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Abstract

Emerging pollutants and large volumes of unused dyes from various industries create
serious problems for water bodies. This work introduces a scalable approach to the
application on purifying the water by adsorption of various dyes such as Congo Red (CR),
Methylene Blue (MB), and some organic pollutants Pyrene and Anthracene from an
aqueous solution using bacteria-doped modified aerogel with Sol-gel method of aerogel
production focusing on both conventional and complex materials used as adsorbent
during the process of removal of soluble waste. Key factors influencing adsorption
efficiency, removal percentages such as surface characteristics, pore structure, and
surface chemistry with chemical and structural stability of the adsorbents, are discussed.
The mechanisms governing the adsorption, including physical, chemical interactions
between adsorbates and adsorbents, are examined to provides insight into optimizing

treatments processes.

The results from the studies show the high removal percentages in most of the
experimental runs provide evidence of excellent performance of the adsorbent and the
adsorption holds a higher adsorption capacity for PVA-Saw Dust Biochar-immobilized
with Pseudomonas aeruginosa micro-organism on cationic, anionic and even organic
pollutants. The preparation of aerogel was also done through recycling the waste
materials and aerogels gave excellent removal percentage of > 85% along with the
toxicology study of bacteria-doped aerogel on the germination of Moong Dal (Vigna
radiata) to ensure toxic effects on the environment’s living entities to ensure immobilized
aerogels are suitable to implicates in removal process or not. This study shows the
potential of bacteria-doped aerogel adsorbents in wastewater treatments along with the

possible potential hazard generated during the adsorption.



Chapter 1: Introduction




1. Introduction

India has only 4% of global water resources, mainly from lakes, rivers, and ponds, while
supports 18% of the world’s population. Moreover, as an agrarian country, India is
undergoing massive urbanization, with an urban population from 28% in 2000 to 35.9% in
2023 (Nager et al.,2020). Despite average GDP growth of 6.5% and increasing life
expectancy, India's pharmaceuticals, automotive, chemical, petrochemical, and other
manufacturing industries face severe water scarcity (Moussavi et al., 2018; Roshan and
Kumar, 2020). The problematic situation of the water crisis is increasing with the increase
of population in India and also by the rapid urbanization exponentially and a deep-research
from the Department of Water Resources shows out of 7089 assessment units in the country
1006 units are so-called ‘over-exploited’ in the year 2022 and the situation is increasing
more chaotic day-by-day and also the ‘over-exploited’ number was 909 in 2017 (reported
at 9" Nov 2022 by PIB Delhi). That means the amount and quality of usable water are
decreasing. But the reasons for the water crisis are not single. Various Emerging
contaminants in the water source from multiple industries such as industrial chemicals,
textiles, pharmaceuticals, hospital waste, and pesticides pose a significant hazard to water
quality and amount (Amaly et. al., 2022; Ma, J et al.,2017; Prabha et al.,2017). These
contaminations harm the ecosystem, and even trace amounts of specific chemicals can have

a substantial impact (Gogoi, A. et al.,2018; Rathi et al, 2021).

The increase in population and urbanization has led to a rapid demand for synthetic dyes
and the expansion of various industries viz. textile, plastic, paper, pulp, color photography,
pharmaceutical, and other industries. It’s estimated that about 7 x 10° -1 x 10° tons of dyes
are produced annually (Parmar et al., 2021; Wan, Y et al.,2019). There are many types of
dyes viz. Acid dye (viz. Acid orange 7), Basic dye (viz. Methylene blue and Basic yellow),

Direct dye (viz. Congo Red and Direct Black 38), VAT dye (viz. Vat blue 1, and Vat acid



blue 74), and Nitro dye (viz. Naphthol yellow (II)), etc. (Dutta Soumi, 2021). However,
most of the dyes are toxic (Bani-Atta, S. 2022) and the wastewater from industries must be
treated before discharging into water bodies to remove water pollutants (Wang et al.,2020).
Discharge of contaminated water poses a significant environmental concern. Around 40-
45 % of dyes are contaminated with water during the dying process and 15-20% are rejected
as wastewater, which changes water color (Drumond Chequer, F. M. et al.2011). Most of
the dyes are carcinogenic, mutagenic, and also known as endocrine disruptors, which not
only affect microbes and aquatic animals present in water but also create unfavorable
conditions for plants and human life. In Fig 1. The effect of the textile dyes on human

organs is shown.

Textile dyes

Ingestion and/or inhalation

Nervous system Skin

» Dermatitis

» Allergic conjunctivitis
> Rhinitis

» Occupational asthma

> Other allergic reactions

» Inhibit intracellular enzyme of the
central nervous system

» Nervous system damage due to the
presence of heavy metals

Liver Enzymatic system

» Hepatocarcinoma

» Increase serum alkaline
phosphatase and gamma
glutamyl transferase levels

» Liver damage due to the
presence of heavy metals

» Inactivation of enzymatic activities

» Carcinogenic aromatic amines formation
\ > Block enzymes includes glutathione
reductase and disturb cellular redox
equilibrium

Human chromosomes

Kidney

> Reticular cell sarcoma

» Kidney damage due to the

presence of heavy metals
» Bladder cancer

> Strong genotoxic effects «

> Intercalate with the/helical structure of
DNA and duplex RNA" %

> Mutagenic potentiality .

> Increasing the frequency of mgcronuclei

¥ > Carcinogenic agents ~ ‘,, y

Reproductive system

» Cytotoxic effect on spermatozoa cells
» Tests weight reduction
» Decline in ovarian protein and glucose

Fig 1: Effects of various water-soluble textile dyes on human health (R Al-Tohamy et al., 2022).

The accumulation of organic dyes in water bodies can also hinder light penetration, which
can impede the natural process of decontamination and photosynthesis (Chowdhury et al.,

2011). Except from all of the dyes organic waste materials also show various hazardous

3



problems in human bodies for example naphthalene which is considered as a carcinogenic,
mutagenic agent along with acute kidney injuries and poisoning to children's bodies.
Naphthalene can cause mutation in insects but not in bacteria and or cultured human
lymphoblastoid cells (Sasaki et al., 1997; Grosovsky et al., 1997; NTP 2002). And can
cause other types of genetic damage in the same but not all test systems. In the case of
cultured mammalian cells, it causes chromosomal aberrations, sister chromatid exchange,
and formation of kinetochore-negative micronuclei, but does not cause DNA strand break,
formation of kinetochore, or cell transformation. And due to inhalation of naphthalene in
rat bodies, can cause oxidative stress and also DNA damage, and liver and brain tissue
damage (IARC 2002; NTP 2002). It’s proved that organic and inorganic dyes can also
affect plant cells vigorously. As an example, in the presence of 0.78mM naphthalene on
20-day-old pea plants with a light illumination of 15umol photons.m?.s™ decreases the
maximum PS-2 quantum efficiency and noticeable changes in polyphasic induction
kinetics of fluorescence and delays the fluorescence of Chlorophyll a (Lankin et al., 2014).
Also, as in the case of Methylene Blue, it gives acute toxicity in Chlorella vulgaris and
Spirulina platensis as Growth inhibition, Chl-a, Chl-b, Carotinoid, and protein production
(Moorthy Abarna et al., 2021). Dyes are not the only serious problem for wastewater stream
that ends up in natural water bodies. Also, these are large-scale organic waste products
generated from pharmaceutical industries. For example, drug molecules such as antibiotics,
anti-inflammatories, fat/lipids regulators, and also hormones. Their effects are spread
throughout the whole human body and also affect the central nervous system (Frank et al.,
2005) due to alteration of the metabolic system and modulation of receptors’ working
processes present in the nervous systems which cause the mutation of chromosomes
(Maimon M and Cohen Ph. D., 1969), and long-term consumption of drug-contaminated
water can cause lung, throat, and tongue cancer (Pignatti, Francesco et al., 2011; Bishop et

al., 2004). And to an estimation, by WHO 6% of the world's humans are affected by cancer



and also the data from 2020 18,084,176 million cases were diagnosed globally. In India,
cancer cases are not a negligible problem as in 2022, over 14 lakh new cases and 9 lakh
deaths were reported. And, even most cancer patients are contaminated with the dangerous
disease due to the consumption and usage of industrial wastewater viz. pharmaceuticals.
So, the removal of inorganic and organic harmful wastes is an essential process to maintain
the cleanliness of the water. Various treatments are also used to remove the pollutants such
as dyes from water just as membrane filtration, flocculation, advanced oxidation,
ozonation, and also some biological processes. However, some of these methods are
challenging because of the high costs of operation and large volumes of sludge generation
(Geyikei et al., 2012). Unfortunately, existing conventional methods cannot remove all
these types of elements, so alternative treatment methods are required (Hassani et al.,2015).
However, except all of these processes, adsorption is a low-cost, easy-to-design and operate
method, with no production of toxic by-products, efficient in different conditions for
different pollutants in wastewater, minimal chemical usage, and is able to treat wastewater
at different pHs and temperatures that’s why adsorption is one of the best processes to

remove pollutants from wastewater.

For adsorption, Aerogels are one of the most interesting materials of the century (Barrios
etal., 2019). They have gained considerable interest because of their unique properties such
as high porosity, low density, high surface area, and excellent heat noise insulations. The
highly porous nanostructured materials were first created by Kistler in 1931 (Kistler, 1931;
Nita et al. 2020). As for definition, Aerogels are a class of synthetic porous ultralight
material derived from a gel, in which the liquid component has been replaced with gas viz.
air or liquid nitrogen, without significant collapse of the gel structure. They can be
produced by the creation of a colloidal suspension of solid particles known as “sol” and
followed by two methods lyophilization or super-critical drying. In both processes, the

microporous structure of the material is preserved. Therefore, this material is highly porous



has extremely low density, and has high surface area. The first aerogel produced by Kistler
was a silica aerogel obtained through super-critical drying. However, the precursors used
in the production of silica aerogels are toxic and the resulting aerogel is not biodegradable

and has unsatisfactory strength (Katti et al., 2006).

The materials used for the production of aerogel can be divided into three types inorganic,
organic, or hybrid (Nita et al. 2020; Novak et al.1994). Organic aerogels can be produced
from biopolymers that are based on renewable raw materials as the most abundant materials
viz. cellulose because of various advantages i.e. biodegradability, biocompatibility, and low
toxicity. As the inorganic aerogels are highly toxic and non-biodegradable, biological
celluloses are given extra attention rather than inorganic ones. Examples of these types of
components for the preparation of aerogel include various sources such as inorganic
materials (viz. silica), artificial polymers (viz. PVA and formaldehyde) (Zhang L.et
al.,2019), organic waste viz. (sawdust and rice husk), carbon-based materials (viz.
graphene oxide and biochar) (Chen Y et al., 2019) even from polyamides and polystyrene
(Ganesamoorthy, R., 2021) through the sol-gel polymerization process, in this process
monomers react with other monomers to form ‘sol’ or a solid suspended collided solution
that consists of bonded molecules, by cross-linking with each other. This crosslinking gives
high structural strength and stability along with a more active site for adsorption. For
example, Aerogels prepared from PVA monomers can withstand an impressive pressure
viz. 12.7 MPa due to the presence of Hydrogen bonds which have bond-breaking energy
of more than 23kJ/mol, and after doping with Graphene oxide and Ni with PVA aerogel
they can withstand more pressure of about 172.2 MPa pressure. Also, Aerogels have a high
surface area which allows a greater number of active sites available for adsorption, making
them more efficient at removing contaminants from water. But the reason behind low
thermal conduction and density is the ‘Knudsen effect’ where the reduction of thermal

conductivity in gases when the size of the cavity encompassing the gas becomes



comparable to the means free path. Due to low density and high surface area make aerogels

suitable for the adsorption process.

But not only the physical and chemical processes are enough for the removal of dyes
especially organic ones because of their complex structures. That’s why Bioremediation
and adsorption make a better condition for removing waste from water. However,
Bioremediation is another process where micro-organisms (considering bacteria, fungi, and
algae) viz. free-cell, biofilm, or aggregates (or activated sludge flocs) play an important
role in providing a greener, cost-effective, and sustainable solution toward the treatment of
wastewater. Apart from the conventional direct application of micro-organisms wherein the
organisms are freely exposed to contaminated water, an alternative approach can be used
where microbial cells are cultured and immobilized or encapsulated in a permeable
polymeric gel matrix, and the microbes immobilized in a gel matrix are exposed in

contaminated media indirectly (Mehrotra et al., 2021).

Historically, immobilized microbes were first developed for in-situ production of enzymes.
Back in 1969, the immobilized enzymes (Aminoacylase) were first used industrially for
continuous production of L-amino acids from acyl-DL-amino acids (R. Singh et al., 2000).
From then immobilized bacterial solutions are heavily used for enzyme production for in-
situ conditions due to the disadvantages of free bacterial cell culture usage viz. low biomass
concentration in a particular space/time, easy washout of microbes during the application,
and susceptibility to external stressors also in case of application of bioremediation the
encapsulated bacterial cells have specific advantages over free forms as examples, efficient
separation of biomass from treated water, effective spatial-temporal control of biomass
within the contaminated media, longer survivability, stability and reusability without loss
of activity (Kang et al., 2005). That’s why the modification of aerogel by bacterial doping
also gives advantages during the removal process of pollutants rather than normal

adsorption by aerogel.



This study can enlighten the crucial part of the preparation of bacteria-doped modified
aerogel with the sol-gel method and removal efficiency of dyes in aqueous solution along
with the characterization of aerogel using TGA, FTIR, XRD, EDAX and SEM. Also, the
effect of several parameters, using adsorbent dosage, contact time, pH, temperature, and
initial dye concentration was determined for removal efficiency. To optimize the
experimental system, response surface methodology (RSM) constructed on Box- Behnken
design (BBD) was used as an operative statistical and mathematical method to identify the
effectiveness of different parameters concurrently assessed (Ganesamoorthy et al.,2021;
Liu, M. et al.,2021; Malika, M. and Sonawane, S.,2021). Process optimization was then
used to determine the optimal combination of input variables that result in the maximum
or minimum response. With analysis of toxicological effects on the water through the
germination process of seeds. The novelty of the study lies in its innovative approach to
combatting water pollution caused by an emerging pollutant from various dye industries
along with pharmaceutical industries' waste. By introducing a scalable approach involving
the use of bacteria-doped aerogel along with the properties of the modification of aerogel
to achieve remarkable contaminant removal efficiencies. This study presents a highly
effective, cutting-edge solution with board implications for addressing complex water

pollution challenges in various industrial and environmental contexts.



