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ABSTRACT

Trace organic pollutants are emerging as a serious source of water pollution in recent times due to its
widespread usage and corresponding ubiquitous presence in the water bodies around the world.
Conventional methods of waste water treatment like sewage treatment plants are unable to effectively
remove these pollutants from water. Thus alternative methods of water purification have to be
investigated. For the present study, four compounds were selected as the target pollutant namely three
pharmaceuticals Carbamazepine (CBZ), Naproxen (NPX) and Rantidine (RTN) and one plasticizer
Bisphenol A (BPA). The reason for selecting these particular compounds is that they are widely used
all over the world in very high quantities. Also, all these chemicals have some reported deleterious
effect on the environment, usually on non-target organisms that consumes them directly or indirectly.
Therefore, the presence of these chemicals in water can be considered to be a source of considerable
concern. In this study various methods have been investigated for removing these pollutants. Firstly the
process of adsorption was investigated. Graphene Oxide (GO) was considered to be one of the
adsorbents due to its many unique properties like very high surface area, presence of functional groups
on its surface, mechanical and chemical stability etc. Other than GO, an activated biochar, synthesized
from rice straw and activated by Hummer’s method were also used as an adsorbent. The activated
biochar was named Activated Rice Straw Biochar (ARSB) and was considered to be a cheaper
alternative of GO. Then, the process of photo-catalysis was also investigated with the aim of degrading
the pollutants into benign end products. TiO, was selected as the semiconductor for photo-catalysis due
to its chemical stability, non-toxic nature and relative ease of availability. Then it was combined with
the previously investigated adsorbents GO and ARSB by a solvo-thermal method in order to increase
its adsorption ability, to delay the electron recombination and to decrease the band gap energy. The
synthesized nanocomposites were termed GO-TiO; and ARSB-TiO, and consisted of nine parts by
weight of GO/ARSB and one part by weight of TiO.. The synthesized materials were characterized by
different methods like scanning electron microscopy (SEM), Fourier transform infrared spectroscopy
(FTIR), X-ray diffractometry (XRD) and Raman spectroscopy. The bands gap of the photo-catalysts
were calculated from their Tauc plots. The removal efficacies of the synthesized materials were
investigated over a range of experimental parameters by virtue of batch studies and the process was
further optimized by the Response Surface Methodology (RSM) study. The ability of the synthesized
materials to remove the targeted contaminants by adsorption under a dynamic condition was
investigated by a rotating packed bed (RPB) study. From the result of the experiment it was observed
that all the synthesized materials were able to remove significant amounts of the targeted pollutants

from there aquatic solution, some exhibiting more efficiency than the other. Among the adsorbents GO



exhibited higher efficiency than ARSB. In case of the photo-catalysts, GO-TiO, exhibited higher
efficiency than ARSB-TiO; although the gap between their efficiency was lesser than that of GO and
ARSB. All the synthesized material exhibited reusability up-to a certain degree when treated by the
appropriate solution for regeneration. The process of Fenton oxidation was also applied for removing
the pollutants followed by adsorption with GO, and this process exhibited very high efficiency. Lastly,
the different water treatment techniques investigated so far was tested for the purpose of treating real
waste water. Water sample was collected from two places, one being a lake containing water with high
pollutant load and the other being the effluent from an industry situated in south of Kolkata, West
Bengal. Both the water were treated separately by the different treatment techniques, and among them
Fenton oxidation followed by adsorption with GO was most effective for the purpose of reducing the
Chemical Oxygen Demand (COD) for the lake water whereas adsorption with GO was able to reduce
the COD of the industrial effluent by the highest degree. From the results of the experiment it was
observed that, the different treatment techniques investigated in the course of this thesis were able to
effectively remove the trace organic pollutants from water and also thus, can be used for the treatment
of this kind of pollutants in future. In terms of treating real water, the effectivity of the different
treatment processes varied, but still some technigues showed enough efficiency to be considered for

future research.

Keywords :- Trace organic pollutants, emerging contaminants, CBZ, NPX, RTN, BPA, GO, ARSB,
GO-TiO2 and ARSB-TiO»
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CHAPTER 1

INTRODUCTION

1.1 GENERAL INTRODUCTION

In recent times, a range of trace pollutants have been detected in the aquatic environment. They are
collectively termed as emerging contaminants (EC’s) and consists of different groups of chemicals like
pharmaceuticals (PHA’s), endocrine disputing chemicals (EDC’s), nanomaterials, synthesized genetic
material, degraded products of EC’s etc. (Cheng et al., 2021; Gogoi et al., 2018; Zhou et al., 2020).
These EC’s are continually released into the environment mainly by anthropogenic activities, due to
their wide scale utilization for various purposes (Gogoi et al., 2018). Although these EC’s are generally
detected in very low concentration (in the ng/L to pg/L range) in the aquatic environment, they can still
pose a viable risk to their surrounding environment due to their chemically active and persistent nature
(Bhattacharya et al., 2021). Additionally, they are not effectively removed by conventional treatment
methods like by wastewater treat plants (WTP) or by sewage treatment plants (STP) (Gogoi et al.,
2018). As a consequence of which these EC’s pose a serious risk of water contamination in the future

times and effective methods for their removal from the aquatic environment should be investigated.

As mentioned above, PHA’s form a significant portion of these EC’s. PHA’s are active material that
have been designed to incite a specific response even at a very low concentration (Ebele et al., 2017).
As a consequence they can be harmful if they are taken up by a non-target organism even at a very low
concentration. PHA’s mainly enter the environment as (i) undigested part of the ingested medicine (ii)
through improper disposal of expired medicines (iii) as the effluents generated from hospitals and
clinics (iv) as the wastes generated from the pharmaceutical industry (Thalla, 2020). As mentioned
before, pharmaceuticals are generally present at very low concentration in the environment. At these
concentrations, they generally do not pose any acute toxic effect. However, long time exposure to these
PHA’s can have some chronic effect on some organisms (Ku 'mmerer, 2009). For example it has been
observed that pharmaceuticals, typically at concentrations found in sewage treatment plant can have a
negative effect on organisms such as Daphnia, Zebrafish, Bacteria and algae etc. (Ku'mmerer, 2009).
Some other toxic effects of pharmaceuticals that has been recorded are, antidepressants affecting the

life cycle of clams and fishes , disorienting the learning behaviour of cuttlefish and causing disorder in



the movement of snails (Khan et al., 2017). Sometimes the residues of these PHA’s are observed in the
downstream of many sewage treatment plants, where they have been detected to cause intersex among
different aquatic organisms, leading to their almost extinction (Khan et al., 2017). The pollution caused
by the traces of PHA’s also affects aquatic flora like green algae, blue green algae and cyanobacteria.
Pharmaceuticals like fluorogquinolones have been known to damage the replication of chloroplast due
to their homology with bacteria (Khan et al., 2017). Another negative aspect of PHA’s as trace
pollutants is that, it can cause resistance among the target pathogens. As a consequence of which the
pathogen gets accustomed to the PHA’s, thereby reducing the efficacy of the pharmaceutical at the
intended dosage (Drillia et al., 2005). The widely used PHA’s Diclofenac, at concentrations of 5 pg/L-
50 pg/L can cause disruption of the normal functioning of gill and kidney and cause immune
suppression in some forms of fish (Ebele et al., 2017). In most of the real life scenarios the PHA’s are
found as mixtures, which in many cases have a greater toxic effect than single compounds. For example
a mixture of the two drugs Carbamazepine and Diclofenac can have a greater toxic effect on Daphnia
magna than the individual PHA’s at the same concentration (Ebele et al., 2017). Also, sometimes the
effect of the PHA’s can be observed on non-effected organisms. For example the European perch (Perca
fluviatilis) on being exposed to the 1ow concentration of the psychoactive drug Oxazepam, exhibits an
increased feeding rate thereby having a negative influence on its main prey species though the prey
species were not (directly) affected by the drug (Richmond et al., 2017). Most of these PHA’s which
are observed as pollutants are not easily biodegradable (Kanakaraju et al., 2018). This, along with the
fact that PHA’s are continually being released into the environment due to their wide scale usage makes
them pseudo-persistent pollutants (Khan et al., 2017; Ku"'mmerer, 2009). Therefore it can be stated that
the pollution caused by PHA’s, though generally not resulting in acute toxicity can have a deleterious

effect on the environment.

1.2 COMPONENTS SELECTED FOR STUDY

For this particular thesis, the focus is on three pharmaceuticals, Carbamazepine (CBZ), Naproxen
(NPX) and Rantidine Hydochloride (RTN). All three of these are widely used drugs whose traces have
been observed in aquatic environment all across the world (Bhattacharya et al., 2020, 2021;
Bhattacharyya et al., 2018; Khan et al., 2017; Ku"'mmerer, 2009; Richmond et al., 2017). As per the
Clinical database of USA in the year 2020, NPX was the 91* most used drugs (8,143,638 prescriptions),
RTN was the 177" most used drugs (3,260,051 prescription) and CBZ was the 185" most used drugs
(2,858,880 prescriptions) (https://clincalc.com/DrugStats/Top300Drugs.aspx).

CBZ (C15H12N20) is a widely consumed antiepileptic drug which is used for treating pain, epilepsy and
some mental conditions (Batucan et al., 2022). It was first synthesized in 1960 and it primarily functions
by binding to sodium channels and in some cases calcium channels and functions by impeding the

action potential and lowering the synaptic transmission. The exact mechanism by virtue of which CBZ
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affect the aquatic organism is not clear. However there have been a number of occasions where it has
been noted that CBZ affects the aquatic environment (Batucan et al., 2022). The toxic effect of CBZ
have been observed in Zebra fish (Danio rerio), common carp (Cyprinus carpio), Daphnia magna etc.
(Acs et al., 2022; Batucan et al., 2022; Tian et al., 2019). CBZ are not effectively removed by traditional
methods of waste water treatment like WTP’s and STP’s and exhibited high level of persistence in the

aquatic environment (Batucan et al., 2022; Yongjun Zhang et al., 2008).

RTN (C13H22N405S) is histamine H. receptor antagonist which is used to reduce the production of acid
from the parietal cells of the stomach (Mondal et al., 2015). As mentioned before, it is among the most
prescribed drugs in the world. RTN reaches the environment through various sources and had been
detected in many aquatic regions of the world (Bergheim et al., 2012). RTN can undergo biotic and
abiotic transformation in the environment and can form different types of metabolites. RTN in itself
does not possess any acute toxic effects even at very high concentrations (100 mg/L), however its
photodegraded by-products can be harmful for many organisms (Isidori et al., 2009). From the work of
(Sandip Mondal et al., 2015) RTN was degraded by a photo-simulator and from there two degradation
products were observed, they were designated as compound 1 (Ci12H21N3s0,S) and compound 2
(C12H21N30,S). RTN along with these two photo-degraded products were found to exhibit some chronic
toxic effect on rotifers and crustaceans, with the compound 1 exhibiting more toxic effect. As a
consequence of which, effective methods must be investigated for the proper removal of RTN from the

aquatic environment.

NPX (C14H14053) is a non-steroidal anti-inflammatory drug (NSAID) which is used for the treatment of
pain, inflammation or fever. As mentioned above it is one of most widely used medicines in the world.
NPX is generally detected at concentrations of ng/L -pg/L in the aquatic environment (Q. Li et al.,
2016). Though NPX has a relatively short half-life (27 days), but it is still considered to be pseudo-
persistent due to its high rate of usage (Grenni et al., 2013). Naproxen retains its active nature even after
being discharged into the environment and can disrupt the health of aquatic animals by impeding with
their life style. For example, exposure to 0.1 pug/L of NPX has been known to reduce the egg fertilization
of Florida flagfish (Jordonella floridae) over one complete life cycle ( Mondal et al., 2015). NPX also
has been known to disrupt the gill tissue of Zebra fish at a concentration of 10 pg/L, thereby signifying

that it can cause genetic defect to an aquatic vertebrate at a realistic concentration ( Mondal et al., 2015).

Like PHA’s, EDC’s are also an important group of emerging pollutants. Chemicals are designated as
EDC’s if they impersonate the activity of natural hormones such as estrogen, testosterone or thyroid
hormone. EDC’s are mainly of man-made origin and can be comprised of various classes like synthetic
hormones, pharmaceuticals and personal care products (PPCP’s), industrial chemicals, pesticides,

combustion by-products and surfactants etc. (Chang et al., 2009).



Among the different EDC’s, the chemical Bisphenol A (BPA) (C1sH1605) is of special interest due to
its high usage and its potency to cause adverse effects. BPA is mainly used as a monomer for the
production of polysulfone and polycarbonate polymers, epoxy resins and polyacrylates (Trojanowicz
et al., 2020). BPA is also used for the synthesis of flame retardant and thermal papers (Trojanowicz et
al., 2020). It has been estimated that 3 million tons of BPA are synthesized on an annual basis and the
number is predicted to increase in the future times due to the increment in demand for materials
synthesized from BPA (Trojanowicz et al., 2020). Due to its wide scale utilization in plastic
manufacturing, BPA are found in plastic food containers, plastic cans, water pipes and bottle caps
(Chouhan et al., 2014; Davididou et al., 2018). In the manufactured product, the BPA are joined together
by ester bonds which in turn can be hydrolysed at high temperature and at very high and low pH. As a
consequence of which, at these extreme conditions the BPA are leached into its surrounding medium,
which in many cases is water (Chouhan et al., 2014; Davididou et al., 2018). The conventional WTP’s
are unable to remove the BPA from the environment. As a result of which, the BPA are ingested by
organisms which consumes these contaminated water, including humans ((Chouhan et al., 2014;
Davididou et al., 2018). Even low levels of BPA have also been found to cause undesirable biological
effects in humans such as problem of reproductive system, and cancer of breast, testes and prostates
(Chouhan et al., 2014; Davididou et al., 2018). Along with humans BPA has been found to cause
maladies in the reproductive systems of aquatic invertebrates, amphibians, mammals and reptiles
(Chouhan et al., 2014).

As has been described above EC’s like PHA’s and EDC’s have a proven degenerative effect on the
aquatic environment. Therefore effective methods should be implemented for the efficient removal of
these EC’s from the aquatic environment. As had been reported in many previous literatures,
conventional WTP’s and STP’s are not sufficient for effectively removing these EC’s from water. As a
consequence of which alternative, non-conventional tertiary methods of waste water treatment like
adsorption and advanced oxidation process (AOP) should be employed for effectively treating these
EC’s from water (Banerjee et al., 2015a, 2016; Barman et al., 2018; Carabin et al., 2015; P. Das & Das,
2016; Nawaz et al., 2017; Sophia et al., 2016).

1.3 VARIOUS TREATMENT PROCEDURES

Carbon based materials have displayed immense promise regarding the removal of EC’s from water.
Adsorbents that have employed for the removal of these EC’s from water have been predominantly
carbon based materials like Graphene Oxide (GO), Graphene, Carbon Nanotubes (CNT), Activated
Charcoal (AC), biochar etc. (Bhattacharya et al., 2021; Mukherjee et al., 2019; Roy et al., 2018; X. Tan
et al., 2015). The same carbonaceous materials can be utilized in the process of photo-catalysis, where
they are combined with the semiconductor to form a composite photo-catalyst with greater surface area,

lower band gap energy and greater time for electron recombination (Amalraj Appavoo et al., 2014;



Carabin et al., 2015; Fazal et al., 2020; Nawaz et al., 2017; L. Xu et al., 2018; Hanyu Zhang et al.,
2017). The adsorbents can also be utilized in combination with some AOP’s like Fenton oxidation and
ionization radiation in order to remove the intermediate formed during the reaction. Below is a list of
methods that can be applied for the removal of trace pollutants like EC’s from water and how carbon

based materials can be applied in that process :-

Adsorption is a very effective method for the elimination of EC’s from there aquatic solution. The
main advantages of adsorption are its simplicity in operation and cost effectiveness. Generally no
additional energy is necessary for the process of adsorption. Various materials can act as effective

adsorbents like activated carbon, graphene oxide, graphene, carbon nanotubes etc. (Tomul et al., 2020).

Graphene oxide (GO) in particular has generated tremendous interest in recent times as an effective
form of an adsorbent (Banerjee et al., 2016). GO is mainly synthesized from the oxidation of graphite
which can be done by various methods. Hummers and Offeman published a new method in 1958 where
they synthesized GO from the oxidation of graphite by sulphuric acid (H.SO.) and potassium
permanganate (KMnQ,) (Sophia et al., 2016). This method or some modification of this method is
generally used in the synthesis of GO as because it is considered to be safer as compared to the previous
methods (Sophia et al., 2016). The main attributes of GO that makes it an effective adsorbents are its
high surface area, presence of functional groups on its surface, and good chemical and thermal stability
(Bhattacharya et al., 2020).

Like GO, activated carbon and biochar’s are also considered to be effective adsorbents (Tan et al.,
2015). Biochar’s in general have one advantage over GO, that is, it is generally synthesized from a
surplus product of organic origin, like an agricultural by-product like rice straw, rice husk, sugarcane
bagasse, peanut shell (Bhattacharya et al., 2021; Das et al., 2021; Ganguli et al., 2020; Saha et al., 2021)
or an industrial by product like wood shavings or saw dust (Chakraborty & Das, 2021). As a
consequence of which the cost of production of biochar is generally lower than that of GO (Bhattacharya
et al., 2021; Roy et al., 2018; Tomul et al., 2020). Therefore the synthesis of biochar for the treatment
of emerging pollutants can be considered to be advantageous both ways in terms of utilization of an

agricultural by-product and the treatment of pollutants in an aquatic ecosystem (X. Tan et al., 2015).

Advanced Oxidation Process (AOP) is also a widely adopted method for the treatment of emerging
pollutants from water (Nawaz et al., 2017). One advantage of AOP over adsorption is that, unlike in
adsorption where there is only a mass transfer of pollutants from the water to the surface of the
adsorbent, in the process of AOP the pollutants are degraded. However, it also happens that sometimes
the EC’s are degraded to form intermediate products which are more harmful than the parent
compounds. Therefore it is more practical to combine the process of AOP with another treatment

method that can result in the overall removal of these pollutants from water.



Photo-catalysis is a very effective method of AOP. In this phenomenon, an incident radiation of
necessary wavelength is directed on the surface of a semi-conductor. This incident radiation then excites
an electron (¢") on the surface of the semi-conductor which then travels to the conduction band from the
valance band thereby generating an electron hole (h*) on the surface of the semi-conductor (Yu et al.,
2019). This in turn dissociates the water molecule into (OH") and hydronium (H") radicals. The free
electron on the other hand can reduce the O, molecules to form O, (Hanyu Zhang et al., 2017). This in
turn can split the water molecules to form OHe radical and hydrogen peroxide (H202) molecules
(Hassani et al., 2017). Therefore it can be stated that during the process of photo-catalysis, various
oxidizing species are generated which can degrade trace organic pollutants like EC’s into CO, and H2O
(Fazal et al., 2020; L. Xu et al., 2018). Different types of semiconductors are used for the purpose of
photo-catalysis namely, Titanium Dioxide (TiO2), Zinc Oxide (ZnO), Tin (1V) Oxide (SnO>), Tungsten
Trioxide (WO3), Ferric Oxide (FeOs3) etc. (H. Kim & Lee, 2014). Among them TiO; holds a special
place of interest due to its chemical stability, non-toxicity and easy availability (Nawaz et al., 2017; Yu
et al., 2019; Hanyu Zhang et al., 2017). However, the main drawbacks against the utilization of TiO; as
a semiconductor are the agglomeration of TiO2 nanoparticles among themselves and the quick
recombination of h* and e, thereby inhibiting the photocatalytic ability of TiO, (Hanyu Zhang et al.,
2017). In order to alleviate this problem, the TiO; is generally combined with a supporting materials
(Yuetal., 2019; Hanyu Zhang et al., 2017). Carbonaceous materials like GO and biochar are a common
choice as a supporting material, due to their large surface area, good adsorption capacity and ability to
inhibit the recombination of electron-hole pairs (Fazal et al., 2020; Nawaz et al., 2017; Yu et al., 2019).
Particularly in case of GO, the functional groups present on its surface acted as an electron absorber,

thereby delaying the recombination of the electron on its surface (Yu et al., 2019).

