), antibiotics, and inorganic contaminants, including metal ions like Hg, Cd, As,

Pb, and Cr into natural ecosystems (Wang et al., 2022b; Huang et al., 2022; Liu et al.,
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2022; Chen et al., 2022c; Liu et al.,, 2022). Their prolonged presence in the
environment can be attributed because they are difficult to eradicate from ecosystems
or to degrade. Because these environmental toxins can enter the body and accumulate
throughout tthe food chain, they are hazardous to human health even at extremely low
amounts. For instance, Pb(Il) poisoning may harm the cardiovascular and cranial
nerve systems, while the detrimental effects of Cd(II) poisoning on skeletal and renal
functions have been documented in the literature (Rouhani and Morsali, 2018; Zhao et
al., 2011). In the mean time, organic chemicals exposure in the environment may also
cause nervous system toxicity (Liu et al., 2021a).

The quality of the water has a fundamental impact on the health of all living
organisms on Earth. The expanding human population, industry, urbanization, and
chemically enhanced agriculture are all contributing to the rapid contamination of
water supplies. Nowadays, a lot of people have trouble getting access to clean water,
which has a negative impact mostly on underdeveloped countries (Waheed et al.,
2021). The features of modern civilization have led in an abrupt rise in the quantity
of pollutants in water bodies, which has reduced the availability of drinkable water.
Water bodies are being contaminated by a wide range of inorganic and organic
contaminants, including industrial wastes, agricultural runoff, and domestic wastes.

Both point and diffuse sources are the source of these pollutants (Qiu et al., 2022).

Electronic waste (e-waste) is contributing significantly to the escalation of
environmental issues as a consequence of advancements in computing and
information technology, leading to the production of electronic components and an
increase in the quantity of products characterized by reduced life durations (Robinson,
2009; Mmereki et al., 2016; Awasthi et al., 2016). Given that e-waste comprises a
heterogenecous assortment of materials, such as glass, plastics, organic compounds,
metalloids, precious metals, and various heavy metals, the recycling of e-waste
presents an opportunity for lucrative commercial enterprise. However, the
implementation of safe recycling methodologies incurs substantial costs and poses
potential hazards to both human health and environmental integrity. The predominant
flow of e-waste is from established nations to developing countries, where the
regulatory framework concerning its disposal is comparatively negligent. For
example, a considerable proportion of the global e-waste generated per annum is

exported for disposal to nations in Asia and Africa (Efthymiou et al., 2016; Igbal et
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al., 2015; Adaramodu et al., 2012). Inappropriate recycling and disposal practices
associated with e-waste intensify the elevated heavy metals levels present in the
environment (Pradhan and Kumar, 2014; Song and Li, 2014).

1.6.1. Heavy metals /Inorganic pollutants

According to Ferguson (1990), metallic elements with densities higher than
water are classified as heavy metals (HMs). These are naturally occurring elements
with significant atomic weights and densities at least five times greater than water
(Tchounwou et al., 2012). Notably, HMs includes metalloids like arsenic (As), which
may cause toxicity at low exposure levels while having a relatively smaller mass
(Duffus, 2002). Cd, chromium (Cr), copper (Cu), nickel (Ni), Pb, zinc (Zn), mercury
(Hg) and arsenic (As) are certain heavy metals classified in this group and are known
for their biological significance and negative effects on aquatic ecosystems (Jacob et
al., 2018).

Hazardous metals, particularly HMs, are often associated with anthropogenic
activities, such as those in the nonferrous metallurgical, tanning leather, mining,
electroplating, mineral processing and chemical sectors (Sarker et al., 2023). Heavy
metals, inherent in earth's crust since its origin, have witnessed a notable escalation in
their prevalence within terrestrial and aquatic domains due to the substantial surge in
their utilization (Briffa et al., 2020; Gautam et al., 2016). Human activities encompass
a spectrum of processes including metal mining, smelting operations, foundry
activities, and various metal-centric industries. Moreover, heavy metals find their way
into the environment through mechanisms such as metal leaching from diverse
sources, including landfills, waste disposal sites, biological excretions, livestock and
poultry manure, urban runoff, vehicular emissions, and road construction.
Furthermore, the agricultural industry plays a role in secondary heavy metal
contamination due to the use of various substances, including pesticides, insecticides,
fertilizers, and other associated chemicals. Natural ocuurences further intensify the
heavy metals contamination problem, with volcanic eruptions, the corrosion of
metallic surfaces, volatilization of metals from soil and aquatic bodies, sediment
resuspension, soil erosion, and geological weathering all playing roles in this complex
ecological challenge (Walker et al., 2012; Masindi and Muedi, 2018).

Heavy metals ccur naturally within the ecosystem and can be beneficial to

human health when found in low concentrations. However, their entry into the human
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body, primarily through ingestion and inhalation, can lead to adverse effects when
exposed to high levels (Genchi et al., 2020). Toxicity levels associated with these
hazardous substances are contingent upon the concentration and duration of exposure
experienced by living organisms. Prolonged exposure to heavy metals may result in a
variety of illnesses in humans and other organisms. These routes include skin contact,
eating contaminated food, and inhalation (Anyanwu et al., 2018). Heavy metals
toxicity has become a major worldwide concern because of growing industry and its
multiple environmental releases (Rathi et al., 2021).

1.6.1.1. Cd

Cd is one of the heavy metals that is relatively common in both natural
environments (such as air, living things, soil, sediment, and water) and human-
influenced spheres (such as agricultural crops, food, and sewage sludge), and it has an
active affinity for uptake by plants.This inclination is concerning since it poses serious
threat to human health, even at trace doses (Schaefer et al., 2020; Hayat et al., 2019;
Billah et al., 2019; Chuanwei et al., 2015; Feng et al., 2020). Cd has been used in
fertilizers, electroplating, battery manufacturing and mineral processing (Wan et al.,
2023). The sources of Cd can be both natural, as in the case of Cd concentrations in
the natural environment and anthropogenic, due to the utilization of phosphate
fertilizers, mining activities, and the release of Cd via municipal wastewater.
Furthermore, mixed mechanisms of Cd pollution involve the atmospheric transport of
Cd releases activated by human activities, followed by deposition (Moreno-Jiménez et
al., 2014).

Cd stands as a profoundly toxic heavy metal, officially acknowledged as a
human carcinogen by reputable entities like The International Agency for Research
on Cancer and US National Toxicology Program (Suhani et al., 2021; Congeevaram
et al., 2007). The harmful impacts of Cd are attributed to its potential to inhibit the
synthesis of essential biomolecules, including DNA, RNA and proteins, culminating
in the malignant transformation of normal epithelial cells. Extended exposure to Cd
in human populations has been strongly associated with the development of lung
cancer and the infliction of renal damage. Furthermore, Cd can disturb vital elements
such as zinc, iron, calcium, magnesium, and selenium, thereby inducing functional
and morphological alterations in various organs and disrupting secondary metabolic

pathways. Manifestations of Cd toxicity include pneumonia, asthenia, fever, thoracic
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discomfort, and, in severe instances, fatality. It is noteworthy that females exhibit a
high vulnerability to Cd exposure, given their elevated dietary absorption of Cd
(Bhattacharyya et al., 2021; Mala et al., 2006).

Cd is notably responsible for the disorder known as Itai-Itai disease, which
predominantly affects women, inflicting impairment upon tubular and glomerular
kidney functions and resulting in multiple bone fractures attributable to osteoporosis
and osteomalacia. Moreover, when Cd reacts with hydrochloric acid within the
stomach, it forms chlorides, precipitating acute gastrointestinal inflammation. Cd also
exerts disruptive effects on the immune system, with a primary focus on natural killer
cells, T cells, macrophages and B cells. Interaction with Metallothionein, a protein
pivotal in the regulation of free radicals and zinc homeostasis, can induce
hypertension and elevate the generation of reactive oxygen species (ROS), thereby
impacting the cardiovascular system. Inhalation of Cd can culminate in respiratory
distress syndrome. Furthermore, Cd detrimentally influences reproductive
functionality by interfering with testicular and prostatic function, perturbing hormonal
dynamics, and diminishing male fertility (Choo et al., 2006).
1.6.1.2. Pb

Pb is another noxious heavy metal capable of prompting pronounced
physiological effects even at minimal concentrations (Collin et al., 2022). This metal,
ranking as the second most hazardous metal, exists in the earth's crust in a scant
proportion of 0.002%, occurring naturally in limited quantities. Nevertheless, human
activities, notably industrial processes, automotive emissions, and the manufacturing
of batteries, have made substantial contributions to lead contamination, thereby
affecting both environment and human health (Tripathy et al., 2022). Principal
sources of Pb exposure include particulate matter, automobile emission, emissions
stemming from battery operations, remnants of lead-based paint, mining, smoking,
wastewater and the consumption of contaminated foodstuffs (Tripathy et al., 2022;
Obasi and Akudinobi, 2020).

Pb exposure can manifest through various avenues, including inhalation,
ingestion, and dermal absorption. It is noteworthy that Pb can effortlessly traverse
the placental barrier, giving rise to specific concerns regarding the development of
fetuses, with more pronounced toxic effects noted in younger fetuses, including the

occurrence of cerebral edema (Goyer, 1990). Upon inhalation, Pb preferentially
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accumulates in various bodily tissues, encompassing the circulatory system, soft
tissues, hepatic structures, pulmonary organs, skeletal framework, and various organ
systems, including the cardiovascular, nervous, and reproductive systems. In adults,
Pb exposure may result in symptoms such as reduced concentration, impairment of
memory faculties, as well as muscular and articular discomfort (Goyer, 1990). In
contrast, children and infants exhibit extraordinary susceptibility, even to minute Pb
doses, attributable to Pb neurotoxic properties, which can give rise to learning
disabilities, deficits in memory, hyperactivity, and the potential for cognitive
impairment (Farhat et al., 2013). High environmental lead concentrations also have
detrimental consequences for plant growth and crop development. Neurological
effects have been observed in vertebrates and animals associated with high Pb
concentrations (Assi et al., 2016).

1.6.2. Prevalence of Heavy Metals in Pakistan

In several regions of Pakistan, such as Kasur, Salt Range, Mianwali and
Bahawalpur groundwater has been identified as containing elevated fluoride levels,
with concentrations ranging from 65 to 12 mg/L. Furthermore, analyses of
groundwater in districts like Sargodha, Jhelum and Gujarat have revealed arsenic
concentrations surpassing the WHO permissible limit of 10 pg/L (Rasheed et al.,
2021). A recent study covering 11 cities in Punjab has drawn attention to excessive
arsenic and fluoride concentrations in the water supply systems of six cities,
including Bahawalpur, Multan, Kasur, Sheikhupura, Lahore, Gujranwala and. It is
important to note that over 2 million people live in these cities and are potentially
exposed to groundwater polluted with arsenic (PCRWR, 2016).

Furthermore, high levels of nitrates, microbial contaminants, fluorides and
arsenic ions are recognized as significant pollutants in water supply systems across
various regions of Pakistan. Several research studies have pointed out that several
physiochemical parameters of water quality in major cities do not follow to the safety
standards established by WHO/PSQCA for potable water (PCRWR, 2016). The
Pakistan Council of Research on Water Resources evaluated the water quality of 23
main cities in Pakistan in 2016 which revealed that out of 369 monitored sites; only
31% (116) met the criteria for safe drinking water, while the remaining 69% (253)
were deemed unsafe. It is worth noting that in Islamabad, the capital city, only 32%

of water sources were found to provide safe drinking water, with the remaining 68%
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categorized as unsafe. Similarly, in Rawalpindi 62% of water sources were considered
unsuitable for consumption (PCRWR, 2016). In addition, a study conducted in the
Sargodha district identified soil with the highest Cdconcentration at 6.74 mg/kg, the
findings suggest a possible risk of Cd infiltrating the food chain, as evidenced by the
observed accumulation of Cd in forage plants, which ranged from 1.14 to 4.20 mg/kg
(Khan et al., 2011).

Islamabad and Rawalpindi, situated in the northern region of Pakistan, are
twin cities known for their significant presence of automotive workshops. These
workshops engage in a range of activities related to auto-mechanical repairs, which
can introduce heavy metals in environment, including soil, surface water, and
groundwater, primarily through processes such as percolation (Ashraf et al., 2020). In
Islamabad, soil samples and road dust along the Isalmabad expressway recorded
concentrations of Cd ranging from 5.8 to 6.1 mgkg and 4.5 to 6.8 mgkg,
respectively. These values exceed levels found in many global cities and are
comparable to those observed on highways in Aqaba Shuna (Jordan) and Istanbul
(Turkey) (Faiz et al., 2009; Khashman, 2007). At present, the amount of Pb in the
urban atmosphere of Islamabad has demonstrated a reduction in recent years, due to
the usage of lead-free gasoline. Nevertheless, Pb levels remain notably high, ranging
from 0.002 to 4.7 png/m3 (Shah et al., 2004). These harmful water contaminants may
seriously harm human health since they can accumulate in living beings and other
environmental media. There is an urgent demand for materials and technologies that
are chemically robust, easy to use, inexpensive, eco-friendly, transportable, and
economically efficient in order to meet the massive global need for safe water.
Pollution toxicity negatively affects food chains, biological systems, the global

economy, and the environment(Selvasembian et al., 2021).
1.7. Bioremediation

Bioremediation is an environmentally sustainable and cost-effective
technology employed to ameliorate contaminated sites or industrial effluents through
biological processes (Kertesz et al., 1994; Sharma et al., 2022). Bioremediation
employs microorganisms such as bacteria, algae, and fungi; and phytoremediation
that employ plants; both stand as significant biological techniques to facilitate the
remediation process (Chang et al., 2008; Dhaliwal et al., 2020). Different mechanisms

of action are identified within the field of bioremediation, including biosorption,
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bioaccumulation, biomineralization, bioleaching. Although metal toxicity can damage
cell membranes, microbes have developed defense mechanisms to prevent such
injury. Recombinant DNA technology, a form of genetic engineering, is used to
increase the effectiveness of metal removal by microorganisms (Verma and Kuila,

2019).

1.7.1. Bioaccumulation

Bioaccumulation is acknowledged as an active biological process (Ardal,
2014), where living biomass plays a pivotal role in the detoxification of contaminants
(Kumar et al., 2015). This process depends on biomass ability to absorb materials and
vital nutrients across its surfaces (Ratte, 1999). Depending on the specific biomass
involved, compounds are either accumulated within the biomass or metabolized
(Ardal, 2014). According to Hoffman et al. (2002) and Mustafa et al. (2002),
bioaccumulation is the process by which both inorganic and organic pollutants, such
as pesticides, heavy metals, sulfates, nitrates and phosphates are transported into the
living cells. The bioconcentration factor measures the pollutant concentration inside
the biomass as compared to the surrounding medium (Ratte, 1999). E. acus, C.
vulgaris, O. bornettia and P. curvicauda have been used in studies on the
bioaccumulation of Al, Cd, Zn, Cu and Fe. Notably, Oscillatoria had the highest
metal concentration factors, with Zn, Fe, Cu, and Cd values of 0.306, 0.302, 0.091,
and 0.276, respectively (Abirhire and Kadiri, 2011).

1.7.2. Biosorption

Biosorption is an important method for the elimination of heavy metals from
wastewater; it includes a variety of different methods, involving adsorption ion
exchange, surface complexation, chelation and precipitation (Bhatt et al., 2022).
According to De Philippis and Micheletti (2017) Mota et al. (2016), cyanobacteria
cell walls often include an excess of negatively charged groups that can serve as
binding sites for heavy metals. Metal ions may rapidly bind to the cell surface in the
initial phases. Active transporters and carriers then aid in the transfer of metal ions
into cells, where they may be changed into less harmful forms or confined within
vacuoles. Various genera of cyanobacteria, including Arthrospira, Anabaena,
Cyanothece, Cyanobium, Synechocystis, Nostoc, Leptolyngbya and Microcystis have
demonstrated considerable efficacy in removing heavy metals including Cd, Zn, Cr,

Cu, Cr, Pb,Co, Hg or Ni across a range of initial concentrations, from a few mg/L to
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150-200 mg/L (Bloch and Ghosh, 2022; Mota et al., 2016; Pandey et al., 2022; Yadav
et al., 2020; Zinicovscaia et al., 2018). Maximum metal uptake typically falls within
the 15-80 mg/gdry weight range although certain studies have reported values
exceeding 300 mg/g dry weight (Cui et al., 2022).

Biosorption is thought to be a more practical method for removing heavy metals than
bioaccumulation because of its faster kinetics and the ability of the cells to withstand
large quantities of potentially harmful heavy metals. Nonetheless, the biosorption
process is subject to several influencing factors, including pH, temperature, biosorbent
dosage, and pretreatment, necessitating careful consideration to enhance adsorption
capabilities (AlAmin et al., 2021). The possibility for numerous desorption/adsorption
cycles, which increase the shelf- life of the biosorbents and their economic viability,
is another benefit of biosorption. Different solutions, such as strong acids or bases,
EDTA, or water, may be employed during the desorption process depending on the
physical and mechanical resilience of the biosorbents and the strength of the
interaction between the metal ions and the binding groups (Agarwal et al., 2020;
Chatterjee and Abraham, 2019; Satya et al., 2021).

1.7.3. Cyano-remediation

Cyanobacteria offer a viable biological tool to meet modern circular economy
and sustainability requirements. They may function as bio-factories for a range of
substances withapplications in the nanotechnology and bioremediation sectors (Ciani
and Adessi, 2023). Cyanoremediation, utilizes cyanobacteria, serves as a method to
eliminate diverse contaminants including heavy metals, dyes, or pesticides from
wastewater. Cyanobacteria are essential in mitigating the impacts of industrial
effluents generated by sectors such as sugar production, paper manufacturing,
brewing, distillation, oil refining, dye production, and pharmaceuticals. Species of
cyanobacteria, including Synechococcus sp., Oscillatoria sp., Cyanothece sp., Nostoc
sp., and Nodularia sp., are predominant within the microbial communities found in
these industrial effluents. Some cyanobacterial species, including Anabaena, Nostoc,
Nodularia, Microcystis, Synechococcus, Oscillatoria, and Oscillatoria exhibit the
ability to break down lindane residues (El-Bestawy et al., 2007).

Removal of pollutants from diverse sources of industrial, domestic, and
synthetic wastewater has been successfully achieved through the use of microbial

consortia that include members of the Chroococcales order (such as Gloeocapsa and
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Cyanothece), diazotrophic Nostocales (Nostoc, Anabaena, Cylindrospermum,
Calothrix, Rivularia, and Tolypothrix), as well as other taxa like Hapalosiphon,
Stigonema, and Mastigocladus. Additionally, they aid in the tertiary treatment of
urban and agro-industrial effluents, reducing bioaccumulation and eutrophication in
aquatic and terrestrial environments (Vilchez et al., 1997). In a subsequent
investigation, a range of organophosphorus insecticides, organochlorine and
herbicides were effectively degraded by species such Anabaena sp., Microcystis
aeruginosa, Anacystis nidulans, Lyngbya sp. Synechococcus elongatus and Nostoc sp.
(Vijayakumar, 2012). Spirulina sp. demonstrated the capability to eliminate
glyphosate herbicide (Lipok et al., 2007). A consortium of cyanobacteria-bacteria
comprising Microcoleus chthonoplastes and Phormidium corium has demonstrated
considerable potential for the degradation of n-alkanes in oil-contaminated water and
soil. This consortium has effectively addressed isoltaes from the oil-rich sediments of
the Arabian Gulf (Al-Hasan et al., 1998; Sorkhoh et al., 1995). The culturing of
cyanobacteria in wastewater presents a promising approach for the neutralization of
contaminants, thus alleviating pollution challenges. Genera of cyanobacteria such as
Synechococcus sp., Aphanocapsa sp., Plectonema terebrans and Oscillatoria salina
from mats in aquatic and semi-aquatic environments, and are being utilized in the
global remediation of oil spills and petroleum (Raghukumar et al., 2001; Cohen,
2002).

1.8. Nanoparticles and Nano-remediation

Nanotechnology (NT) holds a prominent position in the realm of nanomaterial
development, finding applications across diverse scientific and technological domains
(Ali et al., 2022). Conventional methods to synthesize nanoparticles often involve
hazardous chemicals and require large amounts of physical and chemical energy.
These traditional methods include microwave-assisted combustion, chemical and
direct precipitation. The methodologies encompass electro-deposition wet chemical
techniques, thermal evaporation, chemical micro-emulsion processes, spray pyrolysis,
molecular beam epitaxy and pulsed laser deposition (Mitra et al., 2015; Yuvakkumar
et al., 2015). In contrast, biological methods offer a more environmentally friendly
method that requires less energy and employs non-toxic chemicals (Devi et al., 2020).
Biogenic synthesis applies a variety of microorganisms as reducing agents, such as

fungus, bacteria, viruses, plants, and algae (Sathiyavimal et al., 2021; Vasantharaj et
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al., 2019). Due to their several biological potentials, including NP synthesis,
wastewater bioremediation, bioenergy production, and the creation of commercial
goods such as pigments and medicines, algae have drawn the attention among these
(Chaudhary et al., 2020). Algae are rich in functional groups that are necessary for the
synthesis of metal NPs, such as hydroxyls, carboxyls, and aminos (Caf, 2022).
Consequently, they have emerged as a contemporary and sustainable alternative for
biogenic NP synthesis (Mahdavi et al., 2013; Salam et al., 2012). In recent years,
cyanobacteria have gained importance as a promising avenue for nanoparticle
synthesis in the biomedical sciences, offering economic and eco-friendly
advantages. Numerous cyanobacterial species including Calothrix sp., Plectonema
boryanum, Anabaena, Spirulina platensis, Lyngbya majuscula, Phormidium
valderianum, Microcoleus chthonoplastes, S. platensis have revealed their potential in
synthesizing nanoparticles (Lengke et al., 2006).

Nano-remediation is an innovative approach employing nanoparticles to
address polluted soil, water, or air (Hussain et al., 2022). This emerging remediation
technique has demonstrated remarkable effectiveness in removing contaminants
through processes involving adsorption, catalysis, and the reduction of toxic valences
to stable metallic states. The nanoscale dimensions of these particles result in
significantly increased surface areas, rendering them well-suited for adsorption and
catalytic reactions (Pak et al., 2019). A diverse range of nanoparticles is employed in
nano- remediation, including carbon-based nanoparticles such as carbon dots (CDs),
graphene oxides (GOs), and carbon nanotubes (CNTs), as well as non-carbon-based
nanoparticles like nanoscale zero-valent iron (nZVI) and zeolites. However, it is
essential to note that certain nanoparticles used in nano- remediation, such as GOs,
reduced GOs (rGOs), and CNTs, have exhibited potential toxicity toward human
cells, especially in lung and breast tissues. This toxicity is attributed to the reactive
surfaces of nanoparticles, which feature exchangeable ions and small particle sizes.
To address these concerns, efforts have been made to modify the reactive surfaces of
nanoparticles with functional surfactants, making them safer for environmental
applications such as remediation (Pak et al., 2019).

Iron (Fe) stands as one of the vital elements, owing to its extensive utility in
both biological and geological contexts (Abdollahi et al, 2019). Iron oxide
nanoparticles (IONPs), characterized by their small size, non-toxicity, magnetism,

high reactivity, large surface area, robust thermal and electrical conductivity, and
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dimensional stability, find application in various domains. Notably, they play a
pivotal role in drug delivery (Batool et al., 2021). Iron oxide nanoparticles have been
used extensively among all nanoscale materials for the removal of heavy metals from
polluted water because of their higher surface area, small size, biocompatibility, and
super paramagnetic qualities, which make it simple to separate adsorbents from the
system (Wu et al., 2008; Xu et al., 2012). IONPs have a wide range of uses outside of
the environmental sector, including material engineering, biomedicine, cosmetics,
therapies, and diagnostics (Abbasi et al., 2019).

1.9. Aims and Objectives

This thesis has following objectives:
1. To isolate cyanobacteria samples from various wastewater sites in twin cities of

Rawalpindi and Islamabad

2. To purify, culture and isolate cyanobacteria in synthetic culturing media

3. To observe morphologically diverse strains of cyanobacteria and the 16s TRNA based
analyses for species identification.

4. To screen heavy metals (Cd and Pb) tolerant strains under metal stress conditions and
theirpotentials for bioremediation in dried (non-living) and fresh (living) forms.

5. To synthesize Iron oxide nanoparticles using extracts of the same strains and

reassess/compare their heavy metals remediation capacity.

20



CHAPTER 2

Collection, Culturing and Screening of

Cyanobacteria from wastewater sites



Chapter 2 Screening of Cyanobacteria

Graphical Abstract

Schematic presentation of collection, culturing and screening of cyanobacteria.
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Summary

Environmental samples were collected from wastewater sites of Islamabad and
Rawalpindi. All samples were subjected to isolation, cultivation and characterization
of cyanobacteria and other algal types. A total of 45 distinct strains were successfully
isolated. Among these cyanobacteria were identified as: Desertifilum tharense MK-2,
Phormidium sp. MK-3 and Nodosilinea nodulosa MK-4 of the order Oscillatorales;
Desikacharya sp. MK-7, Fischerella muscicola Mk-8, Westiellopsis prolifica MK-9
and Nostoc sp. MK-11 of the order Nostocales; Synechocystis fuscopigmentosa MK-
13, Gleocapsa sp. MK-14 and Synechococcus elongatus MK- 15 of the order
Chroococales. In initial culturing all isolated cyanobacteria showed growth response
in the BGi1 media and green algal isolates showed growth response in the BBM
media. Strains of order Nostoclaes showed growth response both in BGi1 and BGo
media. Furthermore, some isolates of cyanobacteria also responded in the SP medium.
The morphological and molecular data-based identification revealed six taxa;
Desertifilum tharense MK-2, Nodosilinea nodulosa MK-4, Fischerella muscicola
MK-8, Westiellopsis prolifica MK-9, Desikacharya sp. MK-7, Synechocystis
fuscopigmentosa MK-13; as the new records from Pakistan. A subset of purified
strains was screened for Cd and Pb tolerance. Nostoc sp. MK-11 exhibited best
tolerance while Fischerella muscicola MK-8 was the second best in tolerating Cd and

Pb stress and studied for their bioremediation potential.
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2. 1. Introduction

Cyanobacteria are a diverse group of prokaryotic organisms that are found in
every environment with enough light and carry out oxygenic photosynthesis (Singh et
al., 2021). According to Schaechter (2009), cyanobacteria can be found in a variety of
habitats, such as desert, soil, glaciers, fresh and brackish water, hot springs, oceans,
and they can also be found in symbiosiswith plants, lichens, and primitive creatures.
They are important primary producers in the microbial world (Chisholm et al., 1988).
The oxygen that they generate through oxygenic photosynthesis is essential to the
worldwide biogeochemical cycling of metals that are sensitive to redox, such as
carbon, nitrogen, and sulphur. As a result, both the past and present biogeochemical
cycles and microbial populations have been significantly impacted by cyanobacteria
(Sanchez-Baracaldo et al., 2005).

2.1.1. Cyanobacteria isolation and Culturing

It is essential to obtain axenic cultures for proper morphological description,
experimental analyses and for genetic base identification. Isolation of microalgae into
culture is well established via traditional techniques, beginning with the practice of
Miquel (1890-1893) and Beijerinck (1890). Some algae species, often referred to as
seaweed, are easy to isolate, while others particularly microalgae are challenging in
this regard. The first step towards effective isolation is often to understand the
environmental contexts (temperature, pH, salinity) that occurnaturally. Similarly, it
may be essential to have taxonomic understanding of the target species. The
subsequent phase in the successful isolation process entails the elimination of
contaminants, particularly those that may compete with the desired species. The
concluding phase necessitates sustained growth following sub-culturing. It is not a
typical for the target species to exhibit growth during the initial stages post-isolation,
yet subsequently perish after one or several transfers to fresh liquid medium. This
phenomenon frequently indicates that a particular nutrient is deficient in the culture
medium, which may not be readily apparent. Consequently, the maintenance of the
isolated strain under culturing conditions emerges as a critical and delicate stage that
demands heightened attention.

2.1.2. Identification
Correct identification and quantification of the species present in an ecosystem,

is necessary for bio-assessment programs (McElroy et al., 2020). Traditional analyses
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are carried out by proficient taxonomists who classify organisms based on their
morphological and structural characteristics, such as the arrangement, size, and shape
of both their specific cells and general cells (Vuorio et al., 2020). Algal cell
identification and counting are still often accomplished using light microscopy (Li et
al., 2019). Although acknowledged, the procedure is seen to be difficult, requiring
knowledge and the examination of taxonomic literature, which might differ amongst
analysts and result in observer bias (Bailet et al., 2020). Concerning the availability of
taxonomic knowledge is the fact that there is a shortage of recently qualified

taxonomists compared to the demand (Santi et al., 2021).

Although the technique was widely used, there were significant technical
constraints outlined here (Abad et al., 2016; Esenkulova et al., 2020). The presence of
cryptic species (Li et al., 2020; Vuorio et al., 2020; Esenkulova et al., 2020), of
cyanobacteria that do not exhibit distinctive characteristics, along with filament-
clustering bloom-forming species, pose challenges for taxonomic differentiation based
solely on morphological traits (Li et al., 2019). Finally, divergent identifications,
including those of reference strains, may result from phenotypic variation brought on
by changing environmental and culturing conditions (Lee and colleagues, 2014;

Komarek, 2006).