Chapter 2: Literature review




2. Literature review:

2.1. Dye removal methods, Technologies:

Dye removal methods have been summarized in review articles by many authors (Hessel
C. et al., 2007; Singh P.K. and Singh R.L., 2017). The importance of removing dyes is
driven by various factors; they are hazardous for health and the environment, often
mutagenic or carcinogenic, inhibit the photosynthetic activity in aqueous solution, and even
at low levels (< 1 mg/L) are highly visible and undesirable in water bodies, with color being
the most obvious parameter affecting water quality (Chikri R. et al., 2020; Crini G., 2006).
Hessel et al. described the percentage of non-fixed dye that may be discharged in the

effluent as a function of dye classes from EPA and OECD legislation.

Throughout recent years, numerous investigations have been made to find the ideal
technology for dye wastewater purification. Even though a wide range of methods have
been studied in the past 30 years, only several and truly being implemented by the

concerned industries these days due to the limitations they possess (Katheresan V., et al.,

2018).

As it appears in the review articles referred the above, dye removal technologies can be
divided into three main categories viz. physical, chemical, and biological treatments. Under
all categories, there are various techniques for pollutant removal such as coagulation,
chemical oxidation, membrane separation process, electrochemical, and aerobic and
anaerobic microbial degradation. Each of the processes has its advantages and limitations
(Ghoreishi S and Haghighi R. et al.,2003). In Fig 1. as a summary, three categories are
briefly explained along with the advantages and disadvantages of the methods (Samsami

S. et al., 2020).
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Review articles exclusively analyze and compare paint removal methods. Often, published

studies are used to illustrate the effectiveness of the methods presented. In these studies,

several methods are classified into three main categories of pollutant removal (Bhatia D.

et al., 2017; Madhav S. et al., 2018). As an example, physical treatments can be divided

into various types viz. Adsorption, membrane separation, Ino exchange, ultrasonic

mineralization, non-remediation, and reverse osmosis etc. Along with chemical treatments

such as catalyst reduction, coagulation/flocculation, electrochemical reduction, etc. and

biological methods can be divided into phytoremediation and microbial remediation

(Bacterial, fungi, enzyme degradation, and

Bharadvaja N., 2021).
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Fig 2: Types of wastewater Treatments (Rap0, E., & Tonk, S, 2021)

phycoremediation) (Bhardwaj D. and
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2.2. General Aspect of Adsorption Process, one of the Emerging removal

processes for wastewater treatment:

The term adsorption was first used in 1881 by the German physicist Heinrich Kayser
(Choudhary A., 2017). The past decade has seen a boom in environmental adsorption
studies on the adsorption removal of pollutants from the aqueous phase. It is preferred over
other methods because of its relatively simple design, operation, cost-effectiveness, and

energy efficiency (Tan K.L. and Hameed B.H., 2017).

As definition of Adsorption is a mass transfer process or adhesion of atoms, ions, or
molecules from a gas or liquid phase to form a mono-layer or multilayer on the adsorbent
surface. That means the atoms or molecules by some physical, chemical, or biological
forces prepare bonds with the surface of the adsorbents but can’t penetrate the adsorbent
surface. In practice, adsorption is performed as an operation, either in batch or in

continuous mode, in a packed bed column with porous adsorbents (Abebe B. et al., 2018).

The adsorption process is sometimes confused with the absorption process which is an
irreversible process where the molecules or atoms are taken by the volume, not by surface.
A more common difference between adsorption with absorption is that in absorption the
molecules penetrate a three-dimensional matrix, while in adsorption the molecules in a
two-dimensional matrix (Q1Y. et al., 2017; Sims R.A. et al., 2018). The process is usually
reversible, so the adsorption is responsible for the extraction of the substances but also for

their release (Al-Ghouti M.A. and Da’ana D.A., 2020).

Like surface tension, adsorption is a consequence of surface energy. In a bulk material, all
the bonding requirements of the constituent atoms of the material are fulfilled by another
atom in the material. Depending upon the bonding presence between the adsorbents and
adsorbates adsorption process can be divided into two parts: physisorption and another is
chemisorption.
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The process of adsorption happens due to forces existing between molecules and the forces
can be primarily two types viz. Physical and Chemical bond force as a result of surface
energy. In Fig 3. The nature of the bonds that can be formed during the adsorption of
pollutants is described by their characteristics (Ruthven D.M., 1986; Kamaya Parashar,

2021; Terry P.A., Noble R.D., 2004).

Since adsorption is one of the common phenomena in natural biological, physical, and
chemical systems, therefore various industries mostly wastewater treatment industries can
take advantage of its benefits. The use of the adsorption process nowadays increasing
rapidly on the pollutants contaminated water from various factories (Guo X. and Wang J.,
2019; Al-Ghouti M.A. and Da’ana D.A., 2020). And currently become one of the most
important and useful processes for the removal of low-concentration and non-degradable
dyes and organic components from groundwater, drinking water production, and process

water, or tertiary treatments (EMIS, 2018).

' The interactions between the molecules of each phase (liquid, solid, gas) can form different bonds: '

Primary bonds Secondary bonds

* Specific, chemical adsorption, chemisorption, * Physical adsorption, physisorption, van der

Waals i i - 7
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S * no chemical bonding or Coulomb interaction,
single layer, slow,

: multilayered, fast,
* can act at short distances, Y

% A :
* changes the structure of the molecule, or::;l:;;g ;‘:oil;sn:ﬁ any solid surface,
* irreversible. * the bond energy generated depends on the

polarizability.

Figuses from: hétps://vww.youtube.com/watch?v=Az1h5q MEFQM

Fig 3: Bonds formed during adsorption on the adsorbent surface (R&p0, E., & Tonk, S, 2021).
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2.3. Aerogel as a Possible and widely used safe adsorbent:

Aerogel was first created by Samuel Stephens Kistler in 1931 after replacing the liquid
inside with gas and was given the name ‘Aerogel’ but till the time to 1960s, acrogel was
not a popular pollutant removal agent in wastewater treatment plants because of the low
strength of the aerogel structure and high cost of production. Then from the 1970s to the
early 1980s after the initiation of the sol-gel technique production became quite simple
from the technological side. In the year 2001, the ‘casting process’ was utilized for the
preparation of the aerogel composite blanket, which involved the application of silica gel
onto fiber batting, followed by supercritical drying, to enhance the strength the matrix
strength. But in October 2002, the first commercially viable method of aerogel was
prepared by using the compound ‘Polyvinyl Alcohol (PVA) as a binder since 2007 (Lee,
2020). Since that time the application of the sol-gel technique on the binder component viz.
PVA with filler components like metal or carbonic oxide not only enhances the adsorption
efficiency but also increases the strength and stability of the aerogel matrix structure

(Erkey, 2011; Kreek, Kristiina, et al., 2014).

2.4. Microbial-infused Aerogels for enhancing Adsorption encapsulating with

bioremediation:

Recent research has highlighted the promising potential of bacteria-immobilized aerogels
as safe and effective adsorbents in various environmental and industrial applications.
Aerogels, known for their high surface area and structural porosity, provide an ideal matrix
for immobilizing bacteria due to their biocompatibility and structural stability along with
pollutants degrading selectivity and transforming them into less harmful elements.
According to research conducted by Akhavan et al., 2011, wrapping bacteria isolated from
the environment into a Graphene nanosheet can influence the activity of removal of soluble

dye from the wastewater by encapsulating two processes into the mechanism of one
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adsorbent. Also, the selective biodegradation of oils in wastewater treatment processes is
proved by the research of L Chen et al., 2024 using Micro-organisms immobilized
hydroxyethyl cellulose/luffa composite sponge from this study it was observed that
removal effects of immobilized degrading bacteria on nutrients in wastewater is better than
that of suspended bacteria (L Chen et al., 2024). Studies have demonstrated the efficacy of
such bio-functionalized aerogels in removing pollutants viz. organic pollutants, heavy
metals, and even pathogens from the aquatic environments. Ongoing advancements in
material science and microbiology continue to refine the design and performance of the
bacteria-immobilized aerogels, paving the way for widespread adoption in environmental

remediation and beyond.
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3. Aims and Objective

3.1. Aims of the study:

The aim of this study is to synthesize Aerogel and to be doped with Micro-organism to
aerogel matrix to form bacteria-doped aerogel for wastewater remediation. Nowadays
water pollution has become an increasingly important problem in the world, because of this
problem wastewater remediation is one of the foremost solutions to reduce wastewater
problems. Wastewater is polluted with different types of organic and inorganic pollutants
that if not removed can cause harmful effects not only on human health but also on animal
and plant life mostly in aquatic life. To counter these problems many methods and
techniques are being used. But out of them, the use of bacteria-doped aerogels has gained
much attention due to their versatility, stability, and also for their mechanism of removal.
Normal adsorption and adsorption processes still require the precursor material to be
removed from the waterway as they still hold the contaminant in them that has a risk of
being desorbed in the water defeating their original purpose. Bacteria-doped aerogel, on
the other hand, can completely disintegrate the pollutant based on encapsulating two
processes viz. adsorption by aerogel and bioremediation by bacteria immobilized inside the
aerogel matrix and stay inert compounds in the water system causing no harm to the aquatic
life cycle make it a feasible solution for wastewater remediation. In this study, we will see
the effects of bacteria-doped aerogels on the Organic dyes also called Azo Dyes, we will
comprehend the effects of bacteria-immobilized aerogel on these dyes, as how long it takes
to remove them, what concentration they can be removed at the end the amount of bacteria-
doped aerogel required to remove them along with the toxicological effects during the

wastewater processing by the bacteria immobilized aerogel.

17



3.2. Objectives of the study:

The broad objective was to study the synthesis and test the productivity and effects of the
bacteria-doped aerogels against the organic dye pollutants under favorable environmental
conditions for immobilized micro-organism growth considering the low toxic effects on

animals and plants mostly on aquatic species.
The specific objectives of the study were:

e To prepare a structurally stable aerogel doped with micro-organisms to make a
complex aerogel structure.

e To examine the structural, and chemical properties of the bacteria-immobilized
aerogel and comparative study against subsequent aerogel without doping.

e To determine the removal capacity of the pollutants using these complex
adsorbents.

e To study the toxicological analysis of the by-product generated from the

biodegradation of pollutants and social acceptance of bacteria-immobilized aerogel.

18



Chapter 4: Materials and Methods

19



4. Materials and Methods

4.1. Materials:

The chemicals used in the experiment, including Polyvinyl alcohol (PVA), HCI, and
glutaraldehyde which were required for the ‘gel matrix’ of the aerogel, Biochar, combined
treated Cellulose, Graphene oxide (GO), and (2-aminopropyl) triethoxysilane (APTES) in
aerogel preparation were either prepared from renewable waste materials or any analytical-
grade compounds. Biochar and Alkaline Acid treated cellulose were prepared from sawdust
and rick husk wastes using ‘Pyrolysis’ and ‘Delignification’ processes respectively. And
APTES [CoH23NOs38S1, 98%], Methylene Blue, and Pyrene (98%) were of analytical grade
purchased from HiMedia Laboratories Pvt. Ltd. (India) Along with the PVA [(C2H4O)n, 99
%] and Anthracene (98 %) were kindly provided by Loba Chemie Pvt Ltd (India). And GO
(>99 %) from Platonic Nanotech Private Limited (India) with HCl (35 %) and
glutaraldehyde (25 %) were from Merck (Germany). For isolated bacterial culture Nutrient
Media and Nutrient Agar are commercially purchased from Merck (Germany). However,
GO and APTES were used to prepare the aerogel to compare the efficiency of removal of

dyes in an aqueous solution of Congo Red, Methylene Blue, Anthracene, and Pyrene.

Bacterial Strains used in the studies are either isolated from different sources or
commercially purchased. The commercially purchased bacterial viz. Pseudomonas sp.,
Bacillus subtilis and Lysinibacillus sp. are supplied by MTCC and Water and Soil Micro-
organisms are isolated from Swargadwar and East Kolkata Wetlands using serial dilution

methods.

Except for the chemicals and bacterial cultures, other instruments were used such as
Erlenmeyer flasks (BOROSIL, India), test tubes (Slisco, India), measuring cylinders

(BOROSIL, India), digital weighing balance (Sky Technologies, India), magnetic stirrer
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REMI 2HML (REMI, India), centrifuge (REMI, India), incubator-shaker (GB Enterprise,
India), Spectrophotometer (Shimizu Corporation, Japan), FTIR (Perkin-Elmer, USA),

Scanning Electron Microscope (Zeiss, Germany), and TGA (Perkin-Elmer, USA).

4.2. Preparation of Fillers:

4.2.1. Preparation of Biochar:

Saw Dust and Rice Husk were taken to convert biochar using the pyrolysis process which
is a partial thermal degradation of carbonaceous materials under various temperature
differences from 400-800°C (Jenkins et al.2016) without the presence of oxygen or in an
oxygen-free atmosphere (Cory et al.,2009). Based on the yield of biochar at the
temperatures of 400, 600, and 800°C, shown in Fig 4. were taken for the preparation of
Aerogel. The heating rate in this pyrolysis process is maintained at 20°C per second to

optimize the reaction for converting raw materials into biochar.

Fig 4: Biochar used as fillers for preparation of PVA derivatives Aerogels (A) SDBC,
(B) RHBC, (C) GO.
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4.2.2. Preparation of Cellulose:

Cellulose preparation involved extraction from lignin using acidic and alkaline treatments
using variable % of NaOH or H>SOj4 solution with dilution % viz. 2, 4, and 6 % on the
waste of Saw dust and Rice husk followed using 4% HNO3 for removal of non-cellulosic
components in the mixture Sonicated Raw materials to obtain optimized cellulose
preparation for the production aerogel. The process of making alkaline treated cellulose
using NaOH is called Alkaline ‘delignification’ of Saw dust and Rice husk and on another
hand, the using of H2SO4 is called Acidic ‘delignification’. For Alkaline and Acidic
treatments for cellulose preparation, the pH of the solution is maintained appx. 2-4 and 11-
13 respectively (Cavali, Matheus, et al., 2020; Baksi et al.2019), and temperature is
maintained at room temperature at 25+5°C. The preparation of cellulose was followed by
the “Anthrone” test for quantifying and quantifying the presence of carbohydrates in the
Saw Dust and Rice Husk cellulose. In Fig 5. The image of the cellulose extracted from Saw

Dust and Rice Husk raw materials using Alkaline media viz. 6% NaOH is shown.