The mechanism by virtue of which various oxidizing species are generated during the reaction of

photocatalysis is given as follows:-

TiO; + Irradiation (hv) = AT 4 @7 i (1)
RY 4 HyO = e OH + H oo, (i)
OH™ 4 ¥ = 0 OH oo (iif)
€7 Tt 0 = 0 i @iv)
Op ™ 4 HyO = 0 HOp At OH ™ cooooeeee oo )
2 0 OHy = g 4 HyOy oo (vi)
¢ OHy + HyO + €7 = HyOp & OH eooooeooeeoeeeeeeee e (vii)



Thus various oxidizing species are generated from the photocatalysis of H,O by TiO,, which can
degrade the organic pollutants into benign products like CO; and H,O (Das et al., 2022; Hanyu Zhang
etal., 2017; Yu Zhang et al., 2018).

Another common AOP is Fenton Oxidation. Fenton Oxidation was discovered 100 years ago but was
utilized for the purpose of the treatment of pollutants about 60 years ago (Neyens & Baeyens, 2003).
Fenton oxidation is a homogeneous catalytic reaction where Hydrogen peroxide (H-0,) is dissociated
into *OH (oxidation potential = 2.8 V) in the presence of Fe*" ions which operates as the catalyst. The
*OH radicals dissociate the organic pollutants into smaller intermediates and ultimately into benign end
products like CO, and H,O (Mohammed et al., 2019). The two main mechanisms by which *OH radical
decomposes the organic pollutants are (i) hydroxyl addition and (ii) hydrogen abstraction (Mohammed
et al., 2019). The hydrogen abstraction is done with unsaturated organic compounds and the hydroxyl

addition is done with aromatic compounds or multiple carbon bonds.

The chemical equations describing the Fenton equations is given as follows :-

Fe?t + Hy0p = Fe3t 4+ OH® + OH-.....oooioiii e (viii)
Fe3t + Hy0, = Fe?t + O0H® 4 H™b oo (ix)

The rate of equation (viii) (40-80 L/mole sec™) is much higher than that of equation (ix) (9 x 107) mole
per second (Vasquez-Medrano et al., 2018) . Therefore the regeneration of Fe®* becomes rate limiting
step of the reaction. Also the Fenton reaction best operates at the lower pH range (3-4), because at the
higher pH the Fe?* is precipitated as Fe (OH)s, thereby hindering the Fenton reaction. The concentration
and dosage of H,O, and Fe?* are also important rate determining factors (Vasquez-Medrano et al.,
2018). In the Fenton reaction, the Fe?* ion is mainly supplied in the form of ferrous sulphate (FeSO.,)
and the H,0; is mainly used as a 30-35 % solution. The main advantage of using Fenton reaction for
the degradation of EC’s is that it is a simple chemical reaction, with relatively cost effective reagents
and the rate of the reaction is very rapid (Mohammed et al., 2019). However, studies should be
conducted to make the process more economically viable. Also, it’s best to combine AOP’s like Fenton
oxidation with another tertiary mode of treatment so that the intermediates of the reaction can be
properly removed from the water. Carbon based adsorbents like GO and biochar can be utilized for
adsorbing the intermediates along with the precipitated Fe(OH); from the water. The chemically stable
nature of the carbon based adsorbents makes them suitable for operating in chemical conditions of the

Fenton reaction.

1.4 EXPERIMENTAL METHODOLOGY

For this present thesis, the removal of the four above mentioned EC’s, i.e., CBZ, NPX, RTN and BPA

from their aquatic solution by different carbon based compounds have been investigated. For the



process of adsorption, GO and the activated biochar synthesized from rice straw termed ARSB was
used. For the process of photo-catalysis, the semiconductor TiO, was combined with both GO and
ARSB. The removal of the EC’s were also investigated with Fenton oxidation reaction. The Fenton
reaction was combined with adsorption with GO in order to enhance the removal of the EC’s along with

the effective removal of the reaction intermediates.

In case of the adsorption study, the optimum conditions under which highest removal was possible were
determined by virtue of a batch study. The data were further optimized with Response Surface
Methodology (RSM). The data from the batch study of the adsorption was utilized to calculate the
adsorption isotherm, adsorption kinetics and adsorption thermodynamics in order to find mechanism of
the adsorption reaction, the rate of the adsorption reaction and the nature of the adsorption reaction
respectively. In order to evaluate the ability of the adsorbents to remove the EC’s under a dynamic

condition, a Rotating Packed Bed (RPB) study was performed.

In case of photo-catalysis, the semiconductor TiO. was chosen for its non-toxic and stable nature along
with its ease of availability. The TiO, was combined with GO and ARSB by a hydrothermal method to
form a composite which was utilized in dual role of both an adsorbent and a photo-catalyst. The
effectivity of the composite was evaluated under various incident radiations. The radiation which
exhibited the highest efficiency was used for further studies. Like in case of adsorption, the experimental
conditions under which highest removal of EC’s were obtained by the photo-catalyst were determined

by virtue of a batch study and further optimization was done with RSM studies.

In case of the Fenton reaction, the source of Fe* ion were FeSO4.7 H,O and the H.O, were added as a

30 % solution.

At the end, the ability of adsorbents and photo-catalyst to treat the real time waste water was also
evaluated. Wastewater was collected from two places, namely from a lake with high load of pollutant
and the other being the effluent from a pharmaceutical industry situated in Kolkata. The best performing
adsorbents and photo-catalyst were used for treating these water and the efficacy of the adsorbent and

photo-catalyst were determined by measuring the quantity of COD (mg/L) before and after treatment.

Overall the aim of this thesis was to document the ways by which trace pollutants like EC’s that has
multiple negative effects on its surroundings can be effectively removed by different methods. The logic
behind choosing the methods that were chosen, the process by which the experiments were performed,

the outcome of the experiment and the logic behind the result is described in this thesis in detail.



CHAPTER 2

LITERATURE REVIEW

2.1 EMERGING CONTAMINANTS AND THEIR EFFECT ON THE
ENVIRONMENT

In the recent period, pollution of the environment by various trace organic pollutants has become a
significant nuisance. These pollutants are generally available in the environment in very low
concentration (ug/L-ng/L range). However by virtue of their chemically active nature, these trace
pollutants have the capacity to impart an adverse effect on organisms even at this trace concentration
(Ku"mmerer, 2009). An important sub-set of these trace pollutants are group of organic trace pollutants

termed as “Emerging contaminants” or EC’s.
These EC’s can be broadly classified into three groups.
1.> Cosmetic care items.
2.> Pharmaceuticals (PHA’s).
3.> Endocrine disrupting chemicals (EDC’s) (Gogoi et al., 2018).

PHA'’s are generally released into the environment due to the improper disposal of unused and expired
medicine, as undigested part of the human and animal excrement and as effluent from health care
facilities and manufacturing plants synthesizing medicines (Thalla, 2020). EDC’s are a group of
chemicals which can have an adverse effect on human health by altering the physiological functions of
the human body by mimicking hormones like estrogen, testosterone and thyroid etc. (H. Chang et al.,
2009). EDC’s are mainly released into the environment by activities like the discharge of effluents from
sewage treatment plants in water, as surface run-off from settlements, road systems and agriculture,
direct discharge into water from manufacturing plants, as leachate from mishandling of materials
containing EDC’s (Burkhardt-Holm, 2010).

In this thesis, emphasis has been given on three PHA’s (CBZ, NPX and RTN) and one EDC (BPA).
They were chosen by virtue of their wide use, ubiquitous presence and proven adverse effect on the

environment.



CBZ (C15H12N20) is a widely consumed antiepileptic drug which is used for treating pain, epilepsy and
some mental conditions (Batucan et al., 2022). It was first synthesized in 1960 and it primarily operates
as a sodium chain blocker. CBZ is widely used for the treatment of maladies like seizures, trigeminal
neuralgia and mental disorders (Zhang et al., 2008). Among the total CBZ that is consumed, about 72
% is absorbed by the body and the rest of the 28 % is eliminated from the body in the form of faeces
(Zhang et al., 2008). CBZ is mainly metabolized in the body by the liver and in the end only about 1 %
of the CBZ leaves the body in the unaltered state. CBZ can be termed as a resistant pollutant, which is
not entirely degraded even at the modern multistage sewage treatment plants (Batucan et al., 2022).
Previous studies have reported a global usage of CBZ at 1.1 kilo-ton. Such substantial usage of CBZ
has resulted in its appearance in different sources of water including surface water, ground water,
wastewater treatment plants and even drinking water. Therefore, presence of CBZ in different water
resources is being considered as an issue of global concern. CBZ reportedly exerts toxic effects on
aquatic life including bacteria, algae, invertebrates and fish. The adverse effect of CBZ on the
environment have been documented in Zebra fish (Danio rerio), common carp (Cyprinus carpio),
Daphnia magna etc. ((Acs et al., 2022; Batucan et al., 2022; Tian et al., 2019). Permissible limit of CBZ
in drinking water sources varies in different countries and is found to be 40 and 100 pug L™ * in Minnesota,
U.S.A and Australia respectively. Moreover, use of water containing CBZ for irrigation results in
accumulation of the same in soil. The standard concentration of CBZ in soils irrigated using wastewaters
has been found to be 0.02-15 pg kg *. According to the US Food and Drug Administration, an
environment assessment should be performed whenever the concentration of the active ingredient of
CBZ is equal to or found to exceed 1.0 pg L™ 'in aquatic environment. Hence, efficient treatment
strategies are required for removal of this pollutant from the aquatic environment (Bhattacharya et al.,
2020).

NPX (C14H1405) is a non-steroidal anti-inflammatory drug (NSAID) which is used for the treatment of
pain, inflammation or fever. As mentioned above it is one of most widely used medicines in the world.
NPX is generally detected at concentrations of ng/L -pg/L in the aquatic environment (Q. Li et al.,
2016). Though NPX has a relatively short half-life (27 days), but it is still considered to be pseudo-
persistent due to its high rate of usage (Grenni et al., 2013). Naproxen retains its active nature even after
being discharged into the environment and can disrupt the health of aquatic animals by impeding with
their life style. For example, exposure to 0.1 pug/L of NPX has been known to reduce the egg fertilization
of Florida flagfish (Jordonella floridae) over one complete life cycle (Mondal et al., 2015). NPX also
has been known to disrupt the gill tissue of Zebra fish at a concentration of 10 ug/L, thereby signifying
that it can cause genetic defect to an aquatic vertebrate at a realistic concentration (Sandip Mondal et
al., 2015). The photodegraded by-products of NPX has been found to be more toxic than the original
product, with the photodegraded by-product of NPX being harmful to the small aquatic crustaceans like

Ceriodaphnia dubia and Daphnia magna and bacteria’s like Vibrio fischeri. NPX also had toxic effects
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on the two algal species, Cymbella and Scenedesmus quadricauda, with the toxic effect depending on
the concentration and the duration of the exposure (Ding et al., 2017). On being exposed to NPX for a
prolonged period, a decrease in the ammonia oxidizing bacteria in the river Tiber was observed
(Wojcieszynska & Guzik, 2020). As a consequence of which, like CBZ it is also necessary to remove

NPX from its aqueous solution even if it is present in trace concentrations.

RTN (C13H22N40sS) is histamine H. receptor antagonist which is used to reduce the production of acid
from the parietal cells of the stomach (Sandip Mondal et al., 2015). As mentioned before, it is among
the most prescribed drugs in the world. RTN reaches the environment through various sources and had
been detected in many aquatic regions of the world (Bergheim et al., 2012). RTN can undergo biotic
and abiotic transformation in the environment and can form different types of metabolites. RTN in itself
does not possess any acute toxic effects even at very high concentrations (100 mg/L), however its
photodegraded by-products can be harmful for many organisms (lIsidori et al., 2009). From the work of
(Sandip Mondal et al., 2015), RTN was degraded by a photo-simulator and from there two degradation
products were observed, they were designated as compound 1 (Ci:H21N302S) and compound 2
(C12H21N30,S). RTN along with these two photo-degraded products were found to exhibit some chronic
toxic effect on rotifers and crustaceans, with the compound 1 exhibiting more toxic effect. As a
consequence of which, effective methods must be investigated for the proper removal of RTN from the

aquatic environment.

Like PHA’s, EDC’s are also an important group of emerging pollutants. Chemicals are designated as
EDC’s if they impersonate the activity of natural hormones such as estrogen, testosterone or thyroid
hormone. EDC’s are mainly of man-made origin and can be comprised of various classes like synthetic
hormones, pharmaceuticals and personal care products (PPCP’s), industrial chemicals, pesticides,

combustion by-products and surfactants etc. (H. Chang et al., 2009).

Among the different EDC’s, the chemical Bisphenol A (BPA) (C1sH160-) is of special interest due to
its high usage and its potency to cause adverse effects. BPA is mainly used as a monomer for the
production of polysulfone and polycarbonate polymers, epoxy resins and polyacrylates (Trojanowicz
et al., 2020). BPA is also used for the synthesis of flame retardant and thermal papers (Trojanowicz et
al., 2020). It has been estimated that 3 million tons of BPA are synthesized on an annual basis and the
number is predicted to increase in the future times due to the increment in demand for materials
synthesized from BPA (Trojanowicz et al., 2020). Due to its wide scale utilization in plastic
manufacturing, BPA are found in plastic food containers, plastic cans, water pipes and bottle caps
(Chouhan et al., 2014; Davididou et al., 2018). In the manufactured product, the BPA are joined together
by ester bonds which in turn can be hydrolysed at high temperature and at very high and low pH. As a
consequence of which, at these extreme conditions the BPA are leached into its surrounding medium,

which in many cases is water (Chouhan et al., 2014; Davididou et al., 2018). The conventional WTP’s
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are unable to remove the BPA from the environment. As a result of which, the BPA are ingested by
organisms which consumes these contaminated water, including humans (Chouhan et al., 2014,
Davididou et al., 2018). Even low levels of BPA have also been found to cause undesirable biological
effects in humans such as problem of reproductive system, and cancer of breast, testes and prostates
(Chouhan et al., 2014; Davididou et al., 2018). Along with humans BPA has been found to cause
maladies in the reproductive systems of aquatic invertebrates, amphibians, mammals and reptiles
(Chouhan et al., 2014). BPA have been found to increase the secretion of hormones like estradiol,
progesterone, serum lutenizing hormone and testosterone (Wisniewski et al., 2015). BPA exposure have
been known to decrease the sperm count, sexual function and lower fertility in males (Y. Ma et al.,
2019). Prenatal exposure to BPA resulted in lower birth weight and lower birth height, organ and neural
development in babies (Y. Ma et al., 2019). Exposure to BPA resulted in earlier puberty onset in boys
and later puberty onset in girls, thereby reflecting the gender induced effect of BPA (Berger et al.,
2019). Also it has been observed, that in case of male offspring in humans, pre-birth exposure of BPA
results in anxiety and depression in the male child (Perera et al., 2016). As per one study conducted by
(Shu et al., 2018), BPA toxicity results in obesity and type-2 diabetes with insulin resistance. Higher
quantity of BPA in urine resulted in higher blood pressure and cardiovascular disease (Shankar &
Teppala, 2012). In case of a pregnancy, the level of BPA in serum was positively correlated with
preeclampsia (Y. Ye et al., 2018). BPA can contribute to the formation of non-alcoholic fatty liver
disease (NAFLD) and as an enhancer for the onset of allergic diseases like asthma, bronchial hyper-
responsiveness and type-1 diabetes (Yu et al., 2019). It has been also found that levels of BPA were
associated with some neurodevelopment diseases like autism spectrum disorder (ASD) (Rahbar et al.,
2017). BPA has also been observed to be responsible for different types of cancer like cervical cancer

and ovarian cancer (Y. Ma et al., 2019).

Table 2.1: List of chemicals investigated in this study and their chemical structure.

Compound | Chemical Molecular Structure
Formula Weight Reference
(g/mole)
CBz C1sH12N20 236.27 (Khanetal., 2017)

NPX C1aH103 230.26 (Ding et al., 2017)
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RTN CisH22N40sS | 314.4 (Bergheim et al.,
S | 2012)
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BPA Ci5H160- 228.3 (Bhatnagar &
Anastopoulos,

Of{% 2017)

Therefore, it is very much important to make the necessary arrangements in order to remove the EC’s
from water at the earliest opportunity. Various methods exists which has been explored for the purpose
of removing the EC’s from the aquatic environments namely, adsorption, photo-degradation, photo-
catalysis, biodegradation, phytoremediation, membrane bioreactor, electrochemical oxidation, Fenton
like oxidation, catalytic wet peroxide oxidation, ozonation, sono-catalysis, and biocatalytic degradation
etc. (Tomul et al., 2020). Among these methods, the methods that have been selected for the treatment
of the EC’s in this particular thesis consists of adsorption, photo-catalysis and Fenton oxidation. In a
broad sense the processes can be divided into adsorption and AOP. The list of methods along with the

materials that have been utilized for treating the designated pollutants is listed below:-

2.2 METHODS OF REMEDIATION

2.2.1 Adsorption

Adsorption in particular is one of the most effective method due to its simplicity in operation, rapid
equilibrium time and cost effective nature (Bhattacharya et al., 2021). There are various adsorbents
which are used for the treatment of these EC’s from water. Among them carbonaceous adsorbents like
Graphene, GO, activated carbon, biochar etc. have gained high popularity due to their mechanical and
chemical stability and very high surface area. For treating the above mentioned EC’s, two types of
adsorbents have been specifically used as reported in this thesis, they are GO and an activated biochar

synthesized from rice straw .
2.2.1.1 Graphene Oxide (GO)

GO, are single or multi layered hexagonal sheets of carbon surrounded by oxygen containing functional
groups on its side (Tshangana et al., 2021). GO is generally synthesized by the oxidation of graphite.
They were first synthesized by Brodie in 1859 in order to find the carbon weight in graphite (Tshangana
et al., 2021). Many methods are available for the synthesis of Graphene Oxide, among which the
Hummer’s method, first published in 1958 is the most popular method (Hummers Jr. & Offeman, 1957).