Molecular genetic methods provide an effective alternative to the limitations
of micromorphology, as they facilitate quicker and more efficient sample processing,
enable the identification of rare and diminutive species and are generally considered a
more economical option (Santi et al., 2021). With the introduction of such molecular
technologies, the taxonomy of cyanobacteria is constantly being reorganized
(Komarek, 2016a, b). The identification of cyanobacteria taxa and elucidation of their
biodiversity patterns typically rely on meta-barcoding techniques that target the 16s
rRNA gene or internal transcribed spacer regeon (Woodhouse et al, 2016).
Furthermore, genotypic analyses have the potential to reveal cryptic species (Callahan
et al., 2017). Nonetheless, each step of the meta-barcoding process presents certain
limitations and biases, which include water sampling, method of DNA extraction
(Vasselon et al., 2017), choice of marker genes (Kermarrec et al., 2013), PCR
amplification (Bailet et al., 2020), and sequence clustering level (Tapolczai et al.,
2019). Moreover, reliable species classification is often limited and unclear due to

inadequate taxonomic representation or incorrect labels in DNA reference databases
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(Cordonier et al., 2017; Pawlowski et al., 2018). Additionally, life stages cannot be
distinguished using molecular techniques (Costa et al., 2016).

2.1.3. 16s RNA gene sequencing

The 16S rRNA gene provides a detailed and accurate depiction of the
evolutionary affiliations among cyanobacteria when compared with morphology alone
(Komarek et al., 2014). Through the utilization of 16S rRNA gene sequencing,
taxonomists are able to delineate monophyletic clades predicated on evolutionary
connections, as opposed to relying solely on morphological resemblances, thereby
facilitating a more effective resolution of polyphyletic cryptic taxa (i.e., taxa that
exhibit morphological similarities yet possess distinct genetic identities) (Bonthond et
al., 2021; Lefler et al., 2021; Mai, 2016). Over the past two decades, the
implementation of 16S rRNA gene phylogenies has led to the publication of hundreds
of new taxa, either as novel classifications or as amendments to previously recognized
polyphyletic taxa (Komarek et al., 2014; Mai, 2016). Recent attention has been
increasingly directed towards orders and families (Berthold et al., 2022; Berthold et
al., 2021), not withstanding the fact that many existing taxonomic hierarchies were
established based on morphological assessments. Employing both phylogenomic and
16S rRNA gene analyses, various studies (Berthold et al., 2022; Mares., 2018; Sendall
and McGregor, 2018) have elucidated the polyphyletic characteristics of these taxa.
Through comprehensive phylogenomic analyses, Strunecky et al. (2023) have revised
the classification of orders and families within cyanobacteria, thereby enhancing our
comprehension and addressing the polyphyletic nature of these classifications.
Furthermore, the 16S rRNA gene sequences phylogenetic analysis has substantiated
several systematic findings that emerged from phylogenomic studies.

2.1.4. Objectives

Objectives for this study are:

e Collection of samples from wastewater sites of Islamabad and Rawalpindi.

e Assessment, isolation, and culturing of cyanobacterial strains.

e Morphological and molecular (16s rRNA sequence based) identification
of isolates.

e Screening of isolated strains for Cd and Pb tolerance.
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2.2. Materials and Methods
2.2.1. Study Area

Islamabad is the capital of Pakistan and a center for culture, education,
business, and social life with rich and extensive history, positioned at 33.738°N
latitude and 73.084°E longitude spreads across an area spanning 906 km?, boasting
altitudes ranging from 457 to 1240 meters above mean sea level. The city experiences
an average annual rainfall of approximately 980 millimeters (38.6 inches).
Rawalpindi, situated in the Punjab province, and covers an area of 5,286 km?
Positioned at a latitude of 33.626° N and a longitude of 73.071° E and at an elevation
of 512 meters. The average rainfall is 1,346.8 millimeters (53.02 inches), most of
which falls in the monsoon season. Both Islamabad and Rawalpindi are twin cities

(Figure 2.1).

Figure 2.1: Map of the study area: (a) map of Pakistan; (b) map of Punjab (c) map
of Islamabad and Rawalpindi.
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2.2.2. Collection sites

The sample collection was conducted during the years 2020 and 2021. Three
different wastewater sites of Islamabad and Rawalpindi were sampled. Fourteen
samples were collected from a site with electronic waste (also called e-waste) at
Park Road Islamabad; twenty-five samples were collected from sewage water from
sector 1/9 Islamabad; and one sample was collected from sewage water in Gujar

Khan, Rawalpindi as shown in Figure 2.2.

Figure 2.2: Collection sites of algal samples: (a-j) e-waste polluted water, Park Road
Islamabad; (k-0) sewage water, sector /9 Islamabad; (p) sewage water, Gojar khan.

2.2.3. Collection of samples

All algal samples were collected from the natural habitat. Forceps, gloves,
notebook, thermometer, EC meter, humidity meter, permanent markers, polythene
bags, and 50 ml falcon tubes were used for the purpose of collection and to note the
field data. Various field parameters, such as substrate color, temperature, humidity,
and habitat were noted during the sample collection process. When the samples
arrived in the lab, the pH and electrical conductivity (EC) were determined.
Following this, collected samples were shifted to conical flasks and stored at 25 °C

in a growth chamber for further studies.
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2.2.4. Water physico-chemical analysis
The physico-chemical characteristics of water samples were inspected at the
Chemical Testing Laboratory, Qarshi Research International (Pvt) Ltd., Haripur,
Pakistan. Heavy metals analyses of collected water samples were conducted using
Flame atomic absorption spectrometer (Agilent Technologies, MC187906, Malaysia)
at Quaid-i-Azam University Islamabad, Pakistan.
2.2.5. Chemicals
Different solvents and media components used in current research were
purchased from Sigma-Aldrich (U.S) and Merck (Germany) with analytical grade.
The recipe and different media components have been described in the appendices
section.
2.2.6. Microscopic observations and strain identification
Light microscope (LM) (Nikon Labophot II phase-contrast microscope, Japan)
was employed to study the morphological characteristics of the algal isolates.
Rigorous light microscopy was conducted during the process of purification to ensure
the absolute purity of the axenic cultures. A field manual (Prescott, 1978) was used
for preliminary identification of algal cultures. Isolates were assessed morphologically
as described in section 2.3 below and the available identification keys in previous
literature (Andersen, 2005).
2.2.7. Culturing
Algal samples were cultured in the laboratory using four different media, viz,
Blue Green medium with (BGi1) and without (BGo) nitrogen source; Bold Basal
medium (BBM); and Spirulina medium (SP). Initially all algal samples were cultured
on the solid agar BG11, BGo, BBM and SP media. The composition of culture media is

described below:

e BGi1 Media

Stock solutions of the BG1; media were prepared according to the recopies (Rippka,
1979). About 10 ml of stock 1, 10 ml stock 2, 10 ml of stocks 3 and 1 ml of stock 4
(trace metals) were mixed in an Erlenmeyer flask. The total volume of the medium
was raised to 1L by adding distilled water. The carbonates and nitrates were provided
by the addition of 0.02g of NaCOs; and 1.5g of NaNOs, respectively. The pH of the

BGi1 media was adjusted to 7.3 and was autoclaved at 15 psi. and 121°C for 45 min.
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Recipes of all the stock solutions are described in the appendices.
o BGomedia

Ingredients of the BGo media were similar to the BGi1 media, except that the BGo
media was devoid of NaNOs (as a nitrate source). Nitrate source was the only
difference between BG11 and BGo media (Rippka, 1979).

e BBM Media

BBM media was prepared using five distinct stock solutions. Approximately 10 ml of
stock solution 1, 1 ml of stock solution 2, 1 ml of stock solution 3, 1 ml of stock
solution 4, and 1 ml of stock solution 5 were combined in an Erlenmeyer flask, and
the total volume was subsequently adjusted to 1000 ml through the incorporation of
distilled water. The pH of the solution was meticulously calibrated to 6.8, and the
medium underwent autoclaving at a temperature of 121°C and a pressure of 15 psi for
duration of 45 minutes (Bischoff, 1963). The formulations for all stock solutions are

described in the appendices.

e SP media

SP media was prepared using two stock solutions with different pH. Stock 1 was
prepared in 500 ml of distilled water with pH 9.0 £ 0.2 and stock 2 was prepared in
500 ml distilled water with a pH of 3.8 £+ 0.2. After cooling, the both stocks were
autoclaved separately and mixed. Iml of the trace metals solution was added and final
pH was adjusted to 9.2 and again autoclaved. Recipes of all the stock solutions are
described in the appendices.

2.2.8. Purification in solid agar plating

Growth on solid agar media is a precondition for the isolation and
purification of any microorganism (Rippka, 1988). Therefore, to isolate various
species of cyanobacteria from water samples, solid agar plating technique was used.
For this purpose, agar based BGo, BG11, BBM and SP media were preparedby adding
1.5 % agar in liquid media. 25 ml of agar media was poured in autoclaved Petri plates.
Water samples with algal biomass were poured and streaked on the media in Petri
plates. To maintain an aseptic environment, all these procedures were performed in a
laminar flowhood. Petri Plates were incubated in a growth chamberat 25 °C under

continuous LED light. After culturing on agar plate, first observation under light

29



Chapter 2 Screening of Cyanobacteria

microscope was carried out after four to five days and purified colonies were picked
with the help of a sterilized loop and inoculated to the respective liquid media. The
process of agar plate culturing of cyanobacteria and its microscopy was rigorously
carried out to achieve strain purification. After getting pure cultures on media, the
strains were shifted to the respective broth cultures in a test tube. After 5 to 6 days
of culturing in the test tubes, cyanobacteria strains were observed again under a
microscope to check any contamination or mixing with other algal stains. This is to
avoid any cross-contaminating bacteria and fungi. When the strain purity was
confirmed in the test tubes, the cultures were shifted to 250 ml flasks andpurity was
confirmed by following the same steps as mentioned above. The pure/axenic isolates
thus obtained were preserved in triplicates: on solid agar media (in petri plates), in
test tube with broth media and in flasks with broth media. The pure isolates were kept
in a growth chamber under continuous LED light at 25+2 °C.

2.2.9. Morphological characterization of axenic cultures

All axenic cultures were observed under the dissecting and light microscopes
at 10X, 40X and 100X magnifications. Microscopic observations were carried out for
twenty days, to observe morphological characters stage by stage with time. The
features studied in detail for the isolates were: size, shape, color of the cells;
heterocyst numbers, position, size and shape; thallus or colony formation pattern
(solitary trichomes or their groups, hemispherical colonies); texture (hard, soft or
gelatinous); filaments (trichomes arrangements, hairs, heterogeneity, trichomes width
; sheath morphology); frequency and trichomes, type of false branching (Prescott,
1978; Anderson, 2005; Lee, 2018).

2.2.10. Molecular characterization
2.2.10. DNA Isolation

The CTAB (Cetyltrimethylammonium bromide) method (Doyle and Doyle,
1987) with some modifications was used for DNA extraction of strains. Sterile pestle
and mortar were used to grind the 400 mg wet cyanobacteria biomass. Ground
biomass was shifted into 1.5 ml eppendorf tube. Later, 600 uL of CTAB buffer, 1%
polyvinylpolypyrroidone (PVP) 50 ul, 0.1% B-mercaptoethanol 20 pl. and 4 pl
proteinase k were added to the Eppendorf tubes. The mixture was vortexed properly
for 1-2 minutes followed by an incubation of 1 hourand 30 minutes in water bath at

65°C. Mixture was cooled down at room temperature for five to six minutes.
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Chloroform-isoamylalcohol (24:1) 500 pL was added to the mixture and mixed
gently for 1-2 minutes. After that, the mixture was centrifuged for ten minutes at
12000 rpm. This step was repeated twice. Supernatant was shifted into new eppendorf
tube, and the pellet was discarded. Afterwards, 100 pL of 5M NaCl and 500 pL
chilled isopropanol were added to the supernatant. Subsequently, the mixture was
centrifuged at 12000 rpm for 10 minutes. Pellet was retained and the supernatant was
discarded. After that, the pellet was mixed with 500 pL of 70% ethanol and
centrifuged for 10 minutes at 6000 rpm. After that, the pellet was allowed to air dry
for one to two hours at room temperature. After drying, 50 pl of RNAase, DNAase
free PCR water was added to dissolve the DNA pellet.

2.2.10.2. Gel Electrophoresis

To visualize the extracted DNA, 1% agarose gel was used. Powdered agarose
was heated with distilled water (dH,O) in and oven for 2 minutes at 100°C to
dissolve the agarose completely. After 2 minutes of heating, mixture was allowed to
attain room temperature and ethidium bromide (2uL) was added to stain the gel. The
gel was poured in a casting tray, combs were applied. Once the gel got solidified,
combs were removed gently and placed in 1X TBE buffer. 2ul of DNA from each
sample and 2pl of 6x loading dye were loaded into the wells. Gel was allowed to run
for 40 to 45 minutes at constant voltage (95 volts). After the stipulated time the gel
was visualized in a Gel documentation system (Bio-RAD, Milan, Italy).

2.2.10.3. Polymerase Chain Reaction (PCR)

PCR was carried out for the amplification of 16s rRNA locus using
cyanobacteria specific primers, CYA 106 F° (5’-CGG ACG GGT GAG TAA CGC
GTG A-3”) as forward and CYA781R (a)° (5’-GAC TAC TGG GGT ATC TAA TCC
CAT T-3’) as reverse primer (Niibel et al., 1997).

e Reaction mixture and conditions

A 19.6 pl of PCR reaction mixture was prepared: 11.39 ul PCR water, 2.5ul
10X PCR buffer, 2.2ul MgSO4 (25 mM), 0.86 pl ANTPs, 0.86 ul (10pmol each) of
forward and reverse primers, 0.33 pl of Taq polymerase, 0.6 ul DMSO and 2ul
(50ng/ul) of template DNA. Amplification of the 16 rRNA gene was cunducted by
following the conditions: Preheating at 99°C for 1min, denaturing at 94°C for 2 min,

followed by 30 cycles of 94°C for 1min; 55°C for 1 min and 72°C for 3min; a final
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extension at 72°C for 10 min, and an optional holdingat 4°C.

2.2.10.4. Purification of PCR Products

To purify PCR products gene jet PCR purification kit (Thermo Scientific
Lithuania, Europe) was used. In 15 uL PCR samples, 30 uL of DNA binding buffer
was added (PB) and was mixed well. The mixture was put to the column and
centrifuged at 12,000 rpm for 1 minute. After centrifugation, the filtrate was removed.
A 600 pL washing buffer was applied to each column and was centrifuged at 12,000
rpm for 1 minute. The column along with collection tube was subsequently
centrifuged at 12000 rpm for 1 minute. Afterwards, the column was transferred to a
new Eppendorf tube and 30 pL of elution buffer (EB) was added to elute the DNA
and was allowed to stand at room temperature for 2 minutes. Then the centrifuged for
I minute at 12,000 rpm. 1 % agarose gel was used to visualize the purified PCR
products. The purified PCR products were sequenced commercially from Eurofins
(USA).

2.2.10.5. Nucleotide sequence analysis

The sequences thus obtained were studied through BioEdit software. The
sequences were cleaned through online software JustBio
(http://www justbio.com/hosted- tools.html) and compared with the sequence in Gene
databank using National Center for Biotechnology Information (NCBI;
https://www.ncbi.nlm.nih.gov/). The omology of nucleotide sequences was
established via BLAST-ntool (https://blast.ncbi.nlm.nih.gov/Blast.cgi).
2.2.10.6. Molecular phylogenetic analysis

The phylogenetic analyses were conducted in MEGA (version 11) (Tamuraet
al., 2011). The diversity of strains was verified with previously reported genes
sequences in NCBI database. The phylogenetic trees were constructed using the
Neighbor-Joining (NJ), Maximum Likelihhood (ML) and Maximum Parsimony (MP)
methods. The topologies derived in NJ analysis have been presented in the results.

2.2.11. Initial screening for heavy metals (Cd and Pb) tolerance

The axenic cyanobacterial strains were cultivated in different initial
concentrations of Cd (0, 0.25, 0.5, 0.5, 0.75, 1.0, 1.25, 1.5, 2, 2.5, 3 and 5 mg/L) and
Pb (0, 5, 10, 15, 20, 25, 30, 25, 40, 45, 60, 90 and 120 mg/L). Experiments were
carried out using the 96-Well Polypropylene MicroWell™ Plates. Each microliter
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plate contained 200 pL. BGi1 media with various concnetraions of Cd and Pb and
inoculated with actively growing 50 pL of axenic culture. Incubation was carried out
in a growth chamber for 12 days under constant white LED lights at 25 °C. Visual
observations were taken to assess the growth of the strains. The optical density (OD)

at 750 nm (OD7s0) was measured at specific intervals to monitor the increase in

biomass (Oyebamiji et al., 2019).
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2.3. Results
2.3.1. Collection sites and samples

All samples were collected in summer, therefore the recorded temperatures
during this time of collection were above 30°C with profound growth of
cyanobacteria, green algae and diatoms observed in field samples. The sites were
found teaming with cyanobacteria mostly in floating and suspended form. Further

details of the collection sites have been described in Table 2.1.

Table 2.1: The collection sites and associated field data

Site No.Site Sample description | Temp.Location Collection date
Site 1 |Park road, 'Wastewater from o 33°39’ 56.8” N
Islamabad  [lectronics waste 32°C 73°9°4.71” E 06-5-2020
Site 2 [[-9 industries [Sewage o 33°39'36.52"N
Islamabad  |water/effluents P1°C 73°3'19.02" E 07-5-2020
from industrial waste
Site 3 |Gujar Khan [Sewage water from o 33°15'14.79" N
Rawalpindi [domestic waste PEC 130 181 15,587 [02-07-2021

2.3.2. Physico-chemical and Heavy metal analyses of wastewater

As expected, the sewage water samples collected from these sites were turbid
with grey, brown to black in colour. Average temperatures were found
maximum (38 °C) at site 3 (located in Gujar Khan, Rawalpindi) as it was mostly
exposed to direct sunlight while average temperature at site 2 was 31°C (located in I-
9, Islamabad). pH of these samples was mostly around 7 and therefore neutral,
however for some samples of Islamabad the pH ranged was slightly acidic while a
sample collected from site 3 (locatedin Gujar Khan, Rawalpindi) showed a slightly
basic pH (>7). The range of the total dissolved solids (TDS) was 203-236 mg/L., the
values were more than average at site 2, and less than average at site 3. Among
electrolytes, the nitrates were in the range of 3.0-3.18 mg/L; magnesium 4.62—6.50
mg/L; Chlorides 33-39 mg/L. Calcium 6.86-11.49 mg/L; sulphates 1.8-3.01 mg/L
etc. For the electrolytes, the values were high at site 1 (e-waste, Park Road,
Islamabad). Similarly, the sodium concentration was 25.21-30.11 mg/L. At site 1, the
average recorded values were lower compared to the average, while at site 2 these were
recorded as high compared to the average. Potassium values varied from 9.93 to 15
mg/L. At site 2, these values were found higher whereas at site 1 these were recorded
in low quantities. The physico-chemical properties of domestic, industrial and e-
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wastewater has been described further in Table 2.

Table 2.2: Physio-chemical parameters of water samples. Site details are given in
table 2.1.

Site names Site 1 Site 2 Site 3
Appearance Turbid Turbid Turbid
Color Dark brown, black (Grayish Grayish
Odor Pungent Pungent Pungent
pH 7.15 7.33 6.57
Electrical Conductivity 810 795 788
(uS/cm)

Turbidity (NTU) 17.7 15.02 14.67
Alkalinity (mg/L) 209 217 200
TDS (mg/L) 223 236 203
Chloride (mg/L) 33.9 39 35.09
Sulphates (mg/L) 1.8 2.71 3.01
Nitrates (mg/L) 3.01 3.88 3.77
Calcium (mg/L) 6.86 11.49 9.23
Magnesium (mg/L) 4.62 6.5 5.91
Sodium (mg/L) 25.21 35.45 30.11
Potassium (mg/L) 9.93 15 10.61
BOD (mg/L) 7.95 8.15 8.19

Different heavy metals have also been detected in the water samples
collected from three sites of Islamabad and Rawalpindi. The details of heavy metals
and their concentrations (mg/L) are described in Table 2.3.

Table. 2.3. Heavy metals detected in the water from three different sites of
Rawalpindi and Islamabad.

Heavy metals (mg/L) [Site 1 Site 2 Site 3
Pb 0.3 0.25 1.10
7n 0.034 0.09 0.228
Cd 0.51 0.321 0.83
Mn 0.19 ... 0.16
Fe 0.149 0.08 1.01
Co 1.45 0.15s |
Cu 0.011 0.135 0.126
Cr 0.02 ... |
INi 0.10  |...... 0.07
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2.3.3. Microscopic Observations
2.3.3.1. Initial Screening of Cyanobacteria

Based on the morphological observations, the cyanobacterial species were
identified mostly to the genus level, however, where morphological characters were
clear the species were also identified.

2.3.3.2. Culturing

Most of the cyanobacteria showed response in BGi; and to an extent in BG,,.
On the contrary, none showed growth response in BBM. All heterocytous types
responded wellin BG; and BGy. Some cyanobacterial isolates also responded in the
SP media. Inaddition, the green algae responded well in BBM media but some species
of green algae also responded in BGi1 media e.g., Chlorella and Scenedesmus. It has
also been observed that different species of different genera responded differently. For
instance, some preferred slightly acidic conditions (for instance pH 6.5 to 6.9) while
others responded well above pH 7.0. Figure 2.3 shows the colony pattern of the ten
axenic cyanobacterial strains cultivated in BG11 agar medium. The colony shape was
either spreading, compact, spherical, or irregular in shape. The colony shape was a

stable character having diagnostic value for species identification.

Figure 2.3: Growth pattern of cyanobacteria in BG-11agar media: (a) Desertifilum

36



Chapter 2 Screening of Cyanobacteria

tharen MK-2; (b), Phormidium MK-3; (c) Nodosilinea nodulosa MK-4; (d)
Desikacharya sp. MK-7; (e) Fischerella muscicola MK-8; (f) Westiellopsis prolifica
MK-9; (g) Nostoc sp. MK-11; (h) Synechocystis fuscopigmentosa MK-13 (i);
Gloeocapsa sp. MK14; (j) Synechococcus elongatus MK-15.

2.3.4. Morphological, Molecular and Phylogenetic analysis of axenic strains
2.3.5. The Oscillatorales
2.3.6.1. Desertifilum tharense MK-2

e Taxonomic Characters: The morphological observations were based on cultured

samples.

The isolated strain was a free-floating filamentous type with a mat-forming
thallus of blue green color. Cells are mostly longer than wide and few are isodiametric
(Fig. 2.4al and 2.4a2). Cell width 2.1-3.7 um and 3.2-5.9 um long. Filaments solitary,
wavy or straight and a few entangled. Oscillation was observed in filaments. Apical
cells were long and conical to round. A transparent sheath present at the tip of apical
cells (Fig. 2.4b). Cells with homogeneous content and high number of granules
were found in older filamentsand aerotypes were present in cells (Fig 2.4c).

o Diagnostic characters: Cells longer than wide, isodiametric and presence of
aerotypes.

e Site detail and habitat: This strain was collected from sewage water. Other
taxa found in the sample: Oscillatoria, Cosmarium, Pseudoanabaena, and

Cymbella.

e Culturing Conditions: Desertifilum tharense MK-2 strain responded well in BGy,
medium.

Figure 2.4: Micrographs of D. tharense MK-2: (al) Cells longer than wide (arrow);
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(a2) iso-diametric cells (arrow); (b) filaments with transparent sheath at the apical

cell (arrow); (c) aerotypes in the filaments (arrow).

e Molecular and Phylogenetic analysis

The NCBI blast analysis of 16S rRNA gene sequences (633 bp) received for the
strain MK-2 showed 99% similarity with Desertifilum tharense PD2001/TDC4 and
98% similarity with Desertifilum dzianense strain PMC 872.14. A NJ tree constructed
using 16s rRNA sequences of this strain compared to those downloaded from NCBI,
showed resemblance with D. tharense PD2001/TDC4 with 100 bootstrap value (Fig
2.5). Maximum parsimony and Maximum Likelihood also showed the same clustering
pattern (Figures not shown here). NCBI searches and Phylogenetic analysis
supported similarity of MK-2 strain with the genus Desertifilum.

Based on strong morphological evidence, molecular and phylogenetic analysis, strain

MK-2 was identified as Desertifilum tharense.

Desertifilum dzianense strain PMC (OM349562.1:9-640)
56

Phormidium acula NRMC-F 48 (OM867600.1:11-613)
35

Desertifilum tharense PD2001/TDC4 (FJ158994.1:2-612)

4 100

MK2

99|

Desertifilum tharense UAM-C-S02-Churince (MK424816.1:85-715)

Desertifilum dzianense strain PMC 872.14 (NR 172574.1:38-668)

Desertifilum fontinale (NR 177675.1:1-612)

Microcoleus chthonoplastes CCY0602 (GQ402018.1:11-641)

99

Microcoleus chthonoplastes CCY0602(GQ402018.1:11-642)

100 Schizothrix sp. NGB51 (KC999643.1:6-637)

99

Schizothrix sp. JS021 (MK487700.1:6-636)

99

Schizothrix sp. NGB104 (KC999641.1:6-637)

Figure: 2.5: NJ analysis of 16S rRNA data of strain MK-2.
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2.3.6.2. Phormidium sp. MK-3
¢ Taxonomic Characters:

Densely packed filaments (Fig 2.6a), trichomes long, cells 2.9-5.3 um wider
and 1.3-2.4 um long; isopolar; trichomes end with round epical cells and surrounded
by a thincolorless sheath (Fig. 2.6b), variously curved and brightly colored. Necridia
development occurs in the trichome (Fig. 2.6c) supporting the reproduction. Cells at
the cross wall wereconstricted sometimes not; gas vesicles absent.

e Diagnostic characters: Densely packed filaments and necridia development

e Site details and habitat: Collected from sewage water with prominent growth

alongwith other taxa including Pinnularia, Spirogyra, Rhizoclonium, Chlorella.

e Culturing conditions: Phormidium sp. MK-3 responded well in BG] ] medium.

Figure 2.6: Micrographs of Phormidium sp. MK-3; (a) densely packed filaments; (b)
Trichomesurrounded by a colorless sheath and sheath at the tip (arrow); (c) necridia
development in the trichome (arrow).

Sequence Analysis: In BLAST analysis of16S rRNA gene sequences (670 bp), the
strain MK-3 revealed 96.9% similarity with Phormidium sp. CENA270 and the
cluster analysis also revealed its clustering similarity with Phormidium sp. CENA270
with a bootstrap support of 63. Neighbor joining phylogenetic analysis constructed
with 18 sequences of cyanobacteria obtained from NCBI is shown in Figure 2.7.
Maximum likelihood and Maximum parsimony phylogenetic analysis also showed
similar clustering results (data not shown). On the basis of morphological evidence,
molecular and phylogenetic analysis, strain MK-3 was identified as Phormidium sp.

MK-3.
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FN813343.1:59-694 Phormidium cf. irriguum CCALA 759
28

32 DQ235809.1:89-724 Phormidium sp. LS803

68 —— JQ771628.1:112-747 Phormidium sp. DVL1003¢c

83 L MT384344.1:59-694 Phormidium sp. CCALA 759

85 NR 177720.1:59-694 Phormidium irriguum

JQ771627.1:88-723 Phormidium sp. CENA270

27 63

MK-3

JN854142.1:1-633 Lyngbya martensiana H3b/7

91

36 MT176740.1:13-617 Lyngbya martensiana BACA0108

65

GU085101.1:87-722 Oscillatoria sp. LEGE 05292

FN813342.1:60-696 Phormidium irriguum f. minor ETS-02 strain ETS-02

100

100

NR 177721.1:60-696 Phormidium irriguum f. minor

KM376992.1:16-660 Phormidium ambiguum PUPCCC 118.1

100

AB003167.1:88-722 Phormidium ambiguum |IAM M-71

EF654086.1 Phormidium uncinatum SAG 81.79

MG563377.1:99-726 Kamptonema sp. CCM-UFV066

82

FN813344.1 Phormidium autumnale CCALA 143

100

DQ493873.2 Phormidium autumnale Arct-Ph5

Figure 2.7: NJ analysis of 16S rRNA data of strain MK-3.
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2.3.6.3. Nodosilinea nodulosa strain MK-4

Taxonomic Characters:

Filaments mostly with single trichome, sometime multiseriate. Mature filaments
form spiral arrangement of the cells (Fig. 2.8a) and nodules formation observed in the
mature filaments (Fig. 2.8b). Trichomes long or short, straight or bent sometimes
present circular growth, soft, thin, colorless sheath. Indication of nodule formation
was observed on agar BG11 growth media (Fig. 2.8¢).