Fig 5: Cellulose used as filler for the preparation of PVA derivatives Aerogels (A) RHC (B) SDC
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4.2.3. Preparation of Silica:

Economical silica preparation was done through an ‘Acid precipitation’ process where raw
material and biological waste rice husk were burned at 600°C temperature. Then with
heating ash of Rice Husk was treated with 4% NaOH to prepare Sodium silicate. After
cooling the liquid part of the solution was titrated with diluted HCI or H2SO4 to extract
Silica from Rice Husk followed by washing and drying. In Fig 6: A) fillers prepared for the

preparation of PVA-Silica Aerogels.

4.3. Preparation of Gel-Matrix of PVA-supported Aerogel:

4.3.1 Sol-gel Process of Hydrogel Synthesis:

As a typical sol-gel synthesis process, an aqueous mixture of PVA was prepared along with
a heating and stirring effect until a homogeneous and transparent solution was achieved. In
this process amount of PVA is taken (10+£0.4) g per 200ml of water. Heating is done for 90
min and temperature is maintained about 80°C or above. After the transparent solution
appeared mixture was cooled at room temperature along with components for fillers taken
at a ratio of 100:1 (w/w) but for APTES amount was 200ug. And stirred until a
homogeneous mixture was achieved then HCl and Glutaraldehyde were mixed at an
amount of 100ug each then heating was done at 80°C until the gel was formed. According
to the fillers used for Aerogel making they were named PVA, PVA-Silica, PVA-APTES,
PVA-GO, PVA-Rice husk Cellulose, PVA-Saw Dust Cellulose, PVA-Graphene Oxide,

PVA-Rice Husk Biochar and PVA-Saw Dust Biochar.
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Fig 7: Hydrogel: (A) PVA Silica Hydrogel, (B) PVA Hydrogel

4.3.2. Lyophilization for converting Hydrogel to Aerogel:

After Hydrogels are prepared from the sol-gel process, a drying method is required where
the phase boundary between the liquid and gas phase does not exist and thus the capillary
pressure does not play an important role, which is called freeze-drying. Here, the solvent
must be exchanged with a low expansion coefficient and a high sublimation pressure. The
pore liquid is frozen and sublimed under vacuum (Husing et al., 1998). Material obtained
in this way is called a cryogel. Unfortunately, freeze-drying has many disadvantages
including the fact that the aging period has to be prolonged for stabilization of the network
and, in some cases; the network may not be stable due to crystallization of the solvent in

the pores.
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Fig 8: Aerogel: (A) PVA Saw Dust Aerogel, (B) PVA-APTES Aerogel

4.4. Isolation of microorganisms:

The micro-organisms are isolated from soil and water using serial dilution process and kept

in a sterile nutrient broth media taken in Erlenmeyer Flask and incubated at 35°C.

4.5. Preparation of Microbial Solution for Bioremediation:

For the Bioremediation of the pollutants in wastewater, microbial growth plays a vital role
because of this reason media act as a suitable environment. For bacterial growth, Minimal
media was used whereas components 3.5gram of Dipotassium Hydrogen Phosphate, 1gram
of Potassium Dihydrogen Phosphate, 50 mg of Magnesium Sulphate, and 500 mg of
Ammonium Sulphate were taken in 500ml of water. After dividing this solution into five
microbial strain cultures were prepared which were Bacillus subtilis, Pseudomonas sp.,

Lysinibacillus sp, Water Micro-Organism, and Soil Micro-Organism.
4.6. Immobilizing Micro-organisms inside the gel matrix of PVA Aerogel:

After cultivating the desired amounts of microbial colonies in minimal media solution,

sterilization of aerogels and equipment was done to prevent unwanted microbial growth
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during the entire process. Then Aerogels were mixed with bacterial suspension or directly
introduced to the structure to prepare Bacteria-doped aerogel. However, throughout the
process, some chemical stabilizations needed to be maintained to prevent structural damage

of the aerogels.
4.7. Batch adsorption studies:

Adsorption was determined by the batch method, which permits convenient evaluation of
parameters that influence the adsorption process. In the batch method, the aerogel was
mixed with the specific volume of the solution (100 ml)and constantly agitated at 303 K in
incubator for 3hr and after a constant time interval 1ml sample collected and centrifuged
at 14000 rpm for 5 min on a centrifuger. Then the liquid was collected and concentration
of the pollutants in the medium was determined using a spectrophotometer (Shimizu
Corporation, Japan). This experiment was conducted three times, and the mean value was

considered the result.

4.8. Batch biodegradation studies:

The 100 ml of prepared each Pollutants media were taken in Erlenmeyer flask and
inoculated with the five different microorganisms and incubated. The readings were noted
for every 24,48,72,96 and 120 hours interval to study the bioremediation patterns. Various
parameters were altered viz., Pollutants concentrations (10mg/l, 30mg/l and 50mg/l);
microbial dosage (100ul, 300 pl and 1ml); pH (2,7 and 10); temperatures (20°C, 30°C and
40°C). The readings were taken at every 24-hour interval for 5 days. The baseline study
was done with 10 ppm pollutants concentration, 100 pl microbial dosage and at pH 7
incubated at 30°C. The five-day data was spectrophotometrically analyzed and degradation
curve was obtained for different microbes with different parameters to find the optimum
conditions for degradation. This experiment was conducted three times, and the mean value
was considered the result.
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4.9. Batch removal studies using Bacteria-doped Aerogel:

Removal studies of Immobilized aerogels were determined by the batch method, which
permits convenient evaluation of parameters that influence the removal process. In the
batch method, the immobilized aerogel was mixed with the specific volume of the solution
(100 ml) and constantly agitated at 303 K in incubator for 120hr and after a constant time
interval two 1ml of each sample collected and one sample was centrifuged at 14000 rpm
for 5 min on a centrifuge. Then the liquid was collected from the centrifuged sample and
concentration of the pollutants in the medium was determined using a spectrophotometer
(Shimizu Corporation, Japan) and for the bacterial growth of immobilized aerogel sample
was collected from the sample and their growth were measured using spectrophotometer
at wavelength of 600nm. This experiment was conducted three times, and the mean value

was considered the result.
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Chapter 5.Characterization of Aerogels
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5. Characterization of aerogel

5.1. Analysis of functional groups and chemical bonds:

The functional groups and chemical bonds present on the surface of acrogels are analyzed
by attenuated total reflectance-Fourier transform infrared spectroscopy or ATR-FTIR
(Perkin Elmer, Model- Spectrum 2, UK). For this analysis, a wavelength range of 500—

4500 cm ™' was considered with a resolution of 4 cm™.

5.2. Crystallographic structure analysis:

To analyze the crystallographic structure of the prepared aerogels, an X-ray diffractometer
or XRD (Bruker D-8 advanced, USA) was used. All six types of aerogels were studied by
this characterization process to compare the effect of different modification agents on the
crystallinity of aerogels. The percentage of crystallinity was calculated according to Eq. 1
as mentioned. Surface morphology and elementary composition analysis. The surface
morphology of the aerogels was analyzed by scanning electron microscopy (SEM) (ZEISS
EVO MA-10, Germany) using gold platting. It is a microscopic technique performed by
shooting an electron beam on the surface of the sample and preparing an image by the
detector. To understand the elementary composition of the aerogels, energy-dispersive X-

ray spectroscopy (EDAX) analysis was performed.

Area under the crystallinity curve

% of crystallinity =

Total area under curve

5.3. Microscopic analysis:

A fluorescent microscope (Dewinter, model: Fluorex-LED) was used to observe the
microscopic structure of the prepared aerogels. By using this analysis, the evenness of the

aerogel surface and the presence of pores were observed.
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5.4. Calculation of density:

Fifty milliliters of water was taken in a measuring cylinder. One gram of each aerogel was
submerged in the water, and the final volume of water was measured. The density of aerogel
was calculated by using Eq 2. This experiment was conducted thrice, and the mean value

was considered the result.

3 Mass of aerogel
Density of aerogel = ————————— e, 2
y f 9 Final volume of water—Initial volume of water ( )

5.5. Porosity analysis:

The formula used to calculate the porosity is mentioned as Eq. 3 and used in previous

studies (Ferrero, F., 2007).

. Density of aerogel
Porosity of aerogel =1 — WY O QETOTEL e, 3)
Skeletal density of modefication agent

The density of aerogels was calculated by using Eq. 2, and the skeletal density was
calculated in the laboratory by measuring the weight of modification agents along with
their volume. In this experiment, 1 g of each component was taken, and the gap between
the particles was decreased by applying pressure. In this condition, the volume of the
substance was measured, and skeletal density was calculated. This experiment was

conducted thrice, and the mean value was considered the result.
5.6. Swelling test:

To understand the water absorption capacity of the prepared aerogels, the swelling test was
performed. For this study, 1 g of each aerogel was submerged into water for 2 h, and the
final weight was recorded. The percentage of weight difference or water uptake was
calculated using Eq: 4. This experiment was conducted three times, and the mean value

was considered the result.
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5.7. Moisture content of aerogels and effect of temperature:

To determine the moisture content of the aerogels, 1 g of each aerogel was placed inside a
hot air oven at 333 K for 1 h. After heat treatment, the final weight of the aerogels were
recorded. The moisture content in the aerogels was calculated by using Eq. 5. The equation
is mentioned in the supplementary section. This experiment was conducted three times,
and the mean value was considered the result. To understand the effect of temperature on

the prepared aerogels, the heat-treated aerogels were characterized by ATR-FTIR.

. Weight before heating—Weight after heating
Moisture content = — - x100
Initial weight

5.8. Effect of salinity:

To monitor the effect of salinity on aerogels, a 10% (W/V) NacCl solution was prepared,
and 1 g of each aerogel was submerged into the solution for 2 h. After the treatment was
completed, they were dried in a hot air oven at 333 K for 1 h. The final weight was recorded
to calculate the percentage of weight difference, and the changes in functional groups were
studied by ATR-FTIR analysis. To calculate the percentage of weight difference, Eq. 4 was
used as mentioned “Swelling test” section. This experiment was conducted three times, and

the mean value was considered the result.
5.9. Effect of pH:

To determine the effect of pH on aerogels, five different pH were considered viz., 2, 4, 6,
8, and 10. One gram of each aerogel was taken and submerged in the solution. After 2 and
24 h, the samples were collected and dried in a hot air oven at 333 K for 1 h, and the final
weight was recorded. The percentage of degradation was calculated by using Eq. 3 as
mentioned in the “Porosity Analysis” section. This experiment was conducted three times,

and the mean value was considered the result.
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6. Results and Discussions

6.1. Properties and Characteristics of Fillers:

Characterization of fillers for acrogel preparation involves several parameters to ensure the
optimal performance and properties of the final aerogel materials (Salimian, S., et al.,
2018). Fillers play a crucial role in enhancing specific properties of aerogels.
Characterization of fillers mainly involved Chemical and Physical Characterization.
Chemical Characteristics are more important for examining the fillers’ structure, for an
example, the Anthrone test for Cellulose, prepared by the ‘delignification’ process, which

is the most important for sorting out the fillers for optimizing the adsorbent preparation.
6.1.1. Anthrone Test for characterization of cellulose:

Anthrone test is a chemical test used to detect the presence of carbohydrates and quantify
them in the fillers viz. Sawdust and Rice Husk cellulose are prepared from the Acid and
Alkaline ‘delignification’ process. The process of the Anthrone test consists of 3 crucial

steps of the reaction:

1. Hydrolysis of polysaccharides to monosaccharide
2. Dehydration of monosaccharide to furfural

3. Reaction of furfural with Anthrone reagents

Anthrone reagent is a solution of dissolved naphthol in concentrated sulfuric acid and
needed to be freshly prepared for the test, mainly 2g of naphthol needed to be dissolved in
1 liter of concentrated sulfuric acid. After mixing the polysaccharide in the Anthrone
reagents heating needed to be done at 90°C for 20 minutes. After cooling the sample Optical
Density is measured at 625nm against a blank solution to quantify the presence of

carbohydrates in the filler samples.
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In Fig 9. The Anthrone test results on acid and alkaline-treated Rice Husk and Saw dust
Cellulose are shown along with the compare studies for sorting the fillers and optimizing
the process. And form the graphical representation it can be easily determined that using
high acid and alkaline solutions increases the cellulose extraction by the delignification
process. However, the alkaline treatments on Saw Dust and Rice Husk show the highest
concentration of cellulose presence in the sample causing the selection of NaOH-treated
cellulose for preparation of Aerogel can optimize the process of adsorption with the highest

removal efficiency.
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Fig 9: Anthrone test on a) Saw Dust and b) Rice Husk prepared using various Alkaline and

Acid treatments.
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6.2. Properties and Characteristics of Aerogel:

Aerogels prepared from the sol-gel technique have some unique properties which make
them attractive in science and technology, as given in the below tables with various
aerogels. Due to these unique properties, aerogels can be used in various applications, and
also because of the preparation of acrogel from waste products makes it biodegradable and

environment friendly.
6.2.1. Density Analysis:

The density of Aerogels is naturally low because of the use of supercritical drying or
cryogenic drying process to replace the liquid portion of hydrogel with gas or air making
it completely low dense and giving one of its unique properties. Some of the previous
research work shows the density of aerogel is situated between 0.05 to 0.2 g/cm® (KH Lee
et al., 1995). Also, the density of PVA and its derivatives aerogel show some impressive

low-dense properties as given in Table 1.

Table 1: Density of Aerogels:

Aerogel Density (g/cm?)
PVA 0.124
PVA-Silica 0.1091
PVA-Silane 0.094
PVA-Rice Husk Cellulose 0.1605
PVA-Saw Dust Cellulose 0.16
PVA-Graphene Oxide 0.1371
PVA-Rice Husk Biochar 0.2629
PVA-Saw Dust Biochar 0.1325

35



6.2.2. Porosity Analysis:

Aerogels have high overall porosity and overall good pore accessibility. For low density of
aerogel and replacement of liquid with air makes it high pore creation. As from the previous
research works on aerogels show that the porosity of acrogels exists between 90 to 99.5%
(Zheng, Qifeng, et al., 2018). Silica aerogels have porosity that is very high as much as

99% with an average pore diameter of ~20nm.

One most important aspects of the aerogel pore network is its “open” to nature and
interconnectivity. In open-pore structures, however, the fluids can flow pore to pore, with
a limited restriction, and eventually travel through the entire material (Dorcheh, A. et al.,

2008). The porosity of the PVA and its derivatives aerogels is given in Table 2.