In recent times, there have been renewed interest in the synthesis of GO, due to it being a precursor in
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the synthesis of Graphene (Tshangana et al., 2021). The carbon groups in GO are arranged in hexagonal
rings to form a honey comb like structure (Tshangana et al., 2021). From this structure of GO, the sp*
hybridized characteristics of GO are born (Tshangana et al., 2021). From the strong oxidation of GO,
various functional groups are formed like hydroxyl, epoxyl and carboxyl groups, which lines the surface
of GO (Banerjee et al., 2016). The GO consists of 25-30 % of oxygen, which enables it to have a good
dispersion in water. The absence of this hydrophilic oxygen functional groups make graphene
hydrophobic and the presence of these groups make GO hydrophilic (Banerjee et al., 2016). The
electronic properties of GO makes them good adsorbents, enabling them to adsorb organic compounds
like EC’s by hydrogen bonding, n-n stacking , electrostatic and hydrogen forces (Banerjee et al., 2016).
This along with the other properties of GO like very high surface area, good chemical and mechanical
stability make them ideal as adsorbents (Bhattacharya et al., 2020) . As such GO have been extensively

utilized for treating micro-pollutants from there aquatic solutions.

Banerjee et al., 2016 utilized GO for removing the PHA Ibuprofen from water. Ibuprofen is one of the
most utilized group of PHA in the world. The functional groups present on the surface of GO like epoxy,
carboxyl and hydroxyl helps in the dispersion of GO in water (Banerjee et al., 2016). These functional
groups along with the large surface area of GO resulted in the high removal of the Ibuprofen by GO.
As per the results of the paper, the highest removal of Ibuprofen that was observed was 98.17 % and it
was obtained at experimental conditions of pH 6, initial concentration of Ibuprofen at 6 mg/L, dosage
of GO at 1.00 g/L, solution pH at 6, agitation speed of 180 rotation per minute, temperature of 308 K

and contact time of 60 minutes.

Das & Das, 2016 used GO for removing the PHA RTN from its aquatic solution. The reason for
choosing GO as the adsorbent for treating RTN was that, GO had very large surface area, was cost
effective, was required in relatively low quantities and was easy to synthesize. Under the optimum
conditions (adsorbent dosage 2 g/L, concentration of RTN 10 mg/L, agitation speed 150 rotation per
minute (R.P.M), temperature of experimental solution 30°C, experimental time 1 hr) GO was found to
be able to remove 99 % of the RTN from its aqueous solution, thereby rendering GO to be an effective

adsorbent for the uptake of RTN from its aqueous solution.

Bhattacharya et al., 2020 utilized GO for treating CBZ from its agueous solution. The reason for
choosing GO as the adsorbent was the large surface area and the chemical and thermal stability of GO.
GO was able to remove 99 % of the CBZ from its aquatic solution under the experimental conditions
of pH 6, adsorbent dosage of 1 g/L and the reaction time of 120 minutes. The adsorption capacity of
GO at equilibrium was about 9.2 mg/g. This study reemphasized the point that GO was an efficient
adsorbent by virtue of its high surface area and potential to be reused repeatedly without losing its

viability.
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Bhattacharyyaa et al., 2018 used GO for removing the PHA’s RTN and Prednisolone from their aquatic
solution. GO was able to effectively remove these two PHA’s from their aquatic solution, with the
highest removal of RTN being 90.64 % and the highest removal of Prednisolone being 92.68 %. The
experimental conditions under which the highest removal of RTN was recorded are initial RTN
concentration 10 mg/L, GO dosage of 1 g/L, pH 6, agitation speed of 140 R.P.M, reaction time of 1
hour and temperature of 313 K. The experimental conditions for the highest removal of Prednisolone
are initial prednisolone condition 10 mg/L, GO dosage of 2 g/L, pH 6, and agitation speed of 120 R.P.M,
reaction time of 1 hour and at a temperature of 313 K. Other than this, the GO also exhibited high level
of reusability, thereby making it an effective adsorbent for the purpose of removal of trace pollutants

like EC’s from water.

Wang et al., 2021 used a composite synthesized by combining GO and ferric oxide (Fe20s) by a co-
precipitation method. The combination of GO with Fe,Os; provided the composite with magnetic
properties which enabled the effective retrieval of the composite from water after treatment. The GO-
Fe,O3; composite exhibited a removal percentage of 96.4 % of BPA and exhibited a removal efficiency
of 11.5 mg/g of BPA from water. The highest removal efficiency that was exhibited by the GO-Fe;O3
composite was 3293.1 mg/g, which was correspondingly 1.9 and 1.2 times greater than GO and reduced
GO respectively. Along with it the composite exhibited higher thermal stability, greater solid/liquid
separation performance and greater anti-fouling properties than the original materials. This study
demonstrates the attribute of GO to be combined with another material for higher separation ability, all

the while maintaining its adsorption ability.
2.2.1.2 Biochar

Biochar can be defined as a carbon rich component which is synthesized by high temperature heating
of carbon rich compounds (X. Tan et al., 2015). As the name suggests, biochar is mainly synthesized
by high temperature treatment of materials of biological origin. A multitude of materials have been
utilized for the synthesis of biochar namely, bamboo, Brazilian pepper wood, cattle dung, coconut coir,
corn straw, hickory wood, orange peel, rice husk, rice straw, sludge, soybean stover etc. (X. Tan et al.,
2015). Due to the relatively low cost of the starting material of biochar (which mainly consists of
agricultural waste product or by-products) and straightforward method of synthesis (heating of the
biomass at high temperature resulting in the volatilization of the materials as per their stability), the cost
of the synthesis of biochar is much less than that of other specialized adsorbents like activated carbon,
graphene, GO etc. Moreover, during the synthesis of Biochar, abundant agricultural material are
converted into products which is used in the remediation of the environment, thereby resulting in a dual
positive outcome (X. Tan et al., 2015). The properties of Biochar which makes them an effective
adsorbent are there high surface area, large pore volume availability, high physical strength and

chemical stability (Tomul et al., 2020). However, compared to other adsorbents like activated carbon
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and GO, un-modified biochar has been shown to exhibit lesser adsorptive ability (Cheng et al., 2021).
For example, as per the result of (Hao et al., 2018) the rate of removal of Phenol by biochar was 0.04
g/min whereas the removal of Phenol by activated carbon is 20.575 g/min. Therefore in order to enhance
adsorption efficiency of Biochar, it is necessary to activate it by some form. The different methods of
the activation of Biochar consist of :-

Chemical Activation of Biochar by :-
a. Acid-Base Modification
b. Metal-Metal Oxide Modification
c. Oxidation
d. Reduction
Physical Activation of Biochar
a. Mixing of Biochar with clay
b. Ball Milling.

Different types of activation have different effects on the surface modification of Biochar. For example,
the surface area and pore volume of the synthesized Biochar are supposed to increase by ball-milling
method (Cheng et al., 2021). On the other hand, oxygen containing functional groups are incorporated
on the surface of the Biochar on being modified by the oxidation method (Goswami et al., 2017). These
properties of the biochar make the material more hydrophilic and helps in their greater dispersion and

greater adsorption efficiency (Bhattacharya et al., 2021; Goswami et al., 2017).

Ma et al., 2010 utilized activated bamboo charcoal for removing 2,4-dichlorophenol (DCP) from water.
Dried strips of moso bamboo (Phyllostachys heterocycla) are carbonized in a nitrogenous environment
at 850°C for two hours. Followed by this it was cooled down to normal condition. The biochar was then
activated by steam at 850°C for 2 hours. Before using, the activated charcoal was further activated by
boiling it in distilled water for 2 hours to remove the ash and impurities. Then it was oven dried for 24
hours at 105°C. After that, the material was grounded and was passed through mesh with pore size
0.074 mm followed by which it was stored in a desiccator for future use. The adsorption reaction
occurred very quickly and 90 % of the adsorbate were taken up within 5 mins of the start of the reaction
(J. Ma et al., 2010). Therefore it can be stated that a chemical like 2,4-DCP with potential toxic effect

can be effectively treated with activated Bamboo-charcoal.

In a study conducted by (Tomul et al., 2020), biochar synthesized from peanut shell (termed in the
aforementioned paper as Peanut Shell Biochar (PSB)) were utilized to treat NPX from its agqueous

solution. The Biochar was synthesized from peanut shells, which were first collected from a local
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market after which it was washed at first with tap water, followed by with purified water and then it
was dried at 80°C for 24 hours. The dried peanut shells were then ground by a ball mill into uniformly
formed powder having a diameter of 0.16 to 0.25 mm. The Biochar were further synthesized by three
different methods. In first case, a pure Biochar was synthesized by direct pyrolysis of the peanut shell
at 800°C for four hours in a non-circulated air atmosphere. The next set of Biochar was synthesized by
first treating the Biochar with water in a Teflon lined autoclave at 190°C for 24 hours. Followed by
which the Biochar was pyrolyzed at 800°C for 4 hours in a non-circulated air atmosphere. The third set
of Biochar was synthesized by treating the biochar by two cycles of pyrolyzation, during each the
Biochar biomass was heated at 800°C for 4 hours in a non-circulated air atmosphere. The three types
of Biochar were named 800-PSB, 190-800-PSB and 800-800-PSB respectively. Then in order to
elucidate the effect of w-n bonding on the adsorption efficiency of the Biochar, the oxidized biochar
were synthesized from these Biochar. Approximately, 0.5 g of the Biochar were added to 100 ml of
H»0; (35 %) and it was rotated for 24 hours at room temperature. Followed by this the material was
washed till it achieved a neutral pH, dried and stored in a desiccator for future application. From the
experimental result it was observed that the adsorption ability of the Biochar decreased in the order of
800-800-PSB (324 mg/g) >190-800-PSB (215 mg/g) > 800-PSB (105 mg/g). The micro-pore volume
of the adsorbent was the dominant adsorption factor, whereas the m-n interaction, which was supposed
to be the dominant form of adsorption mechanism in the oxidized adsorbents, did not play a significant
role in the adsorption reaction. As a consequence of which, the oxidized adsorbents was much less

effective in the uptake of NPX in comparison to their non-oxidized counterpart.

Naghdi et al., 2019 used a commercially obtained pinewood biochar for eliminating CBZ from aqueous
solution. The pinewood biochar was obtained from a commercial vendor. It was synthesized by heating
the pine white wood at 525°C +/- 1°C at the rate of 25°C for 20 minutes under atmospheric pressure
under a nitrogenous environment. The Biochar was further activated by ball milling technique to
convert it into a nano-biochar. Before the ball milling procedure, the biochar was kept in a freezer at -
80°C for 24 hour. The ball milling was performed at the agitation speed of 575 rotation per minute for
100 minutes. The corresponding biochar had a particle size of 60 +/- 5 nm and a surface area of 47.25
m?/g. The activated nano-biochar were used to remove very low concentration of CBZ (0.5-25 ppb of
CBZ) from the aqueous solution and were able to remove 95 % of CBZ after a period of 3 hours. Thus
it can be stated that the pinewood Biochar is an effective adsorbent for the purpose of removing low

concentrations of CBZ from its aqueous solution.

Bhattacharya et al., 2021 utilized a biochar synthesized from rice straw and activated it by oxidizing it
by following a modified Hummer’s method. The Activated Rice Straw Biochar abbreviated as ARSB,
was used for removing NPX from its aqueous solution. A similar product were synthesized by
(Goswami et al., 2017) and it was used to remove the dye Crystal Violet from its aqueous solution. First

the rice straw was washed with tap water and sundried for a week after which it was cleaned thoroughly
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with distilled water for the purpose of removing dirt, dust and any other impurities. The washed rice
straw was dried at 80°C for about 48 h for the purpose of removing the moisture. After drying in the
oven the rice straw fibres were cut into small pieces. Then the rice straw was heated in an inert
atmosphere at high temperature (450 °C) inside a fabricated reactor to form a biochar, which was then
homogenised by crushing followed by sieving to get a mixture of uniform particle size (< 50 um). The
biochar thus synthesized was given the name Rice Straw Biomass Biochar (RSBB). Thereafter the
RSBB was activated by following a modified Hummer’s method. In brief, about 20 mg of the RSBB
was mixed with 200 ml of Sulphuric acid (H.SO4) under continuous stirring. The flask containing the
acidic mixture was then transferred to an ice bath after which a fixed amount of KMnO4 was added into
this mixture, also under continuous agitation. The whole arrangement was then kept at room
temperature for 30 min under rotation. After that, 150 ml of distilled water was slowly added into the
mixture, after which it was transferred into an incubator shaker where it was rotated at 45 C for 3 h.
Subsequently, 200 ml of distilled water (H-O) was put inside the reaction mixture followed by 150 ml
of 30% Hydrogen Peroxide (H20,). After adding the H202 the reaction mixture turned yellow thereby
denoting the end point of the reaction. The reaction mixture was then placed inside an ultrasonic cleaner
(Digital Ultrasonic Cleaner; LMUC-4) for approximately 15 min so that the synthesized ARSB particles
attained uniform particle size. After this the ARSB particles was isolated from the suspension by
filtration followed by centrifugation and the extracted ARSB particles were then repeatedly washed
with distilled water, 30% ethanol (C.HsOH) and 5% Hydrochloric Acid (HCI) to remove any residual
impurities (mainly metallic) from them. Then after sufficient washing when the ARSB had attained
neutral pH, they were freeze dried and then stored in an air tight container. The optimized conditions
under which the synthesized ARSB exhibited highest removal of NPX was obtained by means of a
batch study whereas, the efficacy of the adsorbent to remove NPX under a dynamic condition was
determined by virtue of a column study. The highest removal that was obtained was 89.78 % that was
obtained at pH 6-7, ARSB dosage 2 ¢/L, temperature 303 K and NPX concentration. When the
concentration was further increased, the removal percentage decreased due to the saturation of the
adsorbent surface. In case of the column study, the longest breakthrough times were recorded at highest
bed height of 7.62 cm (60 min) and at a NPX concentration of 10 mg/L. Thus it can be concluded that
ARSB is an effective adsorbent which could be utilized for the removal of trace pollutants like NPX

from their agueous solution.

In the study conducted by Zhou et al., 2019 a biochar was synthesized from citrus peel and it was
combined with GO and FesO (lron Oxide Black) to remove the antibiotics ciprofloxacin and
sparfloxacin from water. The addition of GO to the biochar helped to incorporate oxygen containing
functional groups which enhanced the dispersion of the Biochar into water along with increasing its
adsorption ability. The addition of Fe;O, imparts some magnetic properties to the Biochar, so that the

materials can be separated out from experimental solution magnetically. The Fe,O3z was synthesized by
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a co-precipitation method. The citrus peel biochar was synthesized by cleaning, drying and grinding to
form a powder. Then it was activated with Potassium hydroxide (KOH) by mixing it with KOH (30 %)
at a ratio of ¥2 (W/V) of citrus peel and KOH. After letting the mixture stand for about % hour, it was
dried at 70°C for 3 hours at an oxygen free environment. In order to prepare the GO suspension, 500
mg of GO was added to ¥ litre of distilled water then it was ultra-sonicated for 2 hours. The composite
was synthesized by a one-pot hydrothermal method where the materials were heated at 800°C for 2
hours at a heating rate of 5°C min™. The heating was performed at a Nitrogenous atmosphere. The
composite containing 1 % GO, termed mGOCP-1% attained very high adsorption capacity for
ciprofloxacin (283.44 mg/g) and for sparfloxacin (502.37 mg/g). The adsorption mechanism that was
responsible for this high rate of uptake of these pharmaceuticals by the adsorbent were ©-x interaction,

hydrogen bonding and the hydrophobicity of the pharmaceutical molecules.

2.2.2 Photo-catalysis

Among the different methods that have been investigated for the removal of EC’s from water, photo-
catalysis has been considered to be a very viable option. Photo-catalysis is a combination of two words,
denoting a catalysis reaction which is accelerated by light (photon) (Ameta et al., 2018) Therefore,
photo-catalysts are material which can accelerate the rate of a reaction on being exposed to light and
the phenomenon is known as photo-catalysis (Ameta et al., 2018). In other words, photo-catalysis can
be defined as a phenomenon, in which an electron hole pair is generated in a material on being exposed

to light (Ameta et al., 2018). Generally all photo-catalysts are semiconductor.
Photo-catalysis reaction can be broadly defined into two types:-

1. Homogeneous Photo-catalysis :- A photocatalytic reaction in which both the photo-catalysts and the

reactants are in the same phase.

2. Heterogeneous Photo-catalysis :- A photocatalytic reaction in which the photo-catalysts and the

reactants are in different phases.

The difference between the valance band and the conduction band is known as the band gap (Eg). When
a wavelength of sufficient energy falls on the semi-conducting material, then the electron in the valance
band absorbs it and then it travels from the valance band to the conduction band. As a consequence of
which, an electron is emitted (") and an electron hole is generated in the valance band (h*). The € is
utilized for the reduction of a compound and the h* is used for the oxidation of a compound (Ameta et
al., 2018). In an aqueous medium, if the recombination of the h*and e ions can be delayed, then the h*
ion can dissociate the H,O molecules to produce various oxidizing species like hydroxyl ions (OH") and
hydroxyl radicals (*OH’) which can degrade the trace organic pollutants like EC’s, preferably into
benign materials like H,O and CO..
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Among the different types of semiconductors that are employed for the treatment of waste water, TiO:
has attained very high acceptability due to its easy availability, chemical and physical stability and non-
toxic nature (Bhattacharya et al., 2022). On the other hand, TiO has some drawbacks like the relatively
high band gap of its two crystal phases Anatase (3.2 eV) and Rutile (3.0 eV). As a consequence of
which they can be only activated by UV rays, which has some harmful effect on living organisms
(Khalid et al., 2017). Also TiO, particles on itself has a tendency to agglomerate in aqueous medium,
thereby decreasing their photocatalytic activity (Bhattacharya et al., 2022). Most importantly,
recombination time of the photo generated electron on the surface of TiO is in the range of 10 seconds
whereas the time required for the reaction of adsorbed pollutants with the TiO is in the range of 10° to
10 seconds (Khalid et al., 2017).

Therefore in order to bypass these problems, TiO- is generally applied for the treatment of wastewaters
in the form of a composite. Carbonaceous materials are widely preferred for synthesizing the
composites with TiO2. The addition of the carbonaceous materials enhances the adsorption ability,
increases the dispersion of TiO; in water, lowers down the energy of the band gap due to the formation
of a new conduction layer and delays the recombination of the electron hole pair thereby providing
more time for the reaction to take place (Khalid et al., 2017; Nawaz et al., 2017). For this particular
thesis, TiO, was combined with GO and the activated Biochar ARSB. The synthesis of the adsorbent
was performed by a hydrothermal method. Below is a list of examples where composites of TiO,and

carbonaceous materials were utilized for treating EC’s.
2.2.2.1 TiO; and GO composite

Nawaz et al., 2017 synthesized a 3-dimentional (3D) reduced GO/TiO; aerogel by a simple one-pot
hydrothermal treatment. The GO was synthesized by a modified Hummer’s method with NaNO3
(sodium nitrate) and KMnOy4 in presence of H,SO.. Then different ratios of TiO, was added with respect
to the weight of GO in the composite (Weight of GO: Weight of TiO2:-1:1 to 1:4). The GO were present
in uniform aqueous dispersion at the concentration of 4 mg/ml at a volume of 10 ml. A certain gquantity
of L-ascorbic acid was added to the solution, and then the full mixture in a sealed glass vial was kept in
an oil bath at 95°C for 1 hour. The synthesized material was washed with distilled water for few times
and then it was freeze-dried for future use. During the synthesis of the composite the GO was reduced,
therefore the synthesized compound was named RGOT. From the experimental result, it was found that
the RGOT composite with ratio 1:2 exhibited the best result which could be attributed to the uniform
anchoring of TiO- particles on the surface of rGO. Lower ratio of TiO, resulted in greater adsorption
but lower photo-degradation rates whereas higher quantity of TiO; in the composite, resulted in
agglomeration of TiO; particles, lessening the contact between the pollutant and TiO; and also the GO
and TiO,. Also at the higher concentration, the TiO; particles agglomerated among themselves, thereby

hindering the entry of UV light inside the composite. The combination of GO with TiO, resulted in
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greater adsorption of the pollutants and delayed the recombination of the photo-generated electrons,
which is adsorbed on the surface of RGO which functions as the electron sink. The electron holes in the
VB either directly degrades the pollutants, or results in the formation of oxidizing radicals like OH",
0O;" and *OH which oxidizes the pollutants. The 1:2 RGOT reduced aerogel was able to degrade 99 %
of a 10 mg/L CBZ solution under 90 minutes thereby denoting that a composite formed with GO and

TiO, was successful in degrading recalcitrant trace pollutants like PHA’s from water.