Diagnostic characters: Nodules development

Site detail and habitat: Strain MK-4 was collected from the e-waste standing
dark brown water with pungent smell along with other tax including Leptolyngbya,
Synecoccus, Calothrix, Anabeana.

Culturing Conditions: Strain-MK-4 responded in BG;; medium.

Figure 2.8: Micrographs of Nodosilinea nodulosa strain MK-4 under the light
microscopy: (a) mature filaments forming spiral arrangements of the cells (arrow); (b)

characteristic nodule (arrow); (c) nodules forming on BG-11 agar media (arrow).

Sequence Analysis: In BLAST analysis of16S rRNA gene sequences (687 bp), the
strain MK-4 revealed 94.15% similarity with Nodosilinea nodulosa strain UTEX B
2910 and the cluster analysis also revealed the clustering similarity with Nodosilinea
nodulosa strain UTEX B 2910 with a bootstrap support of 72. Neighbour joining
phylogenetic analysis constructed with 18 sequences of cyanobacteria obtained from
NCBI as shown in Figure 2.9. Maximum likelihood and Maximum parsimony
phylogenetic analysis also showed similar clustering results (data not shown). On the
basis of morphological evidence, molecular and phylogenetic analysis, strain MK-4

was identified as Nodosilineanodulosa MK-4.
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72

MK-4

87

93

47 53

KF307598.1:29-691 Nodosilinea nodulosa UTEX B 2910

NR 176988.1:29-691 Nodosilinea nodulosa strain UTEX B 2910

MF348319.1:57-721 Nodosilinea ramsarensis KH-S S2.6

NR 177034.1:72-736 Nodosilinea ramsarensis strain KH-S S2.6

MF348321.1:72-736 Nodosilinea ramsarensis KH-S S2.6

MK861897.1 Nodosilinea nodulosa T8

MK861900.1 Nodosilinea nodulosa V2

75

MK861901.1 Nodosilinea nodulosa V6

MK861891.1 Nodosilinea nodulosa T12

Figure 2.9: NJ analysis of 16S rRNA data of strain MK-4.
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2.3.7. The Nostocales

2.3.7.1. Desikacharya sp. MK-7.

Taxonomic Characters: Irregular shape colony (Fig.2.10a), Trichome slightly coiled
(Fig. 2.10b), isopolar, mucilage present around the filaments. Thallus dark green and
slightly yellow green in color, terminal cells slightly large with curved ends, 3.4 to
4.6 um wide and 3.7 to 4.8 um long. The vegetative cells are square to cylindrical.
Heterocysts intercalary, elliptical (Fig. 2.10c), slightly oval (Fig. 2.10d), terminal and
sub-spherical in shape (Fig. 2.10e).

Diagnostic characters: Trichome less coiled, heterocysts sub-spherical to ellipticalin
shape.

Site detail and habitat: Strain MK-7 was collected from the e-waste polluted
standing water. Growth of the MK-7 strain was not prominent at the time collection. It
appeared during the culturing in laboratory conditions. Other taxa found in the sample
were: Gleothece, Aphanocapsa, Zygnema, Phormedium

Culturing conditions: Strain MK-7 showed response in BG11 and BGo media.

Figure 2.10: Micrographs of Desikacharya sp. MK-7 under the light microscopy;
(a) Irregular shaped colony on agar BG-0 media; (b) coiled trichomes; (c)
intercalary elliptical heterocyst; (d) terminal, slightly oval shaped heterocyst; (¢)
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terminal sub-spherical heterocysts.

Sequence Analysis: In BLAST analysis of16S rRNA gene sequences (661 bp), the
strain MK-7 revealed 98.2% similarity with Desikacharya sp. NS2000 and the cluster
analysis also revealed the clustering similarity with Desikacharya sp. NS2000 with a
bootstrap support of 72. Neighbour joining phylogenetic analysis constructed with 18
sequences of cyanobacteria obtained from NCBI as shown in Figure 2.11. Maximum
likelihood and Maximum parsimony phylogenetic analysis also showed similar
clustering results (data not shown). On the basis of morphological evidence,

molecular and phylogenetic analysis, strain MK-11 was identified as Desikacharya sp.

MK-11.

The morphological and 16S rRNA gene sequence analysis of MK-7 stain revealed its

identification as Desikacharya sp.

33

92

39

100

9

70

73

100

100

75

78

100]

94

OP106435.1:1-616 Desikacharya sp. NS2000
MK7

AM711538.1:61-722 Nostoc sp. PCC 9426 strain PCC 9426

AJ630454.1:63-724 Trichormus azollae Kom BAI/1983 strain Kom BAI/1983

NR 176532.1:68-729 Desikacharya nostocoides strain BHU1-PS
MH036168.2:64-725 Desikacharya soli BHU2-PS
MH036167.2:68-729 Desikacharya nostocoides BHU1-PS
HF678506.1:13-674 Nostoc muscorum CCAP 1453/20
HF678488.1:68-729 Nostoc ellipsosporum CCAP 1453/2
MH271074.1:69-731 Nostoc sp. Su 8
AF247595.1:46-708 Anabaenopsis circularis NIES21
AB085687.1:64-726 Nostoc sp. HK-01

MH271075.1:9-671 Nostoc piscinale Su 10
AY218832.2:61-722 Nostoc piscinale CENA21
HF678498.1:43-705 Nodularia harveyana CCAP 1452/6
KC883981.1:65-726 Nostoc calcicola BDU 180601

KC883980.1:68-729 Nostoc calcicola BDU 40302

Figure 2.11: NJ analysis of 16S rRNA data of strain MK-7.
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2.3.7.2. Fischerella muscicola MK-8

Taxonomic Characters:

Heterocystous branched filamentous cyanobacterium. Main filament creeping,

dark green branched, interwoven, flexuous, T-type branches (Fig 2.12a). Mostly
filaments in uniseriate condition and some biseriate (Fig 2.12b). Main filaments cells
sub-spherical, sub-quadrate, 6.2-8 um broad and 6.6-7.4 um long, constricted at the
cross wall. Terminal cells round (Fig 2.2c). Lateral branches straight, erect, and
different from the primary filament. Cells light green colored, closely compressed,
and rectangular, round apical portion. Intercalary heterocyst in the branches as well as
in the main filaments, yellowish in color, sub-spherical, 6.99-8.7 um broad and 5.67-
7.89 um long (Fig 2.12d). Intercalary heterocyst in the main filaments (Fig 2.12e).
Diagnostic characters: T-type branches, uniseriate and biseriate filaments.
Site detail and habitat: Strain MK-8 was collected from the sewage water. At the
time of collection biomass of the stain was prominent and was easily collected for
laboratory analysis. Other species found in the sample were Oscillatoria,
Leptolyngbya, Achnanthidium.

Culturing Conditions: Strain MK-8 showed response in BG;; and BGy culturing
media.

Figure 2.12: Micrographs of Strain Fischerella muscicola MK-8 under the light
microscope: (a) T- type branches (arrow); (b) bi-seriate condition (arrow); (c)
round shaped terminal cells (arrow); (d) heterocysts in main filaments (arrow) and

branches (arrow); (e) Intercalary heterocyst in main filaments (arrow).
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Sequence analysis: In this study, 679 bp sequences were obtained for the strain MK-8
showed 99.21% similarity with Fisherella muscicola UTEX 1829 with 100 % query
coverage. In phylogenetic analysis strain MK-8 clustered with the Fischerella
muscicola UTEX 1829. Phylogenetic tree was constructed with Neighbor joining

method using the sequences of cyanobacteria strains is shown (Figure 2.13).

Morphological, similarity of 16s rRNA gene sequence and phylogenetic analysis

confirm its identity as Fischerella muscicola MK-8.

MN656995.1:84-741 Neowestiellopsis sp. KHW5
MK953008.1:89-746 Hapalosiphon sp. SAG 2376
MG385060.1:41-698 Fischerella sp. F29
MF066912.1:73-730 Neowestiellopsis persica SA33

MF066911.1:86-743 Neowestiellopsis bilateralis SA16

OP216766.1:117-774 Fischerella sp. SGR16

ON685857.1:11-668 Neowestiellopsis sp. WUC1750

0OM732222.1:28-685 Neowestiellopsis sp. BACA0089

KJ768871.1:68-725 Fischerella ambigua UTEX 1903

—— KT150975.1:25-680 Fischerella sp. HKAR-14

28 ON527147.1:1-642 Neowestiellopsis sp. WUC1750
89 449'_7[ AB075984.1:1-641 Fischerella muscicola UTEX 1829
78

Fischrella muscicola MK-8

DQ080077.1:6-663 Fischerella sp. 52-1

—
o

MF153402.1:1-645 Fischerella sp. LMGS

MN551253.1:74-723 Fischerella sp. CENA71

AJ544087.1:90-747 Westiellopsis prolifica SAG

]

NR 177756.1:68-726 Westiellopsis ramosa

0OM065979.1:38-693 Hapalosiphon welwitschii HKAR-18

KC768845.1:41-601 Oscillatoria tenuis M4

Figure 2.13: NJ analysis of 16S rRNA data of strain MK-8.
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2.3.7.3. Westiellopsis prolifica MK-9
Taxonomic Characters:

Heterotrichous filaments, T-type branches (Fig. 2.14a), thallus blue-green. Main
filaments flesuous monoseriate, and constricted at cross walls. Barrel shaped
granulated cells, 8.5-10.3 broad and 7.5-12.8 um long. Lateral branches erect thinner
than main filaments distinctly constricted in the basal parts. In the upper parts cells
not constricted and cells usually elongated. Heterocyst intercalary, solitary, barrel
shaped (Fig. 2.14b), short to -elongate-cylindrical (Fig. 2.14c). Monocytes
reproductive structures spherical, single, 4.9-6.1 pm in diameter, liberate from the
pseudohormocytes which formed at the lateral branches end as a result of multiple
longitudinal and transverse cell divisions (Fig. 2.14d).

Diagnostic characters: Monoseriate, main filament prostrate, constricted at thecross-

walls and Pseudohormocytes development.

Site detail and habitat: Strain MK-9 was collected from the sewage water.Other
speciesisolated along the sample were Leptolyngbya, Chlorella, Chroococcus,
Ulothrix and Scenedesmus.

Culturing Conditions: MK-9 strain showed growth response in BGoand BG1
media.

Figure 2.14: Micrographs of Strain Westiellopsis prolifica MK-9: (a) T-type branches
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(arrow); (b) barrel shaped heterocyst (arrow); (c) elongated cylindrical heterocyst
(arrow); (d) pseudohormocyte showing transverse and longitudinal cell division
(arrow).

Sequence Analysis: In this study, 16S rRNA gene sequences of 679 bp obtained for
the strain MK-9 showed 96.71%, 96.71%, and 99.1% similarity with
Neowestiellopsis persica SA33, Neowestiellopsis bilateralis SA16 96.71 %,
Westiellopsis prolifica AUS- JR/SD/MS-028, respectively. A NJ tree constructed with
23 sequences of cyanobacteria strains from NCBI along with the sequences of MK-9
strain exhibited a close cluster with Westiellopsis prolifica AUS-JR/SD/MS-028 with
a bootstrap value of 93 (Fig 2.15). MP and ML also showed the similar results with

slight differences in the bootstrap values.

{ AJ544087.1:85-747 Westiellopsis prolifica SAG 23.96
38 KY020124.1:63-726 Westiellopsis ramosa HPS
38 —— HM573460.1:59-721 Hapalosiphon welwitschii Ind21
38 JX876898.2:30-692 Fischerella muscicola NDUPC001
98 LT745778.1:63-725 Hapalosiphon arboreus 30W05S02

AB075985.1:23-641 Fischerella muscicola SAG 1427-1 = PCC 7310

40

61 GQ866912.1:85-747 Westiellopsis prolifica strain VBCCC 022
{ MT497357.1:23-613 Fischerella muscicola C-03
KF550305.1:1-629 Fischerella muscicola AUS-JR/SD/MS-035
KT150974.1:58-720 Fischerella sp. HKAR-13
AB075984.1:23-641 Fischerella muscicola UTEX 1829

45

62

7 —— MZ322400.1:4-583 Fischerella sp. Am27
97{ KX670263.1:1-596 Westiellopsis prolifica AUS-JR/MT/NT-098
93 MK9

MF066911.1:81-743 Neowestiellopsis bilateralis SA16
MF066912.1:68-730 Neowestiellopsis persica SA33
MG385060.1:36-698 Fischerella sp. F29
MN656995.1:79-741 Neowestiellopsis sp. KHW5
#“ MK953008.1:84-746 Hapalosiphon sp. SAG 2376

NR 177714.1:68-730 Neowestiellopsis persica
35 —— NR 177713.1:81-743 Neowestiellopsis bilateralis

43

43

43

)

37{ KJ768871.1:63-725 Fischerella ambigua UTEX 1903
7 MZ327713.1:71-733 Neowestiellopsis persica A1387

Figure 2.15: NJ analysis of 16S rRNA data of strain MK-9.
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2.3.7.4. Nostoc sp. MK-11
Taxonomic Characters

Small size colonies, mostly irregular in shape, appearing dark green, long
loosely associated trichomesand cells were surrounded by high mucilaginous sheath
(Fig. 2.16a). Cells mostly granulated (Fig. 2.16b), 4.4 um long, 2.3 pm wide, terminal
cells large in size, 4.7 um long and 2.4 pm wide, heterocysts sub-spherical and
eliptical in shape present at both ends end of the trichome (Fig. 2.16c) and also
intercalary position (Fig. 2.16d).

Diagnostic characters: High mucilaginous sheath around the filaments, prominent

heterocysts

Site detail and habitat: Strain-MK-11 was isolated from the e-waste polluted water
with pungent smell. Other species isolated from the same site were: Oscillatoria,
Synechocystis, and Rhizoclonium

Culturing Condition: Strain, MK-11 responded to BG11 and BGo media

Figure 2.16: Micrographs of Nostoc sp. MK-11 under light microscope: (a) colorless
sheath (arrow); (b) granulated cells (arrow); (c) heterocysts sub-spherical in shape

present at both ends end of the trichome (arrows); (d) intercalary heterocyst (arrow).
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Sequence Analysis: The NCBI blast analysis of 633 base pair 16S rRNA gene
sequences was of strain MK-11 showed 100% query coverage with 100% identity
with Nostocales cyanobacterium NapMSIm13. The phylogenetic trees constructed
using the NJ, ML, and MP methods revealed similar results. A NJ tree constructed
with this strain and the sequences obtained from NCBI exhibited a close clustering
with Nostocales cyanobacterium NapMSIm13 with bootstrap value 100% (Fig.2.17).
Strain MK-11's morphological and molecular characteristics suggest that it belongs in

the genus Nostoc.

. AF268013.1:13-1386 Nodularia spumigena strain NSKR07

:

AJ781147.1:16-1388 Nodularia sphaerocarpa
71

AJ781146.1:102-734 Nodularia harveyana

100
88 AJ781146.1:102-734 Nodularia harveyana strain BECID29

AM773302.1:23-655 Anabaenopsis cf. AB2002/25 abijatae partial

87 ———— FR774774.1:80-712 Cyanospira rippkae CR86F7
52

88 AM773295.1:23-655 Anabaenopsis abijatae AB2002/08

:

5.
AY038036.1:94-726 Cyanospira rippkae

KX458495.1:80-712 Nostoc sp. CENA551

GU254520.1:70-702 Nostoc sp. 3.1

58 —— KR137600.1:80-712 Nostocaceae cyanobacterium CENA379

71 MG641901.1:100-732 Nostoc calcicola AM50C(2)

100
MG641901.1:100-732 Nostoc calcicola AM50C

MK11
100

|

KM438192.1:52-684 Nostocales cyanobacterium NapMSIm13

> MF629812.1:9-641 Nostocales cyanobacterium LEGE 15495
100

MF629811.1:4-636 Nostocales cyanobacterium LEGE 15494

49 ——————— KU951876.1:21-655 Nostocales cyanobacterium LEGE 06106

94 NR 114430.1 Nostoc punctiforme strain PCC73102

KC883979.1 Nostoc punctiforme BDU ARC 10101

Figure 2.17: NJ analysis of 16S rRNA data of strain MK-11.
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2.3.8. The Chroococcales
2.3.8.1. Synechocystis fuscopigmentosa MK-13
Taxonomic Characters

Cells spherical, mostly oval and after cell division they become hemispherical
shape (Fig. 2.18a). Cell color pale blue-green, olive-green and a few cells were
colorless (Fig. 2.18b) and homogeneous cell content. Cells diameter, 3.1 to 5.4 pm,
very fine mucilage around the cells (Fig. 2.18c) and the cells were solitary or present
together. During cell division cells increase in size and constrict in the middle (Fig.
2.18d), separate from each other andeach cell divide into two cells.
Diagnostic characters: Oval, spherical shaped cells, cell size and color
Site detail and habitat: Strain MK-13 was collected from the e-waste standing

polluted water. Other species found in the sample were Oscillatoria, Phormidium and

a unicellular green alga.

Culturing Conditions: Strain MK-13 showed response in BGi1 medium.

Figure 2.18: Micrographs of Synechocystis fuscopigmentosa MK-13: (al) oval
shaped cells (a) (arrow); (b) colorless cells (arrow); (c) thin mucilage around the

cells (arrow); (d) cellconstricted at the middle (arrow).
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Sequence Analysis: BLASTn analysis based on gene sequences of 16S rRNA and
637 bp obtained for the strain MK-13 revealed 97.58 % similarity with query

coverage 90% to Symechocystis sp. CR_1L.29 and 97.44 % similarity with query
coverage 97% to Geminocystis sp. CENAS526 and 95.53% similar with 97% query
coverage to Symechocystis fuscopigmentosa CCALA 810. The phylogenetic trees
constructed with NJ, ML, and MP analyis showed similar results. A NJ tree (Fig.2.19)
constructed with sequences of cyanobacterial strains obtained from NCBI revealed
clustering of MK-13 with Synechocystis sp. CR_129 and also sowed close clustering
with Synechocystis fuscopigmentosa CCALAS10.

MH179053.1:79-702 Cyanobacterium aponinum Kh.A
82

99 —— AM238427.1 Cyanobacterium aponinum ETS-03

42 - KM438200.1 Cyanobacterium aponinum ThrSCCsp4

» KM020011.1 Synechocystis aquatilis SAG 90.79

KT371495.1 Synechocystis fuscopigmentosa CCALA 810

18 —— EF545641.1:1-578 Synechocystis sp. CR L29

99
MK-13

S AY224195.1 Synechocystis sp. PCC 6803

KT354216.1 Synechocystis fuscopigmentosa CCALA 191

AF132782.1 Cyanobacterium stanieri PCC 7202

67 ——— KF246492.1 Geminocystis sp. CENA526

79 —— KM438199.1 Geminocystis sp. PItCNmn3

100

EF555569.1 Geminocystis papuanica PAP1

Figure 2.19: NJ analysis of 16S rRNA data of strain MK-13
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2.3.8.2. Gloeocapsa sp. MK 14
Taxonomic Characters

Colonies spherical and sometime become irregular in shape and enclosed by
mucilage (Fig 2.20a). Cells arrangement in the colony was not regular. Cells,
elliptical, oval or spherical, 2.5-3.6 pm broad, 3-5.2 pm long. Mucilaginous sheath
wrapped the cells together and formed the colonies. Each cell in the colony was
separated from other cell bya colorless sheath (Fig 2.20b). Cells are granulated and
the color of the cells was pale blue green. After division the cells develop their
mucilage envelops and grow into original shape. When the cells mature, they are
release from the mucilaginous colony and then they start to divide further and develop
a new colony of cells (Fig 2.20c).
Diagnostic characters: Cells enclosed by mucilage. In the colony, separationof
cells fromeach other by a colorless sheath.
Site detail and habitat: Strain MK-14 was isolated from the sewage runningwater.
Other taxafound in the sample were: Phormidium, Nostoc, Pseudoanabaena and
Chlorella, Scenedesmus.

Culturing Conditions: Gloeocapsa sp. MK-14 responded in BG11 medium.

Figure 2.20: Micrographs of Gloeocapsa sp. MK1-4 under the light microscope: (a)
Colony of cells enclosed by mucilage (arrow); (b) colorless mucilage around the cells

of the colony (arrow); (c) dispersion of cells from the colonies.
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Sequence Analysis: A total of 671 bp of 16S rRNA gene sequences were received for
the MK-14. The similarity of obtained sequences assessed at NCBI showed 95.25%
similarity with Gloeocapsa sp. Ryul-8DN_B9 and 93.58% similarity with Gloeothece
citriformis. The phylogenetic trees constructed using the NJ, ML, and MP methods
revealed similar topologies. The NJ tree constructed with the sequences of strain MK-
14 and those downloaded from NCBI showed its close resemblance with Gloeocapsa

sp. Ryul- 8DN_B9 with a bootstrap support of 86 (Fig. 2.21).

{ NR 177686.1:61-724 Gloeothece citriformis
73 AF132932.1:61-724 Cyanothece sp. PCC 7424

100 L——————— NR 177687.1:65-729 Gloeothece citriformis

99 AJ000715.1:65-729 Cyanothece sp. strain PCC 7424

LC325266.1:6-613 Gloeocapsa sp. Ryu1-8DN B9
| psa sp. Ry

44 86l k14

LC325267.1:3-615 Aphanocapsa sp. Ryu4-4DN 17

99{ OR046507.1:40-705 Chroococcales cyanobacterium LEGE 16638
82 FR798926.1:63-724 Chroococcus sp. 2T05h strain 2T05h

NR 177688.1:69-731 Gloeothece tonkinensis

AB774154.1:69-731 Cyanothece sp. Vietham 01

100
{ EU499305.1:30-691 Gloeothece sp. PCC 6909/1
100 NR 177841.1 Gloeothece tepidariorum
—__

75

NR 177738.1:61-724 Rippkaea orientalis

82 KP164816.1:1-662 Hyalidium penicilliforme FK09-1

100 KP164815.1:1-662 Hyalidium penicilliforme FK09-8

KF746601.1:1-662 Caldora penicillata FK12-2

Figure 2.21: NJ analysis of 16S rRNA data of strain MK-14.
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2.3.8.3. Synechococcus elongatus strain MK-15

Taxonomic Characters

Cells solitary or in pairs but do not form distinct colonies and no mucilage
envelope around the cells. Cells cylindrical to elongated shape (Fig 2.22a).
Homogeneous cell content, light blue green in color (Fig 2.22b), 1.4 pum broad and
2.3-4.8 um long in size. Gas vesicles not present in the cells. Cells divide by
perpendicular binary fission. On BG1; agar media cells colony grows in circular shape
(Fig 2.22¢).
Diagnostic characters: Cylindrical to elongated shape cells.
Site detail and habitat: Strain MK-15 was collected from sewage water of
Islamabad.

Other taxa found in the sample were: Phormidium and Chlorella, Scenedesmus,
Cosmarium,

Culturing Conditions: Synechococcus elongatus MK-15 responded in BG; medium.

Figure 2.22: Micrographs of Synechococcus elongatus MK-15 under the light
microscope: (a) elongated cells; (b) bluish-green color of the cells; (¢) Growth on BG-
11 agar media.

Sequence Analysis: In this study, 16S rRNA gene sequence of 638 bp were received
for thestrain MK-15. The sequence homology of MK-15 sequences assessed at NCBI
with BLASTn analysis showed 97% query coverage with 94.49% identity to
Synechococcus elongatus PCC11801. A NIJ tree constructed for the investigated
strain MK-15 and the sequences downloaded from NCBI, exhibited -close
clustering of strain MK-15 with Synechococcus elongatus PCC 11801 with
bootstrap value 42% (Fig. 2. 23).
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MH469534.1:1-618 Synechococcus elongatus PCC 11801
MK-15

OM677385.1:51-677 Synechococcus elongatus NCT65
JF703680.1:77-702 Synechococcus sp. SM-09
JX872519.1:1-627 Anacystis nidulans FACHB-242
AF216949.1:61-687 Synechococcus PCC7943

NR 074309.1:88-714 Synechococcus elongatus PCC 6301
X03538.1:1519-2143 Anacystis nidulans 6301
JN998126.1:47-672 Synechococcus elongatus ARKK1
KP835530.1:61-687 Synechococcus elongatus CENA126
HQ230240.1:69-680 Cyanobacterium cWHL-32
MK248010.1:81-692 Synechococcus sp. ATE729

NR 176603.1:46-671 Stenomitos pantisii strain TAU-MAC 4318
0Q175015.1:50-675 Stenomitos sp. CSML-F035

HF678511.1:75-701 Synechococcus elongatus PCC 6301

Figure 2.23: NJ analysis of 16S rRNA data of strain MK-15.
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2.3.9. Screening of strains against Cd and Pb

Cyanobacteria strains isolated from the various environments were screened
with different concentrations of Cd and Pb to check their maximum tolerance level
against these toxic metals. Screening results showed that all the strains were able to
grow at low concentrations of the Cd and Pb. Nostco sp. MK-11 showed the highest
level of tolerance to Cd and Pb stress and F. muscicola MK-8 was the second best in
tolerating the highest stress of Pb and Cd. Table 2.4 shows the tolerance of different
cyanobacteria strains against different initial concentrations of Pb and Cd. The
biomass of selected tolerant strains was scaled up to 150ml, 250ml and 500ml. In the
Table 2.4, symbols “+” and “-” show the tolerance and no tolerance, respectively to

the Cd and Pb stress.

Table 2.4: Screening of strains exposed to different concentrations of Cd and Pb in
aqueous solutions

Strains | MK-2 | MK-3 MK-4 MK-7 MK-8 MK-9| MK- |MK-13| MK- MK-15

Cd mg/L

0.25 + +
0.5 + +
0.75 +

F+|+ |+ +
Hl+|+|+]+
+ ||+

125 | - - -
1.5 - - - -
.75 | - - - - - -

25 - - - - - - - - - -

()]
++|+
++|+

20 - -
25 - -
30 - - - -
35 - - - - - -
45 - - - - - -
60 - - - - - -
90 - - - - - -
120 | - - R R R R

Fl ||+ ]|+
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2.3.10. Discussion

Consequent to eutrophication in wastewater, cyanobacteria and algae thrive
quickly in wastewater. Yet in extreme cases cyanobacteria and other algal types
produce blooms, sometimes referred to as HABs (Glibert, 2017), causing serious
environmental problems. The ecological impacts due to the presence of different
strains in wastewater are less known. To probe this, the current research was
commissioned to investigate cyanobacterial diversity in the wastewater of Islamabad
and Rawalpindi, Pakistan. Previously, there is only very little data offering little
understanding into the biodiversity of cyanobacteria in wastewater eco-system and
their advantages for instance in tackling the issue of heavy metals through phyco-
remediation. Here evidence showed high levels of cyanobacterial diversity and
therefore offers good prospects of finding such strains as discussed in the following
sections.

Many studies show that physicochemical constituents are important for the
growth and abundance of Cyanobacteria, as this play a significant role in defining
species composition (Kohler, 1994; Chellappa et al., 2003; Prasanna et al., 2012). In
this study a detailed analysis of the physico-chemical analysis was conducted. The
Biochemical Oxygen Demand (BOD) (Table 2.2) analysis indicated that wastewater
at different sites contained primarily inorganic materials (Lee and Nikraz, 2014),
which is likely due to an excess concentration of soluble salts (Ghaly et al., 2014).
The calcium level in sewage water at site 1was 6.86 mg/L and at site 2, 11.49 mg/L. It
is well known that the concentration of calcium affects the population abundance of
cyanobacteria (Sarojini, 1996). Furthermore, the concentrations of nitrates and
sulphates at three different sample collection sites were significantly higher than the
World Health Organization's (WHO) permitted discharge limits. Release of these
nutrients into the environment usually results in eutrophication in natural water
bodies, as they are important nutrients for photosynthetic organisms (Oyebamiji et al.,
2019).

In the sewage and e-waste water sulphates, calcium, magnesium, potassium,
nitrates, and sodium, electrolytes were abundant and readily absorbed by the
cyanobacteria and algae (Olguin and Séanchez-Galvan, 2012). Physicochemical
constituents showed a correlation of algal diversity with physiochemical constituents.

An carlier study showed that higher level of physico-chemicals supported the
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diversity of phytoplankton in Kinjhar Lake, Pakistan (Nazneen, 1980).

At site 1 to be more specific, a total of 16 strains were found including 13
cyanobacteria, 2 green algae and 1 diatom. At this site cyanobacteria diversity was
high which showed that nutrients at this site sufficiently favored the growth of
cyanobacteria. Substantial presence of oxidizable organic matter, along with
detectable levels of dissolved oxygen and significant concentrations of nitrates and
phosphates in the effluents, has been identified as conducive to the proliferation of
cyanobacteria. This assertion is supported by the findings of Venu et al. (1984),
Venkateswarlu (1969a), Rai and Kumar (1977), Boominathan (2005), Vijayakumar et
al. (2005) and Murugesan (2005).

Singh (1969) and Venkateswarlu (1976) indicated that elevated concentrations
of chemical oxygen demand, phosphates, biochemical oxygen demand and nitrates are
more conducive to the proliferation of cyanobacteria compared to other algal species.
This assertion was corroborated by the research conducted by Vijayakumar et al.
(2005), Boominathan (2005) and Jeganathan (2006), which examined effluents from
the dairy, dye, and oil refinery industries, respectively. In the current investigation, all
analyzed effluents exhibited significant levels of nitrates and phosphates, alongside
heightened BOD values.