Table 2: Porosity of PVA and its derivatives aerogels.

Aerogels Porosity (%)
PVA 90.46
PVA-Silica 97.05
PVA-Silane 95.95
PVA-Rice Husk Cellulose 93.58
PVA-Saw Dust Cellulose 94.07
PVA-Graphene Oxide 95.58
PVA-Rice Husk Biochar 83.57
PVA- Saw Dust Biochar 92.21
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6.2.3. Moisture Content:

Aerogels have low moisture content properties and because of the freeze-drying process
used for preparing the aerogel, most of the aerogels have a moisture content of less than
20%. Aerogels are typically 95%- 99% air by volume makes them ultralight and porous.
Because of this reason of high air content low amount of liquid is present in the structure
also the low moisture presence in the aerogel makes it low thermal conductive. In Table 3

and Fig 10. the moisture content of PVA and its derivatives are shown:

Table 3: Moisture content of PVA and its derivatives aerogel:

Aerogel Moisture Content (%)
PVA 16.0
PVA-Silica 8.12
PVA-Silane 11.61
PVA-Rice Husk Cellulose 12.65
PVA-Saw Dust Cellulose 14.26
PVA-Graphene Oxide 16.60
PVA-Rice Husk Biochar 11.13
PVA-Saw Dust Biochar 12.43
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Fig 10: Moisture Content of Aerogel
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6.2.4. Swelling Test:

The swelling test of aerogels shows the amount of pore and size of the pore present in the
aerogel and the amount of water absorbed is directly proportional to the pore size and air
present in the aerogel structure. The previous research work shows that most aerogels have
swelling properties of more than 90% (H Lu et al., 2022). The capability of high swelling
properties indicates high adsorption and absorption nature in aerogel structure. In Table 4

and Fig 11. the results of the swelling test on PVA and its derivatives aerogels are shown.

Table 4: Swelling test of PVA and its derivatives aerogel:

Aerogel Swelling test
PVA 118.34 %
PVA-Silica 187.25
PVA-Silane 276.94
PVA-Rice Husk Cellulose 121.05
PVA-Saw Dust Cellulose 74.92
PVA-Graphene Oxide 80.73
PVA-Rice Husk Biochar 145.147
PVA-Saw Dust Biochar 258.511
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Fig 11: Swelling test of Aerogel
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6.2.5. Degradation over pH changes and presence of salinity:

Aerogels have structural instability with changes in pH and Salinity. Because the change
in pH strongly affects the intermolecular structural morphology of the aerogel. According
to the research works by Khedkar, Mangesh V., et al., at pH~5 the silica aerogel shows
better quality than other pH Solutions and the change in pH affects the density, Thermal
Stability, pore size, and pore structure. Also, the salinity changes have the same effect on
aerogel as pH changes and some of the changes can be observed even in the adsorption of
dyes by the aerogel (Zhang, Yongmin, et al., 2022). In Tables 5 and 6, the 24-hour
degradation study of aerogel with an initial weight of 1 gram in the presence of 10% NaCl
and with the pH changes are shown respectively, and through Fig 12: the comparison

between the degradation of aerogels can be examined,

Table 5: Degradation of PVA and its derivatives aerogel with the changes of pH:

Aerogel Degradation with pH changes

pH2 pH4 pH6 pH8 pHI10

PVA 7.4 3.9 3.1 8 4

PVA-Silica 4.8 2.5 2.3 3.8 3.5
PVA-Silane 98.5 973 956 485 5.6
PVA-Rice Husk Cellulose 8 2.9 3.8 7.9 33
PVA-Saw Dust Cellulose 1.8 2.8 3.9 3.8 4.1
PVA-Graphene Oxide 1 0.5 18 1.1 4

PVA-Rice Husk Biochar 0.8 1.4 1.6 2.8 3.1
PVA-Saw Dust Biochar 1.1 3.8 1.1 1.3 2.9
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Table 6: Degradation of Aerogel in the presence of 10% NaCl Solution:

Aerogel Degradation of Aerogel
PVA 9.68

PVA-Silica 15.77

PVA-Silane -56.76

PVA-Rice Husk Cellulose  4.67
PVA-Saw Dust Cellulose 3.05
PVA-Graphene Oxide -25.88

PVA-Rice Husk Biochar 8.40

PVA-Saw Dust Biochar 16.33
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Fig 12: Aerogel Degradation over (A) pH changes and (B) presence of 10% NaCl solution

6.2.5.1. Observation of Aerogel Degradation data:

Degradation studies of Aerogel were done under different pHs from basic to Acidic
conditions along with the application of salinity by applying 10% of NaCl solution on the
initial 1-gram weighted samples. Throughout the process, temp is maintained at 30°C. After
the studies, it was observed that PVA-Silane showed the highest structural degradation over
the pH changes and the presence of salinity was higher than other aerogels which was more

than 90%
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6.2.6. Scanning Electron Microscopy (SEM) of Aerogel:

Fig. 13 shows SEM photographs of PVA and its derivatives aerogels along with one of the
bacteria-doped aerogels. From Fig 13 (H), it can be observed that bacteria doping in acrogel
with no physical and chemical deformation presence of mesopores and excessive presence
of surface responsible for adsorption. As like state above, it is possible to observe the

microchemical and physical states in aerogel and the filler presence in its structure.

Fig 13: SEM image of (A) PVA, (B) PVA-Si, (C) PVA-SDC, (D) PVA-RHC, (E) PVA-
GO, (F) PVA-RHBC, (G) PVA-SDBC, (H)PVA-MO

41



6.2.7. EDAX analysis:

Table 7. Elemental compositions of different aerogels determined by EDAX analysis:

Aerogel C wt% O wt% Si wt%
PVA 100 _ _
PVA-SDC 62.04 37.96 _
PVA-RHC 64.77 35.23 _
PVA-SDBC 57.68 42.32 _
PVA-RHBC 57.58 42.42 _
PVA-Si 51.13 40.10 8.78
PVA-APTES 57.62 29.43 12.95
PVA-GO 56.68 43.32 _

EDAX patterns of PVA and its derivatives in PVA aerogels are shown in Table 7, and Fig
15. which indicate the presence and weight percentage of molecules in Aerogels
(Meddouri, Malaaz, et al, 2014). PVA, PVA-Saw Dust Cellulose, PVA-Rice Husk
Cellulose, PVA-Graphene Oxide, PVA-Saw Dust Biochar, and PVA-Rice Husk Biochar
shows the presence of C wt% about 100, 62.04, 64.77, 57.68, 57.58, 56.68 respectively
with O wt% of about 35 to 45 %. The ratio of [Si]/[C] is 0.178 for PVA-Silica and 0.225
for PVA-APTES respectively which shows no presence of other impurities in the aerogel

structure.
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Fig 14: FESEM cross-sectional micrograph for EDAX analysis of PVA and its
derivatives Aerogels (A) PVA, (B) PVA-Si, (C) PVA-APTES, (D) PVA-SDC, (E) PVA-
RHC, (F) PVA-GO, (G) PVA-RHBC, (H) PVA-SDBC.
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Fig 15: EDAX Mapping of PVA and its derivatives aerogels: (A) PVA, (B) PVA-
Silica, (C) PVA-APTES, (D) PVA-SDC, (E) PVA-RHC, (F) PVA-GO, (G) PVA-
SDBC, (H)PVA-RHBC
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6.2.8. Thermogravimetric Analysis:

Thermogravimetric analysis is a thermal analysis in which the mass of a sample is
measured over time as the temperature changes as it undergoes programmed heating (or
cooling) controlled in inter or oxidized atmospheric conditions in presence of nitrogen or
argon flow. In Fig 17. TGA analysis of PVA and its derivatives are shown with a scanning
temperature range from room temp up to 900°C. The TGA graphical representation of the
aerogels can be divided into some regions based on temperature variation and subsequent

weight loss percentages which conjugately form a step-like pattern shown in Fig 16.

Region I: The weight loss from room temperature to 250°C happened due to the
evaporation of volatile molecules. During the initial increase of temperature, a common
phase of weight loss happened due to the evaporating of residual water or solvent present
inside the gel structure that was not known to correspond with any chemical changes in the

structure of the Aerogels.

Region II: Further increasing of temperature from 250°C to 450°C results a rapid change
in weight loss due to evaporation of low volatile components or polymers presence inside
the gel structure. This increase in temperature abruptly changed the pore volume and

surface area of the aerogel sample.

Region III: Increasing the sample temperature from 450°C to 850°C during thermal
Analysis in TGA, results combustion of carbon and other similar components to evaporate

in gaseous form causing structural fragility and deformation.

Region IV: Further increasing sample temperature from >850°C shows negligible changes
in the weight loss graph with temperature changes. As the residual contains Ash, full of
minerals oxide viz. Silica, Zinc Oxide, etc. present as a trace amount in the aerogel

structure.
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From the regional temperature increasing during the TGA analysis of PVA doped aerogel
with Rice Husk Cellulose sample, the percentage of high, low volatile, carbon black and
ash contains can be obtained which were about 15.62%, 46.82%, 25.85%, and 11.7%
respectively. On another hand, PVA-Saw Dust Cellulose had a material composition of
about 10.25%, 36.87%, 22.53%, and 19.09% respectively which were quite similar to PVA-
RHC aerogel except for the amount of Ash content. However, due to the present of
negligible amounts of impurities in PVA, the TGA graph of the aerogel shows a negative
percentage trend after increasing temperature from 176°C, and the graphical representation
of PVA immobilized Aerogels by Bacterial also has the same trends except that the negative
percentage in retained weight % started from 274°C. As shown in Fig 17. C) The TGA
study showed the thermal stability of PVA-Silica aerogel throughout the temperature
scanning and this phenomenon can be described by the presence of High-energy chemical
bonds within the structure such as Si-O, Si-C, and C-H bonds (Y Zhao et al., 2018), which
were ascribed to chemical stability. The loss of mass up to 300°C was caused by Si-OH
bonds that persisted after the sol-gel process (G.G. Kaya, & H. Deveci, 2020). As most of
the bonds were converted to the Si-O-Si network, unreacted group reactions at high
temperatures did not affect the mechanical characteristics of the PVA-Silica aerogel (M

Kucharek et al., 2020).
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Fig 16: TGA of PVA-RHC aerogel with region based on temperature variation
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6.2.9. FTIR analysis:

In order to assess the chemical groups between the PVA and its fillers viz. GO, Cellulose,
Biochar, and Silica for the preparation of the PVA and its derivatives aerogel and
investigate the synthesis mechanism of porous microspheres the FTIR spectrums of the
aerogels were obtained and shown in Fig 18. The FTIR spectrum of PVA had a broad band
at 3300-3800 cm™ with strong Hydrogen-bonding between intra-molecular o inter-
molecular of PVA and other several characteristics peaks at 2914 cm™ related to C-H
stretching and 1645 cm™ assigned to C=C stretching vibration due to polymerization
between intermolecular homogeneous polymerization between PVA molecules or
heterogeneous polymerization between PVA or other fillers molecules (E.S. Costa-Junior
et al., 2009; El-Shamy et al., 2020). FTIR spectrum of PVA and its aerogels included
several peaks at 1645 cm™, and 1091 cm™! attributed to alkanes and aliphatic amines the
peak at 2914 cm™ was attributed to C-H stretching vibration and a strong broad peak
appears at 3273 cm™! which was due to O-H stretching vibration presence in aerogel surface
with strong OH bond rich and another region range from 1000 cm™ t012000 cm™, 1091
cm’! related to C-O stretching also 1421 cm™ attributes to C-C aromatic ring (MR Gandhi,

S Meenakshi, 2012; Zheng, 2011).

After adding the fillers in the aerogel preparation process the wavelength of OH stretching
was slightly high with the decrease in the intensity which indicated the inter-molecular
hydrogen bond of PVA was slightly weaker after the process (E.S. Costa-Junior et al.,

2009).

Also, the wavelength 804 cm™ indicates the C-H (rock) alkanes bond which was generated
between PVA and Saw dust Cellulose during polymerization or sol-gel technique which

was also the same as indicated in PVA-Rice husk Cellulose aerogel formation.
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Additionally, the crystallization should change in the whole frequency region with similar
spectral changes or appearance of sharp bands doing occur and crystallization of
microspheres occurring all of them are examined by XRD (x-ray diffraction spectroscopy)

analysis (Habiba, Umma, et al. 2017).
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6.2.10. Crystallographic Structure Analysis using XRD:

The XRD patterns of pure PVA and its derivatives aerogels are depleted in Fig 19. The PVA
diffraction patterns presented three major peaks at 19.5°, 23.01°, and 40.5° which were the
crystalline parts of PVA molecules due to the strong intra-molecular or inter-molecular
hydrogen bonding and other broad regions presenting amorphous structure, which
indicated that PVA was semi-crystalline (Yang, Guanghui, et al., 2016; Gamal EI-Shamy,

2019).

And from the Fig 19. It is quite observable that the intensity of the peak of 19.5° increases
with the formation of PVA derivatives aerogel. No shift of the peak 26=19.5° was observed
where the total peak area of crystallinity is highest of PVA-Rice Husk Cellulose aerogel
with a crystallinity % of 8.75 and for other aerogel viz. PVA-SDBC, PVA-RHBC, and

PVA-SDC come up with 7.03 %, 5.83 %, and 7.49 % of crystallinity.
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Using Bragg’s Law, the geometric function of the size and shape of a unit cell can be
evaluated which is denoted by dnuki, and this is a vector drawn from the origin to the plane
(hkl) at a 90° angle and this is a vector magnitude, is the distance between parallel planes

of the atoms in the family (hkl) (Humphreys, C. J., 2013).

6.2.10.1. Calculation of hkl and dn value using Bragg’s Law:
According to the Bragg’s Law,
A=2dhk1 sin ©
where 20 = diffraction angle to dhki
and A= wavelength of X-ray =1.5481x1071" m or 1.5481 A.

From the Fig 19. Three major peaks of the XRD graph are detected from which the values

of hkl and dpy are shown in Table 8.

Table 8: hkl and duw values of PVA and its derivatives aerogel using XRD analysis:

A (wavelength) 20 (diffangle) | © h, k, 1 dia (A)

1.5481x107'° (nm) 19.5 9.75 (500) 4.57
31.4 15.7 030) 2.86
40.6 20.3 (200) 2.23
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6.3.Adsorption Studies of dyes and Other organic Components:

6.3.1. Adsorption by Fillers:

As previously discussed in various research papers fillers are the components used for

aerogel preparation where there are two parts used in the preparation of aerogel chemically.