Appavoo et al., 2014 synthesized a TiO,-GO nanocomposite with 2 % GO. In order to synthesize the
nanocomposite, first the GO was dispersed in a solution of ethanol and distilled water which was then
ultra-sonicated for 1 hour. Then 200 mg of P25 (a type of TiO, powder), was added to this solution and
then it was stirred for 1 hour in order to obtain a uniform dispersion. After that the suspension was
transferred to 100 ml Teflon lined autoclave, where it was heated for 180°C for 1 hour. After that the
composite was washed with distilled water and rinsed with ethanol and then it was dried at 80°C for 6
hours. The synthesized composite consisted of reduced Graphene and P25 and thus was named
Graphene-P25 or Gr-P25. Five different types of Gr-P25 were synthesized with different quantities of
GO namely, Gr-P25 1 %, 1.5 %, 2 %, 5 % and 10 % where the numerical with % denote the quantity of
GO. The synthesized composite were used to remove the pharmaceutical CBZ from water. The
composite were taken in a concentration of 10 mg/L and the concentration of CBZ was 200 ppb and the
volume was 300 ml. The illumination intensity if the UV lamp was 1.8 mW/cm?. From the screening
process it was found that 2Gr-P25 had the greatest pseudo-first order degradation rate (0.4686 min™)
followed by 1.5Gr-P25 (0.4478 min™) and 1Gr-P25 (0.3959 min™). The degradation rate decreased
significantly for 5Gr-P25 (0.1340 min™) and 10Gr-P25 (0.1040 min™). Clearly, when the concentration
of GO in Gr-P25 was around 2 %, it facilitated the photo degradation of CBZ by increasing the surface
area of the composite and entrapping the pollutant molecules on the surface of the composite. However,
when the quantity of GO increased beyond 2 % then it decreased the rate of pseudo-first order
degradation reaction. This could be attributed to the interference of photons by the GO molecules,
leading to the lesser adsorption of the photons molecules by TiO.. In this particular study, the
determination of the optimum conditions were investigated by a Central Composite Design (CCD)
model of RSM. The optimum conditions under which 100 % removal of CBZ was obtained by the 2Gr-
P25 composite were 5 minute UVA irradiation, 25.14 mg/L Gr-P25 dosage, 1.35 mW/cm? and 167.68
ppb initial CBZ condition. From this particular study it was found the effect of GO dosage on the

effective activity of Gr-P25 composite.

Bhattacharya et al., 2022 synthesized a nanocomposite with GO and TiO, combined in a ratio of 1:1
which was used for the degradation of CBZ in an aquatic solution. The GO was synthesized by a
modified Hummer’s method. Then it was dispersed in a solution of water and ethanol, which was then
ultra-sonicated. Then equal quantity of TiO (a combination of 3 part anatase and 1 part rutile) was added

to this suspension which was then magnetically stirred for 30 minutes. Then it was hydrothermally
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treated for 12 hours at 120°C. After the hydrothermal reaction, the synthesized nanocomposite was
extracted by centrifugation followed by which it was washed with deionised water and alcohol. Then it
was dried. The degradation potential of the synthesized nanocomposite was detected under five different
kinds of radiations namely UVA, UVB, UVC, visible light and sunlight. The composite exhibited highest
removal under UV radiations. Therefore that radiation was used for future application. The optimum
conditions under which the highest removal of CBZ was obtained was determined by virtue of a batch
study. The highest removal was obtained at 5 mg/L concentration of CBZ, at a photo-catalyst dosage of
2 g/L and agitation speed 100 R.P.M. For the 10 mg/L concentration of CBZ, the highest removal was
found to be 91.18 %, which was achieved at pH 4, TiO,-GO dosage of 2 g/L and agitation speed of 100
R.P.M. The process was further optimized with the RSM study, where the optimum removal was found
to be 91.7 % which was obtained at the experimental parameters of photocatalyst dosage of 1.12 g/L,
pH of 4.11 and agitation speed of 97.93 R.P.M. The process was also further optimized with Artificial

Neural Network which also exhibited close interaction with the experimental result.

Xu et al., 2018 synthesized a TiO,-/rGO composite to remove BPA from its aqueous solution. The TiO»-
«'rGO composite was synthesized by a hydrothermal method followed by calcination. Firstly, into 50 ml
of isopropyl alcohol 50 mg of GO was added which was then ultra-sonicated for 1 hour. Then to it 10
ml of Titanium Butoxide was added and then it was strongly stirred for 30 minutes to yield a uniform
solution. Then to this solution, 2 ml of water was added and this was stirred for 30 minutes. Then the
solution was transferred to a 100 ml Teflon lined autoclave, where it was heated at 180°C for 8 hours.
Then the substrates were washed with absolute ethyl alcohol and distilled water for several times, then
it was freeze dried overnight. After that the TiO2./rGO composite were synthesized by calcined at 300°C
for 3 hours at a heating rate of 3°C per minute, under an Argon atmosphere. These results in the
introduction of Ti** and oxygen vacancies (Ti**/Oy ) in the TiO,./rGO composite. The introduction of
(Ti**/0y ) shifts the adsorption edge of the TiO,/rGO composite into the visible adsorption band. Due
to the formation of Ti*" impurity level in the TiO,./rGO composite due to calcination, a narrower band
gap is formed. From the Tauc plot analysis, the bandgap of TiO.../rGO were obtained to be 2.86 eV. As
a consequence of which, the composite was able to be activated by visible light. Therefore, the combined
effect of TiO./rGO ensured a lowered band gap along with higher surface area, greater adsorption and
longer time for the recombination of the photo-generated electron. As a consequence of which the TiO,.
«'rGO composite exhibited greater photo-degradation rate as compared to only TiO2, TiOx/rGO and TiOs.

x respectively.

Lin et al., 2016 synthesized GO-TiO; coated side glowing optical fibres (SOFs) which were synthesized
by a polymer assisted hydrothermal deposition method (PAHD). Briefly, the GO were synthesized by a
modified Hummer’s method. The titanium solution was prepared by dropping titanium tetrachloride into
30 % H20- solution. The titanium solution was then added inside a solution containing 2 g of 50 wt %

polyethylenimine, 1 g of ethylenediaminetetraacetic acid (EDTA) and 40 ml of distilled water. The
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solution has a bright orange colour. Different solutions of GO and TiO, were synthesized with GO
percentages of 0.1 %, 0.3 %, 0.5 %, 0.8 %, 1.4 %, 2.1 %, 2.7 %, 4.0 % , 5.0 % and 10 % respectively.
Then this were added to the bright orange solution and then the whole solution was transferred to a
Teflon lined acid digester vessel, which was then placed in a stainless steel autoclave. The SOF’s were
then dipped inside the solution containing the Teflon lined autoclave which was then hydrothermally
treated at 200°C for 8 hours. After which the SOH’s coated with GO-TiO, were taken out and cleaned
with deionized water and were dried at 40°C. From the Fourier Transform Infrared Spectroscopy (FTIR)
of the synthesized nanocomposite it was obtained that the GO was reduced during the synthesis of GO-
TiO.. From the X-ray Diffraction analysis it was obtained that the TiO, was present as anatase, rutile
and brookite forms. From the UV-vis absorbance spectroscopy it was obtained that the rGO-TiO- had
reduced band gap as compared to pristine TiO, and therefore could operate at lower energy radiation.
The photocatalytic efficiency of the rGO-TiO; coated SOF’s was determined by these factors namely,
the adsorption of pollutants on the surface of composite (though this was not the main determining
factor), the lowering of bad gap of TiO, and the formation of heterojunction between GO and TiO>
composite which delays the recombination of the photo-generated electron. And finally the optimum
percentage of GO is also important as greater quantity of GO might cover the TiO, molecules, thereby
inhibiting the photons from reaching them. From the experimental results it was obtained that the rGO-
TiO2 composite with 2.7 % GO exhibited the highest photocatalytic activity. Under UV-light, the 2.7 %
rGO-TiO; coated SOF’s exhibited 54 % degradation of CBZ, 81 % degradation of Ibuprofen and 92 %
degradation of sulfamethoxazole after 180 min of UV radiation. The effectivity of the rGO-TiO- coated
SOF’s under visible light was performed with 2.7 % rGO-TiOz and Ibuprofen. From the experimental
result it was obtained that 2.7 % rGO-TiOzcoated SOF’s removed 18 % of Ibuprofen under visible light,
as compared to 41 % under low pressure UV light and 81 % under high pressure UV light. Although the
efficiency of rGO-TiO. under visible light was 1/4™ of that of under high pressure UV and ¥ of that
under low pressure UV but still it was greater than that degraded by TiO, under high pressure UV. As
TiO2 can only be activated by UV light, the result of this experiment proves that combination of GO
with TiO; reduced the band gap of TiO. Also, rGO-TiO, composite exhibited an almost linear
correlation between quantum flux and photodegradation rate. Therefore it can be presumed that the rGO-
TiO2composite will function more properly under a greater quantum flux, like under sunlight. Thus, Lin
etal., 2016 synthesized a procedure where a rGO-TiO,composite can be immobilized on a support (SOF)
which can be utilized for degrading trace pollutants PHA’s from there aqueous solution under visible
light.

2.2.2.2 TiO; and Biochar Composite

Luo etal., 2015 synthesized a composite consisting of TiO, and wood charcoal synthesized from Chinese
honeylocust pine wood. The TiO,/ WC (Wood Charcoal) composite was synthesized by a dip-sol-gel

method which was followed by calcination. Firstly, the Chinese honeylocust were cut into small pieces.
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Then they were soaked in 2 mol/L HNOj3 solution at 60°C for half a day in order to remove pollutants
like metal ions followed by which they were soaked in absolute alcohol and deionized water at 60°C for
another half day to leach out the other pollutants like pigments. The process was repeated twice followed
and then the wood was dried at 60°C for 12 hours. The composite was prepared with this pre-treated
wood charcoal and used tetrabutyl titanate (TBOT) as the titanium source. 14 ml of TBOT was added to
64 ml of absolute ethanol in order to obtain a yellow coloured precursor solution. Then wood charcoal
was added to this precursor solution and it was dipped into this solution for 12 hours at room temperature.
A solution consisting of 64 ml of absolute ethanol, 5.4 ml of acetic acid and 14 ml of deionized water
was adjusted at pH 2 using 1 mole/L HNOa. This solution was dropped into the mixture containing the
titanium and honeylocust pine wood at a rate of 3 ml/min for 2 hours while it was kept at 40°C. Then
the substrate containing honeylocust pine wood infused with titanium was taken out and dried at 80°C
for 12 hours. Then the mixture were calcined at 400°C, 450° C and 500°C to synthesize composites
termed TiO»-WC-400, TiO»-WC-450 and TiO»-WC-500. A pure TiO, was synthesized at 450°C which
was termed TiO,-450. A commercial TiO, was obtained named AEROXIDE TiO; (P25 ca.80 % anatase,
20 % rutile; BET area ca.50 m?/g, Evonik Corp., Germany) was used as the reference photocatalyst.
Batch experiments were performed inside a photochemical reactor. The removal of BPA were
investigated by both adsorption and photodegrdation. For photo-degradation, the ultra violet light were
provided by a 20 W lamp (254 nm). The photochemical reactor were at room temperature by passing
water through the system. For a typical experiment, 0.025 g of the photocatalyst were added to 50 ml of
a 20 mg/L BPA solution. First the experiment were continued in the dark for 9 hours for the adsorption
desorption reaction to reach equilibrium. Then the light were turned on. The remaining BPA was
measured by HPLC. TiO,-WC-400 exhibited the highest removal of BPA at 58.67 % at the end of the
equilibrium period followed by TiO,-WC-450 at 24.96 % due to availability of greater surface area and
charcoal quantity in them. The highest photocatalytic degradation was exhibited by TiO.-WC-500 at
54.6 % followed by TiO,-WC-450 at 53.4 %. The higher photocatalytic removal by TiO,-WC-500 can
be attributed to the optimum ratio of rutile and anatase 40 % and 60 %. Also, the TiO»-WC-500 had a
homologous structure to that of Chinese honeylocust pine wood, which attributed to the retaining of
anatase and rutile TiO, within them, resulting in better electron transform within them. That in turn
resulted in the superior photocatalytic performance of TiO,-WC-500. The higher photocatalytic
degradation by TiO,-WC-450 can be attributed to the higher adsorption of BPA by the composite.
Cumulatively, TiO,-WC-400 and TiO»-WC-450 exhibited almost similar removal of BPA at 80.08 %
and 78.32 % respectively. Therefore (Luo et al., 2015) synthesized a composite which could operate
both as an adsorbent and as a photocatalyst and can result in the effective removal of BPA (20 mg/L)

from its aqueous solution at a very reasonable dosage.

Silva et al., 2021 synthesized a biochar-TiO, magnetic nanocomposite for the purpose of removal of

antibiotics used in aquaculture, Oxolinic acid (OXA) and Sulfadiazine (SDZ). The biochar was
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synthesized by conventional pyrolysis method and the precursor was the paper mill sludge, which was
collected from a plant working with eucalyptus wood (Eucalyptus globulus). First the sludge was dried
for 24 hours at 105°C followed by which it was grounded by a blade mill. Then it was heated at 800°C
for 150 minutes under a N> controlled atmosphere. The resulting Biochar was washed with 1.2 M HCI
followed by distilled water. The process was continued till the washing leachate reached neutral pH and
the ashes and the other components were washed out. Then the Biochar was again oven dried at 105°C
for 24 hours and sieved at <180 pm and stored in an air dry container for future use. The magnetic
nanoparticles were synthesized by a co-precipitation method involving a mixture of Fe** and Fe ** salts
in which a basic solution (KOH 0.5 M) were added dropwise. The magnetic particles were collected as
a dark precipitate and were magnetically separated and were washed and stored for future use. The
Biochar-TiO, composites were synthesized by a solvothermal method. The Biochar was dispersed in a
solution of ethanol. The precursor of TiO,, Titanium Butoxide (Ti(BuO)4) was dispersed in another
solution of ethanol. Then second solution was added dropwise to the first solution, and then a solution
of ethanol and water was added dropwise to this solution. Then they were hydrothermally treated. The
Biochar-TiO, magnetic composites were synthesized by both in-situ method and ex-situ method. In in-
situ method, the Biochar-TiO, were added to the ferrous salt before the addition of KOH whereas in the
ex-situ method, the Biochar-TiO, was mixed with the magnetic particle under a N2 atmosphere, and were
mixed together by adjusting the pH between the pHp.c of Biochar-TiO, and magnetic nanoparticle,
thereby promoting surface attraction. Eventually four different composites were synthesized, magnetized
biochar (BC_Mag), Magnetized biochar functionalized with TiO, (BCMag_TiO;), Bichar-TiO;
magnetized by in-situ method (BC_TiO, Magln) and Bichar-TiO, magnetized by ex-situ method
(BC_TiO,_MagEXx). The photo-catalysis was performed by a solar stimulator. The removal of the
antibiotics OXA and SDZ were observed to be maximum for the BCMag_TiO:at a dosage of 100 mg/L,
resulting in 87 % photo-degradation of SDZ and 98 % photo-degradation of OXA. The second best
removal was by 100 mg/L dosage of BC_TiO, MagEx with 76 % removal of SDZ and 69 % removal
of OXA. From the kinetics study it was observed that the half -life of SDZ was achieved 3-4 times faster
and that of OXA 2 times faster in presence of these materials than in their absence. Thus from this study,
it can be inferred that a cost effective waste material (paper mill sludge) can be used for enhancing the
photo-degradation ability of TiO, which in turn can be used for degrading trace pollutants like antibiotics

from water.

Kim & Kan, 2016 synthesized a Biochar supported TiO, photo-catalyst which was used for removing
Sulfamethoxazole (SMX) from its aqueous solution. The Biochar was used for the support of TiO- as
because it was an easy and low cost support system of TiO,. The Biochar was combined with TiO; by a
sol-gel method. Combination of the Biochar with TiO; is supposed to increase the surface area of the
photo-catalyst enabling the higher adsorption of the pollutant, to prolong the recombination time of the

photo-generated electron and enabled the easier separation of the photo-catalyst after the treatment. The
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Biochar-TiO; exhibited higher adsorption as compared to only TiO.. However, the Biochar-TiO2 showed
lesser photocatalytic efficiency as compared to only TiO, and UVC reaction. However the mineralization
of SMX by Biochar-TiO; as measured in terms of Chemical Oxidation Demand (COD) was four times
greater as compared to direct photolysis by UVC radiation. This could be attributed to the delay of the
photoelectron recombination on the surface of TiO, made possible by the Biochar. The mineralization
of SMX by direct TiO, was also less than that of Biochar-TiO, which could be attributed to the rapid
recombination of photo-generated electron on the surface of TiO,. At optimum conditions (6h
irradiation, Biochar-TiO, dosage 5 g/L, pH 4) it led to high removal and correspondingly high
mineralization of SMX, 91 % and 81 % respectively. The bio-toxicity test with Daphnia magna and
E.coli expressing B-galactosidase exhibited negligible toxicity on exposure to SMX after photo-
degradation and the intermediates formed after photo-degradation with Biochar-TiO, were also found to
be of benign in nature. Therefore it can be stated that the Biochar-TiO. composite synthesized by Kim
and Kan, 2016 was a cost-effective and efficient photo-catalyst that could be used for the photo-

degradation of recalcitrant pollutants like SMX into benign and harmless products.