Another important factor which plays role in the cyanobacteria diversity is pH.
At site 1 the pH of the water was 7.15 and at site 2 the pH of the water was 7.33.
Range of the pH of water samples was very close to the pH used by Ripka et al.
(1998) in BG-11 for culturing cyanobacteria in laboratory settings. This may explain
the robust proliferation of cyanobacteria observed in the examined contaminated

water locations.

The abundance or biomass of cyanobacteria may increase in ecosystems that
are polluted and characterized by high nutrient concentrations. Research conducted by
Kim et al. (2004) identified a positive relationship between the occurrence of
cyanobacteria and pollution levels in reservoir water. This study highlighted several
species, including Anabaena, oscillarioides, Anabaena azollae, Chroococcus
limneticus, Aphanothece microscopic, Chroococcus turgidus, Gloeocapsa,
Chroococcus tenax, Phormidium and Lyngbya. Rai et al. (2021), reported maximum
numbers of heterocystus cyanobacteria; Nostoc, Nodularia, Scytonema, and

Aphanizomenon than non-heteroscystous cyanobacteria in urban areas (one of the
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causes of environmental pollution) and highlighted that urbanization reduced the
abundance of non-hetercystous filamentous cyanobacteria and increased the diversity
of heterocystous filamentous cyanobacteria.

Analysis of water samples showed that the concentrations of heavy metals
were higher in the e-waste and sewage polluted water than the permissible limit set by
The US Environmental Protection Agency (EPA) (Tabel 2.3). EPA has established
the maximum contamination levels for arsenic (As), Cd, chromium (Cr), mercury
(Hg) and Pb in water as: 0.015, 0.01, 0.1, 0.002 and 0.015 respectively (Leong and
Chang, 2020). Cyanobacteria screening in response to Cd and Pb toxicity (Table 2.4)
showed that heterocystous unbranched filamentous Nostoc sp. was the highest Cd
and Pb tolerant cyanobacterium. Its higher level of tolerance could be due to the
presence of heterocysts, mucilage and in addition to the possible presence of metal
tolerant genes. Branched heterocystous filamentous cyanobacteria, Fischerella
muscicola MK-8, Westiellopsis prolifica MK-9 were second in row to bear the Cd and

Pb toxicity.

The unicellular cyanobacteria (Synechocystis fuscopigmentosa MK-13,
Gloeocapsa sp. MK-14 and Synechococcus elongatus MK-15) were tolerant to Cd
and Pb toxicity. Least tolerant were the filamentous non heterocystous cyanobacteria
(Desertifilum tharense MK-2and Phormidium sp. MK-3. Nodosilinea nodulosa MK-4
non-hetercystous filamentous strain showed tolerance close to unicellular
cyanobacteria in response to Cd and Pb stress. It might be due to development of
nodules which play role in nitrogen fixation and might also assist in Cd and Pb

toxicity resistance.

Cyanobacteria strains collected from site 1 were more tolerant to Pb and Cd
stress compared to the strains collected from site 2. This could be due to the higher
number and concentration of heavy metals at site 1. As result, the study revealed that
site 1 was more toxic than other sites (Table 2.3) which show that high toxic
conditions have comparatively lower diversity of cyanobacteria. But most of the
cyanobacteria strains collected from this e- waste site were found more tolerant as
compared to the cyanobacteria strains collected from the sewage wastewater site (site
2).

Culturing of cyanobacteria and green algae was carried out using various in

vitro culturing media Different strains exhibited varied responses, for instance green
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algae species, showed preference for BBM media, indicating adaptable growth
tendencies within specific green algae species (Riani and Futeri, 2023). Certain
cyanobacteria species displayed limited or no response to BBM but showed favorable
growth in BGi1 and BGo media. Different cyanobacteria isolates exhibited diverse
nutritional preferences, with some preferring SP media. The isolation of species from
solid media for subsequent cultivation in liquid media is a crucial step in achieving
axenic cultures (Skeffington et al., 2020). This meticulous isolation process provides
a controlled environment for individual species to proliferate and allows further
characterization and experimentation (Huang et al., 2021). Tailored culture conditions
and nutritional requirements are important for cultivating pure cultures of green algae
and cyanobacteria, as there can be subtle variations in growth preferences within and
between species (Vu et al., 2018). Understanding these variations is crucial for
comprehending the ecological significance and potential applications of these
organisms (Finger et al., 2022). Maintenance of cyanobacterial axenic (pure) cultures
was a difficult task which required more focused concentrations. One of the biggest
problems in the fields of basic and applied microbiology is the production and
preservation of axenic cultures of various microorganisms, including cyanobacteria
(Alain and Querellou, 2009; Ashida et al., 2010; Ishii et al., 2013; Joint et al., 2010).
Traditionally, cyanobacteria taxa are classified based on ecological and
morphological characters. However, the whole taxonomic system of cyanobacteria
(species, genera, families, orders) has performed an extensive restructuring and
revision in recent years withthe advent of phylogenetic analyses based on molecular
sequence data, and it is expected that there will be further changes in the future
(Komarek, 2014). The polyphasic approach, mostlyusing morphological features and
DNA sequences, has emerged as the most suitable method to characterize
cyanobacteria taxa as well as a resolution to the cyanobacteria taxonomic problem
(Comte et al.,, 2007; Sciuto et al., 2011). Elucidating evolutionary processes in
cyanobacteria taxonomy based on the molecular phylogenetic research has led to
description of more genera since 2000 (Komarek et al., 2014), especially in the non-
heterocystousfilamentous cyanobacterial group. The use of two distinct nomenclatural
codes, namely the Botanical and Bacteriological codes, has led to substantial
confusion, and molecular phylogenetics is actively assisting in resolving this issue

(Lee, 2016). Furthermore, two major challenges arise: firstly, the identification of
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numerous strains stored in international culture collections rely solely on
morphological characteristics. Secondly, many nucleotides sequences present in
public database, originate from environmental DNA extracted fromcyanobacteria that
have not been observed under a microscope (Rajaniemi et al., 2005; Wilmotte and
Herdman, 2001). Therefore, in this research project, a comprehensive approach
combining cyanobacteria strains cultivation, light microscopy, and 16S rRNA gene
sequencing was used to ensure the precise identification.

Oscillatoriales  include  filamentous,  photosynthetic =~ cyanobacteria
characterized by their unbranched trichomes or filaments (Gomont, 1892). They are
commonly found in diverse habitats such as freshwater, marine environments, and
even terrestrial habitats like damp soil and rocks. The cells in the filaments often
show a gliding movement, which gives these cyanobacteria their name
"Oscillatoriales," derived from their oscillatory motion (Hamouda and El-Naggar
2021). Trichomes are devoid of true branching and lack specialized cells such as
heterocysts and akinetes (Geitler and Rabenhorst, 1932; Gomont, 1892).
Morphologically, Oscillatoriales species exhibit notable wvariations in their
filamentous forms, ranging from uniseriate (single row of cells) to multiseriate
(multiple rows of cells) arrangements (John et al., 2002). Their trichomes can be
either straight or spiral-shaped, with cells typically containing prominent granules of
cyanophycin or glycogen as reserve materials. Furthermore, some Oscillatoriales
species form colonies held together by mucilaginous sheaths secreted by the cells,
aiding in adhesion to substrates. This morphological diversity within Oscillatoriales
underscores their adaptability to various habitats, contributing significantly to primary
production and ecological functions in aquatic and terrestrial ecosystems (Komarek
2005; Whitton and Potts, 2012).

Desertifilum, a new Oscillatoriales genus, was recently established based on
isolates from the thar Desert in western India (Dadheech et al., 2012). Desertifilum
tharense, the type species, was found in black and dark-blue biological crusts on dry
and moist sand dunes with only 25 cm of annual precipitation. Trichomes are
isodiametric, with a colourless sheath. Despite its benthic habitat, this species has gas
vesicles. Another Desertifilum species, Desertifilum fontinale was later described
from a warm spring of East Africa. The habitat, morphology and molecular
characteristics of the latter species differ from those of D. tharense. As a result, the

Desertifilum genus now has more diversity in morphology, physiology, and
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ecological habitats (Dadheech et al., 2014). In the current study, Desertifilumtharense
MK-2 was isolated from the sewage water and showed the morphological
characteristics which were consistent with D. tharense (Dadheech et al., 2012). There
were differences between the natural habitat of the D. tharense MK-2 and
Desertifilum strains described in the literature. Phylogenetically, D. tharense MK-2
strain was also associated with the D. tharense clade. The Investigated strain also
showed similarities with Desertifilum dzianense (PMC 872.14) collected from the
Stromatolites, Mayotte (Cellamare et al., 2018). But the difference between these was
existence of aerotypes which were present in the D. tharense MK-2 strain and absent
in the Desertifilum dzianense collected from the desert. Morphological characters of
strain MK-2 also matched with Desertifilum salkalinema but there were some
differences. Cell width of MK-2 strain was 2.4-3.5 um and filaments were straight,
slightly wavy, solitary or entangled while cell width of Desertifilum salkalinema was
2.08 and filaments were elongated, straight, slightly wavy and entangled (Cai et al.,
2017). The genus Phormidium has been characterized in botanical literature based on
morphological traits such as thin, transparent sheaths that are partially diffused or
completely dissolved. These characteristics cause the filaments to adhere together in
layered mats. This genus included numerous species found in both freshwater and
marine environments, exhibiting variations in cell sizes, proportions, apical cells, and
degrees of constrictions at cross-walls (Palinska et al., 2011). Morphological features
like entangled filaments, colorless heath around the filaments and necridia
development of Phormidium sp. MK-3 showed close resemblance with the
Phormidium sp. SENA270 (Shishido et al., 2013). Phylogenetically it also made
clustering with the Phormidium sp. SENA270 as described above.

Species of Nodosilinea usually have filaments with a single trichome, however
they can occasionally have several serrations. Trichomes show constriction at the
cross-walls and are immotile. Furthermore, their sheaths are often thin, delicate, and
colorless. With peripheral thylakoids, the cells appear to be roughly isodiametric or
longer than wide. Severalspecies can fix nitrogen (Casamatta, 2011). When the genus
is morphologically identical to Leptolyngbya, the nodules are usually not visible and
there are only a few individual trichomes detected in the wild. As a result, it is likely
that this genus will only be identified upon the availability of strain sequence data
(Vazquez-Martinez et al., 2018). Morphological characters of the investigated

Nodosilinea nodulosa MK-4 like nodules formation and spiral arrangements of the
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filaments showed strong resemblance with the MNodosilinea nodulosa strain
(Strunecky et al., 2020). In contrast the literature show that N. nodulosa was isolated
from marine plankton in the South China Sea (Li and Brand 2007), while the strain
Nodosilinea nodulosa MK-4 was collected from the e-waste polluted water of
Islamabad, Pakistan which show the difference of their local environments.
Development of nodules helps these cyanobacteria species in nitrogen fixation. This
feature in cyanobacteria strongly suggests their utility as biofertilizers.

Nostocales encompasses filamentous cyanobacteria that possess the capability
to undergo cellular differentiation into akinetes or hormogonia (reproductive
trichomes), which are suitable for perennation and possess nitrogen-fixing heterocysts
(Mandhata et al., 2023). In accordance with classical taxonomic classification, the
genus Anabaena is characterized by a substantial gelatinous sheath, the genus Nostoc
is defined by filaments composed of moniliform cells devoid of a sheath, and
Aphanizomenon is categorized within the Nostocaceae family (Komarek and
Anagnostidis, 1989; Rippka et al., 1979). Their trichomes are helically (spirally)
formed, straight, or curved, and feature noticeable cross-wall constrictions. In most
species, thewidths of the flat, cylindrical, elliptical, or spherical cells vary from 2 to
10 pum, but in some, they can reach 20 um (Desikachary, 1959). With the exception
of certain terminal conical heterocysts observed in specific taxa, both intercalary and
terminal heterocysts generally exhibit a spherical to cylindrical morphology with
rounded ends. The position of akinetes varies depending on the species, however they
are usually found within trichomes. Individual akinetes lack a sheath but have a
common mucilaginous layer covering them.

It is notable that the genus Desikacharya is another recently described genus
that shows the typical Nostoc-like morphology. Hence, the members of this genus
with typical Nostoc-like morphology were differentiated using phylogenetic tools.
Desikacharya constricta SA10 is distinguished by the presence of constricted cells
along with having spherical/globose heterocytes at both the terminal and intercalary
positions (Kabirnataj et al., 2020). The filaments appear long with a slight tendency
for coiling. Light-colored mucilaginous sheath surrounds all the amorphous colonies
but is not truly mat in the natural conditions; light mucilaginous sheath is also present
across the trichomes even at the ends. Vegetative cells barrel-shaped to cylindrical
vegetative cells are curved at the ends. Hormogonia formation was also observed with

the trichome having around nine vegetative cells and no heterocytes. Akinetes large;
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solitary; prominently intercalary; barrel shaped with length greater than width
(Kabirnataj et al., 2020, Saraf et al., 2019). Desikacharya MK-7 investigated in this
study showed close resemblances both morphologically and phylogenetically to the
genus Desikacharya. Despite the fact the difference in color might be due to culturing
conditions. Morphological characters of the Desikacharya MK-7 strain were very
similar to Desikacharya sp. NS2000 (Ngo et al, 2022) and phylogenetic analysis also
strongly supported the resemblance of Desikacharya MK-7 and Desikacharya
NS2000. Thus,the strain MK-7 was identified as Desikacharya sp. MK-7

Branched cyanobacteria strain Fisherella muscicola MK-8 was isolated from
the sewage water and its morphological characters closely matched with Fisherella
muscicola (Thuret) Gom and Fisherella muscicola NDUPCO001 (Mishra et al., 2019).
F. muscicola MK- 8 also showed some characters like the Neowestiellopsis bilateralis
SA16 which has bilateral branches, but the main difference was biseraite condition
which was observed in F. muscicola MK-8 strain and no such condition was
reported in the Neowestiellopsis bilateralis SA16 (Kabirnataj et al.,, 2020).
Phylogenetically, MK-8 strain was also closer to the Fisherella muscicola with 77 %
bootstrap value. Another branched cyanobacterium Westiellopsis prolifica MK-9 was
isolated from the sewage water and its morphological character matched with the
Westiellopsis prolifica as described in the literature. The most important
characteristics of the Westiellopsis strains is the presence of pseudo-hamocyte
which is important taxonomic character of these branched cyanobacteria and help in
identification and reproduction (Saber et al., 2017; Abed et.,, 2013). The
phylogenetic analysis also showed the close relationship of W. prolifica MK-9 strains
to the Westiellopsis prolifica and the morphology also supported identification of
strain MK-9 and the strain identification was confirmed as Westiellopsis prolifica
MK-9.

Species of the genus Nostoc show un-branched trichomes, barrel-shaped cells
with rounded or sub- spherical heterocyst (Desikachary, 1959). Nostoc sp. MK-11
was identified under LM as a species of the genus Nostoc Vaucher ex Bornet and
Flahault 1886. Morphologically the investigated strain showed strong morphological
and phylogenetic resemblances with Nostoc strain NapMSIm13 (Bravakos et al.,
2016). Molecular phylogeny placed strain Nostoc sp. MK-11 in a clade in close
proximity to Nostoc NapMSIm13. Nostoc sp. MK-11 also showed some similar

characteristics to Nostoc calcicola Brebisson BDU 40302 and Nostoc calcicola
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Brebisson BDU 180601 in having similar type if heterocysts specifically at the tips of
the filaments (Thangaraj et al., 2017).

Order Chroococcales, and the Chroococcaceae family, are distinguished by the
unicellular or non-differentiated colonial cyanobacteria. These organisms possess
cells that are usually spherical or ovoid in shape, occasionally forming clusters or
colonies embedded within a mucilaginous sheath. Unlike some other cyanobacteria
orders that form filaments or chains of cells, Chroococcales species lack this
filamentous structure, consisting of individual cells or aggregates. The absence of
specialized motility organelles such as flagella or gas vesicles further characterizes
these organisms (Rippka et al., 1979). Instead, their dispersal often relies on passive
means like water currents or attachment to surfaces via their gelatinouscoatings. This
order's morphological homogeneity and the absence of complex cellular
differentiation pose taxonomic challenges, emphasizing the significance of genetic
analysis and biochemical traits in identifying and classifying Chroococcales species
within the cyanobacterial phylum (Whitton and Potts, 2012).

The cyanobacteria Synechocystis fucospigmentosa MK-13, Gloeocapsa sp.
MK-14 and Symechococcus elongatus MK-15 belonging to Chroococcales were
isolated, purified andidentified on morphological and molecular basis. Synechocystis
6803 is a model strain of the genus Synechocystis which has the diameter of range
1.67-2.46 pum (Zavtel et al.,, 2017). Genus, Geminocystisis is characterized by
spherical cells like cells of cells Synechocystis but with slightly larger dimensions
(~3.5 um to ~ 6.2 um) (Korelusova et al., 2009). Synechocystis fucospigmentosa MK-
13 cells dimensions were larger than then the Synechocystis 6803 an_d close to
Synechocystis fuscopigmentosa (KovAclK 1988) and also in close clade in
phylogenetic tree. Phylogenetically strain Symechocystis fucospigmentosa MK- 13
was in close proximity with Synechocystis sp. CR_L29 and low clustering (18 %
bootstrap value) with Synechocystis fuscopigmentosa. Although the bootstrap values
of Symechocystis fucospigmentosa MK-13 was low but its due to strong
morphological characters its identification was confirmed with morphology
observations. Therefore, morphology plays important role alongside genetics for
accurate identifications of the cyanobacteria. Therefore, strain MK-13 Identification
was confirmed by morphology, molecular sequence data and phylogenetic position.
Gloeocapsa in the order Chroococcales, show the physical appearance that cells are

either single or cluster of cells enclosed in concentric layers of mucilage. Strain,
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Gloeocapsa MK-14 showed the close characteristics with the genus Gloeocapsa.
Phylogenetically the strain showed close proximaty in the same clad with Gloeocapsa
sp. Ryul-8DN_B9 with 86 % bootstrap value. Synechococcus elongatus MK-15 was
isolated from the sewage water lake Islamabad. Synechococcus elongatus is a Gram-
negative, photosynthetic microorganism that is commonly found in freshwater and
marine environments. It is a model organism for studying photosynthesis, nitrogen
fixation, and cell cycle regulation. Remarkably elongated, these cells measure 5 um in
width and 34 pm in length, making them approximately 6 to 7 times longer than their
width (Bhakta et al., 2016).

Conclusions
e Sewage and e-wastewater/sites in Islamabad and Rawalpindi have elevated

concentration of heavy metals, especially Pb and Cd.

e These sewage water sites are a rich source of cyanobacteria. Six species for
instance: Desertifilum tharense MK-2, Nodosilinea nodulosa MK-4, Fischerella
muscicola MK-8, Westiellopsis prolifica MK-9, Desikacharya sp. MK-7,
Synechocystis fuscopigmentosa MK-13 have been recorded for the first time from

Pakistan.

e Maintenance of cyanobacteria as axenic cultures is challenging and requires a

careful and focused approach.

e Several species showed tolerance to Cd and Pb. Among these, Nostoc sp. MK-11

was the most tolerant species followed by F. muscicola MK-8.
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Graphical Abstract

Graphical Abstract: Graphical depiction of Pb and Cd biosorption by dried biomass of

Fischerella muscicola and Nostoc sp.
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Summary

In the current study two cyanobacteria strains, Fischerella muscicola and Nostoc sp.
isolated from wastewater have been investigated as dried biosorbents to remove Pb
and Cd from the aqueous solutions. Biosorption properties of cyanobacterial biomass
were studied as a function of pH, time and initial metalconcentrations. Initially metal
biosorption rate was high which gradually decreased with time. Three distinct kinetic
models (Pseudo first order, Pseudo second order, and intraparticle diffusion) along
with three isotherm models (Langmuir, Freundlich, and Temkin) were employed on
the experimental data to study the mechanism and rate of biosorption. The analysis of
the experimental modeling indicated that the Pseudo second-order kinetic model and
the Langmuir isotherm model exhibited a strong correlation with the experimental
data, thereby illustrating the phenomena of chemisorption and uniform interaction.
Based on the modeling of the Langmuir isotherm, the maximum biosorption capacity
(qmax) of F. muscicola dried biomass was determined to be 70.274 and 63.572 mg/g
for Pb and Cd, respectively. In a similar fashion, the Langmuir isotherm assessed the
dmax Of Nostoc sp. dried biomass as 83.963 and 75.757 mg/g for Pb and Cd,
respectively. Results of biosorption showed that the dried biomass of Nostoc sp. holds
higher potential in removing Cd and Pb compared to the F. muscicola biomass. FTIR
analyses revealed carboxyl, hydroxyl, amine and sulfoxide functional groups in the
dried biomass of F. muscicola which may have made complexion with metals during
the process of biosorption. Similarly, in the dried biomass of Nostoc sp., hydroxyl,
amines, sulfoxide, and carbonyl functional groups were detected. SEM results showed
changes in the surface appearance of the biomass after the metals biosorption which
indicated binding of and Cd and Pb on the surface of biomass. Metals desorption from
the dried biomass of both the cyanobacteria using Hydrochloric acid (0.1 M) was
stretched up to 90%. After three cycles of biosorption-desorption, the ability of
the dried biomass from the cyanobacterial strains to biosorb significantly high which

showed their potential of reusability.

69



Chapter 3 Biosorption Using Dried Biomass

3.1. Introduction

Water contamination is one of the main global issues of the twenty-first
century. The issue must be addressed to improve water quality and reduce negative
effects on bothhuman and ecological health. Several water contaminants are produced
because of industrialization, climate change, and the growth of urban areas (Zamora-
Ledezma et al., 2021). Discharge of heavy metals-containing effluents may have an
impact on all natural resources as well as living things in the receipt water (Igwe and
Abia, 2006; Kadirvelu et al., 2001). Due to its prevalence, low degradability, and ease
of bioaccumulation, heavy metals pollution in the environment has drawn attention on
a global scale (Cui et al., 2021; Jupp et al., 2017). Despite low concentrations, heavy
metals and associated products are highly poisonous, mutagenic, carcinogeneic and
pose major health hazards (Mezynska and Brzoska, 2018; Ayangbenro and Babalola,
2017). The United States Environmental Protection Agency has set forth maximum
allowable levels of contamination for arsenic (As), Cd, mercury (Hg), chromium (Cr)
and Pb in water as: 0.015, 0.01, 0.1, 0.002 and 0.015, respectively (Leong and Chang,
2020).

Cd and Pb are considered the most hazardous and toxic to the environment
(Sart and Tuzen, 2008). Their contamination is alarming environmental problem
that has harmful impact on aquatic eco-systems and health of humans (Liu et al.,
2022). Pb is used extensively in paints, pigments, batteries, cables, steel and
alloys, metal, plastic industries and glass (Selatnia et al., 2004). Pb is thought to be
dangerous athigh concentrations and is regarded as a cumulative toxin. Its toxicity
can harm liver, kidneys, immunological system, circularity system and
gastrointestinal tract (Ghaedi et al., 2018; Yu et al., 2020). While Cd comes
primarily from the battery, paint, pigment, fertilizers and refinery industries.
Humans exposed to Cd develop renal and cancer problems (Padmaja et al., 2018).
Exposure to Cd may have also teratogenic consequences, hepatic injury,
hypertension, renal failure, and lungs damage (Hajialigol et al., 2006).

Conventional chemical and physical methods to remove heavy metals are
often expensive and insufficiently successful, and they also generate a lot of
harmful sludge (Cheng et al., 2019, Sun et al., 2018). In the previous decades, the
hunt for affordable technologies for the eco-management of wastewaters

containing metals has attracted alot of attention (Dhir, 2014; Dixit et al.,
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2015). To make the process of treatment environment friendly and economic,
bioremediation via microalgae, bacteria, fungi and yeasts has developed into a
successful method, particularly for heavy metals at low concentrations (Leong and
Chang, 2020; Cheng et al., 2019). Since last few years, the utilization of advanced
biosorption technology by non-living and/or alive biosorbents for the heavy metals
bioremediation and recapture has been well-thought-out (Leong and Chang, 2020).
Algae are inherently abundant, require few nutrients, and are autotrophic. These
organisms are superior to other biosorbents because they cause less harm to the
environment and create a large amount of biomass (Das et al., 2008).

Cyanobacteria are the only prokaryotic organisms capable of carrying out
oxygenic photosynthesis (Das et al., 2018) and several of them can fix atmospheric
nitrogen (N2) (Heimann and Cires, 2015). This strength enables them to thrive in
diverse harsh environments, making them a promising candidate for addressing
environmental issues such as wastewater treatment, soil remediation, and
environmental pollutants degradation (Singh et al., 2016). Remarkably, owing to
their strong attraction and abundant heavy metal binding sites cyanobacteria are
anticipated to be highly efficient in the heavy metals bioremediation. An explanatory
example of this is the utilization of EPS-producing cyanobacteria as chelating agents
to remove Cr, Pb and Cd from the aqueous solutions (Jiang et al., 2016; Shane et al.,
2018). Blue-green algae including Arthrospira platensis, Dunaliella, Anabaena,
Nostoc and Synechococcus, are typical demonstrations of biosorbents with the
potential to remove heavy metals from the wastewater (Al-Homaidan et al., 2015;
Donmez and Aksu, 2002; Zinicovscaia et al., 2018). Cyanobacteria possess distinct
advantages compared to other microbes, such as their expanded surface area, increase
volume of mucilage with robust binding capabilities and simple nutrients
requirements (Roy et al., 1993). These organisms are simple to grow in high
quantities in lab cultures, offer cheap biomass for the biosorption process (Abdel-
Aty et al., 2013). However, onlya few experiments have been carried out employing
cyanobacterial non-living material. Current study reports for the first-time the
biosorption of Pb and Cd ions from the aqueous solutions using dried biomass of
newly isolated cyanobacteria, Fischerella muscicola and Nostoc sp.

The current study aimed at: investigating the prospects of using dried biomass

of newly identified cyanobacteria (F. muscicola and Nostoc sp.) as biosorbents to
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remove Cd and Pb from the wastewater; analyzing the impact of pH, initial metal
concentrations and the contact time on the biosorption of metals; investigating the
kinetic and isotherm behaviour of the biosorption process; and assessing the

desorption and reusability potential of the investigated dried biomass.
3.2. Materials and Methods
3.2.1. Chemicals

Lead nitrate (Pb(NOs)2 and Cd chloride (CdCl») were used to synthesize metal
solutions for the biosorption experiments. HCL and NaOH were used to adjust the pH
of the media and other solutions.

3.2.2. Culturing

Cyanobacteria, F. muscicola and Nostoc sp. were isolated and purified from
the efflux of wastewater in Rawalpindi and Islamabad, Pakistan. BG1 media (Rippka
et al., 1979) was used for culturing of cyanobacteria. Cultures and BG1; media were
inoculated in the Erlenmeyer flasks and were maintained at a temperature of 25 + 2
°C under white LED lights.

3.2.3. Biomass production and harvesting

For the production of biomass, the cultures were grown in multiple
Erlenmeyer flasks of varying sizes: 250 ml, 500 and 1000 ml with corresponding
volumes of BGi1 media set at 200, and 350 ml, 750 ml, respectively. All the flasks
carrying cultures were kept in a growth chamber at 25 + 2 °C under continuous white
LED lights. At optimum growth, cultures were harvested by centrifugation at 4000
rpm for 15 min. Upon harvesting, the biomass was washed three times with double
distilled to remove the adsorbed media ingredients from the surface and pellet of
biomass was left air dried. To achieve an amorphous state, dried biomass was finely
ground and passed through 100 um mesh.

3.2.4. Batch biosorption experiments

Biosorption studies were performed using dried biomass of F. muscicola and
Nostoc sp. as biosorbents and Pb and Cd ions as adsorbates. One gramme of the
biosrbent was dissolved in 100 milliliters (ml) of an aqueous solution containing
metal ions at a concentration of 100 milligrams (mg) per liter in a 250 ml conical
flask. In the current study, effect of different factors such as pH (ranging from 2-8),

initial metal ions concentration (20- 120 mg/L) and contact time (5-120 minutes) on
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the biosorption of metal ions onto the biosorbents were studied. Mixture of metal
ions and biosorbents were stirred at 150 rpm using an orbital shaker for a
predetermined period at 25 °C. Whatman-40 filter paper was used to filter the
solution and Initial and final metal concentrations in the filtrate were determined
using Agilent Flame Atomic Adsorption Spectrometer (FAAS). Biosorption capacity

(mg/g) of dried biomass was calculated using equation 1.

a. =S8y 1)

In equation 1, ge is biosorption capacity of biomass (mg/g), C. indicates the
equilibrium metal concentrations, expressed in mg/l, C; dentote the the initial
concentration of metal ions in the solution (mg/l), W stands for the biomass weight in

g and V stands for the solution volume in L.