Here are some Graphical representations of the removal percentage of one cationic and

anionic dyes and other organic components by the fillers shown in Fig 20. by maintaining

temperature of the solution at 30°C and pH 7 on 5 mg/L concentration of pollutants where

the data were taken after 3hr.
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Anthracene
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6.3.1.1. Sorting of Fillers for preparation of Aerogel:

The above experimental results proved that the extraction process affects the adsorption
operation, and the comparative studies of the adsorption by the fillers sorting processes
were done by considering the highest removal percentage of the pollutants and fillers viz.
6% NaOH treated Saw Dust Sonicated, 6% NaOH treated Rice Husk Sonicated, Rice Silica
4% NaOH, Saw Dust Biochar 800°C and Rice Husk Biochar 400°C were sorted out for
PVA aerogels preparation as adsorbents to conduct further process of Aerogel preparation
using PVA molecule by sol-gel technique and further experiments were conducted for

examine the enhance of adsorption and removal efficiency by converting them into aerogel.
6.3.2. Adsorption by Aerogels:

6.3.2.1. Effects of various parameters on adsorption:

The adsorption process is a surface phenomenon and the binding of the adsorbates on the
adsorbent surface is dependent on various parameters viz. Temperature, Dose of

Adsorbents, Concentration of Adsorbates, pH, and Types of Adsorbents.

The removal % of the adsorbates can be determined from Eq. 6 (Yagub, Mustafa T., et al.,

2014).

Degradation%zM * L0090, .. (6)
Yo

Where v, and y. are the initial and final mass concentrations of adsorbates.
6.3.2.1.1. Contact Time:

The Effect of contact time between pollutants viz. Congo Red, Methylene Blue, Pyrene,
and Anthracene with PVA and its derivatives aerogel where the concentration of Pollutants
was 5 mg/L. The Experiments were performed at 30°C adjusting the pH at 7. It was

observed that the adsorption of a large quantity of dyes and organic pollutants onto the
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Aerogels. Fig 21. presents the effect of contact time on the dyes’ adsorption.
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Fig 21: Effect of contact time with the Removal % of (A) Congo Red (B) Methylene Blue
(C) Pyrene and (D) Anthracene using PVA and derivatives aerogel. Conditions:

concentration 5 mg/L, temperature 30°C, adsorbent concentration 1 g/L, and pH-7.
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6.3.2.1.2. Effect of pH:

According to several papers, the key parameter in almost all adsorption processes is the pH
of the pollutant solution. This factor affects the capacity of the adsorbent and the efficiency

of the process.

The pH affects the solution chemistry of the contaminants, the activity of the functional
groups in the adsorbents, the competition with coexisting ions in the solution, and the
surface charge of the adsorbents (Khasri A. et al., 2021). The pH of the aqueous medium
can influence the properties of the adsorbents, the adsorption mechanism, and the
dissociation of dye molecules. Not only the adsorbents but also the chemical structure of
the dye can be altered by the pH of the solution. The pH changes the surface charges and
the degree of ionization of the adsorbed ion (Rapo E. et al., 2018; Kanwal A. et al.,2017,

and Brito M.J. et al.,2018).

Practical applications in Fig 22. demonstrate that anionic dyes bind more effectively to the
adsorbent surface in acidic media, whereas cationic dyes bind more effectively in basic

media. Usually, the pH of the aqueous dye solution is adjusted with HCI and NaOH.

e  When HCI is added to the solution, the surface of the adsorbents in the solution is
promoted, allowing the anionic dye to bind more efficiently on its surface, due to
the electrostatic attraction.

e Conversely, in a basic medium, the addition of NaOH deprotonates the aerogel
surface, resulting in a repulsive force between the anionic dye and aerogels. This
reverse phenomenon is observed for cationic dyes.

e Simultaneously, for organic pollutants pH affects less than other anionic or cationic

dyes.
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Fig 22: Effect of pH on the Removal % of (A) Congo Red (B) Methylene Blue (C) Pyrene
and (D) Anthracene using PVA and its derivatives aerogel. Conditions: concentration 5 mg/L

of pollutant in aqueous solution, Adsorbent Dosage- 1 g/L, temperature 30°C, pH- 2, 7, 10.

Fig 22. clearly display the pH effects on Methylene Blue and Congo red removal by PVA
and its derivatives aerogel. As increase with pH, removal rate of Methylene Blue increased
as opposite with Congo Red. As the pH increased, surface of the adsorbents becomes
negatively charged and this surface repulses the negatively charged dyes viz. Congo Red
but the positively charged dyes viz. Methylene Blue gets attracted more, and due to the
high electrostatic interaction between adsorbate and adsorbents pH played a crucial role in
the charged dye adsorption process. However, the organic pollutants viz. Pyrene and
Anthracene have less affinity to the pH changes still presence of n bonds and = electrons

in their structure have less affinity to the pH changes still presence of m bonds and &
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electrons in their structure slightly affects their affinity to the adsorbents' surface however

these interactions are negligible.
6.3.2.1.3. Effect of Solution Temperature:

The effect of solution temperature is also a significant physicochemical factor as affects
the treatment process by shifting the nature of the reaction from endothermic to exothermic,
or vice versa (Yeow P.K. et al., 2020). Moreover, it has a strong effect on adsorption as it

can increase or decrease the removal % (Badawy A.A. et al., 2020).

The temperature can affect the efficiency of the sorption differently depending on the
adsorbent and the pollutant. In general, it enhances the biosorption of adsorption impurities
by increasing the surface activities and kinetics energy of the adsorbates, but it can damage

the physical structure of the biosorbent.

e As the temperature rises, the rate of the chemical reaction also increases, so if the
sorption process is chemisorption (AHchemisorption= -200kJ/mol), then higher sorption
efficiency will be seen at higher temperatures (this would eventually reach the
equilibrium).

e On the other hand, if the process is physical adsorption (AHphysisorption = -20kJ/mol),
then the higher temperature will negatively affect the adsorption. Temperature can
chemically alter the adsorbent, and its adsorption site and activities (Szende T. et

al.,2020).

In adsorption studies, a static batch method in Fig 23. is demonstrated by the application
of PVA and its derivatives aerogel on cationic, anionic dyes and organic pollutants with a
temperature range of 20°C to 40°C with the application of dye concentration of 10mg/L,

dosage 1 g/L and pH at 7.
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Fig 23: Effect of Adsorbent Dosage on the Removal % of (A) Congo Red (B) Methylene
Blue (C) Pyrene and (D) Anthracene using PVA and derivatives aerogel. Conditions:
concentration 5 mg/L of pollutant in aqueous solution, Adsorbent Dosage- 1 g/L solution,

temperature 20°C, 30°C, 40°C and solution pH-7.

Through the batch study analysis by Aerogel on pollutants in aqueous solution shown in
Fig 23. It is quite observable that with increasing of temperature of the solution and
environment the removal rate of adsorption increases. Because of this increase in kinetic
energy of the sample, the diffusivity of dye molecules on the water caused the increase of
their movement into the pores of aerogel. For this reason, adsorption is an exothermic
process. There were some exceptions viz. Congo Red whose adsorption showed the

opposite of Other experimented dyes, which can be considered as an endothermic process.
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6.3.2.1.4. Effect of Adsorbent Dosage:

The amount of adsorbent is an important parameter that influences the adsorption process,
through the quantitative ratio of adsorbent to adsorbent. Since the adsorbent determines the
adsorbent capacity for a given initial concentration, the dosage of the adsorbent is an
important parameter (Sentiirk 1. and Alzein M., 2020). According to Kroeker’s rule, the
specific adsorbed volume, for a constant volume, for a constant initial concentration,
decreases with increasing adsorbent mass (Pernyeszi T. et al., 2019). Thus, increasing the
adsorbent dose is positively correlated with the efficiency and performance of dye removal.
With increasing the adsorbent dosage, at a fixed contaminated concentration, a more active
surface area is available for adsorption, and more active adsorption sites are available (Ma

C.M. et al., 2020).

As the biomass concentration increases, the efficiency of the pollutant removal increases,
but there is no direct proportionality between the amount of biomass and the amount of
pollutant removal. In contrast, as the concentration of biosorption increases, the amount
adsorbed per species decreases. This can be attributed to the fact that the shape of the
sorption isotherm changes with the increasing biosorbent concentration. The decrease in
the specific adsorbed amount is probably due to the fact that some of the surface or surface
groups may be saturated in the more concentrated suspensions (Neag E. et al., 2018;

Esmaeili H. et al.,2020 and Salahshour R. et al.,2020).

During the dye removal process, the capacity may decrease for two reasons (Popa S. et

al.,2021):

e Adsorption sites remain unsaturated while the number of sites available for
adsorption increases; or
e Aggregation or agglomeration of adsorbent particles may occur, reducing the

available surface area and increasing the diffusion path length.
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Several studies also report that this increase in efficiency lasts until a saturation state is
reached and then steadily decreases, sometimes slightly. This fact can be explained by the
fact that after a certain adsorbent dose, maximum adsorption is reached and the amounts of
ions bound to the adsorbent and the amounts of free ions remain constant, even with the
further addition of adsorbent (Rép¢6 E. et al.,2020; Rapo E. et al.,2019 and Hamza W. et al.,
2018). The Studies of PVA and its derivatives Aerogel adsorption are shown in Fig 24. The
process was done based on the aerogel amount of 0.5 and 2 g/L. of adsorbate using

temperature at 30°C and pH at 7 along with pollutants concentration of 5 mg/L.
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Fig 24: Effect of Adsorbent Dosage on the Removal % of (A) Congo Red (B) Methylene
Blue (C) Pyrene and (D) Anthracene using PVA and derivatives aerogel. Conditions:
concentration 5 mg/L of pollutant in aqueous solution, Adsorbent Temperature- 30°C,

Dosage variation 0.5g/L, 1g/L, 2g/L and solution pH-7.
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6.3.2.1.5. Effect of Pollutant Concentration;

The initial pollutant concentration is perhaps one of the most important factors influencing
the adsorption process, as it indirectly affects the efficiency of the dye removal by reducing
or increasing the availability of the binding sites on the adsorbent surface. The initial
concentration of solute acts as a driving force for the adsorption processes, favoring
diffusion and mass transfer from the solution (with a high amount of pollutant in the
solution) (Seow T.W., Lim C.K. et al., 2016). In such water treatment systems, the
efficiency of the pollutant removal and the maximum amount of the maximum amount of
dye bound in equilibrium are directly related to the initial dye concentration (Yagub M.T.,
2018; Terangpi P. and Chakraborty S., 2017). By examining the effect of dye concentration,

three trends can be observed (Al-Ghouti M.A. et al.,2020):

e The removal efficiency decreases as the initial concentration increases;
e Removal efficiency increases as the initial concentration increases; and

e No significant change in removal efficiency.

Most often, the percentage of dye removal decreases with increasing initial pollutant
concentration. This phenomenon can be explained by the saturation of adsorption sites on
the adsorbent surface. And the case of a low initial concentration of pollutants the presence
of a high amount of binding site for the adsorbates and trends slow down with the
increasing of pollutant concentration in the solution. At low concentrations, the ratio of
active sites to dye molecules can be high, allowing all molecules to interact with the
adsorbent and be removed from the solution almost instantaneously (de Farias Silva C.E.

et al., 2020).

Fig 25. Shows the effect of the initial concentration of pollutants on the removal of

pollutants by PVA and its derivatives aerogel.

61



120 B 5 mgL o0 m 5 mgL

B 10 mglL 80 = 10 mg/L

e mz20 mg.-'L 70 =20 mg/L

b = a® = B
fe i
fe
an 30
‘l hl “\ ‘| ”‘
i II :
o o

sl
S, AL LS

BD B 5 mgL B0 msmelL

70 B 10 mgfL 70 = 10 mgL

&0 20 mg/L &0 =20 mg/L
# 50 & 50
g 40 5 a0
E 30 .E 30
20 20
10 10
o o

¢ 5 @» g ¢ 5

Fig 25: Effect of pollutant concentration on the Removal % of (A) Congo Red (B)
Methylene Blue (C) Pyrene and (D) Anthracene using PVA and its derivatives aerogel.
Conditions: concentration 5 mg/L, 10 mg/L, and 20 mg/L of pollutants in the solution,

Adsorbent Dosage- 1 g/L solution, temperature 30°C, and solution pH-7.