Zhang et al., 2018 synthesized a composite where TiO, was supported on a Reed straw biochar and it
was used for the removal of SMX by adsorption and photocatalysis. The Biochar was synthesized by
heating the raw material (Reed straw) at 500°C for 6 hours followed by treating it with acid. The finished
product was named acid pretreated biochar, abbreviated to pBC. The TiO,/pBC composite was
synthesized by sol-gel method with tetrabutyl titanate Ti(C4H9O)4 being utilized as the precursor of TiOx.
After the synthesis of the composite, the materials were calcined at the temperatures 300°C, 400°C and
500°C inside a muffle furnace for 2 hours. The composite were correspondingly named TiO2/pBC (300),
TiO2/pBC (400) and TiO./pBC (500) respectively. TiO, was also synthesized from tetrabutyl titanate
Ti(C4Hg0)4 and calcined at 300°C. During the adsorption study highest removal of SMX was observed
by the TiO2/pBC (300) composite. During the photocatalysis reaction it was observed that the removal
of SMX by Ti0O2/300 was 91.27 % which was much higher than that by only TiO (58.47 %). The COD
reduction of SMX under by TiO,/pBC (300) was 57.44 %, which was more than that by TiO,. Although
the presence of impurities like nitrate and bicarbonate ions, which are commonly found in Yellow river,
had an antagonistic effect on the removal efficacy of TiO2/pBC (300) but still it was able to remove 65.7
% SMX from the river water. The higher photocatalytic ability of TiO2/pBC (300) as compared to only
TiO could be attributed to the delay in recombination of the photogenerated e” with the h* hole, thereby
enabling the hydrolysis of the HO molecules resulting in the generation of oxidizing species which in
turn degraded the organic pollutant. The TiO./pBC (300) composite also exhibited high regeneration
ability, removing 85 % of SMX in its fifth cycle. Therefore it can be stated that TiO»/pBC (300) was a
cost effective material with sufficient regeneration ability, which could be utilized for efficient removal
of SMX from its aqueous solution without producing any harmful intermediates. Thus, TiO./pBC (300)

could be used for the effective removal of recalcitrant pollutant from there aquatic solution.
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Lazarotto et al., 2020 synthesized a composite with coffee ground biochar and TiO: in order to remove
Diclofenac (DCF) from its aqueous solution. Coffee ground is a widely available by-product of coffee
cultivation, where in order to manufacture 1 kg of soluble coffee, 2 kg of coffee ground is produced. By
synthesizing a biochar from the coffee ground, a waste material is being turned to a product of
environmental remediation. The biochar-TiO, composite was synthesized by mixing dried coffee ground
with TiO- in porcelain mortar by manual mechanical mixing, followed by pyrolysis in a N, atmosphere
at 650°C for 2 hours. Two composites were synthesized, one with a ratio of 1 part biochar and 1 part
TiO2termed B1T1 and another with a ratio of 2 part biochar and 1 part TiO, termed B2T1. The photo-
catalysis reaction was performed with a Mercury vapour lamp of 125 W with incident radiation A<400
nm. With 20 mg/L concentration of DCF and 1 g/L dosage of B1T1, about 90 % removal of DCF was
possible in about 120 minutes of reaction time. The removal capacity of B2T1 was even more. This high
degradation of DCF could be accounted to the delay in electron recombination, which is made possible
by the biochar. The synthesized composites showed high efficiency even after five cycles of reuse. Thus
it can be stated that the biochar-TiO, composites synthesized by (Lazarotto et al., 2020) was a cost
efficient material that can be effectively used for the removal of trace pollutants like DCF from the

aquatic solution.

2.2.3 Fenton Oxidation

Another AOP that is widely utilized for the treatment of trace organic pollutants in water in the Fenton’s
oxidation process. Fenton’s oxidation process was discovered by Henry John Horstman Fenton in the
late 1890°s. In this reaction a mixture of Fe** (generally obtained from FeSO,..7 H,0) and H,O; react to

emit hydroxyl radicals. The reaction denoting the Fenton reaction can be stated as follows :-

Fe? 4 Hy0p = Fe3T 4 OH® + OH-....ooooiiiiii e (x)
Fe3t 4 Hy0, = Fe2 4+ O0H® + H¥ oo (xi)
The decomposition of the hydrogen peroxide molecule can be given as follows:-

2Hp 0y = HOO  +HO o FHpO ... (xii)

The hydroxyl radicals being strong and non-selective oxidizing agents can degrade the EC’s in their
aquatic solution (Sun et al., 2009). The Fenton reaction is preferably performed at acidic pH as because
at the alkaline pH, the ferrous ions that are formed during the reaction are precipitated as ferrous
hydroxide, thereby extinguishing the source of Fe** in the solution and slowing the pace of the reaction
(Mirzaei et al., 2017). The first part of the reaction accelerates rapidly due to rapid generation of OHe
radical from H,O, due to the presence of Fe** (Eq(x)). However in the second part of the reaction, where
Fe®* ions react with H,0, to form Fe?* ions and HO,» that the reaction slows down as because the HOz»

have lower oxidation potential (E°=1.65 V) as compared to OHe (E°=2.8 V) and have a lower rate of
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production (Mirzaei et al., 2017). Generally the rate of the reaction as depicted in Eq (x) is much higher
than the rate of the reaction depicted in Eq (xi). Therefore regeneration of Fe?* ion from the Fe** ion
becomes the rate limiting step of the reaction (Vasquez-Medrano et al., 2018).

Fenton being an advanced oxidation process generates reaction intermediates which in themselves can
be harmful for the environment. In order to mitigate that problem it is advisable to combine the Fenton
reaction with another method of waste water treatment like adsorption. In that way, the Fenton reaction
would be able to rapidly degrade the pollutants, followed by which the reaction intermediates can be
adsorbed by an efficient adsorbent (Della-flora et al., 2021).

A study conducted by Velasquez et al., 2014 reported the use of Fenton and Photo-Fenton reaction for
the purpose of removal of Sulfathiazole from water. The optimization of the reaction was done by the
CCD design of RSM. From there it was observed that 90 % of Sulfathiazole was removed by Fenton
and Photo-Fenton reaction after 8 minutes, with reagent concentration of 192 umol/L for Fe** ion and
1856 pmol/L for H,0; in case of the Fenton reaction and 157 umol/L for Fe?* ion and 1219 umol/L for
H>O, in case of the Photo-Fenton reaction. The removal of Total Organic Carbon (TOC) after the
degradation of Sulfathiazole by Fenton and Photo-Fenton process were found to be 30 % and 75 %
respectively. Acetic acid, maleic acid, oxamic acid and succinic acid were found to be reaction
intermediates. As was observed, the Photo-Fenton reaction exhibited a greater efficiency as compared

to only the Fenton process.

As per the findings of Dwivedi et al., 2018, Fenton oxidation was able to effectively remove high
concentrations of the pharmaceutical Carbamazepine (CBZ) that was found in the waste water of a
pharmaceutical industry. After initial studies to optimize experimental parameters, it was observed that
pH, Fenton Dose and experimental time were the preliminary factors which significantly affected the
Fenton reaction process. Then the whole process was then optimized by the CCD in RSM tool in
MINITAB 16. The optimized conditions under these model was found to be pH = 3.5 and H:0;
concentration of 8.5 g/L, which was able to remove 49.39 +/- 0.93 % of CBZ from a very high
concentration (442.08 +/- 2.58 mg/L). After Fenton oxidation, the waste water was filtered through
granulated activated carbon (GAC) which was subsequently able to remove 99.51 +/- 0.02 % of CBZ.
The toxicity assessment of the treated waste water was done with the germination assay of plant seeds
Pisum sativum and Vigna radiate. From the result of the test it was found that, the treated wastewater
(after both Fenton oxidation and GAC filtration) exhibited a lesser toxicity as compared to untreated
waste water. Therefore it can be stated that Fenton oxidation followed by Granular Activated filtration
served as an effective method for the purpose of treating pharmaceutical wastewater at the source,

thereby subsequently resulting in zero discharge from the source.

Della-flora et al., 2021 conducted a study in which a combined process of Solar Photo Fenton and

adsorption was used to remove PHA’s. For this study, nine different pharmaceuticals were taken
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namely, Chloramphenicol, Fluconazole, Flutamide, Furosemide, Gemfibrozil, Ibuprofen, Losartan,
Nimesulide and Paracetamol. The pharmaceuticals were dissolved in a hospital wastewater as the
solvent matrix, at an environmentally relevant concentration of 500 pg/L. An avocado seed activated
carbon was utilized as the adsorbent. Four different modules of Solar Photo Fenton process were studied
and among them, the best result were exhibited by H20> concentration of 100 mg/L and multiple
additions of Fe** ions at 5 mg/L concentrations at reaction times of 0 min, 5 min and 10 min in the
multiple pharmaceutical and hospital waste water matrix. As per the experimental results, all the
pharmaceuticals exhibited 99% removal except for Fluconazole which exhibited 80 % of removal. In
case of the Solar Photo Fenton process, a maximum of 28 transformation products were obtained at the
end of 15 minutes. In order to remove these transformation products along with the residual
pharmaceuticals, 20 ml of the experimental solution was mixed with 14 mg dosage of avocado seed
activated carbon and the reaction was continued for 15 minutes. At the end of this adsorption study, 30
of the 36 compounds, including all the trace of the pharmaceuticals and transformation products were
removed. All the compounds with a closed chain, aromatic ring structure were removed at 99-100 %,
with the n-n bonds being the main mechanism of adsorption. Only, the two transformation products of
Flutamide with open chain structure were removed at a relatively lower percentage of 50 % and 60 %.
Thus it can be stated that Solar Photo Fenton process combined with adsorption was an efficient method
for the removal of PHA’s at an environmentally relevant concentration dissolved in a real time waste

water matrix.

Katsumata et al., 2004 used Photo-Fenton oxidation for the purpose of degrading BPA from its aqueous
solution. Ferrous sulphate heptahydrate (FeSO4.7H,0) was used as the source for Fe?* ions. A Xe lamp
with 990 W was used as the light source with the vessel wall absorbing the UV radiations of short
wavelengths (A <300 nm). The range of the radiation in which reaction was carried out was 320-410
nm with a light intensity of 0.5 mW/cm? For a 10 mg/L concentration of BPA, under optimum
conditions (4 X 10 mole/L of H,02; 4 X 10° mole/L of Fe* ions ; pH 4 and temperature 25°C)
complete degradation of BPA was observed under 9 minutes. The reaction kinetics was found to follow
the pseudo-first order reaction rates. BPA was converted to CO; during the mineralization of BPA by
the Photo-Fenton reaction. Under the same conditions at which 100 % degradation of BPA was obtained
under 9 minutes, it was observed that 54 % of BPA was converted to CO, after 24 hours. After
increasing the concentration of the reagents by 10 times (4 x 10 mole/L of H.O; 4 x10™* mole/L
of Fe?"), it was observed that 93 % of BPA was converted to CO, after 36 hours. Under the same
conditions 13 % of TOC was left in the experimental solution after 36 hours. 6 types of intermediates
were formed from the degradation of BPA. Overall, inferring from the degradation and mineralization
rate of BPA as obtained from the experimental result, it can be stated that Photo-Fenton reaction is an

effective process for the purpose of removing BPA from wastewater.
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Guo et al., 2014 investigated the degradation of the antibiotic Amoxicillin by a Fenton oxidation
method, along with an activated sludge treatment method and a combined method of Fenton oxidation
and activated sludge treatment. Different parameters were tested for the removal of Amoxicillin like
the effect of H,O./Fe** molar ratio, effect of reaction time, effect of temperature and effect of initial
pH. From there the optimal conditions for the maximal removal of Amoxicillin were found to be 4 mL
FeS0O4.7H,0 solution (20.43 g/L), 6 mL of H2O; solution (3%) and temperature of 40 °C. Under this
condition, a 1 g/L concentration of Amoxicillin were degraded by 80 % in 70 min. The activated sludge
process in itself was unable to sufficiently degrade Amoxicillin in a sufficiently short period, due to the
toxic effect of the antibiotic Amoxicillin on the microorganisms of the activated sludge. The highest
degradation of Amoxicillin by the activated sludge treatment was in the range of 69.04 %-88.79% with
the concentration of Amoxicillin being less than 350 mg/L. But the combined effect of Fenton
degradation followed by activated sludge treatment was very effective for degrading Amoxicillin, with
complete degradation being observed for concentration less than 500 mg/L. When the concentration of
Amoxicillin was increased up-to 1000 mg/L, the removal rate was obtained as 85.13 %. It was inferred
that the Fenton reaction disintegrated the Amoxicillin, as a consequence of which its toxic effect on the
microorganisms of the activated sludge were decreased, resulting in its greater decomposition by the
activated sludge process. Thus it can be stated that Fenton reaction can be utilized to decompose the
antibiotic followed by its complete degradation by the activated sludge process. In that way, the reagents
required for the Fenton reaction can be decreased, and the efficiency of the activated sludge process can

also be increased.

Given above are the list of methods by which the removal of four EC’s (CBZ, NPX, RTN and BPA)
were investigated. The aim of the research work as presented in this thesis, was to evaluate the
conditions under which the optimal removal of the pollutants by the above mentioned methods were
possible. Making the process as effective as possible along with being cost effective was another aim
of this undertaking. Lastly, the best performing method was utilized for treating two real-time waste
waters selected from two different spots. The research methodologies for the respective processes along

with their corresponding results and their explanation is presented in the respective chapters.
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CHAPTER 3

OBJECTIVES OF THE PRESENT RESEARCH
STUDY

3.1 OBJECTIVES OF THE PRESENT STUDY

From the literature review, the following objectives were selected for the present research work

1>

2.>

3.>

4>

To synthesize carbonaceous based materials to remove emerging contaminants (ECs) present

in solution

To study the Advanced Oxidation followed by adsorption for the removal of EC present in

solution

To investigate the effects of different parameters on the removal of the EC using composite

materials in batch and optimization method

Utilization of Rotating packed bed reactor to find the efficacy of the synthesized materials to

remove the EC’s under a dynamic system by adsorption.

Testing the efficacy of the investigated systems for the purpose of treating real water.
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3.2NOVELTY OF THE PRESENT STUDY

In the present study both GO, which was a premium carbon compound synthesized from commercial
grade graphite and ARSB, an activated biochar synthesized from rice straw were used for removing the
EC’s from water. From the result of their respective experiments, a comparison of their efficacy for the
purpose of removing the different kind of EC’s can be conducted. The same logic can also be applied
in case of the GO-TiO; and the ARSB-TiO, composite. As a matter of fact, from the set of experiments
carried out as a whole, comparison can be made between all the treatment methods and from there a
conclusion can be reached as to which method is more effective. In case of the treatment methods
involving the photo-catalyst GO-TiO, and ARSB-TIO, different types of incident radiations (UVA,
UVB, UVC and visible radiation) were utilized for activation of the photo-catalyst. In the end, the
incident radiation which exhibited the highest efficiency were utilized for further studies. Also in case
of the RPB study, the adsorbents and photo-catalyst were directly applied to the solution tank rather
than forming a packed bed. Also another method was investigated where an advanced oxidation process
Fenton oxidation was used for degrading the EC’s, followed by adsorption with GO to remove all the
products. In this method, the advanced oxidation process was followed by adsorption. And at last, the
experimental methods explored in this thesis were used for treating water samples collected from two

sites, one being a lake with polluted water and the other being the effluent from an industry.
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CHAPTER 4

SYNTHESIS OF GO AND ITSUTILIZATION FOR
REMOVING EC’S FROM THE AQUATIC
SYSTEM

4.1 INTRODUCTION

Trace organic pollutants like residual PHA’s present in the effluents are rapidly becoming issues of
immense concern on a global scale. Wide use and disposal of these products have resulted in a rapid
rate of accumulation of the same in adjacent aquatic (Bhattacharya et al., 2020). CBZ, NPX and RTN
are among the most widely used PHA’s and hence are also among those that are most frequently
encountered in the aquatic ecosystem. CBZ is generally prescribed as a medicine for neurological
syndromes like depression, post-traumatic stress disorder, restless leg syndrome, diabetes insipidus etc.
Global annual usage of CBZ range around 1.01 Kilo-Ton. As a consequence of utilization of such high
quantity of CBZ, its presence has been detected in almost all sources of water viz., surface water, ground
water, wastewater treatment plants and even drinking water. Thus presence of CBZ in aquatic
environment has emerged as a cause of Global concern. The toxic effect of CBZ has been observed on
various forms of aquatic life including bacteria, algae, invertebrates and fish. The permissible limit of
CBZ in potable water varies across different countries and is reported to be in the range of 40 and 100
ng/L in developed countries such as U.S.A and Australia (Hai et al., 2018). Also, utilization of CBZ
containing water for agricultural purposes results in the accumulation of CBZ in the soil. The standard
concentration of CBZ in soils irrigated using contaminated water has been found to be in the range of
0.02-15 pg/kg (F. Chen et al., 2011). According to the US Food and Drug Administration (USFDA),
an environment assessment should be performed whenever the concentration of the active ingredient of
CBZ is equal to or found to exceed 1.0 pg/L in aquatic environment (Bhattacharya et al., 2020). NPX
(C14H1405) is a well-known and widely used broad range, NSAID (non-steroidal anti-inflammatory
drug) which is generally prescribed for the treatment of pain and swelling. As per ClinCalc, NPX was
the 67" most prescribed drug in USA in 2011 with 11,942,765 annual prescription. As a result of its
widespread utilization, NPX has been found in a range of locations consisting of both natural and man-

made aquatic environments and thereby poses a health risk to any organisms which consumes water
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from these resources, including the organisms that live in these ecosystems (Bhattacharya et al., 2021).
Also in reference to previous literature regarding the toxicity of NPX, it was noted that NPX was
capable of causing some oxidative stress and genotoxic effect in microorganisms (Ahmed & Haider,
2018; Gorny et al., 2019). RTN (C13H22N4O3S) is a histamine H, receptor antagonist, which is used in
order to block the action of the biogenic amine on the parietal cells of the stomach, in order to decrease
the acid production from these cells (Isidori et al., 2009). As is common in case of the widely utilized
pharmaceuticals, traces of RTN have also been found observed in different water bodies. In a study
conducted by (Isidori et al., 2009), RTN was found in nine sewage water treatment plants (STP’s) in
Italy and was also present in the surface waters in North Italy. RTN was also found in trace quantities
in 1.2 % of US streams and in the downstream of several of STP’s in Italy (Isidori et al., 2009; Kolpin
et al., 2002). RTN is excreted in about (6-39)% of its parent compound. Upon reaching the aquatic
ecosystem, it can have some unintended effects on non-target organisms (Isidori et al., 2009). Although
RTN is comparatively less toxic as compared to other PHA’s like CBZ and NPX, but still RTN and
some of its photodegraded by-products are able to exert some measure of toxicity on unintended targets
(Bergheim et al., 2012; Sandip Mondal et al., 2015). Thus it can be unilaterally agreed upon that,
efficient treatment strategies are required for removing this type of trace pollutants like PHA’s from the

aquatic environment.

Like PHA’s, another important source of trace organic pollutants are EDC’s. EDC’s are chemical
compounds which share a chemical structure analogues to that of hormones, therefore they can mimic
the functioning of the hormone, and thus can dis-balance the normal functioning of the human body
(Chouhan et al., 2014). A well-known example of an EDC is BPA (CisH1602). BPA is mainly
synthesized by the combination and condensation of two parts of phenol with one part of acetone in the
presence of a promoter and a catalyst. The synthesis process takes place at high temperature and low
pH. It mainly exists as a white solid in room temperature (Chouhan et al., 2014). BPA exhibits high
resistance and physical stability. BPA is generally used as a plasticizer, for the synthesis of products
like plolycarbonate plastics and epoxy raisins and is one of the most widely used chemicals in the world
(Bhatnagar & Anastopoulos, 2017). Humans are mainly exposed to BPA through their diet. When
plastic containers containing BPA are exposed to high heat or extreme pH (high or low), then the “esters
bonds” holding the BPA to the plastics are hydrolysed, leading to the leaching of the plastics into the
food or drinks (Chouhan et al., 2014). As mentioned before, BPA is an EDC, and it mimics the action
of the female hormone estrogen, and is known as a xenoestrogen (Chouhan et al., 2014). BPA can cause
multiple disorders to the Human body namely, decrease in sperm counts, hormone related cancer, brain
damage etc. Moreover it can cross over the placental barrier in the body of the mother, and can
concentrate inside the foetus (Chouhan et al., 2014). Thus it can be stated that unintended intake of BPA

can have serious consequences for humans.
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Hence, efficient treatment strategies are required for removal of this type of EC’s from the aquatic
environment.