Figure 3.1: Diagrammatic depiction of batch-mode investigations designed to explore

the biosorption of metal ions utilizing the dried biomass of F. muscicola and Nostoc

sp.
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3.2.5. Biosorbent characterization

Employing scanning electron microscopy (SEM) (JSM5910 model JEOL,
Tokyo, Japan), alongside Fourier transform infrared spectroscopy (FTIR)
(PerkinElmer Spectrum 65), cyanobacteria biomass was characterized before and after
the biosorption process. FTIR technique was used to characterize the surface
functional groups of biomass and to investigate its chemical properties related to the
capacity for binding metallic ions (Raize et al., 2004). SEM was usedto observe the

morphology of both untreated and metal-treated biomass.

3.2.6. Desorption and reusability

For the desorption and reusability studies, Cd and Pb loaded dried biomass
were dissolved in 0.1 M hydrochloric acid (HCL) solution for 1 hour at 100 rpm.
Metals-loaded biomass was rinsed three times with distilled water before to the
desorption investigation to eliminate any loosely attached Cd and Pb ions from the
surface of the biosorents. Following the desorption investigation, supernatant was
collected for further analysis and biomass was carefully washed with distilled water
after each cycle to neutralize and re-condition them with saline solution for further
biosorption and desorption studies (Tiiziin et al., 2005b). Initial and final metal
concentrations in the solution were determined using Flame Atomic Adsorption
Spectrometer. Desorption of metals was determined on the basis of amount of metals
biosorbed by the biomass and concentrations of metals in desorption media. The

efficiency of desorption (ED) was evaluated using Equation (2), as described below:

ED = 4o x 100 2)
¢):;

In Equation 2, the term qp (mg/g) and g (mg/g) shows the desorbed metal ions
quantity fromthe biomass and the quantity of biosorbed metal ions by the biomass,
respectively.
3.2.7. Data analysis

Eeach experiment was performed in triplicates and the results were presented
as the mean of three values. The data shown in (Fig. 3.4; 3.5; Fig. 3.6; Fig. 3.7; Fig.
3.8; Fig. 3.9; 3.10 and Table 3.1; Table 3.2; Table 3.3) describe the average values

plus or minus the standard deviations (SD) calculated from all the repeated
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measurements. The statistical analysis of the data was achieved utlizing OriginPro

8.5 (OriginLab Corporation, Northampton, Massachusetts, USA) and Microsoft
Office Excel (2010) software.
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3.3. Results and Discussion
3.3.1. Characterization of biomass
3.3.1.1. Fourir transform infrared spectroscopy

Figure. 3.2a and 3.2b describes the FTIR spectra of the F. muscicola and
Nostoc sp. native biomass as well as those treated with Cd and Pb. Various main
peaks at 1016, 1533, 1689, 2150, 2364, 2868, 2987, 3560 cm’™! were observed in the
FTIR spctra of non-treated F. muscicola biomass. Similarly, in the biomass of Nostoc
sp., main peaks at 1068, 1346, 1652, 2096, 2434, 2978, 3525 cm™ were detected.
When dry biomas of F. muscicola and Nostoc sp. were loaded with metals, shifting of
peaksoccurred. The alteration of peak positions following the biosorption of metals
can be attributed to the development of bond between the metals and the biomass's
functional groups.

The dry biomass of F. muscicola exhibited a peak at 3560 cm™, which was
associated with the stretching of the hydroxyl group (OH). Additionally, the peaks
observed in the range of 2800 to 3000 cm™ were attributed to the stretching of C-H;
peak at 1533 cm™ associated with nitroso group, stretching; 1016 S=O (sulfoxide)
strong to stretching. The peak at 2150 cm™ corresponds to S-C=N (thiocyanate); peak
at 1689 is associated to C=0 (Carboxy], stretching) as shown in Fig. 3.2a.

Amine (N-H) and hydroxyl (O-H) functional groups present in the biomass of
Nostoc sp. were associated with the prominent peak observed in the FTIR spectra at
3525 cm™. Additionally, the peak located between 2800 and 3000 cm™, corresponding
to the asymmetric and symmetric stretching vibrations of aliphatic chains (C-H),
indicated the stretching distribution of CH2 and CH3 groups. Peak at 2096 cm™ is
indicative of an alkyne with C—C stretching. Asymmetric vibration of the C=0O
functional group was observed in the peak at 1652 cm™. The peak at 1346 cm™

1

corresponds to S=O sulfoxide stretching, whereas the Peak at 1068 cm™ relates to

S=0 (Fig. 3.2b).

Peak shifting was observed subsequent to the biosorption of Cd and Pb. The
alteration of spectral peaks is associated with functional groups like carbonyl,
sulfoxide, hydroxyl, and amines, thereby affirming the removal of Pb and Cd ions
from the aqueous medium. This observation implies the occurrence of interactions
between the functional groups of biomass and metal ions. In previous studies it was
described that the metal biosorption by the dried biomass of the cyanobacteria
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happens due to different physicochemical interactions that involve cationic
exchange, chemical chelation, and ionic bonds (Bon et al., 2021). Literature indicates
that functional groups such as hydroxyl, carboxyl, sulfoxide and amines
predominantly play a role in the process of metal biosorption (El- Sheekh et al.,
2019a; Satya et al., 2020). FTIR analysis indicates that the dry biomass of F.
muscicola and Nostoc sp. could be beneficial for the biosorption of Pb and Cd ions.
Similar outcomes were explained in earlier research (Goher et al., 2016; Kumar et al.,

2018a; Sheng et al., 2004).

(A) (2) (b)
(B)
©)

Fig. 3.2: (a) FTIR spectra of untreated, as well as Cd and Pb-treated dried biomass of
F. muscicola; (b) FTIR spectra of untreated, Cd and Pb-treated dried biomass of
Nostoc sp.

3.3.1.2. Scaning electron microscopy (SEM)

Appearance of nom-treated and Pb and Cd treated dried of F. muscicola and
Nostoc sp. was investigated using SEM (Fig. 3.3Aa, Fig. 3.3Ab, Fig. 3Ac, Fig.3Ba,
Fig. 3Bb, Fig. 3Bc). The dried biosorbents surface looked dull prior to the biosorption
of metals, whereas the biosorbents were seen bright, rough, and sharp ended after the
biosorption of metals. Surface of the dry biomass loaded with Pb (Fig. 3.3Ac and Fig.
3.3Bc) was brighter compared to Cd loaded (Fig. 3.3Ab and Fig. 3Ba). This was due
to the more Pb ions biosorption as compared to Cd ions. Surface precipitation of
metals alters the surface morphology of the biosorbent. The shape of cells suggests
that the metals lowered the surfaceporosity of the cyanobacterial biomass. This might
be explained by the cross-linkage between the metals and functional groups of the
biomass (Arief et al., 2008). Changes in morphology showed the metals precipitation
due to biosorption. Previously, it has been reported that the surface morphology of the
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Parachlorella sp. biomass changed during the removal of the Cd (Dirbaz and Roosta,
2018). Similar phenomenon was also observed in case of silica monolith synthetic

particles (Alam et al., 2021).

Figure 3.3: SEM images of biomass: (A) SEM images of F. muscicola: (a) dull
surface of raw biomass; (b) bright surface of biomass saturated by Cd; (c) bright
surface of biomass saturated by Pb. (B) SEM images of Nostoc sp.: (a) dull surface of
raw biomass; (b) bright surface of biomass saturated by Cd; (c) bright surface of
biomass saturated by Pb.

3.3.2. Effect of pH

pH of the solution is an important factor for biosorption. In the literature it has
been described that polysaccharide cell wall of algae contains a high concentration of
carboxyl groups from guluronic and mannuronic acids, changes in the pH of the
solution may have an impact on the biosorption process (Matheickal and Yu, 1999).
Effect of pH was investigated from 2-8 (Fig. 3.4a and 3.4b) using 1g/L. biomass, 100
mg/L metals concentrations at specific intervals of contact time. Metals biosorption
on to the dry biomass of F. muscicola was improved with the increase in the pH of
the solution from 2 to 7 for Cd and 2 to 5 for Pb. At pH 6-8, Pb ions biosorption
started to decline while the Cd ions biosorption declines after pH 7 (Fig. 3.4a). The
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highest level of biosorption for Pb and Cd was 70.01 and 62.9 mg/g, respectively.
While the maximum biosorption of Cd and Pb by dried biomass of Nostoc sp. was at
pH 5 and 4, respectively. Therefore, pH 4 and 5 were selected for the biosorption Pb
and Cd on to the dry biomass of Nostoc sp. Bioorption of Pb started to decrease
when the pH level exceeded 4 (Fig. 3.4b). Similarly, Biosorption of Cd started to
decrease when the pH level exceeded 5 (Fig. 3.4b). Because of repulsion force, the
rise in positive charge on the biomass surface at low pH levels (2-3) limited the
approach of metal cations. The decrease in biosorption at low pH can be attributed to
the increased concentration of hydrogen ions, which interact with metal ions on the

surface of the biosorbent (Singh et al., 2007).

This study shows that solution pH has a significant role in the biosorption of
metal ions from the aqueous solution. In previous research it was described that the
solution pH affects the metal ions chemistry, sorbent metal binding sites and
ultimately affects the sorption of metals (Katircioglu et al., 2008). In principle, during
the sorption of metals the solution pH has a significant role. It affects ionic
competition, biomass functional groups activity, and the metal species solubility in
the solutions. Most of the functional groups, like carboxyl are acidic and pH of the
solution affects their propensity to adsorb heavy metal ions. Hydrogen ions (H") and
metal ions compete in acidic conditions to produce the ligand at the surface of cells

(Mehta and Gaur, 2005).

Furthermore, high Cd and Pb biosorption occurred at various pH levels. This
is because the metals have various characteristics, like size, electronegativity, or the
accessibility of additional metal ions, which adsorb better on adsorption sites (Chen et
al., 2008). Cd maximum biosorption took place at pH 5 and 7 onto the dead biomass
of F. muscicola and Nostoc sp., respectively. The highest levels of Pb biosorption
were observed at pH 5 for F. muscicola and at pH 4 for Nostoc sp. The biosorption of
same metal at different pH might be due to the differences in biomass composition.
This corroborates to Mack et al. (2007) who described characteristics of metal ions
biosorption generally happening at the pH 3 to 7. It was described that maximum
biosorption of Cd by dry biomass of Chlamydomonas reinhardtii and Anabaena
doliolum also occurred at pH 7 (Adhiya et al., 2002; Goswami et al., 2015). In another
study it was reported that maximum biosorption of Pb by C. reinhardtii occurred at
pH 5 (Tuzun et al., 2005b).
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(a) (b)

Figure 3.4: (a) Effect of pH on Pb and Cd ions biosorption by dried biomass of F.
muscicola; (b) effect of pH on Pb and Cd ions biosorption by dried biomass of Nostoc
sp.
3.3.3. Effect of contact time

Contact time is an important factor in metal ions adsorption. Fig. 3.5a shows
the biosorption of Cd and Pb dry biomass of F. muscicola a function of contact time
(5 to 120 min). Initially the metal adsorption rate was quite high. For both Pb and Cd
the equilibrium time reached at 60 and 90 minutes, respectively. Therefore, all further
studies were conducted at 60 and 90 minutes. In case of Nosfoc sp., maximum
bioosrption of both Cd and Pb occurred at 60 minutes (Figure 3.5b). A previous study
on biomass of Anabaena sphaerica reported maximum biosorption of Cd at 60
minutes and Pb at 90 minutes (Abdel-Aty et al.,, 2013). Similarly, 90 minute was
reported as optimum Pb biosorption time in case of Oedogonium sp. (Gupta and
Rastogi, 2008). Another study described the maximum biosorption of Cd at 60 min on
to the dry biomass of Chlorella vulgaris and Oscillatoria sp. H1 (Katircioglu et al.,
2008; Kumar et al., 2018b). Results of current study are in line with the earlier
studies, which found that highest biosorption of Pb and Cd occurred at contact time
of 60 minutes (Sar1 and Tuzen, 2008; Tiiziin et al., 2005a). When the contact time
was increased beyond the optimum, it resulted in decline of biosorption capacity of
both strains. The decline in biosorption after the optimal contact time can be
explained by the desorption of metal ions from the biomass surface (Saif et al., 2012).
Consequently, the respective optimum contact time was selected for further

investigations in these species.
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(a) (b)

Figure 3.5: (a) Effect of contact time on Pb and Cd ions biosorption by dried biomass
of F. muscicola; (b) effect of contact time on Pb and Cd ions biosorption by dried
biomass of Nostoc sp.
3.3.4. Biosorption Kinetics

Biosorption rate of metals on dried biomass of both strains was investigated
using pseudo first order, pseudo second order and intra particles diffusion kinetic
models. Pseudo first order kinetics primarily relies on the weak interactions between
the adsorbent and adsorbate, predominantly governed by physisorption forces (Yuh-
Shan, 2004), and pseudo second order kinetic largely controls chemisorption
interactions (Ho and McKay, 1998). In addition to these, Intraparticle diffusion
kinetic model was also desribed (Weber Jr and Morris, 1963). Equation 3, 4 and 5
represents pseudo 1%, pseudo 2" order and intra particle diffusion kinetic models,

respectively.

In(ge — qt) = Inqe — Kit 3)
In this equation (3), qt denotes the quantity of metal ions adsorbed (mg/g) at a specific
time, whereas qe is the amount of metal ions adsorbed (mg/g) onto the adsorbent at
equilibrium. The rate constant associated with pseudo first order is denoted by the
parameter K; (1/min). This study involves plotting log(qe-qt) against time (t) to get
the rate constant and correlation coefficient for pseudo first order. These crucial
parameters were primarily derived from the slope and intercept obtained during this

investigation. The Pseudo second order is represented in equation 4 as follows:
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t 1 1

=t )
Je Kqu Qe

Pseudo second order rate constant, denoted as K2 (g/mg min), is calculated by making
a plot t/qt versus t. Following equation describes the linear form of Intraparticle

diffusion kinetic model:
1. 405
qt=kiqt "+C ®)
In equation 5, The term "K;¢" corresponds to the rate constant for intraparticle

diffusion, shown in milligrams per gram multiplied by the square root of minutes

(mg/(g min®?)). Lastly, the intercept is represented by the symbol "C."

(
) (b)

Figure 3.6: (a) Pseudo first order; (b) Pseudo second order; (c) Intraparticle diffusion

kinetics for the biosorption of Pb and Cd by dried biomass of F. muscicola.
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(@) (b)

(©)

Figure 3.7: (a) Pseudo first order; (b) Pseudo second order; (c) Intraparticle diffusion

kinetics for the biosorption of Cd and Pb by the dried biomass of Nostoc sp.

The linear representations of pseudo first-order, pseudo second-order and
intraparticle diffusion kinetic models have been described in Fig. 3.6a, Fig. 3.6b and
Fig. 3.6¢, respectively for the biosorption of cadmium and lead onto the biomass of F.
muscicola. While the Fig. 3.7a, Fig. 3.7b and Fig. 3.7c, describes the linear form plots
of pseudo 1* order, pseudo 2" order and intraparticle diffusion kinetic models for the
biosorption Pb and Cd on to the dried biomass of Nostoc sp. Table 3.1 describes the
parameters of kinetic models with their calculated values obtained from the
biosorption of Pb and Cd by dried biomass of F. muscicola and Nostoc sp. In the
kinetic modelling R* and qe values of the biosorption data suggested that the pseudo
second order was a suitable representation of the biosorption rates for Cd and Pb.

Fitting of the pseudo second order suggest the chemisorption process (Bayo, 2012;
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Ho and McKay, 1998). While the pseudo 1* order and intraparticle diffusion kinetic
models did not follow the biosorption of Pb and Cd on to the dried biomass of both
cyanobacteria strains with low R? values. More over in case of pseudo 1% order the
experimental ge and calculated ge biosorption values were not close to each other.
The findings showed that pseudo second-order kinetic model effectively described the
biosorption process of both metals onto the dried biomass of F. muscicola and Nostoc
sp. Earlier studies also reported the fitting well of the pseudo 2™ order on the
biosorption of metals (Gupta and Rastogi, 2008; Mirghaffari et al., 2015; Tuzun et
al., 2005b). In general, it is very important to evaluate equilibrium time by using
experimental data and kinetic models to ascertain the rate at which various
mechanisms, including chemical reaction, mass transfer and particle diffusion to

administrate the biosorption process (Ho and McKay, 1998; Ozdes et al., 2011).

Table 3.1. Parameters of kinetic models

Kinetics models F. muscicola Nostoc sp.
Metals Parameters Cd Pb Cd Pb
Pseudo first order qe (mg™) 19.652  30.753 [26.206 [30.569
K, (min ) -0.0003  -0.0002 -0.0004 +0.0003
R2 0.411 0.644 0.770  10.863
Pseudo second order |qe (mg™) 65.659 [74.23  169.492 [76.923

K, (gmg™! min-1)0-0025 0.0019 0.00196 [0.00192

R2 0.994 0.997  10.991 |0.990
Intraparticle diffusion K; (mg g! h%%) [3.748  4.242  0.158 (0.632

R? 0.592 0.698 0.148  [0.651
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3.3.5. Effect of initial metal concentrations

Figures 3.8a and 3.8b elucidate the influence of initial metal concentrations on
the biosorption of Cd and Pb onto the dried biomass of F. muscicola and Nostoc sp.
Throughout the concentration range of 20 to 120 mg/L, the biosorption of both heavy

metals exhibited an increasing trend before becoming constant.

Elevation in the concentrations of metal ions within the solution enhances the
driving force for the translocation from the bulk solution to the biomass, thereby
improve the biosorption capacity of the biosorbent (Satya et al., 2020). However, in
the case of Nostoc sp. there was a minor drop in the capacity of biomass at metal ions
concentraions of 120 mg/L. At higher metal ion concentrations, the biomass binding
sites become saturated, the metal ions may remain un-adsorbed in the solution. This is
consistent with the findings of the previously reported research (El-Sheekh et al.,
2019b; Sun et al., 2012). Furthermore a preference to Pb sorption over Cd has been
reported too (Abdel-Aty et al., 2013; Mirghaffari et al., 2015). The present data
revealed such preferences in case of F. muscicola and Nostoc sp. too. Similarly
comparing the species, Nostoc sp. showed higher capacity to remove Cd and Pb

compared to F. muscicola.

(2) (b)

Figure 3.8: (a) Effect of initial metal concentrations on the biosorption of Cd and Pb
by dried biomass of F. muscicola; (b) effect of initial metal concentrations on the

biosorption of Cd and Pb by dried biomass of Nostoc sp.
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3.3.6. Biosrption Isotherms

The Langmuir model measures the formation of an adsorbate monolayer on
adsorbent surface and this model describes the distribution of metal ions when the
liquid and solid phase are in equilibrium (Langmuir, 1918). Freundlich isotherm is
suitable for describing multilayer biosorption processes on surfaces that exhibit
heterogeneity (Freundlich, 1906) and Temkin isotherm model explains the interaction
between the adsorbent and adsorbate. This model postulates that the heat of
biosorption, which is a function of temperature, declines linearly rather than
logarithmically, while disregarding conditions of extremely low and high
concentrations (Tempkin and Pyzhev, 1940). Using OriginPro 8.5 software, the data
were fitted with linear regression analysis to establish the isotherms parameters.

Equation (6) represents the Langmuir’s isotherm as follows:

11 1 1 ©
de Ki Odmax Ce  Omax
_ 1
RL_1+CiXKL

In equation 6, ge is biosorption capacity (mg/g), C. (mg/L) is concentrations of metals
at equilibrium, C; is the initial metal concentration, Ki (L/mg) shows the Langmuir’s
isotherm constant and qmax (mg/g) represents the maximum biosorption capacity, Rr is

the separation factor.
Linear form of Freundlich’s isotherm is described in the following equation (7):
1
Logge = LogKr+ nlogCe (7

In equation 7, g is biosorption capacity (mg/g) Kr(mg/g) represents the Freundlich’s
constant used to evaluate the biosorption capacity and 1/n represents the biosorption

intensity.

Temkin isotherm model equation (8):

RT
qe = ——In (Ar Ce)
by

B _RT
T by

86



Chapter 3 Biosorption Using Dried Biomass

ge =BrIn (AT) + BrIn(C.) (8)

In equation 8, Temkin equilibrium binding constant is denoted by At, Temkin

isotherm constant by br. R* stand for the coefficient of correlation constant, B is the

heat of adsorption constant, and T is the temperature.

() ®)

(©)

Figure 3.9: (a) Langmuir (b); Freundlich (c); Temkin isotherm models for the

biosorption of Cd and Pb by dried biomass of F. muscicola.

(@) (b)

(c)

Figure 3.10: (a) Langmuir; (b) Freundlich; (c) Temkin, isotherm models for
biosorption of Cd and Pb by dried biomass of Nostoc sp.
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Liner form plots of Langmuir, Freundlich and Temkin isotherm models are
shown in figure 3.9a, 3.9b and 3.9c, respectively for the biosorption of Cd and Pb by
the dried biomass of F. muscicola. While the figure 3.10a, 3.10b and 3.10c shows the
Liner form plots of Langmuir, Freundlich and Temkin isotherm models, respectively

for the biosorption of Cd and Pb by dried biomass of Nostoc sp.

Parameters calculated from the isotherm models using biosorption experimental
data are described in Table 3.2. Data showed that Langmuir isotherm model fitted
well to the experimental biosorption data with high R* values. It suggests that the
biosorption took place as a homogenous monolayer on biosorbent. Earlier studies also
showed that biosorption of metals on the biosorbent surface took place as a
homogenous monolayer (Ozer and Ozer, 2003; Tuzun et al., 2005b). Theoretical
biosorption capacity (qmax) of the biosorbent F. muscicola dried biomass was 63.572
mg/g for Cd and 70.274 mg/g for Pb which were very close to the experimental values
63.15 and 70.37 mg/g for Cd and Pb, respectively. Similarly, theoretical biosorption
capacity (qmax) of the biosorbent Nosftoc sp. dried biomass were 83.963 and 75.757
mg/g for Pb and Cd, respectively and the biosorption capacity of biomass were 78
mg/g and 67.45 and for Pb and Cd, respectively. qmax values anticipated from the
Langmuir model agreed with the experimental values. The values of separation factor
R also favour the sorption phenomenon (Table 3.2). Temkin isotherm model
described well to the biosorption of Cd using F. muscicola dried biomass. The
coefficient of correlation (R*) was 0.984. Comparative analysis of Cd and Pb
biosorption by F. muscicola and Nostoc sp. dried biomass with other biosorbents
suggested that biosorbents used in this study are better than many of the biosorbents

described previously (Table 3.4).
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Table 3.2. Parameters of Isotherm models

Isotherm models \F. muscicola Nostoc sp.

Parameters |Cd Pb Cd Pb

Langmuir |qmax (mg/g) [63.572 [70.274 [75.757 (83.963
K (L/mg) 0267 0.755  (0.149  [0.428
Rp 0.0360 (0.013 0.0627  10.0098
R 0.989 10.985  0.993  10.998
Freundlich Kr(mg/g)  [17.788 [28.986 (15915 27.664

I/n 0.344 |0.278 0.391 0.328
R 0.951 |0.832 0.897 0.844
Temkin  [Kr 2.788  |14.726  |1.752 7.228
Br 13.013 |11.745 [15.796 |14.68
R 0.984 10.887 0.947 0.928

3.3.7. Desorption and reusability

Pb and Cd biosorption results showed that biosorbents used in this study
possess the potential for sequestering the metals from the aqueous solution. To
establish the desorption-to-biosorption ratio (D/B), experiments were conducted over
three cycles as described in Table 3.3. Upon employing 0.1M HCL, desorption of
both metals was found up to 90% (Table 3.3). Following the initial biosorption-
desorption cycle; there was a little drop inthe biosrotion capacity of F. muscicola and
Nostoc sp. dried biomass. According to Tuzun et al., (2005b) after 6 cycles, the C.
reinhardtii microalgae biomass lost some of its capacity to adsorb Cd and Pb ions.
Decline in the biosorption potential of biomasscould be due to the eluent used for
desorption of metals and consequently losing the binding sites on the surface of
biomass. Cost effectiveness of this process depends on determining how much of the
dried biosorbent may be reused. As a result, variations in the ratio of desorption to
biosorption were utilized to assess this potential (Akar et al., 2013; Kumar and Gaur,
2011; Luo and Xiao, 2010). However, the desorption process is important as it assists
in the recovery of economically important metals (Pérez-Rama et al., 2010;

Rangsayatorn et al., 2002; Rodrigues et al., 2012).
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Table 3.3. Borption-desorption of Cd and Pb by dried biomass of F. muscicola and

Nostoc sp.
Strains Heavy | Cycles | Biosorpti- | Desorptio | Ratio, D/B | Desorption
metals on (mg/g) | n (mg/g) (mg/g) (%)
Cd 1 63.51 57.231 0.901 90.1
2 60.233 54.5 0.90 90
F. 3 56.272 51.561 0.916 91.6
muscicola | Pb 1 70.251 63.29 0.90 90
2 67.01 61.134 0.91 91
3 62.56 56.217 0.898 89.8
Cd 1 65.65 61.22 0.932 93.2
2 62 57.5 0.927 92.7
Nostoc sp. 3 57.02 52.11 0.913 91.3
Pb 1 74.49 71.4 0.958 95.8
2 69.22 64.45 0.931 93.1
3 60 56 0.933 93.3

Table 3.4. Comparison of maximum biosorption capacities of F. muscicola

and Nostoc sp. dried biomass with other biosorbents

Algal Strain Cd Pb (biosorption [Reference
(biosorption capacity), mg/g
capacity), mg/g
Anabaena sphaerica [111.100 121.950 (Abdel-Aty et al.,
2013)
Scenedesmus 135.100 333.3 (Mirghaffari et
quadricauda al., 2015)
Ulva lactuca 29.2 34.7 (Sart and Tuzen,
2008)
Rhizopus arrhizus 27 56 (Rakhshaee et
al., 2006)
Pinus sylvesteris 19.1 22.2 (Fourest and
Roux, 1992)
F. muscicola 63.572 70.274 Current study
Nostoc sp. 75.757 83.963 Current study
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In conclusion

Removal of heavy metals with cyanobacteria is effective and green technology to treat
wastewater.

Nostoc sp. was more effective than F. muscicola in bio-removal of Cd and Pb from
aqueous solutions.

Mechanism of Cd and Pb ions binding to dried biomass of both cyanobacteria species
was chemisorption and homogeneous.

Reusability of dried biomass of F. muscicola and Nostoc sp. is revealed. The process

may help to reclaim economically important metals.
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Graphical Abstract

Graphical abstract: Graphical representation of comparative studies on growth and
biosorption of Cd and Pb by fresh biomass of Fischerella muscicola and Nostoc sp.
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Summary

Increasing industrialization has intensified heavy metal pollution, posing severe
threats to environmental and human health. This study investigated the fresh biomass
potential of two cyanobacteria, Fischerella muscicola (branched heterocystous
cyanobacterium) and Nosfoc sp. (un-branched heterocystous cyanobacterium) as
biosorbents for the removal of Cd and Pb from aqueous solution. Furthermore, the
effects of Cd and Pb on the growth, biomass and photosynthetic pigments were
investigated. Fischerella muscicola tolerated Cd and Pb stress up to 1.5 and 30 mg/L,
respectively. While, Nostoc sp. tolerated Cd and Pb stress up to 1.75 and 45 mg/L,
respectively. Exposure of these strains to different concentrations of Cd and Pb
showed inhibitory effects on the growth, biomass, chlorophyll and carotenoids.
Studying the biosorption process, the effects of initial metal concentrations, pH and
contact time were optimized. Biosorption experimental data was analyzed with three
kinetics (Pseudo first order, Pseudo second order and intraparticle) and isotherms
(Langmuir, Freundlich and Temkin) models to assess the mechanism and rate of
biosorption. Modeling results showed the Pseudo second order and Langmuir
isotherm models as best fit to the experimental biosorption data. Modeling analysis
suggested that the binding of metals to the biomass in case of both the strains was
chemisorption in nature and homogeneous in manner. Langmuir isotherm calculated
maximum biosorption capacity of F. muscicola fresh biomass as 84.38 and 75.30
mg/g for Pb and Cd, respectively. Similarly, Langmuir isotherm calculated Nostoc sp.
maximum biosorption capacity as 86.73 and 81.69 for Cd and Pb, respectively. The
results showed that Nostoc sp. exhibited a greater efficacy in the removal of Cd and
Pb from aqueous solutions comapared to F. muscicola. Further characterization
through FTIR analysis showed that living biomass of both strains possessed the
functional groups which are instrumental in heavy metals binding and removal. Hence
both freshwater cyanobacterial strains may be deployed in removing heavy metals
from aqueous solutionsand their reusability potentials render them as a sustainable

solution for pollution treatment.
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4.1. Introduction

Urbanization and industrialization are two significant phenomena that cause
emission of various environmental contaminants globally. Because of their toxicity
and inability to decompose, heavy metals are regarded as the most dangerous of these
environmental pollutants. In particular, the general health of humans and other living
things is negatively impacted by the heavy metals build-up in the environment (Meitei
and Prasad, 2013; Sar et al., 2011; Verma et al., 2016). Reports indicate that the
industrial sector is responsible for the annual discharge of 300 to 400 million tons of
heavy metals, solvents, toxic sludge and various other waste materials into aquatic
environments (United Nations World Water Assessment Programme, 2006). The US
Environmental Protection Agency (EPA) released a comprehensive list of
contaminants in 1978 which are extremely dangerous to both human health and the
survival of organisms. This record specifically includes heavy metals such as Cd,
chromium, zinc, mercury, Pb, copper, and nickel (Sar1 et al., 2011). Incorporation of
heavy metals into the human body is supportedby three alternate routes which include

air, water and food.