From the data displayed in Fig 25. the significant decrease of removal percentage with
increasing of pollutant concentration throughout the process can be observed. For example,
during Congo Red removal at 5 mg/L concentration by PVA-SDBC, the removal
percentage was about 92.19 % but increasing of concentration to 10 mg/L decrease the
percentage to 67.98% and further increase to 20 mg/L the removal percentage was shown
at about 59.02%. This result can be explained by the increased competition in the
adsorption media. As the concentration increased, the number of adsorbate molecule faced
an increased competition to occupy the available binding sites on the adsorbent. That leads

the active sites to be exhausted and a decreased of removal percentage (Ghosh et al., 2024).
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6.3.2.2. Optimization of Methylene Blue Removal by PVA-SDBC aerogel:

Building upon our previous research, a parametric study was conducted to investigate the
impact of individual parameters on the removal rate of Pollutants, and this study involved
systematically varying a single parameter while keeping other parameters constant in the
overall process. To optimize the overall process of pollutant removal by adsorption
Response Surface methodology is done, which is a subset of Design of Experiments (DOE)
and used to explore the relationship between several explanatory variables and one or more
response variable. RSM is done by considering some steps viz. Identification of Factors,
selecting the factors level, and choosing Experimental design (Central composite, Box-
Behnken and Definite Screen) (Bezerra, M. A. et al., 2008). RSM can be used for
optimizing result of adsorption process by Developing adsorption model by describing the
relation between various variables, Experimental design phase by suggesting a series of
experiments, optimizing removal capacity of adsorption process. Response-surface
methods also have some unique experimental-design issues, due to the emphasis on
iterative experimental and need for relatively sparse designs that can be built-up piece-by
piece according to the evolving needs of the experimenter (Lenth, R. V., 2010). In Fig 26.
And Fig 27. The graphical and mathematical representations of RSM are shown on the
basis of the highest removed adsorbate by PVA-derivatives aerogel maintaining various
conditions viz. concentration from 5 to 20 mg/L, Dosage from 0.5 to 2 g/L and pH from 2
to 10. And shown in the Fig 26. (A) the relation between the experimental data obtained
and the predicted data points. It can be observed that the experimental data shows high
correlation with the predicted data. The result of ANOVA is shown in Table 9. where the
sum of squares, mean value, corresponding F and P value are examined. A very high F
value (74.02, much higher than unity) and a very low value of P meant the model was

highly significant, the experimental values showed a strong correlation with experimental
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value. The contour plots shown in Fig 27. show the interaction of independent variable

with the pollutant removal rate.
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Fig 26: The Plot showing the relation between the prediction data points and the experimental
data points as per the RSM model. (B) The 3D plot showing the interaction between the pH
of the experimental solution and Dose of PVA-SDBC and their effect on the percentage
removal of Methylene Blue, (C) The 3D plot showing the interaction between the pH of
solution and concentration of Methylene Blue and their effect on the removal percentage of
the pollutant, (D) The 3D plot showing the interaction between the Concentration of adsorbate
and dosage of PVA-SDBC and their effect on the percentage removal of Methylene Blue.
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Fig 27: The plot showing optimum value of adsorption process based on
perturbation graph as per the RSM model. (B) The Contour graph showing the
interaction between pH of the solution and Dosage of PVA-SDBC and their effect
on the percentage removal of Methylene Blue, (C) The Contour plot showing the
interaction between the pH of solution and concentration of Methylene Blue and
their effect on the removal percentage of the pollutant, (D) The Contour plot
showing the interaction between the Concentration of adsorbate and dosage of

PVA-SDBC and their effect on the percentage removal of Methylene Blue.
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Table 9. ANOVA for Quadratic model for RSM analysis:

R? value Adjusted R? value | f-value Probability value P

0.9896 0.9762 74.02 <0.0001 Significant
Table 10: ANNOVA for Quadratic Model:

Source Sum of Squares | df Mean square | F-value | p-value

Model 5854.33 9 650.48 74.02 <0.0001 | significant

A-Conc 1640.21 1 1640.21 186.64 <0.0001

B-pH 1708.20 1 1708.20 194.38 <0.0001

C-Dose 1821.36 1 1821.36 207.25 <0.0001

AB 13.36 1 13.36 1.52 0.2574

AC 55.95 1 55.96 6.37 0.0396

BC 6.18 1 6.18 0.7027 0.4296

A? 449.30 1 449.30 51.13 0.0002

B? 128.41 1 128.41 14.61 0.0065

C? 15.20 1 15.20 1.73 0.2299

Residual 61.52 7 8.79

Lack of Fit | 61.52 3 20.51

Pure Error | 0.0000 4 0.0000

Cor Total | 5915.85 16

%Removal=47.70632-5.30367%Concentration+0.790417xpH+39.35889xDose-

0.060917xConcentrationxpH+0.664889xConcentrationxDose-

0.414167xpH*xDose+0.183644xConcentration®+0.345156xpH?-3.37778x Dose?
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The optimal value of pH, Concentration and Dose 6.87, 12.5, 1.25 respectively and removal
(%) was 53.14, which closed to RSM data 52.38%, in which the RSM model can better

represented the experimental data.
6.4.Concentration-Dependent Inhibition of Microbial Growth

by Pollutants:

The minimal inhibitory concentration (MIC) is the lowest concentration of pollutants (such
as a dye) that inhibits the visible growth of a microorganism after overnight incubation. It's

a crucial measure in determining the effectiveness of Pollutants against specific microbes.

MIC testing involves exposing the microorganism to varying concentrations of the
antimicrobial agent in a controlled environment, such as a laboratory setting. The

concentration at which growth was inhibited and these were recorded as the MIC.

Importance of MIC in microbial analysis for some reason but out of them most importance
is the “Resistance detection of Microbes to pollutants” as the MIC experiment was done
with increased concentration of pollutants toxic effects on the microbial survival rate can

be effectively observed.

MIC is typically performed using standardized methods such as dilution methods or the
agar-based method and microbial stain was tested in a suitable medium until it reached a
specific density, typically equivalent to a 0.5 McFarland standard, which corresponds to
approximately 1-2 x 10® colony-forming units per milliliter (CFU/mL). Microbial stain
inoculation is done with different concentration pollutants for testing with incubation

periods of usually 18-24hrs.

The MIC was recorded as the lowest concentration of the pollutants that prevents visible
growth. The results are interpreted according to established breakpoints, which classify the
microorganism as susceptible, intermediate, or resistant to the pollutants.
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Upon conducting MIC testing using broth dilution method shown in Fig 28, it was observed
that the growth of Lysinibacillus sp was inhibited at a concentration of 100 mg/L of Congo
Red, and Pyrene indicating its effectiveness in inhibiting bacterial growth at minimal
concentration. Except from the above-mentioned micro-organism (Lysinibacillus sp), any
of above microbes didn’t show any growth inhibitory effects against any dyes or organic
components used for removal process by bacteria immobilized aerogels. And based on the
Fig 28., Lysinibacillus sp bacteria was sorted out from bioremediation process performed

against the aqueous solution of the pollutants used during the studies.

Fig 28: 1) Concentration-dependent inhibition of A) WMO, B) Lysinibacillus sp., C)

Bacillus subtilis, D) Pseudomonas sp., and E) SMO against Methylene Blue Dye
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Fig 28: 2) Concentration-dependent inhibition of A) Bacillus subtilis, B) Lysinibacillus sp.,

C) Pseudomonas sp., D) SMO, and E) WMO against Congo Red Dye

Fig 28: 3) Concentration-dependent inhibition of A) Bacillus subtilis, B) Lysinibacillus sp.,

C) Pseudomonas sp., D) SMO, and E) WMO against Pyrene
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Fig 28: 4) Concentration-dependent inhibition of A) WMO, B) SMO, C) Pseudomonas sp.,
D) Lysinibacillus sp., and E) Bacillus subtilis against Anthracene
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6.5. Bioremediation of Pollutants:

Bacteria grown in Nutrient Broth media were incubated for 7 days for full growth of the
microbial samples, which were then further used for degradation studies of the pollutants
with varieties of Concentration, dose, temperature, pH, and contact time. After regular
intervals of time, two 2ml of the samples were taken, of which 2ml of the sample was
centrifuged and degradation of the dyes was examined, and the remaining 2ml of the

sample was taken for observation of bacterial growth at the wavelength of 600nm.

Calculating the degradation percentage of the pollutants can be determined by Eq 6

mentioned in the “Adsorption section”.

6.5.1. Effect of Different Parameters on Bioremediation:

6.5.1.1. Effect of Contact Time:

Longer contact times generally allow for more contact of the pollutants with the microbial
surface along with more microbial growth, adaptation, and the development of more
microbial colonies which is better suitable for microbial degradation of specific pollutants
(Abd El-Rahim et al., 2009). Extended exposure can lead to increased microbial diversity
and metabolic capabilities, enhance the efficiency of the bioremediation, and often higher
results of contaminant removal (Bosco et al. 2002). Fig 29. Shows the relation of
bioremediation rate with the contact time for different bacterial solutions and the bacterial

growth with time in that medium.
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Fig 29: Effect of contact time with the Removal % of (A) Congo Red (B) Methylene Blue
(C) Pyrene and (D) Anthracene using bioremediation process by bacterial strain culture
Bacillus subtilis, Pseudomonas sp., Soil white Micro-organism and Water Micro-organism.

Conditions: concentration 5 mg/L, temperature 30°C and pH-7.
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6.5.1.2. Effect of Temperature:

Bioremediation of the Pollutants is influenced by the Temperature of the Bacterial Growth.
Mostly at higher temperatures metabolism of the bacteria is enhanced which enhances the
degradation of pollutants by microorganisms but at extreme temperatures growth of the
microbes is reduced (Igbal et al, 2007). However, with every micro-organism, there is an
optimum temperature, and at the optimum temperature, the growth is enhanced
(Sanscartier, David, et al., 2011). Most of the Mesophilic bacterial optimal growth and
activity can be seen at a temperature range of 25-35°C (Topp E et al., 1997). Also, because
of the optimum growth and activities of the microbes, the bioremediation rate is enhanced

on the pollutants.

A graphical representation of the bacterial growth dependency is shown in Fig 30. where
the range of the temperature is 20-40°C. From this data, it can be easily observed that at
30°C bacterial growth is the maximum, and in this condition, dye degradation is the highest
than other experimental conditions of temperature. However, the removal is also dependent
on the bacterial strain used in the removal process. As an example, Bacillus subtilis can
withstand an extreme range of temperatures, but Pseudomonas sp. bacteria contain a wide
variety of enzymes that allow them to break down pollutants and for that reason, high-
temperature change can affect the bioremediation process by affecting the reaction
mechanism and the structure of the enzyme. So, the removal rate of the pollutants by the
Bacillus subtilis strain i1s more than Pseudomonas sp. in very high and very low
temperatures where the removal at 30°C Bacillus gave less removal percentage of

pollutants than Pseudomonas sp. strain.
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Fig 30: Effect of temperature on the Removal of (A) Congo Red (B) Methylene Blue
(C) Pyrene and (D) Anthracene using bioremediation process by bacterial culture
Bacillus subtilis, Pseudomonas sp., Soil white Micro-organism and Water Micro-

organism. Conditions: concentration 5 mg/L, temperature 20°C, 30°C, 40°C and pH-7
with microbial dosage of 10 pl/L.
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6.5.1.3. Effect of pH:

Solution pH directly impacts the activities and growth of the microbes involved in the
bioremediation. Different microbial species have specific pH ranges at which they thrive
and function optimally. Extreme pH of the solution can inhibit the microbial activities of
degradation of the pollutants by denaturing the enzyme responsible for the bioremediation
of the sample and even disrupting microbial cells (Megharaj et al., 2011). Therefore,
maintaining the pH within the optimal range for the target micro-organisms is essential for
maximizing the bioremediation rate. In Fig 31. a graphical representation of the
bioremediation rate with the change of pH was shown with a range of pH-2 and pH-10 with
pH, and from the graphical representation it can be determined that using of extreme pH in
the solution, inhibits the growth of the bacterial strain by denaturing the cell wall
components and the functionality of the enzyme which are responsible for the degradation
process of the pollutants. Still, the bacterial surfaces charges are sometimes affected during
the treatment of pH. That's why at high-pH Methylene blue and low-pH Congo Red was
attracted by the surface ofthe bacteria. However, the removal of the Pyrene and Anthracene
were highest in optimal pH which is neutral (7) as the biomass concentration in this

condition was more than other pH conditions.
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Fig 31: Effect of pH on the Removal of (A) Congo Red (B) Methylene Blue (C) Pyrene
and (D) Anthracene using bioremediation process by bacterial culture Bacillus subtilis,
Pseudomonas sp., Soil white Micro-organism and Water Micro-organism. Conditions:

concentration 5 mg/L, temperature 30°C, microbial dosage 1 ul/L and pH-2, 7, 10.
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6.5.1.4. Effect of Pollutant Concentration:

Pollutant concentration has an influence directly on the bioremediation process. Generally,
higher concentrations of pollutants provide more microbial growth and metabolic activities
(Sayara et al., 2010). Microorganisms utilize pollutants as a source of energy and carbon
for their growth and reproduction. However, after threshold limit further increasing of
substrate concentration may lead to saturation effects (Nocentini et al., 2000). Saturation
occurs when the available of the micro-organisms and enzymes are unable to keep up with
the rate of pollutant influx, resulting the diminishing the bioremediation rates. Even in
extreme cases, high pollutant concentrations can inhibit microbial activities or even lead to
toxicity, and limiting the effectiveness of the bioremediation process (Sharma and Indu,
2020). In Fig 32. Graphical comparative representation of the bioremediation rate change
is shown with change of the concentration of pollutants of 5 mg/L and 20 mg/L. And from
the graphical representation it can be easily observed that with increase of pollutant
concentration the removal rate is decreased. Also decreasing rate of removal from 20 mg/L
to 10 mg/L is more than 10 mg/L to 5 mg/L behind this phenomenon pollutants inhibitory

effect on bacteria growth is responsible.

6.5.1.5. Effect of Microbial Dose:

The microbial dose indicates the initial population of density of the bioremediation agents
introduced to the contaminated environment (Marin et al., 2005). A higher microbial dose
typically results in a greater initial population density, which accelerate the onset of the
biodegradation and enhance the overall bioremediation rates. Higher microbial doses
provide more microbial mass and metabolism capabilities and enable faster degradation
rate (Lahel, Abu, et al.,, 2016; Santini et al.,, 2016). However, the higher dose of the
microbial strains removal percentage of the biodegradation is enhanced but after increasing

of dose may cause the lack of substrate in the medium which is the energy and carbon

77



source for their growth along with lowering the microbial dose may cause opposite and
after extreme threshold level may cause toxic effect on the enzyme responsible for the
bioremediation process (Liu et al., 1993). In Fig 33. a graphical representation of
comparative studies of the bioremediation rate change was shown with the change of the
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Fig 32: Effect of Pollutants Concentration on the Removal of (A) Congo Red (B) Methylene
Blue (C) Pyrene and (D) Anthracene using bioremediation process by bacterial culture
Bacillus subtilis, Pseudomonas sp., Soil white Micro-organism and Water Micro-organism
with variable Concentration of 5 mg/L (ppm) , 10 mg/L (ppm) , and 20 mg/L (ppm) where
other parameters maintained at same condition Dosage of Bacteria: 10 ul/L , pH-7 and

Temp-30°C.
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Fig 33: Effect of Bacterial Dose on the Removal of (A) Congo Red (B) Methylene Blue
(C) Pyrene and (D) Anthracene using bioremediation process by bacterial culture Bacillus
subtilis, Pseudomonas sp., Soil white Micro-organism and Water Micro-organism with
variable dosage of 100 pl, 300 pl and 1 ml where other parameters maintained at same

condition Concentration of pollutants: 5 mg/L, pH-7 and Temp-30°C.
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6.5.2. Sorting of bacteria for immobilization in Aerogel Matrix:

From the parameters effects on bioremediation over the pollutants mentioned before it can
be clearly observed that Pseudomonas sp. have highest removal rate than other bacterial
stains used throughout the process. However, Bacillus subtilis has more tolerance against
extreme temperature and pH still in normal condition removal rate of Bacillus subtilis is
less than Pseudomonas sp., in other hand Pseudomonas sp. can easily immobilized in Gel
matrix from other stains used in process of bioremediation. As a result, Pseudomonas sp.
is sorted out for the further process of pollutants removal using adsorption of aerogel along

with bioremediation by bacteria stains in an encapsulated form.