However, conventional treatment processes practised in wastewater treatment plants (WWTPs) are
incapable of sufficiently removing these trace pollutants from the aquatic ecosystem (Jinfeng Wang et
al., 2012). Recent studies have reported the process of adsorption as an efficient and cost-effective
process for persistent contaminant treatment (Banerjee et al., 2015b, 2016; L. Liu et al., 2012). A wide
variety of materials such as clays, polymers and several carbon-based materials (like fly-ash or charcoal)
have been investigated for adsorption of different types of aqueous pollutants (Banerjee et al., 2016).
Of all other types of carbonaceous adsorbents reported in contemporary studies, GO has received
significant attention due to its mechanical and chemical stabilities as well as high specific surface area
(Banerjee et al., 2016). Carbonaceous nanomaterial like GO has been widely investigated as an
adsorbent due to its convenient process of synthesis, efficient pollutant removal in significantly low
dosage and cost effectiveness (Banerjee, Mukhopadhyay, et al., 2017; M. Li & Liu, 2013; Mukherjee
etal., 2019). Moreover, GO surfaces bear large quantities of oxygen rich epoxy, hydroxyl, and carboxyl
groups (Banerjee et al., 2016). Presence of these functional groups render GO hydrophilic and therefore,
suitable for adsorption of trace organic pollutants like EC’s from their aqueous solutions (Banerjee et
al., 2016). The present study investigated the potential of GO for efficient removal of the four EC’s
CBZ, NPX, RTN and BPA. Morphology, chemical nature and crystalline properties of GO particles
used in this study were analysed with scanning electron microscopy (SEM), Fourier transform infrared
(FTIR) spectroscopy, X-ray diffractometry (XRD) and Raman spectrometry respectively. Batch studies
were carried out for elucidating the effect of significant experimental parameters on the process of
adsorption. Results obtained in batch studies were further investigated for determining the isotherm and
kinetic models guiding the concerned process. Process optimization was carried out by performing a
RSM study. Other than the batch study, a RPB study was also conducted in order to intensify the process
of adsorption of the EC’s by GO (A. Das et al., 2008). The centrifugal force exerted by the RPB was
much more intense than in batch study or in column study. In order to determine the reusability of GO,
a consecutive adsorption-desorption cycles were also performed for determining the reusability

potential of the GO reported in this study.

4.2 MATERIALS AND METHODS :-

4.2.1 Materials required
The pharmaceuticals were brought from M.P Biomedicals (CBZ, NPX), Sigma-Aldrich (RTN) and
Merck (BPA). The Graphite and KMnO, were brought from Merck, the H,SO4 were brought from

Emplura and the H,O, (30%) were brought from Emplura. All the materials were obtained in laboratory

grade and were used as received without further purification.
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4.2.2 Synthesis of GO

For this experiment, the GO was synthesized by using the modified Hummer’s method

(Banerjee et al., 2015b; P. Das & Das, 2016). In this experimental study, firstly, 3 g of graphite powder
was suspended in 120 ml of concentrated H,SO4 while keeping the experimental apparatus in an ice
bath. Then 8 g of potassium permanganate KMnOa, which acts as an oxidizing agent was added to the
above mixture in a controlled manner under constant stirring condition. After the complete addition of
the KMnO., the experimental apparatus was kept at 45 °C for 3 h at constant stirring. Then, H.O, was
added to the experimental mixture followed by water. The synthesized GO was then washed three times,
with HCI, ethanol and distilled water to remove any other metal impurities that may be present in the
solution. Finally, the GO was extracted from the solution by centrifugation, after which it was freeze

dried and stored in a cool place for future use.

4.2.3 Characterization

Characterization of the synthesized GO particles were done by Scanning Electron Microscopy (SEM),
Raman Spectroscopy, Fourier transform infrared spectroscopy (FT-IR) and X-ray Diffractometry
(XRD).

The structural and morphological properties of GO was analysed by means of Scanning Electron
Microscope (SEM) from ZEISS EVO MA-10 Germany. Before performing the SEM analysis, the
sample was made conductive by covering it with a coat of Platinum under vacuum condition by a sputter
coater (Bhattacharya et al., 2021).

The GO was analysed by a FT-IR spectrometer in order to elucidate the chemical bonds and functional
groups that were present in the GO. The FT-IR analysis was carried out by a Perkin EImer instrument,
USA, in the range of wavelength 4004500 cm™ at a transmission rate of 4 cm sec™. For the FT-IR
analysis, the GO was cast into pellets with KBr as the background material, with the ratio of sample
and KBr being about 1: 100 in terms of weight (Ganguly et al., 2020).

The XRD analysis of ARSB was done in order to find crystal lattice of ARSB. The XRD was performed
by an X-ray diffractometer from Malvern, Pananalytical, UK having a Cu-Ko radiation operating at a

voltage of 40 kV, current flow of 40 mA over an intensity range (20) of 5-80°.

The Raman Spectral measurement of the GO were taken using a Lab Ram HR Model: 800 (Horiba
Jobin Yuvon) spectrometer. Datwere recorded over the range of 200-3500 cm™ with the exposure time

of 5 s. The operating wavelength of the He-Ne laser was 632.8 nm and the laser power was 17 mW.
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The spectral detection was obtained through an air-cooled charge-coupled device were recorded over
the range of 200-3500 cm™ with the exposure time of 5 s. The operating wavelength of the Helium-
Neon laser was 632.8 nm and the laser power was 17 mW. The spectral detection was obtained through
an air-cooled charge-coupled device. The spectral detection was obtained through an air-cooled charge-
coupled device.

4.2.4 Preparation of the Experimental Solution
RTN was directly mixed with double distilled water. NPX, CBZ and BPA were first dissolved in
C,HsOH followed by which they were diluted to their required concentration by dilution with double

distilled water.

4.2.5 Batch study

A batch study was performed in order to find the experimental conditions under which the highest

removal of the EC‘s by the GO was possible. The set of parameters and there variation remained
constant for every EC. The experimental parameters that were considered for the batch study were initial
adsorbate concentration (5 mg/L — 20 mg/L), adsorbent dosage (0.5 g/L. — 2 g/L), pH of the experimental
solution (2-10), and temperature (298 K- 313 K). A 0.1 M NaOH solution and a 0.1 N HCI solution
was utilized for regulating the pH of the experimental mixture wherever required. For each individual
batch experiment, experimental solution was taken in an Erlenmeyer flask. All the experiments were
done inside an incubator under constant rotation. Samples were extracted at predetermined timeslots.
The samples were passed through a 0.22 um syringe filter followed by centrifugation at 15,000 rpm for
15 min in order to separate out the very fine GO particles from the extracted samples. Analysis of the
remaining EC’s in the solution after treating with GO was spectrophotometrically by analysing them in
a UV-Vis Spectrophotometer (Perkin Elmer Lambda 360). The Amax Of the different adsorbates are

given as follows:-

Table 4.1: The Amax of the different EC’s.

Chemical Amax Reference

CcBz 283 nm (Bhattacharya et al., 2020)
NPX 230 nm (Bhattacharya et al., 2021)
RTN 313 nm (B. Singh & Sharma, 2008)
BPA 228 nm (Brugnera et al., 2010)

Each experiment were conducted thrice and average value was considered.
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4.2.6 Process optimization with RSM

The process of adsorption of the EC’s by GO was optimised with the help of the central composite
design (CCD) model of RSM. The RSM was done with the software Design Expert Version 7.0 (Stat-
Ease, USA). The RSM can be defined as a mathematical and statistical tool used for the purpose of
optimizing a particular process operation. RSM also helps to explain the effect that the parameters of a
concerned operation have on one another and on the process as a whole. For the purpose of process
optimization, a number of experiments as recommended by the software (denoted as runs) had to be
performed. For each of these experimental runs, a specific set of experimental conditions is laid out by
the software known as input variables. The outcome obtained after performing the experiments with
these input variables is known as the output response which has to be re-entered into the software for
the purpose of calculating and plotting out the optimization study (Banerjee, Mukhopadhyay, et al.,
2017; Ganguly et al., 2020). For the current set of studies, the experimental parameters that were chosen
as the input variable are pH of the experimental solution, dose of adsorbent (mg/100 ml) and the time
of treatment (minutes). The concentration of the EC’s were kept constant for the RSM experiment at 10
mg/L. The output responses were determined to be in terms of the percentage removal of the EC’s by
GO. With reference to conditions and range of parameters provided to the software, it recommended 20
experiments, with 6 replications for each set of pollutants. The runs recommended by the software along
with their corresponding outcome, and the statistical outcome of the RSM process is provided in tabular

form in the result section.

4.2.7 Process Intensification with Rotating Packed Bed (RPB) study

It has been widely reported that GO is an effective adsorbent for the purpose of removing trace

pollutants from their aquatic solutions (Banerjee et al., 2016; Banerjee, Roy Barman, et al., 2017;
Bhattacharya et al., 2020; Bhattacharyyaa et al., 2018; P. Das & Das, 2016). There also exists many
different methods by virtue of which the adsorption capacity of GO can be further increased. One such
method of process intensification is the utilization of a Rotating Packed Bed (RPB) method. RPB is a
high throughput setup where the gravitational force is replaced by centrifugal force, which is quite a
few times higher in magnitude. RPB contractors were first designed by Collin Ramshaw and Roger H
Mallison in the year 1981 for effective mass transformation between two fluid phases. A doughnut
shaped packed bed is present inside the setup which is rotated at a high speed and solution is sprayed
on the inner edge of an RPB and is thrown outward by centrifugal force. Concurrently, gas is introduced
from the outer edge of the bed and flows inwards relatively counter-currently to the liquid by pressure
gradient. Under this thorough centrifugal field, thin liquid films and tiny liquid droplets are generated
resulting in dramatic increase in mass transfer. Therefore RPB is generally applied to increase the order

of magnitude of a mass transfer process (A. Das et al., 2008; Hashim et al., 2019). Some of the variables
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that can regulated in the RPB system are the materials with which the packed beds are formed, the speed
at which the RPB is rotated, the rate of flow of the solution and general experimental parameters like,
pH, temp etc. (Hashim et al., 2019).

RPB has been extensively utilized for the purpose of removing pollutants from their agueous systems.
(A. Das et al., 2008) utilized the dried scales of Catla catla fish in an RPB system for the purpose of
adsorbing Cu(ll) from the aqueous solution. In four different independent studies (B. Li et al., 2018),
(C. Chang & Lee, 2012), (Kundu et al., 2015) and (Hashim et al., 2019) utilized activated carbon as the
packing material inside a RPB for the purpose of removing phenol, methomyl (a widely used pesticide),
Direct 23 dye and Arsenic from water respectively. In case of the study of (Kundu et al., 2015) it was
observed that 93 % of dye was removed by the RPB as compared to 55 % removed by a shake flask,
with in a time period of 5 hours with other factors such as dose of adsorbent and volume of reactant
remaining constant. From the experimental outcome of (Kundu et al., 2015) it was observed that rotor
speed and flow rate were two important factors in controlling the efficiency of the RPB with the highest
removal being observed at 628 RPM agitation speed and 40 L/hour flow rate. In case of the study by
(Hashim et al., 2019), activated carbon was used for removing Arsenic from water. The process was
optimized by the Taguchi method and from the experimental result it was observed that the highest
removal of Arsenic was observed at the experimental conditions of initial concentration of Arsenic 150
mg/L, pH 3, packing density 510 kg/m?, feed rate of 50 L/h and rotation speed of 1600 RPM. (Mosleh
et al., 2018) utilized a photocatalyst consisting of CuO/CuQ2/Cu nanoparticles synthesized by a
sonochemical combined thermal synthesis method for the simultaneous degradation of Safranin O (SO)
and Methylene Blue (MB). Unlike the previous example where the adsorbent was utilized to form a
packing bed, in case of the study by (Mosleh et al., 2018) the photocatalyst CuO/CuQ2/Cu was directly
added to the experimental solution containing the dye. The process was optimized by the CCD model
of RSM and from there the parameters for the maximum removal of the dyes were found to be 0.3 g/L
of CuO/CuO,/Cu photocatalyst, pH 6, RPM of 600, dye concentration of 10 mg/L, flow rate of 0.3
ml/L and reaction time of 90 minutes. Under this condition 98.01 % of SO and 91.91 % of MB were
removed. The Langmuir-Hinshelwood kinetic model best described the degradation of the dyes by the
CuO/Cu0,/Cu photocatalyst.

Similarly, like in the experiment of (Mosleh et al., 2018), in this experiment also GO was directly added
to the experimental reservoir containing the solution of EC’s. The name and dimensions of the different
parts of the RPB that is used in this experimented are given as follows, outer casing (diameter = 20
cm), the inner rotating disk (diameter = 15 cm), the wire mesh and a cylindrical distributor having 9
column of 4 rows, separated from each other by a distance of 5 mm. A schematic diagram showing the
RPB and its different parts is given in Fig. 4.1 and the different parts of RPB are shown in Fig. 4.2 (a)-

(d). The experimental solution containing the EC’s were kept in a container known as a reservoir. The
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volume of the solution was kept fixed at 2 L. During the experiment, the experimental solution was
pumped up by an electric motor inside the Rotating Packed Bed (RPB). The flow rate was kept constant
at 0.2 L/min. The dosage of GO was also kept constant at 2 g/L. The rotors were moved by a shaft
motor. The rotor speed was kept constant at around 150 R.P.M. With all the other experimental
parameters remaining constant, the parameter that was varied was the solution of the adsorbate. For
each EC, three concentration were tested 2.5 mg/L, 5 mg/L and 10 mg/L. In the functioning of the RPB,
the liquid flew outwards through the distributor resulting in the formation of thin films and small dots.
As mentioned before the GO was applied directly inside the reservoir. The formation of thin films and
small dots reduces the mass transfer barrier thereby enhancing the adsorption. After treatment, the
samples were collected, pre-treated and spectrophotometrically detected using the same techniques as
described in case of batch studies, in Section 4.2.4 Batch Studies. The result of the experiment is
presented in the form of line graph with percentage removal against time. Every experiment was carried

out three times, and the mean value with the respective standard deviation is given.
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Fig. 4.1:- Schematic diagram of RPB.
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Fig. 4.2(b)- RPB Distributor :- 36 pores

Fig. 4.2(c) - Rotating Disc :- Diameter 15 cm Fig. 4.2(d) - Wire Mesh for holding

packing material

4.2.8 Reusability study of GO

In case of the adsorption study, the reusability of the adsorbent is a critical determinant in terms of
determining the feasibility of the adsorbent for future applications. In this study GO used in the batch
study was utilised for assessing the reusability capacity and it was evaluated by successive adsorption-
desorption cycles with different proposed desorbing mediums, namely distilled water, boiling (distilled)
water, 10% HCI solution, 10% NacCl solution, 10% NaOH solution and 10% ethanol solution. After the
completion of the batch study, the GO was retrieved for the reusability study. Then the GO was dried
and was treated separately with each of these five desorbing solution for a fixed time (1 hr). After each
desorption study, the regenerated GO was subsequently utilised for another cycle of adsorption study.
In this way, the adsorption-desorption study was continued for about 5 cycles. The concentration of the
adsorbate was kept at 10 mg/L for all the cycles and the dose of GO was kept fixed at 2 g/L (Banerjee
et al., 2015b; Goswami et al., 2017).
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4.3 CALCULATIONS :-

4.3.1 Percentage removal and adsorption capacity

The percentage removal of the EC’s by GO during the batch study is calculated by the following

equation.

Co—Ct

Removal % =
0

Where Co and C; represent the Concentration of adsorbate in the experimental solution at time 0 mins
(mg/L) and Concentration of the adsorbate in the experimental solution at equilibrium time ‘¢’ (mg/L),

respectively.

The adsorption capacity of the adsorbent GO after a pre-determined time interval (t) can be calculated

with the following equation.

Qo = S0l X (xiv)

m

Coand C; are same as in Eg-(xiii), V (L) = Volume of the experimental solution used during the batch
study and m (g) = Mass of adsorbent used during the experiment. And g. (mg/g) = maximum adsorption

capacity at equilibrium time t.

4.3.2 Adsorption Isotherm

Adsorption isotherm is performed to describe the equilibrium performance of the adsorbents when the
temperature is constant (Al-ghouti & Da, 2020). From the batch study data, the result obtained from the
study conducted over the variable adsorbent dose at constant temperature was utilized for calculating
the different adsorption isotherms. In total four isotherm models were investigated namely the Langmuir

model, the Freundlich model, the Temkin model and the Dubinin-Radushkevich model.
» The Langmuir Isotherm Model

The Langmuir model of isotherm is an empirical model which assumes that the thickness of the layer
of adsorbed molecules is one molecule (unimolecular adsorption). As per the assumptions of Langmuir
isotherm model, the adsorption occurs at identical site and the adsorption is homogeneous and equal
sorption activation energy and constant enthalpies are possessed by each molecule (Al-ghouti & Da,
2020). The linear form of the Langmuir Isotherm equation is given as follows:-

Ce 1 , Ce
Je Qo

=
QS
<)

Where, C. (mg/L) denotes equilibrium PHA concentration in solution , ge (mg g™) denotes theoretical

maximum adsorption capacity, Qo (Mg g*) denotes maximum monolayer coverage capacity calculated
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from slope of Ce/ge vs. Ce plot, b (L mg™) denotes Langmuir coefficient of energy of adsorption
calculated from intercept of Ce/ge vs. Ce plot. The correlation of coefficient of the Ce/ge vs. Ceplot (as
reported) is denoted by R?.