Occurrence of trace amounts of heavy metals within the human body has an
important role in metabolic processes but higher amounts have toxic effects causing
health hazards (Gupta et al., 2016). Heavy metals, whether they possess direct toxicity
or they accumulate indirectly in sedimentsand aquatic organisms, have the potential to
enter human body via food chain (Bo et al., 2015; Dadar et al., 2016; Kumar et al.,
2015). The transfer of heavy metals from lower to upper tropic levels as well as
acquisition in tissues of living organisms can consequently result in increased
concentration. Heavy metals possess the potential to impact the biochemical
properties, structure and growth of microorganisms. It is accomplished by modifying
cell membranes which disturbs the functioning of membranes. Furthermore, oxidative
phosphorylation and enzyme activity can be inhibited by heavy metals modifying the
structure of nuclei acids. Heavy metals can also disrupt the osmotic balance, induce

lipid peroxidation, and denature proteins (Xie et al., 2016).

Cd, chromium, Pb and mercury are at the top of the poisonous hierarchy
among various metal ions (Abbas et al., 2014). It has been found that arsenic, Pb, and
mercury are associated with various kinds of cancers (Conti et al., 2015; Ryan et al.,

2000). Pb is natural component of earth lithosphere and is commonly present in small
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quantities within terrestrial substrates, flora, and aqueous bodies (Evans, 1921).
It is an important pollutant of terrestrial and aquatic ecosystems. Air (15%), water
(20%) and food (65%), and serves as a source for Pb intake. Slightly acidic pH of
water increases the susceptibility of contamination by Pb due to higher probability of
tube corrosion. Therefore, it necessitates the regular and proper testing of pH of
drinking water systems (Sciacca and Conti, 2009; Ryan et al., 2000). It is well
recognized that Cd is one of the most hazardous contaminants and it has a long
biological half-life in living organisms ((approximately thirty years) making it asan
accumulative toxic substance (Goering et al., 1995). When present in trace amounts,
vital human organs like the lungs and liver are not harmed by it but its accumulation
within an organism displaces the indispensable metals required for cellular
metabolism hence halting the enzymatic activities and as a result harming to cell
membrane (Duque et al., 2019). The International Agency for Research on Cancer has
classified Cd as a class I human’s carcinogen (Waalkes, 2000). Cd predominantly
impedes the light-dependent photosynthesis phase and incorporation of carbon in
photoautotrophs which produce oxygen, thus causing reduced growth and primary
productivity as a consequence of their capacity to remove oxidized proteins (Deckert,
2005) and the existence of cellular mechanisms that restrict the transportation and
cycling of toxicants (Malec et al., 2011). There is a rising global concern about
removing heavy metals from water and Cd contamination because it poses a risk to
both human and ecosystem health and industrial waste composition management

(Galiulin et al., 2001).

Heavy metal-polluted wastewater can be purified using a variety of
conventional techniques, including coagulation/flocculation, chemical precipitation,
adsorption on chelating or ion exchange resins and membrane filtering. These
techniques are frequently costly, inefficient-particularly at low concentrations-high
energy and maintenance requirements, and can produce hazardous byproducts (Acien
et al., 2016; Azimi et al., 2017; Fazlzadeh et al., 2017). Therefore, there is a need to
develop methods for effective elimination of pollutants with the goal of enhancing the
process of water treatment, reducing the operational expenses and acquisition as well
as minimizing the carbon footprint that is associated with large-scale treatment

facilities (Gupta and Rastogi, 2008).
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Alternatively, removal of heavy metals based on biological materials including
algae, fungi, bacteria, and yeast as biosorbents to remove organic pollutants and
heavy metals (Barquilha et al., 2017; Camere and Karana, 2018). Recently,
prokaryotic and eukaryotic algae have been found reliable and comparatively
inexpensive biosorbents (Olal, 2016). Heavy metals have lethal effects on
microalgae causing modifications in pigment composition, reducing growth rates of
algae, gross protein and carbohydrate content (Fawzy, 2016). Algae harbor various
enzymes (including catalase, glutathione reductase, superoxide dismutase and
ascorbate peroxidase) and non-enzymatic constituents (such as ascorbate and
glutathione) which serve to safeguard cells from damage due to reactive oxygen
species triggered by the stress of heavy metals. There by augmenting the efficacy of
antioxidant enzymes (Gao et al., 2017). Green and blue-green algae have been
reported as having the high capacity to assimilate metal ions within their cellular
structures (Sivakami et al., 2015). Comparatively cyanobacteria contain an additional
advantage to other microorganisms in terms of basic nutrient requirements, broader
surface area of expanded mucilage and durable binding affinity (Davis et al., 2003).
Utilization of cyanobacteria is becoming a dominating practice in waste management
because it can effectively plunge the presence of heavy metals in industrial waste.
Due to their deleterious nature, these heavy metals have emerged as global threat and
concern (Anjana et al., 2007; Cain et al., 2008; El-Enany and Issa, 2000). Thus its
urgent need for the developments of efficient, economical and ecofriendly
technologies to remove these toxic pollutants from the polluted environment. The
present investigation details the biosorption of Cd and Pb ions from aqueous solutions
utilizing the fresh biomass of newly isolated cyanobacteria, specifically Fischerella

muscicola and Nostoc sp.

The objectives of this research were to utilize the fresh biomass of F.
muscicola and Nostoc sp. as biosorbents to remove the Pb and Cd from the aqueous
solutions. To study the impact of contact time, pH and initial metal concentrations on
the biosorption and to assess the experimental data using Kinetic (Pseudo first order,
Pseudo second order and, Intraparticle diffusion) and Isotherm (Langmuir, Freundlich

and Temkin) models and decipher the possible mechanism of remediation.
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4.2. Materials and Methods

4.2.1. Culturing and assessment of Cd and Pb toxicity effects on growth

Cyanobacteria strains, F. muscicola and Nostoc sp. were cultivated in
Erlenmeyer flasks containing BG;; media (Rippka et al., 1979) and cultures were kept
at 25 + 2 °C under white LED lights and harvested for additional analysis at the
optimum growth using centrifugation for 15 minutes at 4000 rpm. Cd chloride and Pb
acetate were used a source of Cd and Pb in aqueous solutions. Initially 1000 mg/L of
Pb and Cd ions stock solutions were synthesized by separately mixing Cd chloride
and Pb acetate in dH,O (distilled water) and then sterilized using a Millipore 0.22
um filter paper. To obtain the required concentrations, Cd and Pb solutions were
added to the culture media inaccordance with the experiment's specifications. For
assessment of Cd and Pb toxicity effects on F. muscicola and Nostoc sp. growth, a set
of media (100 ml total volume) with increasing Cd and Pb ions concentrations (Cd:
0, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 2.5 and 3 mg/L and Pb: 0, 15, 30, 45, 60, 90
and 120 mg/L) were inoculated with aliquots of F. muscicola and Nostoc sp.
suspension of cells up to the initial OD750 = 0.05. Growth of cyanobacteria was
estimated by measuring an optical density at 750 nm using an ultraviolet visible (UV-

Vis) spectrophotometer (Chandrashekharaiah et al., 2021).
4.2.2. Measurement of photosynthetic pigments

In photosynthetic pigment assays, 1 ml of cell suspension was extracted by
centrifuging the mixture at 15000g for 7 minutes. Supernatant was discrded and pellet
of the cells was mixed with 1 milliliter of pre-cooled (-20°C) methanol. The mixture
was then incubated in dark at 4°C for a minimum of 60 minutes, or until the colour of
the pellet turned white. The absorbacne of the suoernat was measured at 470, 665, and
720 nm (Wellburn, 1994). Chlorophyll a and carotenoids concentrations were
measured using equation 1 and 2, respectively (Wang et al., 2021)

Chl a [ug/ml] = 12.9447 x (Asss — A720) (1)

Total carotenoids [ug/ml] = [1000 X (A470 — A720) — 2.86 x (Chl a [ug/ml])]/221
(2)

4.2.3. Measurement of dry weight

The assessment of cyanobacteria biomass was carried out by following Abd

El- Hameed et al. (2018). Adequate agitation was applied to the cyanobacteria
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suspension or culture flasks, and representative samples of the cyanobacteria
suspension were achieved. Consequently, from the culture media the cyanobacteria
cells were seprated using a centrifuge at 4000 rpm for 10 minutes. The obtained
biomass was re-mixed in distilled water and again centrifuged for 10 minutes. After
washing with distilled water, the cells were transferred to a pre-weighed glass dish.
The biomass was dried in an oven at 65 to 70 °C until two successive weight
measurements of the dish, taken at intervals, yielded a consistent value. Weighing was
performed when the pre-weighed glass dish was cooled to room temperature in a
desiccator. The dry weight of each cell replicate was determined by subtracting the
weight of the dried sample from the initial weight of the glass dish, with the

measurement expressed per unit volume.
4.2.4. Batch biosorption experiments

Biosorption studies were performed using fresh biomass of F. muscicola and
Nostoc sp. as biosorbents and Pb and Cd ions as adsorbates. One gramme of the
biosrbent was dissolved in 100 milliliters (ml) of an aqueous solution containing
metal ions at a concentration of 100 milligrams (mg) per liter in a 250 ml conical
flask. In the current study, effect of different factors such as pH (ranging from 2-8),
initial metal ions concentration (20- 120 mg/L) and contact time (5-120 minutes) on
the biosorption of metal ions onto the biosorbents were studied. Mixture of metal
ions and biosorbents were stirred at 150 rpm using an orbital shaker for a
predetermined period at 25 °C. Whatman-40 filter paper was used to filter the
solution and Initial and final metal concentrations in the filtrate were determined
using Agilent Flame Atomic Adsorption Spectrometer (FAAS). Biosorption capacity

(mg/g) of fresh biomass was calculated using equation 3.

(Ci_ce)
Qe =— XV 3)

4.2.5. Biosorbent characterization

FTIR was used for the characterization of biomass before and after the
biosorption process. FTIR identified the surface functional groups present in the
biomass, while the analysis of non-treated and metals-treated cyanoabcterial cell

morphology was assessed using Light microscopy.
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4.2.6. Data analysis

Eeach experiment was performed in triplicates and the results were presented as
the mean of three values. The data shown in figures and tables (Fig. 4.3; Fig.4.4; Fig.
4.5; Fig. 4.6; Fig. 4.8; Fig. 4.9. Fig. 4.10; Fig. 4.11; Fig. 4.12; Fig. 4.13; Fig. 4.14
and Table 4.1; Table 4.2) describe the average values along with the standard
deviations calculated for all the repeated measurements. The data were statistical
analyzed using OriginPro 8.5 (OriginLab Corporation, Northampton, Massachusetts,
USA) and Microsoft Office Excel (2010) software.
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4.3. Results and Discussion

4.3.1. Effects of Cd and Pb on growth of Fischerella muscicola and Nostoc sp.

To investigate the tolerance of F. muscicola and Nostoc sp. to Pb and Cd stress,
experiments were performed observing the growth response of cyanobacteria cells
(OD750 = 0.05) at different Cd and Pb concentrations. Fig 4.1a and 4.1b show the
culturing images of F. muscicola and Fig 4.1c and 4.1d show the culturing images of
Nostoc sp. under various concentrations of Cd and Pb, respectively. Visuals of
culturing clearly show an inverse impact of the initial concentrations of Cd and Pb on
the growth of cells. The growth declined at low and high concentrations of heavy
metals and eventually led to cell death (Fig 4.1a, b, cand d). Furthermore, various
concentrations of Cd and Pb affected the morphology of both the cyanobacterial
strains. Figure 4.2a, b and ¢ shows the microscopic images of F. muscicola under
control (0 mg/L), Cd (3 mg/L) and Pb (120mg/L) conditions, respectively. Similarly,
Figure 4.2d, e and f show the microscopic images of Nostoc sp. under control (0

mg/L), Cd (3 mg/L) and Pb (120 mg/L) stress conditions respectively.

Figure 4.1: Visuals of Cd and Pb stress on growth of cyanobacteria strains: (a)
Growth (12 days culturing) visuals of F. muscicola in BG,; media with different Cd
concentrations; (b) Growth (12 days culturing) visuals of F. muscicola in BG;; media
with different Pb concentrations; (c) Growth (12 days culturing) visuals of Nostoc sp.
in BG;; media with different Cd concentrations; (d) Growth (12 days culturing)

visuals of Nostoc sp. in BG|; media with different Pb concentrations.
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Figure 4.2: Microscopic images of Cd and Pb stress on the morphology of
cyanobacteria strains: (a) Morphology of F. muscicola (4 days culturing) in BGy,
media with Cd (0mg/L); (b) Morphology of F. muscicola (4 days culturing) in BGy,
media with Cd (3 mg/L); (c) Morphology of F. muscicola (4 days culturing) in BGy;
media with Pb (120 mg/L); (d) Morphology of Nostoc sp. (4 days culturing) in BGy;
media with Cd (0 mg/L); (e¢) Morphology of Nostoc sp. (4 days culturing) in BGy;
media with Cd (3 mg/L); (f) Morphology of Nosfoc sp. (4 days culturing) in BGy;
media with Pb (120 mg/L).

The cells of the both cyanobacteria strains grew well under the control
conditions whereas the growth rate of strains under different metal concentrations
gradually dropped with increase in concentrations of Cd and Pb as assessed over a
period of 12-days. At Cd concentrations of 1.5 mg/L, the biomass of F. muscicola did
not show any significant increase even on the extension of time. However, the strain
revealed tolerance to Cd stress @ 1.5 mg/L. Similarly, at a Pb concentration of 30
mg/L, the cell biomass of F. muscicola did not show any significant increase even
with dilated cultivation time and the strain tolerated Pb stress up to 30 mg/L. The
highest biomass yield (OD7s0) experienced a substantial decline when exposed to Cd
at a concentration of 3.0 mg/L and Pb at a concentration of 120 mg/L, indicating that
inhibitory effects of Cd and Pb on cyanobacteria growth were dose dependent. Figure

4.3a and 4.3b shows the growth curves of F. muscicola under different concentrations
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of Cd and Pb, respectively.

Similarly, Nostoc sp. showed decent growth in the control conditions and
declined under different concentrations of Pb and Cd over a twelve-day period of
culturing. At Cd concentrations of 1.75 mg/L, the cell biomass did not show a
significant increase with the extension of cultivation time, and the strain revealed
tolerance to Cd stress up to 1.75 mg/L. In the same way, when the concentration of
Pb reached upto 45 mg/L, the cell biomass did not show a notable rise when the
cultivation duration was extended. Furthermore, Nostoc sp. showed tolerance to Pb
stress up to 45 mg L Exposure to Cd at a concentration of 3.0 mg L' and Pb at a
concentration of 120 mg L™ resulted in a significant decrease in the biomass yield,
suggesting that the effects of Cd and Pb on cyanobacteria growth were dose-
dependent. Figures 4.3¢ and 4.3d depict the growth curves of Nostoc sp. at various
amounts of Cd and Pb, including the control group. Analysis of the growth curves of
both strains indicates that Nostoc sp. exhibited greater tolerance to Cd and Pb stress in
comparison to F. muscicola. Growth rate of Nosfoc sp. was also higher than the F.
muscicola. In a previous study it has been described that higher concentrations of Pb
showed the inhibitory effects for growth of two cyanobacteria, Anabaena variabilis
and Nostoc muscorum (Abd El- Hameed et al., 2018). Similarly in another study it has
been described that Cd exerted toxic effects on the metabolic system of Synechocystis

sp. PCC6803 and reduced the growth (Shen et al., 2021).
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Figure 4.3: Growth curves of two cyanobacteria strains: (a) growth curve of F.
muscicola under control and various concentrations of Cd; (b) growth curve of F.
muscicola under control and various concentrations of Pb; (c) growth curve of Nostoc
sp. under control and various concentrations of Cd; (d) growth curve of Nostoc sp.

under control and various concentrations of Pb.
4.3.2. Effects of Cd and Pb on biomass

Cd and Pb stress exert the effects on the biomass of the cyanobacteria. As
illustratedin Figure 4.4a and 4.4b, amount of biomass of F. muscicola varied during
the incubation period under various concentrations of Cd (0, 1.5 and 3 mg/L) and Pb
(0, 30 and 120 mg/L). Similarly, as illustrated in Figure 4.4c and 4.4d, biomass of
Nostoc sp. varied during the incubation period based on the concentrations of Cd (0,
1.75 and 3 mg L") and Pb (0, 45 and 120 mg/L). After 96 hours of incubation, the
biomass of both strains was highest in the control treatment @ 0 mg/L (Cd and Pb)
and lowest in the highest concentrations @ 3 mg/L of Cd and 120 mg/L of Pb. In the
control treatment the biomass of F. muscicola was recorded as 83.12 mg/L while in
the highest concentrations of Cd and Pb the biomass was recorded as 25.45 and 21.45
mg/L, respectively. Similarly, in the control treatment the biomass of Nostoc sp. was

determined as 86.2 mg/L while in thehighest concentrations of Cd and Pb the biomass
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weight was recorded as 25.4 and 25.69 mg/L, respectively. According to a previous
study (Arunakumara and Xuechen, 2007), high concentrations of metals could
potentially reduced the growth due to the inhibition of various essential processes
such as protein and nucleic acid synthesis, enzyme systems, respiration and
photosynthesis. F. muscicola and Nostoc sp. biomass increased slowly at low Pb and
Cd concentrations and biomass concentrations decreased drastically at higher
concentrations of Cd and Pb. This was consistent with the findings of Hazarika et al.
(2015), who discovered that high Pb concentrations inhibited the growth of biomass
and also caused cell death. Wang et al. (2021) revealed that a high concentration of

Cd had fatal effects on Chlorella vulgaris and reduced the biomass production.

Arunakumara and Xuecheng (2007) demonstrated that high concentrations of
Pb impeded the growth of Spirulina platensis. Also, Chen and Pan (2005),
demonstrated that Spirulina cells died due to growth inhibitions at high Pb

concentrations.

Figure 4.4: Effect of initial metal concentrations of Cd and Pb on biomass of two
cyanobacteria strains: (a) effect of different initial concentrations of Cd on biomass of
F. muscicola; (b) effect of various Pb concentrations on biomass of F. muscicola;
(c) effect of various initial Cd concentrations on biomass of Nostoc sp.; (d) effect of

different initial Pb concentration on biomass of Nostoc sp.
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4.3.3. Effects of Cd and Pb on the photosynthetic pigments

Heavy metals toxicity assessment on photosynthetic pigments of F. muscicola
and Nostoc sp. was carried out using various concentrations of Cd and Pb. It was
found that there was a continuous increase in the chlorophyll a and carotenoids
contents of both strains at control conditions. Photosynthetic pigments contents also
increased at metals tolerant conditions but lower than the control conditions. While a
consistent decrease in chlorophyll a was observed at highest concentrations of Cd and
Pb. Production of photosynthetic pigments was considerably hindered at high
concentrations, 3 mg L™ of Cd and 120 mg L™ of Pb. Figure 4.5a and 4.5b shows the
chlorophyll a content of F. muscicola under control, tolerant and highest lethal
concentrations of Cd and Pb. It is evident from the figures that maximum chlorophyll
a was produced in the control treatments and lowest chlorophyll was produced in the

highest lethal concentrations of Cd and Pb.

Figures 4.5c and 4.5d show that the carotenoids content of F. muscicola was
high in the control treatment and average in the tolerant conditions and lowest at the
high lethal concentrations of the Cd and Pb. Similarly, Fig 4.6a and 4.6b showed the
chlorophyll a content of Nostoc sp. under control, tolerant and highest lethal
concentrations of Cd and Pb. It is evident from the figures that maximum chlorophyll
a was produced in the control treatments and lowest chlorophyll was produced in
the highest lethal concentrationsof Cd and Pb. Figures 4.6c and 4.6d show that the
carotenoids content of Nostoc sp. was high in the control treatment and average in the
tolerant conditions and lowest at high lethal concentrations. Previous studies show the
harmful effects of Cd on cyanobacteria, with the concentration of Cd gradually
increasing and leading to reduced content of chlorophyll and carotenoids (Shen et al.,
2021). It has been found that, following seven days of exposure to varying amounts,
an increase in the Pb concentration in Synechococcus leopoliensis growth medium
caused a corresponding decrease in the amount of chlorophyll (Pinchasov et al.,
2006). The results of this investigation are consistent with the earlier research on Pb
bioaccumulation in algal cells (Rachlin et al., 1984; Poskuta et al., 1996; Starodub et
al., 1987; Sing et al., 1993), It further suggests that an increase in the concentration of
Pb and longer exposure time result in an increased toxicity of Pb on the biosynthesis

of chlorophyll (Poskuta et al., 1996).
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Figure 4.5: Effects of different concentrations of Cd and Pb on the photosynthetic
pigments of two cyanobacteria strains: (a) effect of different Cd concentration on
chlorophyll a content of F. muscicola; (b) effect of various concentrations of Pb on
chlorophyll a content of F. muscicola; (c) effect of different Cd concentration on
carotenoids content of F. muscicola; (d) effect of different concentrations of Pb on

carotenoids content of F. muscicola.
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Figure 4.6: Effects of different concentrations of Cd and Pb on the photosynthetic
pigments of two cyanobacteria strains: (a) effect of different Cd concentration on
chlorphyll a content of Nostoc sp.; (b) effect of various concentrations of Pb
concentration on chlorphyll a content of Nostoc sp.; (c) effect of different Cd
concentration on carotenoids content of Nosfoc sp.; (d) effect of different
concentrations of Pb on carotenoids content of Nostoc sp.
4.3.4.FTIR

Figure 4.7aA, 4.7aB and 4.7aC show the FTIR spectra of F. muscicola un-
treated, Cd and Pb treated fresh biomass, respectively. Similarly, Fig 4.7bA, 4.7bB
and 4.7bC represents the FTIR spectraof non-treated, Cd and Pb treated fresh biomass
of Nostoc sp. The treatment of fresh biomass of cyanobacteria with Cd and Pb
changed the absorption peaks which depicted the interaction of Cd and Pb ions with

the functional groups of fresh biomass.

Figure 4.7aA, the spectrum of the untreated F. muscicola revealed numerous
significant peaks at 3424, 3287, 2926, 2429, 1787, 1649, 1346, 1115, 1032, and
830 cm™. The broad band ranging from 3500 to 3050 cm™ was indicative of the
presence of O-H (hydroxyl) and N-H (amine) groups (Arif et al., 2021; Balaji et al.,
2016). Detection of an absorption peak at 2926 cm™ indicated the presence of carbon-
hydrogen (C-H) stretching vibrations. This specific peak is linked to the stretching
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vibrations of organic molecules of aliphatic C-H bonds (Sudhakar and Premalatha,
2015). Likewise, the absorption peak at 2429cm™ in the FTIR spectra linked to the
stretching vibration of the carbon-nitrogen triple bond (C=N, Cyano group).
Moreover, the absorption peaks ranging from 1787 to 1649 cm'lgenerally signifies the
presence of a C=0O (carbonyl) functional group. These peaks are connected to the
stretching vibration of the carbon-oxygen double bond (C=0) (Grace et al., 2020).
Additionally, the peak observed at 1115 cm™ wave number associated with the C-O
stretching vibration in esters. Similarly, the peak at 1032 cm™ associated with

sulfoxide group (S=O) (Prabha and Anil, 2019).

Similarly, in the FTIR spectrum of non-treated Nostoc sp. biomass, numerous
prominent peaks at wave numbers 3306, 2932, 2429, 1786, 1646, 1513, 1034, and 840
cm™ were observed (Fig 4.7bA). The broad band ranging from 3500 to 3050 cm™
was indicative of the presence of O-H (hydroxyl) and N-H (amine) groups (Arif et
al., 2021; Balaji et al., 2016) and 3306 cm™ is in the range of the presence of 3500 to
3050 cm™ which indicates the presence of O-H and N-H functional groups. Peak at
2932 cm™ corresponds to the existence of C-H stretching vibrations which is
associated with the stretching vibrations of aliphatic C-H bonds present in organic
compounds. Similarly the peak at 2429 cm™ is linked to the stretching vibration of
the carbon-nitrogen triple bond (C=N). Peaks at 1786 cm™ and 1646 cm™ show the
presence of C=0 (carbonyl) functional groups. Peak at 1513 cm™ show the presence
of N-O functional group. The peak at 1032 cm™ corresponds to the sulfoxide group
(S=0) and the peak 840 cm™ show the bending of C=C in alkene.

Specially, it has been found that the key functional groups engaged in the
complexation of heavy metals are amines, hydroxyl, sulfoxide and carbonyl. These
functional groups play a critical role in the binding and removal of heavy metals.
Previously, the complexation of heavy metals by alcoholic and carboxylate groups in
marine algal biomass was confirmed through the utilization of X-Ray Photoelectron
Spectroscopy (XPS) (Sheng et al., 2004). Moreover, entirely functional groups cannot
be deemed as responsible for removing heavy metals instead it is because of variety of
different mechanisms (Volesky, 2003). The FTIR results of F. muscicola and Nostoc
sp. fresh biomass indicated the presence of significant number of functional groups
which indicated the presence of functional groups in both types of biomass facilitated

the elimination of metals, rendering these strains viable candidates for the heavy
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metals biosorption.

(a) (b)

Figure 4.7: FTIR spectra of two cyanobacteria fresh biomass: (a) FTIR spectra of F.
muscicola fresh biomass; (b) FTIR spectra of Nostoc sp. fresh biomass.
4.3.5. Effect of pH on biosorption of Cd and Pb

pH is a key factor which governs the process of biosorption, particularly for
metals, as it is associated with the speciation of the metals. Moreover, the pH has an
effect on several other aspects, such as the capacity for adsorption and the charge on
the surface of the adsorbent (Wu et al., 2014). The pH is significant in the adsorption
of metal ions on to the microalgae biomass due to the competition between protons
and metallic ions for the same active sites. Furthermore, the pH value affects the
characteristics of functional groups on the surface of microalgae cells and the
chemistry of metal ions in aqueous solutions (Monteiro et al., 2012). The influence of
pH on Pb and Cd biosorption onto fresh biomass of F. muscicola and Nostoc sp. was
examined by changing the solution's pH within the range of 2-8 (Fig.4.8a and 4.8b).
When the pH of the solutions increased from 2-6 Pb biosorption by fresh biomass of
both the strains increased and after that thebiosorption of Pb decreased. As the pH
increases, the active sites on the biosorbent become extensively deprotonated, thereby
facilitating the uptake of metal ions by the biosorbent (Laus et al., 2010). In contrast,
biosorption of Cd increased from pH 2 to 7 and decreased at pH 8. Biosorption
capacity of F. muscicola at optimum pH for Cd and Pb was determined as 68.54
and 77.87 mg/g and biosorption capacity of Nostoc sp. fresh biomass at optimum pH
were determined 83.99 mg/g 75.34 mg/g Pb and Cd, respectively. Li et al. (2016),

observed that the interaction between metal ions and hydroxide ions might cause
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precipitation at high pH values and cause the decrease in the biosorption of metals.
Significant increase in the acidity and alkalinity decreased the biosorption of Cd and
Pb. At low pH, the observed phenomenon can be described to the intense competition
of hydrogen ions on the surface of biosorbents due to protonation and the presence of
positively charged adsorbate ions in acidic environment. The probable development
of metal hydroxide precipitates in the solution causes a little drop in the adsorption of
metal ions at higher pH (> 7) (El-Ashtoukhy et al., 2008). It is important to note that
at high pH values, there may be precipitation between metal ions and hydroxide ions
(Li et al., 2016). Consequently, all the biosorption experiments were conducted at pH

6 and 7 for Cd and Pb, respectively.