6.6. Removal of Pollutants using Bacteria-doped Aerogel:

6.6.1. Effects of various parameters on removal of pollutants:

Removal of pollutants by Bacteria doped aerogel is a combined effect of adsorption and
bioremediation because of these reasons, parameters viz. contact time, concentration of the
pollutants, dosage of the adsorbents, pH etc. have various effects on the biosorption of the
pollutants. Effect of the parameters are described below by PVA and its derivatives aerogel
immobilized with bacteria stain Pseudomonas sp. Removal percentage of the pollutants are

determined by the Eq 6 mentioned in “Adsorption section”.
5.6.1.1. Effect of Contact Time:

Longer contact time gives higher removal rate of the pollutants by adsorbents but in
removal graph by bacteria-doped aerogels some parts indicate the mechanism behind the
removal. As shown in Fig 34. PVA and its derivatives aerogels immobilized with
Pseudomonas sp. bacteria graphical representation of pollutants removal where it can be

clearly observed and examined that mechanism of the removal is followed by adsorption,
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bioremediation of bacteria situated in lag phase, then bioremediation of bacteria with
exponential growth rate and finally with death growth phase bacteria where the removal

rate become equilibrium after reaching maximum value.
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Fig 34: Effect of contact time on removal of the Pollutants: (A) Congo Red, (B) Methylene
Blue, (C) Pyrene, and (D) Anthracene using PVA and derivatives aerogels immobilized by
Pseudomonas sp. bacteria while maintaining conditions viz. Pollutants concentrations 5

mg/L, Dosage- 1 g/L and Temperature-30°C and pH-7.
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6.6.1.2. Effect of Temperature:

Both bioremediation and Adsorption were affected by Temperature of the solution. From
the perspective of bioremediation, there was an optimum temperature of bacteria stain
growth which were responsible for the removal of the pollutants using various enzymes
and surface interaction and for specially Pseudomonas sp. bacterial stain the with variation
of temperature the enzyme excreted from the cells can be denatured or the cell wall can be
raptured. On another hand, in adsorption process the removal rate is varied based on the
change of the molecular entropy, impurities by increasing the surface activities and kinetics

energy of the adsorbates.

There are two possibilities of the adsorption rate changes one is increases of removal rate
with increase of temperature and in another hand decreasing of removal rate with

increasing of temperature. And both of them shows two mechanisms as below:

e One is increase of adsorption rate with increase of temperature because of presence
of Chemisorption where value of AH is appx. 200kJ/mol.
e Another one is decrease of adsorption rate with increase of Temperature due to

physisorption with value of AH is appx. 20kJ/mol.

Overall, the removal rate is quite dependent over temperature due to various factors. In Fig
35. The graphical representation of pollutants removal by bacterial immobilized PVA and
its derivatives aerogel are shown with the change of temperature from 20 to 40°C
maintaining the remain parameters constant viz. pH at 7, Pollutants concentration of 5 mg/L

and Dosage of the adsorbents 1g/L.
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Fig 35: Effect of Solution temperature on the Removal of (A) Congo Red (B) Methylene
Blue (C) Pyrene and (D) Anthracene using Pseudomonas sp.-doped PVA and its derivatives
Aerogel with variable Temperature of 20°C and 40°C where other parameters maintained

at same condition Adsorbent Dosage: 1 g/L, pH-7 and Conc-5 mg/L.
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6.6.1.3. Effect of solution pH:

Solution pH is one of the main important parameters responsible for affecting the removal
of pollutants by adsorption and bioremediation process. From the perspective of
bioremediation process, pH directly affects the growth of bacteria and because of low
bacterial density, removal rate is also decreased. During adsorption pH of the solution can
alter the adsorbents’ surface charge which sometime results the increase of pollutants
removal specially the ionic dyes. As an example, for Congo Red and Methylene Blue the
removal rate by adsorption is quite different than bioremediation by micro-organism. From
the practical application of pH during adsorption process in Fig 36. it can be easily
determined that the dyes during binding on the surface of adsorbents the presence of H”
and OH™ ions may be increased or decreased. When the acid added to the solution the
surface of the adsorbents is promoted for allowing to binding the anionic dyes with the
surface easily but repulse cationic dyes and in case of basic solution the result show quite
opposite due to presence of electrostatic force between the surface and adsorbates. In other
hand for organic non-polar molecules pH didn’t give much effects on the removal because

of their low affinity toward the adsorbent surface by electrostatic force.

In the Fig. 36. the effect of pH on the removal of the pollutants by PVA and its derivatives
aerogel immobilized with Pseudomonas sp. bacteria are shown maintaining the other

conditions constants viz. Temp 30°C, Pollutants concentration 5 mg/L and Dosage 1 g/L.
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6.6.1.4. Effect of Pollutants Concentration:

In Fig 37. Removal of the pollutants are shown with the variation of Pollutants
concentration from 5 mg/L to 20 mg/L maintaining the other parameters constant viz.
Dosage 1 g/L, temp-30°C and pH-7. And it can be easily determined that with increasing
of concentration of pollutants the removal rate by adsorption and bioremediation decreased.
From the perspective of adsorption processes the surface of adsorbents are saturated by
pollutants or adsorbates. Also, in case of Bioremediation the increase of pollutants
concentration sometime gives inhibitory effect during the growth of micro-organism
present in the immobilized aerogel used for removal of the pollutants even the surface of
bacteria also acts as adsorption friendly surface but more pollutants particle attach make

them less available to new particles cause reduction of removal %.
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Fig 37: Effect of Pollutants concentration on the Removal of (A) Congo Red (B)
Methylene Blue (C) Pyrene and (D) Anthracene using Pseudomonas sp.-doped PVA and
its derivatives Aerogel with variable conc 5, 10 and 20 mg/L where other parameters

maintained at same condition Dosage: 1 g/L, temperature-30°C and pH- 7

86



6.6.1.5. Effect of Adsorbent dosage:

In Fig 38. Removal of the pollutants are shown with the variation of adsorbent dosage from
0.5, 1 and 2 g/L and maintaining other parameters viz. pH-7 (neutral), temperature 30°C
and Concentration of pollutants 5 mg/L. And it can be easily determined that with
increasing of dosage removal rate of the pollutants are also increased because of the
presence of more adsorption side on adsorbent surface and from the perspective of
bioremediation, low dose may suffer the inhibition of pollutant toxicity which become low

in case of high dose of bacteria strain presence in the immobilized aerogel.
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Fig 38: Effect of Adsorbent dosage on the Removal of (A) Congo Red (B) Methylene
Blue (C) Pyrene and (D) Anthracene using Pseudomonas sp.-doped PVA and its
derivatives Aerogel with variable dosage of 0.5, 1, 2 g/L and where other parameters

maintained at same condition Concentration- 5 mg/L, temperature-30°C and pH- 7
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6.7. Comparative Analysis of Bacteria immobilized Aerogel with Base

Aerogel on the removal process of pollutants:

In Fig 39. The comparative study of removal process of pollutants are shown between
Bacteria-doped Aerogel and normal adsorption process carried out by Base Aerogel which
have the highest removal percentage of pollutants. The graphically analysis data are shown
in Fig 39. (A) of pollutants removal by Bacteria-doped aerogel can be divided into three
consecutive parts:

(1) Adsorption,

(2) Adsorption overlapped with Bioremediation, and

(3) Biodegradation of pollutants by immobilized Micro-organisms.
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Fig 39. (A) Methylene Blue Dye removal by PVA-SDBC immobilized with
Pseudomonas sp. with mechanism of removal process with time difference.
(B) comparative analysis of Bacteria-immobilized aerogel with Base aerogel.
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From the graphical analysis it can be easily observed that final removal percentage of
pollutants by Bacteria-doped Aerogel (91.23%) is higher than the normal aerogel (82.39%)
due to encapsulating bioremediation process with adsorption. However, the initial stages
of the treatment by bacteria-doped Aerogel exhibit lower pollutants removal rate than Base
Aerogel. The reason behind the result can be explained by the theory of pore occupied by
immobilized Micro-organism inside the matrix and reduce the surface area of the functional

site which are responsible for pollutants removal by Adsorption.
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6.8. Modelling of Adsorption Process:

Modelling in adsorption processes involves creating mathematical representations or
simulations to understand adsorption occurs on a given material’s surface and prediction
of how adsorbents interact with adsorbates. Modelling of the adsorption involves some key

aspects and mathematical solution of the adsorption process:

1. Adsorption Isotherm
2. Kinetics Models

3. Thermodynamics Models

Other of these models there are some other key aspects present viz. Mass transfer models,

and Surface Chemistry Models etc.
6.8.1. Adsorption Isotherm:

Adsorption is a surface phenomenon that involves adhesion of atoms, ions, or molecules
of any fluids on a surface of any adsorbents. Still based on the molecular interactions there
are two types of adsorptions one is chemical adsorption and another on is physical
adsorption (Al-Ghouti, Mohammad A., and Dana A. Da'ana, 2020). Where in physical
adsorption mono-layer interaction of adsorbate on the adsorbent’s surface happened and in
case of chemical adsorption multilayer adsorption occurs. The relation in adsorption
isotherm explains the phenomena and interactions between adsorbate and adsorbent.
Generally, the adsorption performance can be predicted by modeling the adsorption
isotherm data because the adsorption isotherm model can provide information about the
adsorbent capacity, the adsorption mechanism, and the evaluation of the adsorption process

performance (Raya, Indah, et al., 2016).
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Isotherm Modelling are various types which are Langmuir Isotherm, Freundlich Isotherm,
Temkin Isotherm, Halsey Isotherm, Dubinin-Radushkevich Isotherm, Harkin-Jura

Isotherm etc. Out of them Langmuir and Freundlich Isotherm are most important.

6.8.1.1. Langmuir Isotherm:

Langmuir isotherm is one of the models for describing the binding between the adsorbate
and adsorbents at a given and constant Temperature. It assumes that adsorption occurs on
a homogeneous surface with a finite number of identical sites available for adsorption.
According to this model, adsorption proceeds in two steps: first, adsorbate molecules
approach the surface, and then they either bind to the surface or desorb back into the gas

phase. There are four assumptions in this type of isotherm namely (Irving Langmuir, 1918):

1. The molecules are adsorbed by a fixed site (the reaction site at the adsorbents
surface).

2. Each site can “hold” one adsorbate molecule.

3. All sites have the same energy.

4. There is no interaction between the adsorbed molecules and the surrounding sites.

Adsorption process from the monolayer.

Langmuir isotherm representation can be expressed by Eq 7:

1 1 1 1
Q6 = OmaxKL Ce T Qmax i (7)

And from the equation of Langmuir isotherm graph (Ce vs Ce/Qe) of Qmax and b value can
be evaluated which are the maximum monolayer adsorption capacity and binding energy

or affinity parameters respectively.
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The important factor of Langmuir Isotherm Application is the dimensionless factor or

separation factor (Rr) (Irving Langmuir, 1918) which can be represented using Eq 8:

1

RL= e e, (8)

1+KLCe

This separation factor has some value with various significances:

1. Ry > 1, unfavorable adsorption process (allows the adsorption process to occur,
most desorption processes occur).

2. Rp = 1, linear adsorption process (depending on the amount adsorbed and the
concentration adsorbed).

3. Rp =0, Irreversible adsorption process (strong adsorption).

4. 0 <Ry <1, Favorable adsorption process (normal adsorption).

In table 11. Significance of Langmuir Isotherm of highest removal pollutant (Methylene

Blue) using Aerogel PVA-SDBC is shown with the Qumax, Ki, Ri and R? value.

Table 11. Langmuir isotherm significance of Methylene Blue removal by PVA-SDBC

aerogel:
Aerogel ‘ Pollutant Qmax (mg. g) Kr (L.mg™') Ry (g/L) R?

PVA-SDBC ‘ Methylene Blue  18.33 1.85 0.029 0.781
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6.8.1.2. Freundlich Isotherm:

The Freundlich Isotherm is a mathematical model used to describe the adsorption of a
solute onto a solid surface. This type of adsorption in which the adsorption occurs in several
layers and the bonds are not strong (multilayer). Freundlich isotherm also assumes that the
sites of adsorption are heterogeneous (Dada, A. O., et al., 2012). The empirical relationship

for expressing Freundlich isotherm is given in Eq 9:
InQe = anf+%lnCe ....................................................... 9)

where Ky is Freundlich constant, Ce is the concentration of adsorbate under equilibrium
conditions (mg/L), Qe is the amount of adsorbate absorbed per unit of adsorbent (mg/g),
and n is the value indicating the degree of linearity between the adsorbate solution and the

adsorption process (Dada et al., 2012).
The value of n has various significance:

1. n =1, linear adsorption.

2. n <1, adsorption process with chemical interaction.

3. m> 1, adsorption process with physical interaction.

4. Favorable adsorption process is declared when 0 < 1/n < 1, and a cooperative

adsorption process occurs when 1/n> 1.

In table 8. Freundlich isotherm significance of PVA and its derivatives aerogel are shown
using R? value and it can be easily determined that except Congo Red removal Freundlich

isotherm show more significance.

In Table 12. The significance of Freundlich Isotherm of highest removed pollutants

(Methylene Blue) using PVA-SDBC aerogel is shown using K¢, n and R? value.

93



Table 12. Freundlich Isotherm significance of Methylene Blue by PVA-SDBC aerogel:

Aerogel ‘ Pollutant K¢ n R?

PVA-SDBC ‘ Methylene Blue 8.24 2.54 0.993

6.8.1.3. Significance of Isotherm analysis of Adsorption process by aerogel:

Isotherm analysis plays a very crucial role in adsorption studies to provides the essential
information about the interaction between adsorbates molecules and adsorbent surface
under equilibrium conditions along with the mechanism of adsorption. By plotting
experimental data obtained from the adsorption studies by PVA-Saw Dust Biochar on
Methylene Blue pollutants it can be easily determined that the Freundlich isotherm shows
more significance due to higher R? (0.997) value than Langmuir isotherm (0.781) which

show multilayer adsorption on the sites of adsorbent surface.
6.8.2. Adsorption Kinetics:

Same as Adsorption Isotherm, kinetics give a crucial role for understanding the mechanism
and dynamics of the adsorption and by this kinetics show how quickly and efficiently
molecules (adsorbates) accumulate on a surface (adsorbent) over time. It's particularly
important in fields like environmental remediation, separation processes, and
heterogeneous catalysis. There are various types kinetics can be used to determine the
dynamics of Adsorption but out of them Pseudo first Order and Pseudo second Order

Kinetics are more importance.