» The Freundlich Isotherm Model

In case of the Freundlich isotherm model, the adsorption layer is not considered to consist of a single
layer of molecules. In Freundlich adsorption model, the adsorption is considered to be multi-layered
and the adsorption heat and affinities are not considered to be evenly distributed on the heterogeneous
surface of the adsorbent. Thus in other words, the Freundlich isotherm model defines the heterogeneity
of the adsorbent surface as well as the exponential distribution of the active site and active site energies
(Al-ghouti & Da, 2020). As per Freundlich model, the adsorption can be multi-layered, with uniform
energy and reversible action (Gimbert et al., 2008). The non-linear form of the Freundlich isotherm

model is given as follows:-

Where C., and g. denotes the same as mentioned in equation (xv). n: (no unit) denotes Adsorption
intensity calculated from slope of In ge vs. In Ce plot and K: (mg/g) denotes Freundlich coefficient of

adsorption capacity calculated from intercept of In ge vs. In Ce plot.
» The Temkin Isotherm Model

The Temkin isotherm model assumes the adsorption heat to be a function of temperature. Tempkin
model considers that the heat of adsorption of all molecules in the layer decreases linearly due to the
increase in surface coverage (Al-ghouti & Da, 2020; Gimbert et al., 2008). Another assumption of the
Tempkin isotherm model is that the energy is evenly distributed (Al-ghouti & Da, 2020). A linear form

of the Tempkin isotherm model is shown as follows :-
(e = BT ln Ce + BT ln KT ..................................................................................... (XVll)

Where Ce, ge and R? denotes the same as mentioned in equation (xv). Br (J mole-1) denotes coefficients
of heat of adsorption calculated from slope of ge vs. In Ce plot at operational temperature T (303 K).
Kr (L g*) denotes Temkin equilibrium binding constant calculated from intercept of ge vs. In Ceplot at

operational temperature T (303 K).
» The Dubinin-Radushkevich Isotherm Model

The Dubinin-Radushkevich model is a semi-empirical model which follows the mechanism of pore-
filling. The Dubinin-Radushkevich describes a multi-layer adsorption involving Van der Waals forces.
The Dubinin-Radushkevich model can be assigned to physical adsorption (Al-ghouti & Da, 2020). The

linear equation representing the Dubinin-Radushkevich model is given as follows :-
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INGe = IN Qg — B . o (xviii)

Where ge denotes the same as mentioned in equation (xv). B (mole ? KJ?) denotes Dubinin-
Radushkevich constant calculated from slope of In ge vs. &2 plot. Qs (mg g™*) denotes theoretical isotherm
saturation capacity calculated from intercept of In ge vs. & plot. E (kJ mole™) denotes mean sorption
energy.

In case of the Dubinin-Radushkevich isotherm model the parameter ¢ is denoted as the Polanyi potential

and was evaluated from the Dubinin- Raudushkevich model with following equation.

£ = RT IN( T+ ) oo (XixX)

Where, T = Temperature in Kelvin (which in case of the dose variation study was 303 < K), R (8.314 J
m™K ™) = universal gas constant and Ce (mg/L) = concentration of adsorbate in experimental solution

under equilibrium condition (Bhattacharya et al., 2021).

For each respective batch study of CBZ, NPX, RTN and BPA, the respective adsorption isotherm study
result was presented in a tabular form. On being fitted with the experimental data, the adsorption

isotherm for which the R? value was maximum was considered to best describe the adsorption process.

4.3.3 Adsorption Kinetics

From the analysis of Adsorption kinetics, the rate of the adsorption reaction can be determined thereby
providing an idea about time required for the adsorption to reach equilibrium. Information regarding
adsorption pathway and mechanism can also be obtained from the adsorption kinetics analysis (Sahoo
& Prelot, 2020). The mechanism of the adsorption at the solid-liquid interface can be explained in the

following four steps :-

1. Bulk diffusion, where the adsorbate is transferred from the bulk of the solution to the liquid

film surrounding the adsorbate molecules.

2. External Diffusion, is the phase where the adsorbate molecules has to be diffused through the

surface liquid films surrounding the solid particles.

3. Internal diffusion of the adsorbate molecules where they are transferred from the liquid film to
the surface of the adsorbent through. This is also known as Intraparticle Diffusion. Intraparticle

diffusion are mainly controlled by two mechanism (i) pore diffusion and (ii) surface diffusion.

4. Interaction of the adsorbate molecules with the surface sites, either through physisorption or

chemisorption. Desorption is also a part of this step in case of reversible adsorption.

The overall rate of the adsorption reaction is determined by the slowest of the four steps. The first and

fourth steps are fast whereas the second and third step are slow. In order to determine the reaction
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kinetics of the adsorption of EC’s on the surface of GO, five kinetic models were adopted namely
Pseudo-first order reaction, pseudo-second order reaction, Elovich model, Intraparticle Diffusion model
and Liquid film diffusion model.

> Pseudo-first order kinetic model

Pseudo-first order kinetic model was first proposed by Lagergren in 1898. The pseudo first order model
is based on the assumption that, the rate of change of solute uptake with time is directly proportional to
difference in saturation concentration and the amount of solid uptake with time (Sahoo & Prelot, 2020).
Some other assumptions of the pseudo-first order kinetic models are, Sorption only occurs on the
localized sites and there is no interaction between sorped molecules, the surface coverage does not
affect the adsorption energy, the concentration of adsorbate is considered to be constant during the
adsorption reaction, the adsorbed molecules forms a monolayer on the surface of the adsorbent (Largitte

& Pasquier, 2016). The linear form of the pseudo-first order model is described as follows :-

k
log(q. — q¢) = [logq. — 2_3;3t] ........................................................................... (xx)

Where, ki denotes Pseudo-1*order rate constant obtained from linear plots of log (ge — ¢:) vs. t (min).
de (Mg g*) denotes quantity of adsorbate adsorbed at equilibrium. g: denotes quantity of adsorbate

adsorbed at time ‘t’.
> Pseudo-second order kinetic model

The pseudo-second order kinetic model is based on the assumption that, the rate limiting step is the
chemical adsorption or chemisorption and the adsorption rate is dependent on the adsorption capacity
of the adsorbent and not on the concentration of the adsorbate. The linear equation describing the

Pseudo-second order kinetic model is described as follows :-

Where, k. denotes Pseudo-2" order rate constant obtained from linear plots of log (t/qy) vs. t (min). ge
(mg g%) denotes quantity of adsorbate adsorbed at equilibrium. g: denotes quantity of adsorbate

adsorbed at time ‘t’.
> Elovich model

Elovich model is used to describe second-order kinetics assuming that the surface is energetically
heterogeneous (Sahoo & Prelot, 2020). Some of the other assumptions of the Elovich models are, the
sorption occurs on localized sites and there is interaction between the sorbed ions, with the increase in
surface coverage the energy of adsorption also increases linearly and as per the Elovich model, the

concentration of adsorbate molecules remains constant.
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%=%mm@+%ma) ..................................................................................... (xxii)

Where o. (mg g* min) denotes initial adsorption rate calculated from the intercept of liner plot of g vs.

Int. B (mg g™) denotes initial desorption rate calculated from the slope™ of liner plot of g vs. In't.
> Intraparticle diffusion model

The Intraparticle diffusion model was proposed by Webber and Morris. The linear equation representing

the Intraparticle diffusion model is given as follows :-
Qe = Kaiprtt2 4 oo, (xxiii)

Where, Kairr (Mg g~* min~?) denotes intra-particle diffusion rate constant calculated from the slope of
regression plot of g vs. t*2 where t is time (min). C (mg g*) denotes Constant calculated from the

intercept of regression plot of g vs. t*2 where t is time (min).

On fitting the Intraparticle model with the experimental data, if a straight line is obtained on plotting
vs. t*2, then Intraparticle diffusion is considered to be the main mechanism controlling the adsorption
process (Sahoo & Prelot, 2020). However, if non-linearity is observed on plotting g vs. t2, then it can
be assumed that other factors are also involved in the rate-controlling step of the adsorption process
(Sahoo & Prelot, 2020). The constant ‘C” denotes the thickness of the boundary layer, with greater value

of C denoting greater effect of the boundary layer.
» Liquid film diffusion model

The Liquid film diffusion model is represented by the following linear equation :-

In(1 — % e Rl e (xXiv)

Where R denotes the rate of the reaction and ‘t” denotes the reaction time in minutes. The value g. and

q: are the same as in equation (xx). The kinetic model is plotted as In(1 — %) vs t (Qiu et al., 2009).

4.3.4 Adsorption thermodynamics and Activation Energy

The activation energy (Ea) for the adsorption of the EC’s on the surface of GO is determined by the

Arrhenius equation which can be described as:-

Ea
InK = Y LR L TP TP P PP PSP EPPPPP PR PPEPP PP R PRPPP S PPN PP (xxv)

Where K, A, R and T represents the kinetic constant (rate constant of the kinetic model which best
described the adsorption process), pre-exponential factor, universal gas constant and temperature in
Kelvin respectively. The value of E, for the process operation can be deduced from (In K Vs T %), which

is the slope of the Arrhenius plot (Banerjee et al., 2016).
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The thermodynamics of the process of adsorption of EC’s on GO was determined by the changes in the
Gibbs free energy (A G°; kJ mol™), change in the enthalpy (A H°; kJ mol ') and the change in the
entropy (A S°; J'* mol™ K*). The thermodynamic variables were calculated by utilizing the following
three equations.

K, = g—‘: ....................................................................................................... (xxvi)

A G = RT I K C oot e e (xxvii)
A A

InK, = — (ﬁ) (%) + (?S) ................................................................................. (xxviii)

Where K¢, Caand T denotes the distribution coefficient of adsorption, the quantity of EC’s adsorbed by
a unit mass of GO and the absolute operational temperature in Kelvin respectively. The intercept and
slope of the In K, vs (1/T) plot was utilized to calculate the value of AS® and AH® respectively (Banerjee
etal., 2017).

4.3.5. Optimization using RSM

For the RSM process, a quadratic polynomial model was derived by analysis of variance and it was
utilized for the purpose of maximizing the optimization for the process operation of adsorption of EC’s
on the surface of GO. The association between the three independent experimental parameters that were
selected for this study (dose of the adsorbent GO, pH of the experimental solution and reaction time of
the experiment) was empirical in nature and it was derived from the polynomial quadratic equation
(Bhattacharya et al., 2020).

4.4 RESULTS :-

4.4.1 Characterization

4.4.1.1 SEM analysis of GO

Fig. 4.3 (a) exhibits the surface morphology of GO as recorded using SEM. The SEM images of GONP
revealed that it is composed of thin, closely associated and highly overlapping platelet-like carbon
sheets. The rough surfaces of these crumpled GO reportedly facilitate efficient adsorption (Goswami et
al., 2017; Mukherjee et al., 2019). These wrinkled and layered structures of GO are reportedly formed

as a result of interactions between oxygen containing functional groups (Bhattacharya et al., 2020).
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Fig. 4.3 (a) :- SEM image of GO

4.4.1.2 FTIR analysis of GO

The FTIR spectra of GO is shown in Fig. 4.3(b), from there it was observed that GO exhibited points
at 3400 cm, 2900 cm™, 1550-1600 cm™ and 1385 cm™ which denotes the functional groups C=0, O-
H, C=H, C-H and C-O respectively. Thereby it can be inferred that the GO synthesized from graphite
by Hummers method was sufficiently oxidized. Moreover these peaks are denoted as the characteristic
peaks of GO (Banerjee et al., 2016).

FTIR of Graphene Oxide
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Fig. 4.3 (b) :- FT-IR spectra image of GO
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4.4.1.3 XRD analysis of GO

The XRD spectra shown in Fig. 4.3(c) exhibit three prominent peaks at 12.7°, 25.6° and 42.6°. The
peak at 12.7° is the characteristic peak of GO (L. Liu et al., 2012; Nawaz et al., 2017) whereas the peaks
at 25.6 ° and 42.6 ° are due to unreacted graphite (Ganguly et al., 2020). These are denoted as the
characteristic peaks of GO as per previous literature thereby denoting that GO was successfully
synthesized from graphite by the Hummers method.

11.7 XRD of GO

— 25.86
- J 43.6

2 0(%)

Intensity (a.u)

Fig. 4.3 (c) :- XRD image of GO
4.4.1.4 Raman Spectroscopy of G

The Raman Spectroscopy of GO is shown in Fig. 4.3 (d), from there it can observed it has two main
peaks the peak at 1341.64 is known as the D-band and is marked as Ip in the figure and the peak at
1587.66 is known as the G-band and is marked as lc. The D band denotes dis-ordered carbon structure
due to structural defect caused by the attachment of hydroxyl and epoxide groups on the carbon basal
plane whereas the peak present at the G-band denote the tangential C-C vibration (Nawaz et al., 2017;
Wang et al., 2014). The ratio between and I/l denotes the ratio between sp? hybridized carbon atoms
and sp® hybridized carbon atoms, with high Io/lc values denoting greater defects in the sp* carbon
structure, denoting smaller size of sp? hybridized carbon molecules thereby denoting reduction of the
GO molecules (Nawaz et al., 2017). From the Raman Spectra it can be seen that the ration of Ip and I
is near about 1 (length wise) with Ip being slightly bigger than I, denoting the almost equal number of
sp? and sp® hybridized carbon atoms, thereby denoting successful oxidation of graphite into GO

molecules .
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Fig. 4.3 (d) :- Raman Spectra of GO

4.4.2 Batch Study Results

4.4.2.1 Effect of concentration of adsorbate on the removal efficacy of GO

In order to investigate the effect of the concentration of the adsorbate on the removal efficacy of GO,
four concentration (5 mg/L, 10 mg/L, 15 mg/L and 20 mg/L) were taken in case of each of the EC’s .
The dose of GO, pH of the experimental solution and temperature were all kept constant at 2 g/L, pH 7
and 303 K respectively. The result of the experiment is shown in Fig. 4.4 (a-d), and from there it was
observed that the removal of CBZ and NPX by GO (Fig. 4.4(a) and Fig. 4.4(b)) decreased with the
increase in concentration of the adsorbate (Bhattacharya et al., 2020). This phenomenon could be
attributed to the fact that, with the dosage of GO remaining constant, the active sites available on the
surface of the adsorbent got saturated with the increase in adsorbate concentration. As a consequence
of which the removal of CBZ and NPX by GO, also decreased with the increase in concentration of
CBZ and NPX (Banerjee et al., 2017). In case of CBZ, the highest removal was observed at the 5 mg/L
concentration (99.18%) followed by the 10 mg/L concentration (97.74%). However, for the 15 mg/L
concentration of CBZ the removal decreased to 94.38 % followed by a significant decrease in case of
the 20 mg/L concentration of CBZ (84.88 %). For NPX, the highest removal was observed at the 5
mg/L concentration (85.27 %) followed by the 10 mg/L concentration (80.58 %) followed by the 15
mg/L concentration of NPX (68.52 %) and lastly the lowest removal was observed for the 20 mg/L
concentration of NPX (63.76 %).

In case of the removal of RTN and BPA by GO (Fig. 4.4(c) and Fig. 4.4 (d)) it was observed that the
removal of the EC’s by GO increased when the concentration increased from 5 mg/L to 10 mg/L. This
could to ascribed to the gradient based transfer of adsorbate molecules from the solution to the surface

of GO (Bhattacharya et al., 2021). However, when the concentration increased beyond the 10 mg/L
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mark, the removal of the adsorbates by GO again decreased. This could be ascribed to the fact that with
the dosage of GO remaining constant, beyond the optimum concentration the surface of GO was
saturated by the adsorbent molecules leading to decreased adsorption beyond a particular point
(Banerjee et al., 2016; Bhattacharya et al., 2021). In case of RTN, the highest removal was observed at
the 10 mg/L concentration (97.3 %) followed by the 5 mg/L concentration (95.14 %) followed by the
15 mg/L concentration of RTN (88.11 %) and lastly the lowest removal was observed for the 20 mg/L
concentration of RTN (86.35 %). In case of BPA, the highest removal was observed at the 10 mg/L
concentration (86.92 %) followed by the 5 mg/L concentration (84.48 %) followed by the 15 mg/L
concentration of BPA (80.14 %) and lastly the lowest removal was observed for the 20 mg/L
concentration of BPA (54.33 %).
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Fig. 4.4:- Effect of concentration on removal of (a) CBZ (b) NPX (c) RTN (d) BPA by GO

4.4.2.2 Effect of dosage of adsorbent on the removal efficacy of GO

The effect of the dosage of the adsorbent on its removal efficacy was investigated over four different
dosage of GO i.e.,, 0.5 ¢g/L, 1 g/L, 1.5 ¢g/L and 2 g/L. The concentration of EC’s were kept constant at
10 mg/L. The pH of the solution was kept at neutral and the temperature was kept at 303 K. The result
of the experiment is given shown in (Fig. 4.5(a)-(d)). A similar trend was observed in case of each of
the dosage study and that was, the removal of each of the EC’s (CBZ, NPX, RTN and BPA) increased
with increase in dosage of GO. This outcome could be attributed to the fact that with the increase in
dosage of GO, the number of active sites available increases leading to greater uptake of the EC’s by
GO (Banerjee et al., 2016; Bhattacharya et al., 2020, 2021; Mukherjee et al., 2019). As a consequence
of which the removal of the EC’s were directly proportional to the dosage of GO. For CBZ , the removal
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at the 0.5 g/L dose of GO was observed to be 89.51 %, the removal at 1 g/L dosage was found to be
94.86 %, at 1.5 g/L dosage was found to be 96.09 % and at the 2 g/L dosage was 97.5 % respectively.
For NPX, the removal at the 0.5 g/L dose of GO was observed to be 62.94 %, the removal at 1 g/L
dosage was found to be 73.52 %, at 1.5 g/L dosage was found to be 76.07 % and at the 2 g/L dosage
was 80.99 % respectively. For RTN, the removal at the 0.5 g/L dose of GO was observed to be 73.78
%, the removal at 1 g/L dosage was found to be 78.11 %, at 1.5 g/L dosage was found to be 86.22 %
and at the 2 g/L dosage was 97.57 % respectively. For BPA, the removal at the 0.5 g/L dose of GO was
observed to be 66.88 %, the removal at 1 g/L dosage was found to be 76.51 %, at 1.5 g/L dosage was
found to be 82.99 % and at the 2 g/L dosage was 86.16 % respectively. In case of each of the EC, the
highest removal was achieved for the 2 g/L dosage of GO therefore this dosage of GO was utilized for
further studies.
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Fig. 4.5:- Effect of GO dosage on removal of (a) CBZ (b) NPX (c) RTN (d) BPA by GO

4.4.2.3 Effect of pH of the experimental solution on the removal efficacy of GO

The effect of pH on the removal of EC’s by GO was investigated under five different pH of the
experimental solution, viz., pH 2, pH 4, pH 6, pH 8 and pH 10. The concentration of CBZ was kept
constant at 10 mg/L and the dosage of GO was kept fixed at 2 g/L. The result of the experiment is shown
in Fig. 4.6(a)-(d). From the result of the experimental study shown in Fig. 4.6(a) it was observed that
the removal of CBZ by GO decreased with the increase in pH of the experimental solution. The highest
removal was observed at pH 2 (99.38 %) followed by pH 4 (98.15 %) and pH 6 (97.74 %). The lowest
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removal was observed for pH 10 (86.21 %). Similar results were observed in the works of (Bhattacharya
etal., 2020; A. M. E. Khalil et al., 2020) and (Delhiraja et al., 2019) . The logic behind this phenomenon
can be given as, CBZ adsorption by GO particles is reportedly mediated via m-m interactions,
electrostatic interactions and hydrophobic effects depending on the proximity of the bonding molecules
(Bhattacharya et al., 2020). The pKa value of CBZ is 13.9 (Al-hamadani et al., 2018). Therefore, under
pH values lower than pK. values, CBZ is presented in protonated form which reportedly facilitates
uptake of the same by the adsorbent particles. The pH of the experimental solutions also influences
functional groups present on the surface of both CBZ (—NH>) and GO (-OH, —COOH, —C-0O, —C=0)
(Al-hamadani et al., 2018). The pHp,c of GO is 4.87 + 0.26 (Banerjee et al., 2016). At pH values lower
than pHpzc, the surface of GO reportedly acquires positive charge (Banerjee et al., 2016) and is therefore
capable of efficient removal of neutral CBZ moieties from aqueous solutions. According to similar
studies, the decline in percentage removal of CBZ recorded at higher pH had resulted from

hydrophobicity of CBZ exhibited at these pH conditions.