@) (b)

Figure 4.8: (a) Effect of pH on the biosorption of Cd and Pb by fresh biomass of F.
muscicola; (b) Effect of pH on the biosorption of Cd and Pb by fresh biomass of
Nostoc sp.
4.3.6. Effect of contact time on biosorption of Cd and Pb

This study examined the influence of contact duration the biosorption of Pb
and Cd using the fresh biomass of F. muscicola and Nostoc sp., with contact times
ranging from 5 to 120 minutes, as illustrated in Figures 4.9a and 4.9b. With an
increase in contact time between metal ions and biomass, the biosorption capacity of
F. muscicola and Nostoc sp. increased to remove Cd and Pb from aqueous solutions.
Initially, the biosorption process was fast, which can be credited to the presence of
several active sites on the biosorbent material that instantly interacted with the heavy

metal ions. Although, the accessibility of sites decreased over time, as these sites
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became inhabited, consequent to slow biosorption of metals (Liu et al., 2016).
Biosorption of Cd and Pb by fresh biomass of F. muscicola increased up to 120
minutes of contact time (Fig 4.9a). While the biosorption of Cd and Pb on to the fresh
biomass of Nostoc sp. increased up to 90 and 120 minutes of contact time,
respectively (Fig 4.9b). In previous studies, it has been described that the maximum
biosorption of heavy metals on to the biomass of S. obliguus CNW-N (Chen et al.,
2012), Spirulina platensis (Rangsayatorn et al., 2002), Chlamydomonas reinhardtii
(Tiiziin et al., 2005), and various brown algae (Montazer- Rahmati et al., 2011)
occurred at 2 hours of contact time between metals and biosorbents. Itis important to
note that initial concentrations of heavy metals should not excessively be high due to
toxicity of Pb and Cd on growth of algae. For instance, in this study, all
concentrations of Cd and some of the Pb concentrations used for the biosorption
experiments were higher than the tolerance level of cyanobacterial strains used in this
study. Therefore, short-term heavy metals removal by F. muscicola and Nostoc sp.
has an advantage in treating aqueous solutions containing high initial concentrations
of heavy metals. Zhang et al. (2016) described that short-term removal of heavy
metals by algae showsa distinct advantage in enhancing the removal rate which is

important factor for industrial applications.

Figure 4.9: (a) Effect of contact time on Cd and Pb biosorption by fresh biomass of
F. muscicola; (b) Effect of contact time on Cd and Pb biosorption by fresh biomassof

Nostoc sp.
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4.3.7. Kinetic study

Kinetic modeling plays crucial role in defining the dominant rate of biosorption
and understanding the mechanism involved in the process. In this particular study, the
mechanisms and rates of metal biosorption by the fresh biomass of F. muscicola
and Nostoc sp. were investigated using kinetic models. The kinetic models of pseudo-
first order, pseudo-second order and intraparticle diffusion are expressed through

equations 4, 5, and 6, respectively.

In (ge — qt) = Ingqe — Kit 4)
t_ 1 + ! t 5)
A Kz de
qt=kqt">+C (6)
(a) (b)
(c)

Figure 4.10: (a) Pseudo first order; (b) Pseudo second order; (c) Intraparticle

diffusion, kinetics for the biosorption of Cd and Pb by fresh biomass of F. muscicola.
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() (b)

(©)

Figure 4.11: (a) Pseudo first order; (b) Pseudo second order; (c) Intraparticle
diffusion, kinetics for the biosorption of Cd and Pb by fresh fresh biomass of Nostoc

sp.

Linearized plots of equations 4-6 are depicted in Fig 4.10a, 4.10b, and 4.10c,
respectively for the biosorption of Pb and Cd by F. muscicola. Similarly, Linearized
plots of equations 4-6 are depicted in Fig 4.11a, 4.11b, and 4.11c¢, respectively for
bioosrtion of Cd and Pb by fresh biomass of Nostoc sp. The kinetic parameters
including rate constants, calculated biosorption capacity (mg/g) and correlation
coefficients obtained from the plotted data are tabulated in Table 4.1. A
comprehensive analysis of Table 4.1 reveals that the metals biosorption experimental
data exhibited a remarkable fit to the pseudo-second-order kinetic model, as
evidenced by the high R? values for Cd (0.997) and Pb (0.997) biosorption on to the
fresh biomass of F. muscicola and high R? values for Cd (0.997) and Pb (0.999)
biosorption on to the fresh biomass of Nostoc sp. The successful application of the
pseudo-second-order model to the biosorption process indicates that Cd and Pb
biosorption occurred through chemisorption process (Liu et al., 2012; Liu et al., 2016;
Chen et al., 2018).
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Table 4.1. Parameters of kinetic models

Kinetics models \F. muscicola Nostoc sp.
Parameters Cd Pb Cd Pb
Pseudo first order qe (mg™) 45.797  146.503 [57.931 62.560
K, (min ') -0.00036 -0.00022 |-0.00048 0.00038
R2 0.920 0.929  |0.962 0.981
Pseudo second order  |qe (mg™) 76.511 85.984 [85.543 94.786
K, (gmg'l min'l) 0.001 0.00098 [0.00087  10.00091
R2 0.997 0.997  10.997 0.999
Intraparticle diffusion [K; (mg g' min™®?) [5.035 5.499  [5.917 6.161
R2 0.819 0.832  |0.815 0.812

4.3.8. Effect of initial metal concentrations on biosorption

It was observed that as the concentrations of Cd ions increased from 20 to 100
mg/L, the biosorption capacity also increased from 19.2 to 70.37 mg/g, respectively.
However, there was no further increase in the biosorption of Cd beyond 100 mg/L
(Fig 4.12a). On the other hand, the biosorption of Pb continued to increase up to
concentration of 120 mg/L. Similarly, as the concentrations of Pb ions increased from
20 to 120 mg/L, the biosorption capacity of the biosorbent also increased from 19.46
to 79.01 mg/g, respectively (Fig. 4.12b). The process of biosorbing metals onto the
fresh biomass of Nostoc sp., the effects of initial metal concentrations of Cd and Pb
were investigated at pH 6 and 7, respectively. The biomass dosage for Cd and Pb was
set at 1 g/L, and the contact periods were 90 minutes for Cd and 120 minutes for Pb
(Fig 4.12b). The biosorption capacity increased from 18.34 to 75.33 mg/g as the
concentrations of Cd metal ions increased (from 20 to 120 mg). Pb biosorption
increased from 19.6 to 84.36 mg/g in a similar manner. An increase in the
concentration of metal ions Pbs to a decrease in the barrier to mass transfer between

metal ions and biosorbents, which in turn make the sites more accessible.
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(a) (b)

Figure 4.12: (a) Effect of initial metal concentrations on Cd and Pb the biosorption
by the fresh biomass of F. muscicola; (b) Effect of initial metal concentrations on Cd
and Pb ions biosorption by fresh biomass of Nostoc sp.
4.3.9. Isotherm study

Equilibrium data of Pb and Cd ions biosorption by F. muscicola and Nostoc
sp. fresh biomass subjected to analysis using the Freundlich, Langmuir, and Temkin
isotherm models. Langmuir model postulates that adsorption occurs in a monolayer
fashion on the surface, where numerous accessible sites are present. Following

equation (7) was used to obtain the parameters for Langmuir isotherm.

11 11 -
qe KL qmax - Ce qmax
1
Ry = 1+C;xKy,

Freundlich isotherm model comprise the adsorption process on multilayer and
heterogeneous surfaces (Freundlich, 1906). Such situations can be accounted for by

employing the Freundlich isotherm equation (8).

1
Logq. = LogKy + HlogCe (8)

In contrast to the logarithmic reduction, the Temkin model suggests that energy of
adsorption decreases in a linear fashion as the adsorption sites become occupied

(Temkin, 1940). The Temkin-Isotherm equation (8) can be described as follows:
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RT
qe = ——1In (A7 C) )
by
ge = By In (AT) + B In (C,)
B — RT
" by
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Figure 4.13: (a) Langmuir; (b) Freundlich; (c) Temkin, isotherm modelsfor the
biosorption of Cd and Pb by fresh biomass of F. muscicola.

(a) (b

N

(c)

Figure 4.14: (a) Langmuir; (b) Freundlich; (c) Temkin, isotherm models for the
biosorption of Cd and Pb by fresh biomass of Nostoc sp.
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Figures 4.13a, 4.13b, and 4.13c exhibit the graphical representation of the isotherm
models for biosorption of Cd and Pb by fresh biomass of F. muscicola and Fig 4.14a,
4.14b, and 4.14c exhibit the graphical representations of the isotherm models for
biosorption of Cd and Pb by fresh biomass of Nostoc sp. Table 4.2 displays the entire
information regarding the isotherm constants and correlation coefficients (R?)
acquired from the isotherm modeling. Based on the results, it was found that the
Langmuir isotherm model provided the most accurate description of the data, as
demonstrated by R” values (Table 4.2). This observation suggests that the biosorption
process manifested itself consistently and transpiredexclusively on the surface of the

biosorbent in a homogenous manner (Liu et al., 2012).

The Langmuir isotherm model calculated maximum biosorption capacity of
75.301 mg/g for Cd and 84.38 mg/g for Pb for the biosorbent F. muscicola.
Langmuir isotherm calculated Nostocssp. maximum biosorption capacity as
81.699 mg/g for Cdand 86.730 mg/g for Pb. It showed that cyanbacterium Nostoc sp.
removed more heavy metals from the contaminated aqueous solutions compared to
the F. muscicola. A comparison between the maximum biosorption capacities of fresh
cyanobacteria biomass employed in this study and other biosorbents documented in
previous studies was alsoconducted (Mota et al., 2016; Fagundes-Klen et al., 2007;
Hashim and Chu, 2004; Haghighiet al., 2017; Sar1 and Tuzen, 2008; Abdel-Aty et al.,
2013; Pavasant et al., 2006). It was observed that fresh cyanobacteria biomasses used
in this research project were as more effective biosorbents than numerous other

biosorbents reported previously (Table 4.3).
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Table 4.2. Parameters of Isotherm models

Isotherm models F. muscicola Nostoc sp.
Parameters Cd Pb Cd Pb
Langmuir gqmax (mg/g) | 75.301 84.38 81.699 | 86.730
K. (L/mg) 0.431 0.556 0.243 0.729
Ry 0.0226 | 0.014 0.033 0.011
R2 0.998 0.997 0.999 0.999
Freundlich K (mg/g) 25952 30984 |21.191 33.747
I/n 0.298 0.298 0.368 0.309
R 0.848 0.807 0.892 0.850
Temkin Kr 8.300 12.104 | 3.186 12.926
B 12.577 13.564 15.649 14.732
R 0945 0917 [0977 ]0.953
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Table 4.3. Comparison of maximum biosorption capacities of F. muscicola and

Nostoc sp. fresh biomass with other biosorbents.

Types of biosorbents Maximum biosorption | Reference
capacity (mg/g)
Cd

Cyanothece sp. CCY 0110 16.5 (Mota et al., 2016)
Nostoc sphaeroides 116.28 (Jiang et al., 2016)
Ulva lactuca 29.20 Sar1 and Tuzen, 2007
Chlorella vulgaris 62.30 (Kumar et al., 2015)
Sargassum filipendula 83.41 (Fagundes-Klen et al.,

2007)
Chlamydomonas reinhardtii | 42.71 (Tuzun et al., 2005)
Cystoseira baccata 56.2 (Lodeiro et al., 2006)
Gracilaria edulis 26.88 (Hashim and Chu,

2004)
F. muscicola 75.301 Current study
Nostoc sp. 81.699 Current study

Pb

Cyanothece sp. CCY 0110 23.5 (Mota et al., 2016)
Microcystis aeruginosa 0.96 (Deng et al., 2020)
Limnothrix sp. KO05 82.18 (Haghighi et al., 2017)
Ulva. Lactuca 34.7 (Sar1 and Tuzen, 2008)
Rhizopus arrhizus 56.0 (Fourest and Roux,

1992)
Anabaena sphaerica 121.95 (Abdel-Aty et al,

2013)
Caulerpa lentillifera 28.7 (Pavasant et al., 2006)
F. muscicola 84.38 Current study
Nostoc sp. 86.730 Current study
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In conclusion results of current study show that:

e Cd and Pb affected the growth, biomass, chlorophyll @ and carotenoids status in
the cyanobacteria species (F. muscicola and Nostoc sp.).

e Both species have different level of tolerance against Cd and Pb toxicity.
Interspecies Cd and Pb toxicity assessment identified Nostoc sp. as more tolerant
compared to F. muscicola. The biosorption data showed fresh biomass of Nostoc
sp. was found to be more effective than fresh biomass of F. muscicola to remove
Pb and Cd from aqueous solutions.

e The mechanism of Cd and Pb ions binding to biomass of both cyanobacteria

species was chemisorption and homogeneous.
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CHAPTER 5

Fabrication of Iron Oxide Nanoparticles using
Fischerella muscicola and Nostoc sp. extracts
and their utility in adsorbing Cd and Pb from
aqueous solutions.
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Graphical Abstract

Graphical abstract: Graphical representation of Iron oxide nanoparticles synthesis,

characterization and adsorption of Cd and Pb from aqueous solutions.
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Summary

Water contamination is a worldwide issue consequent to the increasing human
population and fast expansion of industrial activities. In the current study, Iron oxide
nanoparticles were prepared using two cyanobacterial (Fischerella muscicola and
Nostoc sp.) extracts and investigated for their capacity to remove Cd and Pb from
aqueous solution. FTIR, XRD, UV-Vis, SEM, and EDX were employed to study
chemical structure and surface morphological properties of the biosynthesized IONPs.
The influence of pH, initial concentrations of metals, and contact duration on the
adsorption of Pb and Cd ions onto iron oxide nanoparticles was examined. To analyze
the adsorption mechanism, several kinetic models, including Pseudo first order,
Pseudo second order, and Intraparticle diffusion kinetics, as well as isotherm models
such as Langmuir, Freundlich, and Temkin, were employed to interpret the
experimental data. Modeling results showed the Pseudo second order and Langmuir
isotherm models as best fit to the experimental biosorption data.

Langmuir isotherm calculated maximum isotherm adsorption capacity of F. muscicola
mediated IONPs as 93.370 and 94.161 mg/g for Cd and Pb, respectively. Similarly,
the Langmuir isotherm determined the maximum adsorption capacities to be 118.764
mg/g for Pb and 105.932 mg/g for Cd. Following five cycles of adsorption and
desorption, IONPs maintained their adsorption efficiency, exhibiting only a minimal
reduction. Finding of this study revealed that Nostoc sp. mediated IONPS showed
higher potentials of adsorbing Cd and Pb ions compare to F. muscicola mediated
IONPs. Over all findings of this study suggest that both cyanobacteria have the
potentials metabolites to cap the iron metal ions for the synthesis of IONPs and
remove the Cd and Pb with significantly high potential. This shows that the
Nanoparticles synthesized using cyanobacteria extract could be used for the potential
industrial applications to remove heavy metals from the polluted environment in quick

time.
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5.1. Introduction

Heavy metals (HMs) are naturally found in the Earth crust. However, human
activities like mining, agriculture, and industrial emissions contribute HMs into the
environment (Sarker et al., 2022). These are well known environmental pollutants due
to their toxic features, persistence, and ability to accumulate in living organisms (Ali
et al., 2019). In various countries, the concentrations of HMs in ground water, soil,
and several water bodies have surpassed permissible limits due to population
growth, unplanned industrialization, urbanization, and insufficient management
policies, offering a hidden risk to the human food chain (Khalid et al., 2017; Sarker et
al., 2022; Rakib et al.,, 2022). Cd and Pb are heavy metals that are particularly
hazardous environmental pollutants for both plant life and human health (Lou et al.,
2013). Their pollution has a major negative impact on aquatic ecosystems and human
well-being (Liu et al., 2022). Therefore, it is essential to mitigate Cd and Pb harmful
impacts on the environment while also reducing their availability in the food chain.

Several traditional approaches have been employed to remove heavy metals
from polluted water sources. These methods encompass an extensive array of
techniques, which include physical, chemical, and conventional processes such as
coagulation, membrane filtration, reverse osmosis, ion exchange, and electrolysis
(Chen et al., 2020). However, the effectiveness of these traditional methods is limited
when dealing with high metal concentrations and their large-scale applications
become cost intensive. During traditional treatments secondary pollutants are released
which pose adverse effects on the ecosystem andrequire further remediation processes
(Barakat, 2011). Consequently, the development of cost-effective and sustainable
techniques to remove heavy metals from water sources ensures the provision of safe
and uncontaminated drinking water.

Recently, nano-bioremediation has been identified as a promising method for
reducing heavy metal contamination in the environment. Innovative nanomaterial-
based technologies have gained significant attention for environmental remediation.
Notably, a variety of nanocomposite adsorbents for HMs removal from the field are
now commercially accessible, including graphene, iron oxide nanoparticles, carbon
nanotubes, and zero-valent iron (Soltani et al., 2014; Xu et al., 2012; Zhang and Pan
2014). These strategies typically provide a broader array of options for the

management of pollutants in wastewater and groundwater (Yogalakshmi et al., 2020),
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sediments contaminated with heavy metals and hydrocarbons (De Gisi et al., 2017), as
well as inorganic or organic substances in the soil (Bharagava et al.,, 2020) by
minimizing process intermediates, reducing related costs, and alleviating their
negative environmental effects. As new technologies emerge, scientists and
organizations have proposed a major growth in the application of nanomaterials to
meet the growing demands in different application areas (Vazquez-Nunez and
colleagues, 2020). Consequently, there is a necessity for innovative nanomaterials
that exhibit enhanced efficacy in environmental remediation. Compared to other
contemporary materials, nanomaterials exhibit enhanced absorption and catalytic
abilities because of their larger specific surface areas, lower temperature needs for
modification, adjustable pore sizes, reduced inter-particle diffusion distances, more
adsorption sites, and diverse surface chemical properties (Wu et al., 2019).

IONPs have been employed frequently to remove HMs from polluted water
because of their tiny size, high surface area, biocompatibility, and superparamagnetic
characteristics (Xu et al., 2012). NPs are synthesized using a variety of physical and
chemical techniques, including hydrothermal, laser ablation, sol-gel synthesis, and
lithography etc., which require specific tools, expertise and may have harmful impacts
on human health. On the contrary, biological techniques offer cost-effective, non-
toxic, and biodegradable methods for NPs synthesis (Darroudi et al., 2014; Iravani,
2011; Nadagouda and Varma, 2008; Virkutyte and Varma 2011). These environment
friendly techniques utilize less hazardous substances and natural resources such as
bacteria, fungi, algae, and plant extracts (leaf, root, and flower) (; Rajiv et al., 2013;
Shinde, 2015; Behravan et al., 2019). Successful synthesis of NPs using different
salts as a precursor metals has been demonstrated, such as Ag, Au (Dash et al., 2014),
Zn, Cu, Ti (Schabes-Retchkiman et al., 2006), Cd (Suresh, 2014), Fe (Minhas et al.,
2023a), along with alginate (Asadi, 2014), have been identified in various studies.

Cyanobacteria are photosynthetic prokaryotes found in a variety of habitats
(Singh et al., 2014). These have numerous applications in bioremediation, in dietary
supplements, as biomedicine, in agriculture industry and serve as significant source of
secondary metabolites with anticancer and antibacterial activities (Ai et al., 2020).
Numerous studies show the use of cyanobacteria in NPs synthesis and reports suggest
that they are excellent bio-systems for synthesizing the NPs both intracellularly and
extracellularly (Pathak et al., 2019). Notably, in recent studies Desertifilum sp. and
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Oscillatoria limnetica have been successfully used in NPs synthesis through cost-
effective and eco-friendly methods highlighting their wide range applications in
biomedical field (Hamida et al., 2020; Hamouda et al., 2021). However, studies
on the biogenic synthesis of nano-sized iron are limited. For example, Anabaena flos-
aquae and Calothrix pulvinata have been found to synthesize akaganeite (FeOOH)
nanorods (Brayner et al., 2012). Literature shows that there are no studies on the
adsorption of Pb and Cd by IONPs synthesized from the extract of cyanobacteria.

Therefore, in this study, IONPs were synthesized using cyanobacteria (F.
muscicola and Nostoc sp.) extract and they were characterized using various
analytical techniques. As-obtained functioned IONPs were systematically investigated
for their applications as Pb and Cd nano-adsorbents. The experimental factors,
including contact time, pH, initial metal concentrations, were studied through batch
methods. Many Kinetic and Isotherm models were used to study the rate and
mechanism of Pb and Cd adsorption onto IONPs. Furthermore, the reusability of the
nanoadsorbent was investigated.

5.2. Materials and Methods
5.2.1. Chemicals

To prepare salt solution, iron chloride hexahydrate (FeCl;-6H20) was used. Cd
chloride (CdCly) and Pb nitrate (Pb(NOs:). were used to synthesize metal ions
solutions for the adsorption experiments. NaOH and HCI were used to adjust the pH

of the media and other solutions.
5.2.2. Biogenic synthesis of cyanobacteria extract mediated IONPs

Using a pestle and mortar, cyanobacteria (F. muscicola and Nostoc sp.) biomass
was crushed into a fine powder and sieved through a 100 pm mesh. Powdered
biomass of both cyanobacteria was mixed with water separately in conical flasks and
subjected to heating in a water bath for 24 hrs at 100°C to obtain the extracts.
Subsequently, 100 mL of filtered extract was mixed with 3 g of iron chloride
hexahydrate. A mixture of salt and cyanobacteria extract was continuously heated on
a hot plate at 70 °C for 2 hrs. Changes in the color of solution were noted to confirm
the synthesis of IONPs. After the completion of extract and salt solution reaction,
centrifugation was performed at 3000 rpm for 30 minutes to isolate the IONPs from

the solution. To eliminate impurities, [ONPs pellet was washed three to four times
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with double distilled water. The resulting dry powder, designated IONPs, was
incubated at 75 °C for two hours. The dried material was ground into powder and
calcined for two hours at 400 °C in an open-air furnace. Calcined IONPs were stored
in a dry, cold, and dark condition for further investigation (Minhas et al., 2023a).

Figure 5.1 shows the schematic presentation of biogenic synthesis of IONPs.

Figure 5.1: Biogenic synthesis of IONPs
5.2.3. Physio-chemical Characterizations of IONPs

Cyanobacteria mediated IONPs were subjected to comprehensive
characterization usingvarious analytical techniques such as UVis, XRD, FTIR, EDX
and SEM. A UV-visible spectrophotometer in the wavelength spectrum of 200 to 800
nanometers was used to evaluate the Surface Plasmon Resonance (SPR) of the IONPs
and the biomolecules responsible for the reduction, stabilization, and capping of
IONPs were identified using FTIR analysis (range 500-4000 cm™'). Origin Pro 8.5
software was used to analyze the spectra of FTIR. IONPs surface appearance was
determined using SEM. This technique provided valuable insights about the physical
properties of the NPs. EDX analyses were performed to identify the presence of Fe
and other elements associated to the IONPs and the values of EDX provided the

information about the atomic content of the synthesized NPs, reflecting their atomic
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structure. X-ray diffractometer was used for XRD analysis to check the purity of the
prepared IONPs and the mean crystalline size of the synthesized IONPs was

calculated using Scherrer equation.
5.2.4. Adsorption Batch study

Adsorption studies were performed using IONPs as adsorbents and Pb and Cd
ions as adsorbates. One gramme of the adsorbent was dissolved in 100 milliliters (ml)
of an aqueous solution containing metal ions at a concentration of 100 milligrams
(mg) per liter in a 250 ml conical flask. In the current study, effect of different factors
such as pH (ranging from 2-8), initial metal ions concentration (20-120 mg/L) and
contact time (5-120 minutes) on the adsorption of metal ions onto the adsorbents were
studied. Mixture of adsorbate and adsorbents were stirred at 150 rpm using an
orbital shaker for a predetermined period at 25°C. Whatman-40 filter paper was used
to filter the solution and Initial and final metal concentrations in the filtrate were
determined using Agilent Flame Atomic Adsorption Spectrometer (FAAS).
Adsorption capacity (mg/g) of IONPs was calculated using equationl.

(Ci—Ce)
Qe =~ — XV Q)]

5.2.5. Desorption and reusability

For the desorption and reusability studies, Cd and Pb loaded IONPs were
dissolved in 0.1 M hydrochloric acid (HCL) solution for 1 hour at 150 rpm. Metals-
loaded IONPs were rinsed three times with distilled water before to the desorption
investigation to eliminate any loosely attached Cd and Pb ions from the surface of the
adsorbents. Following the desorption investigation, supernatant was collected for
further analysis and IONPs were carefully washed with distilled water after each
cycle to neutralize and re-condition them for further adsorption and desorption
studies.

Eeach experiment was performed in triplicates and the results were presented as
the mean of three replicates. The data shown in figures and tables describe the
average values plus or minus the standard deviations calculated from all the repeated
measurements. The statistical analysis of the data was achieved using OriginPro 8.5
(OriginLab Corporation, Northampton, Massachusetts, USA) and Microsoft Office
Excel (2010) software.
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5.3. Results and Discussion
5.3.1. Physiochemical Characterizations
5.3.1.1. Colour indication

Biogenic synthesis of IONPs was conducted using cyanobacteria extract derived
from F. muscicola and Nostoc sp. The dark brown color of the IONPs was observed
following the reaction between the extract and the salt solution. The colors of the
extract, salt solution, and IONPs are illustrated in Figures 5.2a (IONPs mediated by F.
muscicola) and 5.2b (IONPs mediated by Nostoc sp.). The final dark brown color of
extract and salt solution is a strong indication for successful fabrication of F.
muscicola and Nostoc sp. mediated IONPs. Surface Plasmon resonance and the
interaction of metal ions with bioactive compounds are responsible for the distinctive
color change (Sharif et al., 2023). Figure 5.2c explains the biological reduction

mechanism of Iron Oxide NPs using F. muscicola and Nostoc sp.

Figure 5.2: (aA) Extract of F. muscicola; (aB) Iron chloride hexahydrate salt
solution; (aC) dark brown IONPs; (bA) extract of Nostoc sp.; (bB) Iron chloride
hexahydrate salt solution; (bC) dark brown IONPs; (c) Biological reduction

mechanism of Iron Oxide NPsusing F. muscicola and Nostoc sp. extracts.
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5.3.1.2. UV-visible spectroscopy

Confirmation of IONPs synthesis in solution was subsequently verified by

conducting UV-visible spectroscopic analysis spanning the wavelength spectrum of
300-800 nm. The most prominent peak which indicated the successful synthesis of
IONPs using extract of F. muscicola was found at 404 nm (Fig 5.3a). Similarly, the
most prominent peak at 348 nm was found when the IONPs were synthesized using
the extract of Nostoc sp. (fig 5.3b). These specific absorbance peaks correlate to the
SPR characteristics of IONPs as depicted in Figures 5.3a and 5.3b. UVis analyses
have a significant part in detailed characterization of [ONPs, enabling the acquisition
of crucial insights into their morphology, size, and stability (Abdel-Raouf et al.,
2019). Notably, these findings align with the results described in previous studies
(Minhas et al., 2023a).

(a) ()

Figure 5.3: U. Vis spectra of IONPs: (a) U.V spectra of IONPs (F. muscicola
mediated IONPs); (b) U.Vis spectra of IONPs (Nostoc sp. mediated IONPs).

5.3.1.3. FTIR

FTIR is a useful tool for identifying and characterizing chemicals, such as the
functional group responsible for reduction and functioning as a capping agent in
biosynthetic nanoparticles (Elrefaey et al., 2022). In the F. muscicola mediated
synthesized IONPs, FT-IR analysis revealed major peaks at 3387, 2349, 1996, 1629,
1423, and 684, cm™ (Fig. 5.4a). The peaks at 3387 cm™ and 1423 cm™ were identified
as OH stretching, H-bonded alcohols, and phenols, respectively, while the spectrum at
2349 cm™ was assigned to the stretching vibration of O=C=0 and the peak at 1996
cm™ to the CH-aliphatic. Another band at 1629 cm™ could be linked to alkene C=C
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stretching vibrations. The peak at 684 cm™ was attributed to typical IONPs band
absorption peaks.

FTIR results demonstrated the role of various chemicals in F. muscicola extract
in the reduction, capping, and stabilization of biosynthesized IONPs (Fig. 5.4a).
Similar studies have revealed that metal oxides exhibit absorption bands in the
fingerprint regions below 1000 cm™ due to inter-atomic vibrations (Naseer et al.,
2020). Similarly, the FTIR analysis was conducted for the IONPs synthesized using
extract of Nostoc sp. (Figure 5.4b). FTIR spectrum exhibited seven distinct peaks at
wavenumbers of 3321, 1632, 1450, 1327, 1041, 848, and 631 cm™. Width of peaks
may be attributed to both intra- and intermolecular hydrogen bonding interactions
(Khalafi et al., 2019). Furthermore, this research revealed a distinct band at 1632 cm™
that can be related to the C=C stretching vibration observed in alkenes. The presence
of C-H stretching modes in asymmetric and symmetric carbohydrates or lipids, as
previously reported by Duygu et al. (2012), was also indicated by the detection of a
strong peak at 1450 cm™. FTIR analysis of the IONPs revealed the presence of
sulfoxide and hydroxyl groups, as evidenced by distinct peaks at 1041 and 3321 cm™,
respectively. These findings suggest the reduction of Fe™ ions and the biogenic
synthesis of IONPs (Iram et al., 2010). Additionally, peaks observed at 1327 cm™
correspond to the C-N stretching mode associated with amino acids, while the peak at
848 cm™ is indication of stretching vibration of C-Cl bonds (Hamza et al., 2018).
Moreover, the absorption band at 631 cm™ provides strong evidence for the successful
formation of Fe-O bonds. Consistent with our results, previous studies on the FTIR
spectroscopy of biosynthesized iron oxide nanoparticles have reported absorption
bands at wavelengths such as 550 cm” (Minhas et al., 2023a), 618 cm’
(Karpagavinayagam and Vedhi, 2019), 631 cm™ (Hwang et al., 2014) and 634 cm™
(Sodipo and Azlan, 2015). These collective findings from FTIR spectroscopy suggest
that the Nostoc sp. and F. muscicola extracts possess organic compounds that serve as

stabilizing, reducing and capping agents in the process of IONPs synthesis.
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() (b)

Figure 5.4: FTIR spectra of biogenic IONPs: (a) FTIR spectra of F. muscicola extract
mediated IONPs; (b) FTIR spectra of Nostoc sp. extract mediated IONPs
5.3.1.4. X-ray diffraction

XRD is a useful tool for examining the crystalline form of IONPs and
determining their crystalline size. The crystalline structure of F. muscicola mediated
IONPs was investigated using an X-ray diffractometer. Before performing X-ray
diffraction, biogenic IONPs were annealed at 400 °C. These biologically synthesized
IONPs showed a good crystalline structure in their XRD pattern (Fig. 5.5a). Seven
different peaks corresponding to 2 theta degrees were observed: 27.47¢, 35.96°,
38.69¢, 44.05°, 57.49°, 60.75°, and 65.84°. These peaks matched with (104), (110),
(113), (202), (112), (214), and (300) planes. XRD pattern of IONPs agreed with the
crystallographic planes characteristic of IONPs in a rhombohedral structure, which
corresponds to the JCPDS Card No. 00-005-0586. The average crystalline size was
found~28 nm using the Debye-Scherrer equation (Fig. 5.5b). Itis important that the
XRD spectra contain small peaks that may be linked to the crystallization of organic
compounds on the surface of nanoparticles (Hameed et al., 2023; Khalafi et al., 2019).