6.8.2.1. Pseudo first Order kinetics:

Pseudo first order kinetics refers to a situation where a reaction that is actually higher-order,
such as second order or more, appears to follow first order kinetics under certain conditions.

And this typically occurs when one reactant is present in excess compared to other
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reactants, causing its concentration to remain nearly constant throughout the reaction. As a
result, the reaction becomes dependent over only the concentration of the limiting reactant,

giving the appearance of first order kinetics.

The empirical relation for pseudo first order kinetics can be expressed by Eq 10:

log(ge — qt) = logqe — [(k—l) t] .............................................. (10)

2.303

To evaluate the significance of the pseudo first order ki, e and R? need to be determined
using the graph of log(qe-qe) vs time, In table 13. value of parameters were evaluated of the

pollutants (Methylene Blue) with highest removal of adsorbents (PVA-SDBC).
Table 13. Significance of pseudo first order kinetics of Methylene Blue by PVA-SDBC:

Adsorbent ‘ Pollutant Ki(min™) qe (mg/L) R2

PVA-SDBC ‘ Methylene Blue 0.233 6.282 0.953

6.8.2.2. Pseudo second order kinetics:

As pseudo first order kinetics pseudo second order kinetics is also a mathematical model
used to describe the rate of the chemical reactions, particularly those involving the
adsorption process. In pseudo second kinetics, through equation it can be behaved as
second order kinetics. The empirical relation for expressing pseudo second order kinetics

can be determined by Eq 11:

To evaluate the significance of the pseudo second order ks, ge and R? need to be determined
using the graph of t/q: vs time, In table 14. value of parameters were evaluated of the

pollutants (Methylene Blue) with highest removal of adsorbents (PVA-SDBC).
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Table 14. Significance of pseudo second order kinetics of Methylene Blue removal by

PVA-SDBC:

Adsorbent ‘ Pollutant K> (g/(mg-min) Qe R?

PVA-SDBC ‘ Methylene Blue 0.488 8.091 0.997

6.8.2.3. Analysis of Adsorption Kinetics of Adsorption process by Aerogel:

With respect to the range of values of R, some generalizations can be made. The values of
R? < 0.5 indicate a weak relation between the predictor (or independent) variable(s) and
the response variable, while 0.5< R? < 0.8 indicate that the model is not adequate. This
implies that R? > 0.8 indicate good fit between the data and the model. Having this range
of R?, if two models have R? > 0.8, why is the one with a higher R? (closer to 1) can be
considered as the possible. From the data given in the Table 9 and 10. The parameters for
initial concentration of 1 mg/L results the value of R? are evaluated 0.953 and 0.997 which
can be determined that the mechanism of the adsorption is PSO is good fit for the

mechanism of adsorption.
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6.8.3. Adsorption Thermodynamics:

As isotherm and Kinetics thermodynamics is one of the important parameters in adsorption
process. Thermodynamic considerations of an adsorption are necessary to conclude
whether the process is spontaneous or not. The Gibb’s free energy change, AG’, is an
indication of spontaneity of chemical reaction which is an important criterion for
spontaneity (Bering et al., 1972). Both enthalpy (AH’) and entropy (AS®) factors must be
considered in order to determine the Gibb’s free energy of the process. Reactions occur
spontaneously at a given temperature if AG® is a negative quantity (Myers, A. L., 2002).

The free energy of an adsorption process is related to Van’t Hoftf equation (Eq 12):
AG'=-RTINKC......ooviiiiiiiiiiiiiii (12)

Where the AG? is the Gibb’s free energy change (kJ. mol™!), R is the ideal gas constant
(8.314 J. mol!'. K, and Temperature is T with K. which is the single point or the linear

sorption distribution co-efficient defined by Eq. 13 (Guggenheim et al, 1933):

where Ca is the equilibrium adsorbate concentration on the adsorbent (mg. L™!) and Ce is

the equilibrium adsorbate concentration is the solution (mg. L™).

There is also an equation between AG®, AH®, AS® and T it will be linear with the slope and

intercept giving the value of AH? and AS° respectively which was evaluated by Eq 14.
AG = AH - TAS . .. (14)

In Table 15. The values of parameters are evaluated of the pollutant (Methylene Blue) with

the value highest removal by PVA-SDBC (adsorbent).
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Table 15. Thermodynamics analysis on Methylene Blue removal by PVA-SDBC aerogel:

Aerogel Pollutants Temperature | AG? (J/mol) | AH° AS°
(K) (kI/mol) | (J/K.mol)

PVA- Methylene 293 -795.299 -14.908 56.364
SDBC Blue

303 -1114.998

313 -1872.201

Congo Red 293 -3163.73 25.019 -74.28
303 -2700
313 -1665.38

6.8.3.1. Conclusion of Thermodynamics analysis of the adsorption process:

From the Table 15. It can be easily analyzed that the removal of the pollutants has an

increasing negative AG® value with increasing of temperature of the solution indication

spontaneity, except the removal of Congo Red where from the graphical representation of

Fig 23. with the increasing of Temperature deceased the removal of pollutants, gives the

increasing AG® value with positive AH® and negative value of AS® indicates endothermic

reaction throughout the process.
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6.9. Kinetics of Bioremediation:

Modelling of Bioremediation is one of the important processes of mathematical,
computation or statistical models of simulate and predict the behavior of bioremediation
systems, in which the micro-organisms are used to degrade the organic compounds.
Modelling of the bioremediation represent the growth kinetics of microbes used to degrade
the pollutants. For the growth of the microbes, some key aspects are involved and

mathematical solution are involved viz.

1. Monod Model
2. Logistic Model
3. Modified logistic Model

4. Leudeking-Piret Model

However, Monod model is the most important and widely used model of the out others

described.

6.9.1. Monod Model:

Monod modelling is a mathematical model for the growth of micro-organisms. As noted
by Bailey and Oils (1986) this model is probably called a great oversimplified equation for
expressing the microbial growth. This model is expressed by showing a functional
relationship between the specific growth (ug) and an essential substrate concentration (S),
also the Eq 15. can be expressed as an empirically as below (Alexander, M., 1999; Ferenci,

Thomas, 1999):

s
Ug = pmax. (S+Ks) ......................................... (15)

In which the maximum specific growth is pmax and Ks is called Monod Constant (AF

Gaudy and ET Gaudy, 1980).
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In Fig 40. The graphical representation of Monod equation and Double reciprocating plot
are shown with the value of pumax and Ks value of the bioremediation of highest removed

pollutant (Methylene Blue) using the bacteria of Pseudomonas sp. shown in Table 16:
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Fig 40: A) Monod equation of Methylene Blue bioremediation using Pseudomonas sp. Bacteria,

B) Lineweaver-Burk plot (Double-reciprocal plot)

Table 16. Parameters analysis of Methylene Blue bioremediation by Pseudomonas sp.

using Monod Eq:
Pollutant ‘ Micro-organism Wmax (day™) Ks (mg/L)

Methylene Blue ‘ Pseudomonas sp. 0.919 22.07
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6.10. Toxicity analysis:

Toxicity analysis is a critical aspect of ensuring the safety and efficacy of adsorbents for
various applications, including environmental remediation, water treatments, and industrial
processes (Burgess, Robert M., et al, 2013). Adsorbents are substances capable of
attracting and binding to other molecules or particles onto their surface (Ruthven, Douglas
M., 1984). The introduction of new adsorbents into these applications requires thorough
evaluation to determine their potential impact on human health, the environment, and non-
target organisms (Neagu, Monica, et al., 2023; Kong, Hao, et al., 2022). Toxicity tests
assess the adverse effects of adsorbents and any leachable substances they may release.
These tests involve exposing relevant biological systems, such as cell cultures, aquatic
organisms or soil micro-organisms, to the adsorbent or its leachates and monitoring for
changes in growth, viability, physiological functions, and genetic integrity. By conducting
comprehensive toxicity test there are various methods but out of them experimental
analysis based on germination of seeds is most important because of easy accessibility and

process simplicity.

6.10.1. Toxicological analysis based on germination of Moong Dal (Vigna

radiata) seeds:

The toxicological analysis based on seed germination is a significant measure in plant
neology, reflecting the allocation of biomass between roots and shoots and germination rate
of seed in presence of solution containing pollutants. It’s often indicative of a plant’s
adaptation to its environment, resource availability, and growth strategies (Cheung, Y. H.et

al., 1989).

Pollutant solution can significantly impede the germination process of seed by disrupting
essential physiological processes critical for early plant growth. These solutions containing

various pollutants viz. various dyes, organic pollutants and heavy metals. Upon exposure,
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seeds may experience reduced water uptake , altered enzymatic activity, and oxidative
stress, all of which inhibit germination. Heavy metals can interfere with cellular
metabolism and cause structural damage to cellular components, while organic pollutants
may disrupt hormonal balance crucial for germination initiation. Consequently, the
presence of pollutants solutions in the germination environment can severely diminish seed
viability and compromise overall plant establishment, highlighting the detrimental impact

of pollutants on seeding development and ecosystem health.

However, the root-to-shoot ratio of the seed can show the presence of nutrition in water
solution. Presence of low-nutrient medium, where the plant invests more in root
development to forage for resources (Agathokleous, E. et al, 2019). Conversely, a low root-
to-shoot ratio indicates a high nutrient medium. Even it can indicate the presence of any
toxic agents in the solution used for seed germination. It is also seen in the case of pollutant
removal by the adsorption process seed germination process is delayed or sometimes
permanently inhibited because of the production of many by-products or the release of
toxic fillers from the adsorbent structure (Shahnaz, Tasrin, et al., 2022). This process also
indicates the interaction of micro-organisms with the adsorbents in the bacterial doping
process as weak interaction releases microbes in the solution used for seed germination

which may alter the root-to-shoot ratio (Asati et al, 2024).

In Table 17: The effect of the pollutants on the seed germination are determined based on
Moong Dal seeds using pollutants viz. Congo Red, Methylene Blue, Pyrene and
Anthracene. Environmental condition is kept optimal and suitable for seed germination viz.
Temp-30°C, pH-7, concentration of Pollutants 10mg/L, and Dose of the adsorbent is 1g/L
of the pollutants sample. Along with data is compared with the data from the seed
germination in normal water. However, fungal growth is prevented by 4% of Sodium
Hypochlorite solution by which seeds were pretreated and washed vigorously to remove

excess antifungal chemicals present in the seed sample (Sen, B. H. et al., 1999). And Form
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the Table 17. It can be easily determined that due to use of the microbes immobilized

aerogels as adsorbents during the process of adsorption and also present of bioremediation

for biodegradation pollutants cause low toxic effects on moong seeds during the

germination process. And from the data represented in Table 17. It can be easily determined

that the due to biodegradation of pollutants using Micro-organisms and adsorption by

aerogel the effect on the germination of seeds are reduced which enhance the root and shoot

length along with germination rate, and these values are quite opposite in control solution

(without the presence of bacteria-doped aerogel).

Table 17. Toxicity analysis of bacteria immobilized PVA and its derivatives aerogel on
germination process of Moong seeds.
Micro-organism | Pollutants Germinated | Root Shoot Seedling | Root- | Seed
used n rate (%) length | Length | length shoot | vigor
immobilized (cm) (cm) (cm) Ratio | Index
aerogel index
Bacillus subtilis | Congo Red 50 1 0.4 1.4 5:2 85
Methylene Blue | 60 1.3 0.9 2.2 13:9 114
Pyrene 40 1.2 0.1 1.3 12:1 52
Anthracene 50 1.2 0.3 1.5 4:1 75
Pseudomonas Congo Red 80 1.6 0.9 2.5 16:9 200
sp.
Methylene Blue | 60 1.5 0.5 2.0 3:1 120
Pyrene 40 1.5 0.2 1.7 15:2 68
Anthracene 50 1.7 0.3 2.0 17:3 100
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Water Congo Red 50 1.5 0.9 2.4 5:3 120
Microorganism
Methylene Blue | 80 1 0.5 1.5 2:1 120
Pyrene 30 1.3 0.2 1.5 13:2 45
Anthracene 40 1.4 0.3 1.7 14:3 56
Soil Congo Red 90 1.6 0.7 2.3 16:7 207
Microorganism
Methylene Blue | 70 1.3 0.5 1.8 13:5 126
Pyrene 50 1.1 0.3 1.4 11:3 70
Anthracene 60 1.5 0.4 1.9 15:4 114
Control* Congo Red 70 0.8 0 0.8 B 49
Methylene Blue | 70 0.4 0.1 0.5 4:1 35
Pyrene 40 0.2 0.1 0.3 2:1 12
Anthracene 60 0.3 0.1 0.4 3:1 24
Water (no | 90 4.5 3.2 7.7 45:32 | 693
pollutants)

* Without presence of any immobilized Aerogel
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Chapter 7: Conclusion _and Future

Perspective
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7. Conclusion and Future Perspective

Following the increasing amount of waste-biomass generation, it is necessary to study the
removal of such pollutants from wastewater to maintain eco-system balance. In this study,
PVA and its derivatives aerogel immobilized with micro-organism was evaluated as a
potential-adsorbents in removal of various types of soluble waste from aqueous solution.
Without bacterial immobilization, PVA Aerogels showed the less removal throughout the
process. But after doping with bacterial strain, the removal efficiency increases vigorously.
Characterization results revealed successful surface chemistry modification for the
Aerogels, while little change in structural properties. Due to encapsulation of
bioremediation and adsorption process simultaneously effect the removal percentages of
pollutants from aqueous solution. Freundlich isotherm model and pseudo-second order
kinetics model fitted well to the data of PVA and its derivatives aerogels adsorption data
on the removal of the pollutants. The thermodynamics analysis suggested that the removal
processes are spontaneous and exothermic to nature with the entrapped bacteria can grow
maintaining Monod Kinetics throughout the process giving higher removal percentages
than normal aerogel adsorption and using of only bioremediation. This study shows that
the immobilizing of microbes is a simple cost-effective method to enhance the adsorption
performance of soluble waste removal process. Furthermore, finding cost-effective
strategies in the fields of storage and reusability of used adsorbents are other important
issues for the future studies. In the way, the safe and economical disposal/reuse of used
adsorbents should be considered in future investigations. It is possible to use raw materials
and refining materials instead to expensive commercial materials to prepare more
economically and environmentally viable production with negligible amount of hazard

generation.
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