Similarly, XRD analysis for the IONPs mediated by Nostoc sp. extract was also
performed. A single pure rhombohedral hematite phase was identified by the XRD
pattern, and it was aligned with Bragg peaks that were assigned to JCPDS Card No.
00-006-0694. The XRD distinct diffraction peaks of IONPs (Fig. 5.5¢c) synthesized by
magnetic stirring were indexed at 2 theta values of 38.56°, 44.37°, 64.51°, and 81.72°,
which were unambiguously associated with Bragg's reflections at planes 101, 110,
200, and 211, respectively. Additionally, the mean crystalline size of IONPs was
calculated using the Scherrer equation, providing an average size of 18.21(Fig. 5.5d)

nm for each particle. This was accomplished by utilizing the high-intensity peak in
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the (101) plane of the diffractrogram. This analysis indicates the crystalline nature of
the IONPs. The outcomes of this study are consistent with previously reported
research on iron oxide nanoparticles synthesized through biological methods (Ondiek,
2016).

(a) (b)

(d)
(©)

Figure 5.5: (a) XRD pattern of F. muscicola mediated IONPs; (b) Size calculation
of F. muscicola mediated IONPs; (c) XRD pattern of Nostoc sp. mediated [ONPs; (d)

size calculation of Nostoc sp. mediated IONPs.

5.3.1.5. Energy dispersive X-Ray and Scanning electron microscopy

EDX analyses were conducted to determine the elemental composition of F.
muscicola mediated IONPs (Fig 5.6a) and Nostoc sp. mediated IONPs (Fig 5.6b).
EDX analysis showed that the F. muscicola mediated IONPs contained components
including Zn, Na, Al, O, Ca, K, Fe and C and Nostoc sp. mediated IONPs contained
K, Na, O, Cl, C and Fe. EDX spectrum also confirmed the successful synthesis of
IONPs using the metabolites of F. muscicola andNostoc sp. It also highlighted that Fe
and O were the predominant constituents of the nanostructure. Notable abundance of
both iron and oxygen in the EDX results relate the single phase purity of the IONPs, in
alignment with the findings reported previously (Nair et al., 2023). The presence of
additional peaks in the EDX spectrum for C, Na, Al, and K are due to capping agents
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like sugars, amino acids, polysaccharides and proteins which are considered the
principal components of cyanobacteria extracts. SEM was used to observe the
surface morphological characteristics of IONPs. Figure 5.6¢ and 5.6b show the SEM
images of the F. muscicola and Nostoc sp. mediated IONPs. The SEM analysis
unveiled the spherical or agglomerated forms of F. muscicola mediated IONPs and

shapes of the Nostoc sp. mediated IONPs was spherical or cubic.

Figure 5.6: (a) EDX spectrum of F. muscicola mediated IONPs; (b) EDX spectrum
of Nostoc sp. mediated IONPs; (c) SEM image of F. muscicola mediated IONPs; (c)
SEM image of Nostoc sp. mediated [ONPs

5.3.2. Impact of pH on the adsorption of metals

pH of the solution is critical in maintaining the surface charge characteristics of
NPs and behavior of the metal ions. In this study, a systematic examination of metal
ions adsorption onto the IONPs mediated by using F. muscicola extract and IONPs
mediated by Nostoc sp. was conducted across a pH range from 2, 3, 4, 5, 6, 7 to 8.
Effects of different pH on the adsorption of Cd and Pb ions on to the F. muscicola
mediated IONPs and IONPs mediated by Nostoc sp. are shown in figure 9aand 9b,
respectively. Results showed that the F. muscicola mediated IONPs had a limited
ability to adsorb Cd and Pb in a low pH (2) environment, with removal capacity of
about 15.5 and 29.13 mg/g for Cd and Pb, respectively. Similarly, the Nostoc sp.
mediated IONPs also showed the limited adsorption of Pb and Cd with removal
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capacity 27.57 and 20.9 mg/g, respectively. This behavior can be related to the
competition between protons and metal ions for active binding sites on the surface of
IONPs. These activesites get protonated at lower pH levels because of the presence of
the additional protons, which reduces the ability of metal ions to bind with the
adsorbent (Barros et al., 2007; Wang et al., 2012). Adsorption capacity of IONPs
improved as the pH of the solution increased, achieving peak adsorption at pH 6 for
Cd and pH 5 for Pb. This is illustrated in Figure 5.7a, which highlights the optimal pH
conditions for these metals. F. muscicola mediated IONPs showed a remarkable
adsorption capacity of 83.71 and 85.55 mg/g, respectively. Likewise, Nostoc sp.
mediated IONPs removed remarkable concentrations of Cd and Pb with removal

capacity of 85.44 mg/g for Cd and 95.13 mg/g for Pb Figure (5.7b).

However, it is essential to note that the adsorption of Cd ions began to decline
after pH 6, and reduction in Pb ions adsorption was observed after pH 5. The presence
of hydrolyzed Pb ions after pH 5 could be the reason for decreased Pb adsorption. It is
interesting to note that depending on the pH, Pb may exist in a variety of various
forms, including Pb(OH)*, Pb3(OH)4]*", Pb(OH)", Pb3(OH)*", Pb6(OH)8]*" and
Pb60(OH)"" (Breza and Manova, 2002). Beyond pH 5, Pb ions convert into
Pb(OH)”, and electrostatic repulsion strongly attracts Pb(OH)> to the negatively
charged surface of the adsorbent (Ebrahim et al., 2016; Sarojini et al., 2021).

(a) (b)

Figure 5.7: (a) impact of pH on the adsorption of Cd and Pb onto the F. muscicola
mediated IONPs; (b) impact of pH on the adsorption of Cd and Pb onto Nostoc sp.
mediated IONPs.

5.3.3. Impact of contact time on adsorption

Contact time is an important factor in metal ions adsorption. A comprehensive

135



Chapter 5 Biogenic Synthesis of Iron Oxide NPs

investigation was performed to explore the influence of contact time adsorption over
time periods ranging from 5 to 120 minutes. Initially the adsorption rate of metal ions
on to the adsorbents was rapid as described in the Figure (5.8a and 5.8b) with distinct
patterns. This behavior of metal ions adsorption on to the IONPs was due to free
availability of adsorption sites in the initial phase of adsorption. The contact duration
between the metal ions and the nanoadsorbent plays important role in the cost-
effective treatment of wastewater. By increasing the duration of contact between
contaminants and adsorbent, the adsorption efficiency significantly enhances because
of the increased interaction between metals and chelation active sites. Typically, at the
start of the adsorption process, the removal efficiency starts off fast and then builds up
progressively. This happens because of the accessibility of the initial free active sites
available for adsorption, which is progressively taken up bychelated metals over time
(Dubey et al., 2016). F. muscicola mediated IONPs, the maximum adsorption of Pb
was 86.208 mg/g at contact time of 90 minutes and the maximum adsorption of Cd
was 82.433 mg/g at 120 minutes of contact time. While on the Nostoc sp. mediated
IONPs, the maximum adsorption of Pb was 95.1 mg/g at contact time of 90 minutes
and the maximum adsorption of Cd was 86.58 mg/g at 120 minutes of contact time.
These findings show that IONPs have high adsorption capacity for the removal of Pb
and Cd. Results of this study were found consistent with the previous studies showing
the optimum adsorption at 120 minutes for Cd (Ameh, 2023; Jain et al., 2018) 90
minutes for Pb (Ameh, 2023).

b
@) (b)

Figure 5.8: (a) Impact of contact time on the adsorption of Cd and Pb ions onto the F.
muscicola mediated IONPs; (b) Impact of contact time on adsorption of Cd and Pb
ions onto the Nostoc sp. mediated [ONPs.
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5.3.4. Kinetic modeling of the experimental data

The most crucial aspect to consider in any adsorption inquiry is the adsorption
kinetics, which must be analyzed. Adsorption kinetics is the study of how a system's
sorption properties, its reaction rate and sorption mechanism improve over time
(Mohamed et al., 2023). In a liquid phase system, the rate of adsorption using solid
adsorbent is significantly impacted by many physicochemical parameters throughout
the adsorption process (Ghaedi et al., 2014). Extensive kinetics analysis on Cd and Pb
ions adsorption on to the cyanobacteria mediated IONPs were conducted and used a

variety of kinetic models as described below:

Pseudo first order kinetic model:

In (ge — qt) = Inqe — Kt 2)

Pseudo-second- order kinetic model:
t 1 N 1
Jde K2q§ de

(3)

Intraparticle diffusion kinetic model:

qt=kiat">+C “4)
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(@) (b)

(c)

Figure 5.9: Pseudo 1%; order (b) Pseudo 2"; (c) Intraparticle diffusion, kinetics for
the adsorption of Pb and Cd onto the F. muscicola mediated IONPs.

(@ (b)

(¢)

Figure 5.10: Pseudo 1* order; (b) Pseudo 2™; (c) Intraparticle diffusion, kinetics for
adsorption of Pb and Cd onto Nostoc sp. mediated IONPs.
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Linearized plots for equation 2, 3, and 4 are shown in figures 5.9a, 5.9b, and
5.9c¢, respectively for Cd and Pb adsorption onto the F. mscicoala mediated IONP.
While figures 5.10a, 5.10b and 5.10c show the graphical representation of Pseudo first
order, Pseudo secondorder and Intraparticle diffusion kinetic model for the adsorption
of Cd and Pb onto the IONPs mediated by Nostoc sp. Table 5.1 displays the rate
constants, kinetic parameters, and correlation coefficients obtained from the graphs of
kinetic models. Kinetic modeling of the adsorption data showed significantly higher
correlation coefficient (R?) values obtained from the Pseudo second order models
(Table 5.1). This indicates that the rate-regulating phase in the adsorption of Pb and
Cd ions onto the Nano-adsorbent was chemisorption in nature involving valence
forces and potential electron sharing or exchange between the adsorbates and
adsorbents (Ho & McKay, 1999). Data in Table 5.1 shows low values of R? for
Pseudo first order and intraparticle diffusion kinetic models indicating that these
models were not suitable to describe the adsorption mechanism of Cd and Pb in the
present case.

Table 5.1. Parameters of the pseudo first order, pseudo second order, and intraparticle

diffusion kinetic models

Kinetics models F. muscicola Nostoc sp.
Parameters Cd Pb Cd Pb
Pseudo first qe (mg™) 79.716 99.733 | 94.99 92.489
order K, (min") -0.00109 | -0.001 | -0.003 -0.001
R’ 0.969 0.916 0.937 0.911
Pseudo second | qe (mg™) 94.876 86.208 | 93.109 102.774
order Ko (g mg-! min1y | 0-0006 | 0.0007 |0.0009 | 0.0011
R’ 0.996 0.996 0.998 0.999
Intraparticle Ki (mg g’ min™) | 6.728 0.125 [5.953 6.219
diffusion R’ 0.916 0.801 0.824 0.748

5.3.5. Impact of initial metal concentrations on adsorption of Cd and Pb

Figure 5.11a and Figure 5.11b show the influence of initial metal
concentrations of Cdand Pb ranging from 20, 40, 60, 80, 100 to 120 mg/L on the
adsorption of Cd and Pb ions onto IONPs. It was found that metal ion adsorption
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increased with increasing initial metal concentrations. The highest adsorption of Cd
and Pb onto the surface of the F. muscicola IONPs occurred at the concentrations
of 120 mg/L and maximum adsorption was 84.38 and 87.4 mg/g for Cd and Pb,
respectively. While the maximum adsorption of Cd on to the Nostoc sp. IONPs was
85.55 mg/g) which was observed at 100 mg/L and the Pb ions maximum adsorption
was at an initial concentration of 120 mg/L. However, it is important to note that the
difference in the adsorption between the initial concentrations of 100 mg/L and 120
mg/L for Pb ions was relatively minimal. Consequently, we calculated the maximum
Pb adsorption to be 95.02 mg/g at an initial concentration of 100 mg/L and 95.04
mg/g at a concentration of 120 mg/L. The difference in active binding sites
accessibility can be attributed to Cd ions having lower accessibility than Pb ions,
resulting in a difference in the adsorption capacities of IONPs for Cd and Pb ions. The
results of this research demonstrate that when the concentration of metal ions in the
solution increased it also increased Pb and Cd ions adsorption onto IONPs. As seen
in earlier studies utilizing silicate porous materials as adsorbent for the adsorption of
Cd, Cu and Pb ions, the adsorption capacity increased at greater starting
concentrations of the adsorbates (Ouyang et al., 2019). The rise in adsorption capacity
as a function of metal ion concentration is attributed to the increased concentration,
which in turn generates a substantial driving force between the solid and liquid phases

(Alietal., 2019).

(a) (b)

Figure 5.11: Impact of initial metal concentrations on the adsorption of Cd and Pb
ions onto the F. muscicola mediated IONPs; (b) Impact of initial metal concentrations

on adsorption of Cd and Pb ions onto the Nostoc sp. mediated IONP.
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5.3.6. Isotherm study

One of the objectives of this research was to apply Langmuir (Langmuir,
1918), Freundlich (Freundlich, 1906), and Temkin (Tempkin and Pyzhev, 1940)
isotherm models on Cd and Pb adsorption experimental data to study the isothermal

behavior during the adsorption of Pb and Cd on to the IONPs.

(a) (b)

(c

Figure 5.12: (a) Langmuir; (b) Freundlich; (c) Temkin, Isotherms for the
adsorption of Pb and Cd onto the F. muscicola mediated IONPs

(a \(b

(c)

Figure 5.13: (a) Langmuir; (b) Freundlich; (c¢) Temkin, Isotherms for the adsorption
of Pb and Cd onto the Nostoc sp. mediated [ONPs.
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Plots of the isotherm models are shown in Figures 5.12a, 5.12b and 5.12c for
the adsorption of Pb and Cd onto the F. muscicola mediated IONPs. Similarly plots of
the isotherm models are shown in Figures 5.13a, 5.13b and 5.13c¢ for the adsorption of
Pb and Cd MNostoc sp. mediated IONPs. The corresponding isotherm constants and
correlation coefficients (R?) are summarized in Table 5.2. The results on application
of Langmuir model showed a notably higher R* value compared to the other isotherm
models, signifying its fitness to the metal adsorption data and affirming the surface
homogeneity of the adsorbent. Adsorption isotherm showed a well-fitted Langmuir
isotherm at high residual Pb and Cd concentrations in the solution phase. It further
indicated reduction of active sites on the adsorbents (Kaewsarn, 2002). Maximum
adsorption capacities of F. muscicola mediated IONPs were estimated using the
Langmuir isotherm as 93.370 mg/g for Cd and 94.161 mg/g for Pb, respectively.
Likewise, the maximum adsorption capacities of Nostoc sp. mediated IONPs were
estimated using the Langmuir isotherm as 105.932 mg/g for Cd and 118.764 mg/g for
Pb, respectively. Additionally, the Freundlich isotherm model yielded 1/n values
between 0 and 1 indicate a favorable adsorption environment. Findings of this study
suggest that the adsorption mechanisms align moreclosely with the Langmuir model.
Table 5.3 compared the maximum adsorption capacities observed in this investigation
to those reported in the literature for nanoadsorbant (Chen et al.,2017; Ebrahim et al.,
2016; Facchi et al., 2018; Gong et al., 2012; Kumari et al., 2015; Lin et al., 2018;
Rajput et al., 2016; Recillas et al., 2011; Rusmin et al., 2017; Sarojini et al., 2021,
Shalaby et al., 2014; Tran et al., 2010). In terms of maximum adsorption capacity,
comparison show that the cyanobacteria mediated IONPs fabricated in this study and
used as adsorbents outscored many other adsorbents (Rusmin et al., 2017; Facchi et

al., 2018; Kumari et al., 2015; Tran et al., 2010).
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Table 5.2. Parameters of Langmuir, Freundlich and Temkin isotherm models

\F. muscicola mediated |Nostoc sp.
Isotherm models
TIONPs mediated IONPs
Parameters Cd Pb Cd Pb
dmax (mg/g) 93.370 94.161 105.932 [118.764
KL (L/mg) 0.682 0.494 0.396 0.362
Langmuir
R, 0.012 0.016 0.0246  10.0268
R’ 0.999 0.992 0.99 0.99
Kf (mg/g) 35.427 32.352 32.853 [33.29
Freundlich (1/n 0.320 0.304 0.346 0.427
R® 0.812 0.804 0.749 0.777
Kt 9.114 11.113 8.626 5.697
Temkin Bt 5.698 14.701 16.914 [21.610
R’ 0.953 0.933 0.853 0.805

Table 5.3. Comparison of maximum adsorption capacities of F. muscicola and

Nostoc sp. mediated IONP with other adsorbents

Types of Adsorbents Qmax (mg/g) | Reference
Adsorption of Pb

Chitosan/magnetite 63.30 (Tran et al., 2010)

nanocomposite

Fe;04 nanospheres 18.47 (Kumari et al., 2015)

Sulfonated magnetic anoparticle | 108.93 (Chen et al., 2017)

Polypyrrole iron- xide seaweed 333.33 (Sarojini et al., 2021)

nanocomposite

CHT/ALG/Fe;04 @SiO; 245.28 (Facchi et al., 2018)

composite

Polygorskite-iron oxide 26.70 (Rusmin et al., 2017)

nanocomposite

Fe3O4 nanoparticles 189 (Recillas et al., 2011)

F. muscicola IONPs 94.161 Current study

Nostoc sp. mediated IONPs 118.76 Current study
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Chitosan coated magnetite 39.6 (Shalaby et al., 2014)

Fe30O4Nanoparticles

Fe304 nanomaterial 11.698 (Ebrahim et al., 2016)

IONPs 18.32 (Lin et al., 2018)

SCMNs 18.80 (Gong et al., 2016)

F. muscicola IONPs 93.370 Current study

Nostoc sp. mediated [ONPs 105.932 Current study
Adsorption of Cd

Chitosan coated magnetite Fe;O4 | 39.6 (Shalaby et al., 2014)

Nanoparticles

Fe;O4 nanomaterial 11.698 (Ebrahim et al., 2016)

IONPs 18.32 (Lin et al., 2018)

SCMNs 18.80 (Gong et al., 2016)

F. muscicola mediated IONPs | 93.370 Current study

Nostoc sp. mediated IONPs 105.932 Current study

5.3.7. Desorption and Reusability

For economic viability the reusability of adsorbent in metal sequestration is
crucial. It is depicted by the desorption and regeneration process in wastewater
treatment (Kulkarni and Kaware, 2014). In large-scale operations, it is important to
reduce the operational costs of the adsorption process. Therefore, it is recommended
to reuse the adsorbent by recovering the metal ions from the solution. In acidic
conditions, the bonding complex formed between the metals and the active sites of the
nanoadsorbant can be desorbed, owing to a more favorable protonation of active sites.
In this study, HCI (0.1M) was selected as the desorption effluent (Tan et al., 2012).
Adsorption and desorption tests were run five times in this investigation to verify the
reuse of [ONPs. As illustrated in Fig 5.14a and 5.14b, IONPs retained high adsorption
capacity even after undergoing five cycles of adsorption and desorption. After few
cycles a slight decrease in adsorption capacity was observed which may be attributed
to metals that were irreversibly binding or to the chelating agent losses during the
cycles. Nonetheless, following five cycles of adsorption and desorption, the removal

capacity of IONPs for Pb and Cd remained notably high. After five adsorption and
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desorption cycles, the adsorption capacity of F. muscicola mediated IONPs was 91.87
and 80.41 mg/g for Pb and Cd, respectively and adsorption capacity of Nostoc sp.
mediated IONPs was 92.77 and 88.35 mg/g for Pb and Cd, respectively. In several
previous studies adsorptionand desorption investigations were conducted to study the
reusability of the adsorbent and recovery of economically important metals (Martin et

al., 2018; Zeng et al., 2019; Naseem et al., 2019).

Figure 5.14: (a) Reusability of F. muscicola mediated IONPs; (b) Reusability
of Nostoc sp. mediated IONPs.

In conclusion,

Finding of this study show that Iron oxide nanoparticles were successfully
synthesized from aqueous extract of cyanobacteria which are rich in functional
biomolecules.

Nostoc sp. mediated iron oxide nanoparticles were more (maximum adsorption
capacity 118.764 mg/g and 105.932 mg/g Pb and Cd, respectively) efficient than F.
muscicola mediated iron oxide nanoparticles (maximum adsorption capacity 94.161
and 93.370 mg/g for Pb and Cd, respectively).

Mechanism of Pb and Cd ions binding on to the iron oxide nanoparticles mediated
through F. muscicola and Nostoc sp. was chemisorption and homogeneous.
Reusability study showed that [IONPs have the potential to be reusedand economically

important metals can be recovered in aqueous conditions.
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Synthesis and Conclusion

Pakistan possesses distinctive geographical and environmental conditions
which promote extensive biodiversity, well documented in case of plants and animals.
However, thallophytes including cyanophytes and the algal flora gained little
attention. Lately, as urban areas are expanding with ancillary issues of wastewater and
eutrophication, so is increasing the importance of planktonic life. Therefore the
present study was commissioned to collect, isolate and characterize the native algal
flora from wastewater bodies situated in the suburbs of Islamabad and Rawalpindi.
Initial assessment of samples revealed presence of as many as 9 different heavy
metals some of which especially Cd and Pb were found above the USA EPA mean
permissible limits. The diversity of cyanobacteria in these samples was also high, with
six new species including Desertifilum tharense MK-2, Nodosilinea nodulosa MK-4,
Fischerella muscicola MK-8, Westiellopsis prolifica MK-9, Desikacharya sp. MK-7,

Synechocystis fuscopigmentosa MK-13, all recorded for the first time from Pakistan.

Harnessing the benefit of available facility to culture and maintain
cyanobacteria as axenic cultures is challenging and requires a careful and focused

approach.

Known in the literature are the often-raised quantities of arsenic (As) with
roadside samples; Hg, Pb with effluents of tanneries; Ni/Mn/Co/Cd/Pb with waste of
batteries etc. The findings of present study expand the list to include Cd and Pb with
sewage and e-wastewater sitesin Islamabad and Rawalpindi. Further to this, utilizing
the available facility to culture and maintain axenic cultures of cyanobacteria, several
isolates were obtained and screened for Pb and Cd tolerance. Among these, Nostoc sp.
was the most tolerant species followed by F. muscicola, which emphasized their
potential for environmental bioremediation. Removal of heavy metals utilizing

cyanobacteria is deemed effective and green technology to treat wastewater.

With all the experimental modelities employed for assessment, it can be stated with
confidence that the capacity of two strains (with some level of subjectivity) to bio-
remediate Cd and Pb was average to high (avg. efficiency 70 to 80%). Comparison of
the two strains revealed a higher capacity of Nostoc sp. as compared to F. muscicola
mainly due to its surface chemistry. The NPs synthesis further enhanced the capacity

by a factor of 20 to 30%. Therefore it is highly recommended to deploy
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technology based biological solutions to address environmental issues.
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Future Recommendations

1. Further explore diverse ecological niches in polluted water bodies of Pakistan to
isolate and cultivate algae.

2. Species identified up to genus level are further needs to be characterized upto
species level and for this other loci are needed to be amplified.

3. Investigate the potential integration of biological methods with other water
treatment technologies, aiming to develop hybrid systems for more efficient metal
removal.

4. Further experiments should focus on potential gene targets and produce knock
outs or over expression for enhanced heavy metals tolerance.

5. Calcium-alginate treatment of living cells is suggested to increase the resistance
potential against heavy metals when using the Nostoc sp. and F. muscicola for
practical applications in large-scale water treatment systems for long duration.

6. Cyanobacteria dried biomass, fresh biomass and cyanobacteria based
nanoparticles showed the significant potential. Conduct extensive field trials and
environmental impact assessments in real-world polluted sites are required further
validating the performance, feasibility and ecological safety of these biosorbents
and nanoparticles.

7. These systems are suggested for effective removal of other pollutants.

8. Explore methods for modifying the surface properties of biomass and
biosynthesized nanoparticles to improve their biosorption capacity and stability,
ensuring sustained effectiveness over multiple adsorptions and desorption cycles.

9. Doping of IONPs with Polyvinylpyrroliodone (PVP) and Chitosan is suggested to
increase the active metal binding sites on the surface of the nanoparticles to

further enhance the heavy metals removal potential of these adsorbents.
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Appendices

Appendix (I)

Composition of BolComposition of Bold's Basal medium

Concentration (gm/L dH20)

Stock Components
solution(SL)
Macronutrients (10ml vol)
SL1 NaNO; 25
SLII CaCL.2H» 2.5
)
SL III NaCl 2.5
SL 1V K2HPO4 7.5
SLV KH2PO4 17.5
SL VI MgS04.7 7.5
H>O
Trace Elements Solution (1 ml)
SL VII ZnS04.7TH20 8.82
MnCl,.4H,O 1.44
MoO; 0.71
CuS04.5H,0 1.57
Co(NOs3)2.6H 0.49
20
Boron Solution (1 ml)
SL VIII H3BO3 11.42
Alkaline EDTA Solution (1 ml)
SL IX EDTA 50
KOH 31
Acidified Ferric Solution (1ml)
SL X FeSO4.7H,0 4.98
H>SOq4 Iml (to acidify)
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Appendix (IT)

Compositions of BG-11 medium

Stock
solutions (SL)

Component

gm/L

Volume

SL 1

Na:MgEDT
A

0.1

Ferric
Ammoniu

mCitrate

0.6

Citric acid

0.6

CaCl,.2H,O

3.6

10 ml

SL I

MgS0O4.7H>
O

7.5

10 ml

SL III

K>2HPO4.3H
20

4.0

10 ml

SL IV

Micronutrient media

Component

gm/L

H3;BO;3

2.86

MnCl,.
4H,0

1.81

ZnSOs.
7H,O

0.222

CuSOs.
SH,O

0.079

NaMoOa.
2H>0

0.391

COCl. 6H.0

0.050

1 ml
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Appendix (IIT)

Composition of Spirulina medium

Stock Solution | Components Concentration | Volume (500ml)
(SL) (gm)
NaHCO; 13.61
SL 1 Na,CO; 4.03 500
K,HPO, 0.50
NaNO3 2.5
NaCl 1
K2S04 1
SL 11 MgS04.7H20 | 0.20
CaCl22H20 | 0.04 500
FeSO4.7H20 | 0.01
EDTA (triplex) | 0.08
Micronutrient | 5 ml
solution
Appendix (IV)

Composition of CTAB buffer

Component Amount (gm/100ml)

CTAB 2.00 gm

NacCl 8.19 gm

TRIS HCI 1.2 gm

EDTA 0.58 gm

Appendix (V)
10X CTAB composition

NaCl 4.1 gm
CTAB 10 gm
Distilled water 100 ml
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Appendix (VI)

3M Sodium Acetate solution

Component Quantity (gm/100ml)
Sodium acetate 60 or 24.6
gm
Distilled water 100 ml
Appendix (VII)

10X TBE buffer composition

Tris Base 108 gm
0.5M EDTA 40 ml
Boric acid 55 gm
Distilled water 1 Litre

Appendix (VIII)

1% agarose gel composition

10 X TBE 10 ml

dH,O 90 ml

Agarose 1 gm

Ethidium Bromide 2 ul
Appendix (IX)

Chloroform Isoamyl alcohol (24:1)

Chloroform 24 ml

Isoamyl alcohol 1 ml

Appendix (X)

10% SDS solution:
Dissolve 10 gm SDS in 100 ml of dH,O
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Appendix (XI)

6X Loading Dye composition

Tris HCI1 10 Mm
EDTA 60 Mm
Glycerol 60%

Xylene cyanol FF 0.03 %

Bromophenol blue 0.03 %

Appendix (XII)

DNA bands of axenic cyanobacteria strains

Appendix (XIII)

PCR DNA bands of cyanobacteria axenic strains
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