From the result of the experimental study shown in Fig. 4.6(b) it was observed that the removal of NPX
by GO decreased with the increase in pH of the experimental solution. The highest removal was
observed at pH 4 (90.93 %) followed by pH 2 (85.98 %), pH 6 (81.84 %) and pH 8 (70.41 %). The
lowest removal was observed for pH 10 (62 %). Similar results were observed in the works of (Mondal
et al., 2020) and (Cigeroglu et al., 2020). The logic behind this phenomenon can be given as, NPX
adsorption by GO particles is reportedly mediated via n-n interactions, electrostatic interactions and
hydrogen (H-H) bonding (Mondal et al., 2020). As stated earlier, the pHy.c of GO is 4.87 +/- 0.26
(Banerjee et al., 2016) and the pK, value of NPX is 4.2 (Reynel-Avila et al., 2015). Therefore at pH
below 4.15 the molecules of NPX are neutrally charged whereas above pH 4.15 the molecules of NPX
are negatively charged. Similarly, the surface of GO are positive below there pHp.c (4.87 +/- 0.26) and
negative above the pHy.c (Banerjee et al., 2016). Therefore at the lower pH range the adsorption of NPX
by GO is enhanced due to van der Waal’s interaction and hydrogen bonding (I'lbay et al., 2015) whereas
at the higher pH range, the adsorption of NPX by GO is reduced due to the repulsion between negative
surface of GO and the anionic form of NPX (Mondal et al., 2020). As ionic interaction is not feasible
at pH under 4.2, therefore the highest removal was observed at pH 4 (Mondal et al., 2020). Thus, the
highest removal of NPX was observed at pH 4 and thereafter the removal of NPX by GO decreased

with the increase in pH of the experimental solution (Bhattacharya et al., 2020).

From the result of the experiment as shown in Fig. 4.6 (c) it was observed that the removal of RTN by
GO increased with the increase in pH of the experimental solution till pH 6. With further increase in
pH, a decline in the removal of RTN was observed. The reason behind this observation can be explained
as, RTN has two pK, values 2.7 and 8.2 (Kortejarvi et al., 2005) and RTN remains in a protonated,

cationic stage at pH below 2.7 and it remains in an anionic stage at pH greater than 8.2 (Al-rub et al.,
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2020). On the other hand, as mentioned before the pHp.c of GO is 4.87 +/- 0.26 (Bhattacharya et al.,
2020) meaning the surface of GO will be positively charged at pH less than ~5 and will be negatively
charged at pH greater than ~ 5. Therefore at the lower pH range, the removal of RTN will be affected
due to the repulsion of the positives charges between the molecules of RTN and the surface of GO.
Similarly, at the higher pH range the adsorption will be affected due to the accumulation of negative
charges on the surface of GO and the anionic molecules of RTN (Al-rub et al., 2020). As a result the
highest removal of RTN by GO was observed at pH 6, where the charge of the RTN molecules were
neutral and the surface of GO was negatively charged (Al-rub et al., 2020). The adsorption of RTN
molecules on the surface of GO might have been due to H-bonding and dipole-dipole interactions (Al-
rub et al., 2020). Similar results were observed in the studies of (Bhattacharyya et al., 2019) and
(Bhattacharyyaa et al., 2018) where RTN was removed from water by GO and an activated carbon

synthesized from lemon peel respectively.

From the result of the experiment as shown in Fig. 4.6(d) it was observed that the removal of BPA by
GO varied very little with the change in pH from pH 2 — pH 6, exhibiting a slight decrease in removal
with the increase in pH from pH 2 (87.54 %) to pH 6 (86.6 %). However, with the increase in pH to pH
8 a significant decrease was observed in the adsorption of BPA by GO as the removal percentage fell
down from 86.2 % to 78.74 % which further fell down to 70.79 % at pH 10. The reason behind this
phenomenon can be described as follows, the pK, value of BPA is 9.6, and beyond this pH the BPA
molecules dissociate to form bis-phenolate anions (L. Xu et al., 2018). As a consequence of which, at
the higher pH range, the removal of BPA by GO is drastically reduced due to the accumulation of
negative charges on the surface of GO and in the BPA molecules. Thus the removal of BPA by GO was
found to be at a higher range at the acidic neutral pH range (pH 4 — pH 6) and followed by which it
decreased drastically at the higher basic pH range (pH 8 — pH 10). Similar result have been observed in
the work of Chang et al., 2013(Chang et al., 2012) and Xu et al., 2012(J. Xu et al., 2012).
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4.4.2.4 Effect of temperature on the removal efficacy of GO

The effect of temperature on the removal of the EC’s by GO was detected at four temperatures 298 K,
303 K, 308 K and 313 K. For every experiment, the dosage of GO was kept constant at 2 g/L and the
concentration of EC’s was kept constant at 10 mg/L and pH of the experimental solution was kept
neutral. The result of the experiment is shown in (Fig. 4.7(a)-(d)). From there it was observed that the
removal of CBZ and NPX by GO (Fig. 4.7(a) and Fig. 4.7(b) respectively) increased with the increase
in temperature. For CBZ the removal was 93.62 % at 298 K, 97.12 % at 303 K, 98.15 % at 308 K and
99.18 % at 313 K. For NPX the removal was 77.25 % at 298 K, 79.81 % at 303 K, 80.63 % at 308 K
and 83.63 % at 313 K. As observed in both the cases the highest removal was observed at 313 K (99.18
% for CBZ and 83.63 % for NPX). This could be attributed to the widening of the pores of the GO at
the higher temperature thereby leading to higher adsorption (Bhattacharya et al., 2020). The increase in
temperature also increased the number of collision between the surface of adsorbent and the adsorbate
molecules thereby resulting in greater adsorption of adsorbate molecules by GO (Bhattacharya et al.,
2021). From the nature of the reaction it can also be stated that the adsorption of CBZ and NPX
molecules on the surface of GO was endothermic in nature (Banerjee et al., 2016; Bhattacharya et al.,
2020).

In case of the removal of RTN by GO (Fig. 4.7 (c)) it was observed that the removal of RTN by GO
increased from 91.89 % to 96.49 % on increasing the temperature from 298 K to 303 K. After that the
removal of RTN decreased with increase in temperature. This can be attributed to the fact that on
increasing the temperature to the point of 303 K, the interaction between the molecules of RTN and the

surface of GO increased resulting in greater adsorption of RTN molecules on the surface of GO
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(Bhattacharya et al., 2021). The increase in porosity of GO might have also contributed to the higher
adsorption of RTN molecules (Banerjee et al., 2016). However, on increasing the temperature beyond
303 K, the removal of RTN decreased, which could be attributed to the increased kinetic energy of the
surface of GO and the RTN molecules resulting in the breakage of the adsorbate adsorbent bonds (Al-
rub et al., 2020). The removal of RTN by GO decreased to 93.51 % on increasing the temperature to
308 K and to 88.11 % on increasing the temperature to 313 K. Thus from the experimental result it was
inferred that 303 K was the most optimum temperature for the adsorption of RTN by GO.

From the result of the experiment as showed in Fig. 4.7(d), it was observed that the removal of BPA by
GO remained almost constant at the temperature range of 298 K to 308 K, with 85.34 % removal at 298
K, 86.37 % removal at 303 K and 85.41 % removal at 308 K. On increasing the temperature further to
313 K, the removal percent decreased slightly to 82.92 %. This could be attributed to the tendency of
the adsorbate molecules to be transformed from the solid phase to the bulk solution due to the increase
in temperature (Chang et al., 2012). Similar results were observed in the studies of (Chang et al., 2012;
Kwon & Lee, 2015; Phatthanakittiphong & Seo, 2016; Xu et al., 2012).
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Fig. 4.7:- Effect of temperature on the removal of (a) CBZ (b) NPX (c) RTN (d) BPA by GO
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4.4.3 Adsorption Isotherm

The dose variation data (0.5 g/L-2 g/L) from the batch study was used for calculating the adsorption
isotherm. The result of the isotherm study is given in the following tables.

4.4.3.1 Adsorption Isotherm for the adsorption of CBZ by GO

The result of the experiment is given in Table 4.2 and from there it was observed that the adsorption
of CBZ on the surface of GO was best described by the Langmuir isotherm model (R>=0.97) denoting
that the adsorption of CBZ on the surface of GO was uniform and monolayer in nature and the binding

energy of each adsorbed molecule on the surface of GO was uniform in nature (Banerjee et al., 2016).
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Table 4.2:- Investigating different isotherm parameters for CBZ adsorption by GO

Adsorbent Dosage (g/L)
Models Parameters | Description Unit

05g/L 1g/L 15¢g/L 2g/L

Langmuir Equilibrium pharmaceutical

Ce PR - mg L 1.04 0.51 0.39 0.25
concentration in solution

Theoretical maximum 17.9

-1
e adsorption capacity mg g 9.49 6.41 4.88

Maximum monolayer
coverage capacity calculated 1 3.29
from slope of Cd/ge vs. Ce mgg 522 619 429
plot.

Qo

Langmuir  coefficient  of
energy ~ of  adsorption
calculated from intercept of
Celge vs. Ce plot.

L mg? 7.84 3.56 4.46 5.64

R? Correlation coefficient 0.89 0.99 0.99 0.99

Freundlich . ) .
Adsorption intensity 6.47

N calculated from slope of In g 191 531 7.36
vs. In C plot

Freundlich  coefficient of
adsorption capacity | mgg?!
calculated from intercept of 20.47
In ge vs. In C plot

Ks 8.68 5.72 4.25

R? Correlation coefficient 0.83 0.91 0.88 0.85

Temkin Coefficients of heat of

adsorption calculated from
Br slope of g vs. In Ceplot at | Jmol™t 5.92 151 0.85 0.5624
operational temperature T
(303K)

Temkin equilibrium binding
constant calculated ~ from
Kr intercept of ge vs. In Ceplot | Lg? 24.85 328.83 903.96 2063.97
at operational temperature T
(303 K)

R2 Correlation coefficient 093 094 092 088

Dubinin- Dubinin-Radushkevich

Radushkevich B constant  calculated  from Eglze

slope of In g vs. £ plot.

0.00000002

~

0.0000003 | 0.00000004 0.00000003

Theoretical isotherm
saturation capacity
calculated from intercept of
In ge vs. € plot.

Qs mg gt 8.91 7.21 3.66 3.94

E Mean sorption energy mlc(er'l 1290.99 3535.53 4082.48 5000

R2 Correlation coefficient 0.57 0.69 0.67 0.54

€ Polanyi Potential 1686.15 2720.09 3197.22 4079.47




4.4.3.2 Adsorption Isotherm for the adsorption of NPX by GO

The result of the experiment is given in Table 4.3 and from there it was observed that the adsorption of
NPX on the surface of GO was best described by the Tempkin isotherm model (R?>=0.98) denoting that
the adsorption of NPX on the surface of GO was uniform in nature and the heat of adsorption of the
adsorbent moieties decreased in a linear fashion as the reaction increased (Bhattacharya et al., 2020).
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Table 4.3:- Investigating different isotherm parameters for NPX adsorption by GO

Adsorbent Dosage (g/L)
Models Parameters Description Unit

05 gL 1glL 15g/L

2¢g/L

Langmuir Equilibrium  pharmaceutical

1
Ce concentration in solution mg L 265 239

1.9

Theoretical maximum

-1
adsorption capacity mgg 1259 735 507

Qe

4.05

Maximum monolayer
coverage capacity calculated
from slope of Ce/ge vs. Ce
plot.

Qo mg g* 271 2.67 1.78

1.56

Langmuir  coefficient  of
energy  of  adsorption
calculated from intercept of
Ce/ge vs. C. plot.

L mg? 0.29 0.51 0.55

0.71

R? Correlation coefficient 0.92 0.95 0.96

0.98

Freundlich . . )
Adsorption intensity

N calculated from slope of In g 0.69 1.28 1.32
vs. In C, plot

1.55

Freundlich  coefficient of
adsorption capacity | mgg*
calculated from intercept of 92.92
In ge vs. In Ce plot

Ks 16.66 10.53

6.56

R? Correlation coefficient 0.95 0.94 0.94

0.96

Temki
emKin Coefficients of heat of

adsorption calculated from

Br slope of g vs. In Ce plot at | Jmol* 11.21 2.72
) 4.19

operational temperature T

(303K)

1.85

Temkin equilibrium binding
constant calculated from
Kr intercept of ge vs. In Ceplotat | Lg? 11.81 15.93 16.33
operational temperature T
(303 K)

0.055

R? Correlation coefficient 0.99 0.98 0.98

0.98

Dubinin- . )
. Dubinin-Radushkevich 2
Radushkevich | g constant calculated  from Eﬂe 0.000004 0.000001 0.000001

slope of In ge vs. & plot.

0.0000007

Theoretical isotherm
saturation capacity
calculated from intercept of
In ge vs. & plot.

Qs mg g 3.62 3.63 0.79

0.37

kd

molet 1118.03 2236.07 2236.07

E Mean sorption energy

2672.61

R? Correlation coefficient 0.85 0.81 0.78

0.83

€ Polanyi Potential
37 2.65 2.39

1.9
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4.4.3.3 Adsorption Isotherm for the adsorption of RTN by GO

The result of the experiment is given in Table 4.4 and from there it was observed that the adsorption of
RTN on the surface of GO was best described by the Langmuir isotherm model (R?=0.97) denoting that
the adsorption of RTN on the surface of GO was unimolecular and the GO particles did not interact
with each other. It also implied that the binding energy of every RTN molecule binding to the surface
of GO was the same (Banerjee et al., 2016).
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Table 4.4:- Investigating different isotherm parameters for RTN adsorption by GO

Adsorbent Dosage (gm/L)
Models Parameters Description Unit

05g/L 1glL 15g/L 2g/L

Langmuir Equilibrium  pharmaceutical

C . y
¢ concentration in solution

mg L! 2.6 219 1.39 0.24

Theoretical maximum

-1
adsorption capacity mgg 14.76 7.81 5.75 4.87

e

Maximum monolayer
coverage capacity calculated
from slope of Ceqe vs. C.
plot.

Q mggl | 5.12 3.08 292 2.63

Langmuir  coefficient  of
energy of  adsorption
calculated from intercept of
Ce/ge vs. Ce plot.

0.49
L mg? 0.64 1.18 375

R? Correlation coefficient 0.95 0.98 0.98 0.98

Freundlich . . .
Adsorption intensity 168
N calculated from slope of In g 121 ' 245 5.08
vs. In C, plot

Freundlich  coefficient of
adsorption capacity | mgg*! 4
calculated from intercept of In 34.7 '
(e VS. In C, plot

Ks

R? Correlation coefficient 0.95 0.97 0.94 0.87

Temkin Coefficients of heat of

adsorption calculated from
Br slope of g vs. In C, plot at | Jmol?! 8.62
operational temperature T
(303K)

1.8416 0.7381
3.86

Temkin equilibrium binding
constant  calculated  from
Kr intercept of ge vs. In Ceplotat | L g? 15.18 17.49 6.4878 262.77
operational temperature T
(303 K)

R? Correlation coefficient 0.99 0.99 0.97 0.9

Dubinin- Dubinin-Radushkevich )

Radushkevich | g constant ~ calculated ~ from Ej)_lze

slope of In g vs. € plot.

0.0000001 0.00000009 0.00000003 0.000000003

Theoretical isotherm
saturation capacity calculated
from intercept of In ge vs. &2
plot.

Qs mg g* 6.6 1.35 1.29 1.7

E Mean sorption energy mg]]e'l 2236.07 2357.02 4082.48 12909.94

R? Correlation coefficient 0.85 0.87 0.79 0.54

¢ Polanyi Potentia 947.79 137422 4109.77
814.00 ' ' '
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4.4.3.4 Adsorption Isotherm for the adsorption of BPA by GO

The result of the experiment is given in Table 4.5 and from there it was observed that the adsorption of
BPA on the surface of GO was best described by the Temkin isotherm model (R?=0.97) denoting that
the adsorption of BPA on the surface of GO was uniform in nature and the heat of adsorption of the
adsorbent moieties decreased in a linear fashion as the reaction proceeded (Bhattacharya et al., 2020).
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Table 4.5:- Investigating different isotherm parameters for BPA adsorption by GO

Models

Parameters

Description

Unit

Adsorbent Dosage (gm/L)

05g/L

lg/L 15g/L

2g/lL

Langmuir

Ce

Equilibrium pharmaceutical
concentration in solution

mg L!

331

2.35 17

138

Qe

Theoretical maximum
adsorption capacity

mg g*

13.38

7.65 5.53

431

Q

Maximum monolayer
coverage capacity
calculated from slope of
Ce/ge vs. C plot.

mg g*

2.99

2.27 18

2.03

Langmuir  coefficient of
energy  of  adsorption
calculated from intercept of
Celge vs. C plot.

L mg?!

0.324

0.46 0.63

1.05

Correlation coefficient

0.88

0.89 0.94

0.98

Freundlich

Nt

Adsorption intensity
calculated from slope of In
e vS. In C; plot

0.819

123 15

223

Ks

Freundlich coefficient of
adsorption capacity
calculated from intercept of
In ge vs. In C, plot

mg g*

63.88

11.18 6.65

10.59

Correlation coefficient

0.9

0.94

Temkin

Br

Coefficients of heat of
adsorption calculated from
slope of ge vs. In C. plot at
operational temperature T
(303K)

J mol*t

10.217

4.15 24501

1.4666

Kr

Temkin equilibrium binding
constant calculated from
intercept of ge vs. In C, plot
at operational temperature T
(303 K)

Lgt

12.75

15.83 0.0549

28.88

R?

Correlation coefficient

0.97

0.96 0.96

0.97

Dubinin-
Radushkevich

Dubinin—-Radushkevich
constant calculated from
slope of In g vs. £ plot.

mole
KJ2

2

0.000003

0.000001 0.0000006

0.0000003

Qs

Theoretical isotherm
saturation capacity
calculated from intercept of
In ge vs. £ plot.

mg g*

4.85

1.87 1.02

2.56

Mean sorption energy

kJ
mole!

408.25

707.11 912.88

1290.99

R?2

Correlation coefficient

0.73

0.71 0.67

0.76

Polanyi Potential

664.72

893.63 1165.13

1370.27
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4.4.4 Adsorption Kinetics

The temperature variation data (298 K — 313 K) from the batch study was used for calculating the
adsorption kinetics. The result of the adsorption kinetics is given in the following tables.

4.4.4.1 Adsorption Kinetics for the adsorption of CBZ by GO

The result of the experiment is given in Table 4.6 and from there it was observed that the adsorption of
CBZ on the surface of GO was best described by the pseudo second order kinetic model (R? = 0.98)
(Banerjee et al., 2016).
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Table 4.6:- Investigating different kinetics parameters for adsorption of CBZ on GO

Temperatures (° K)

Models Parameters Description Units
298 K 303K 308 K 313K
Pseudo first order Pseudo-1%torder | min! 0.06 0.041 0.06 0.07
rate  constant
K obtained from
1 linear plots of
log (@e — qv) vs.
t.
Quantity of | mgg?! 7.67 445 10.99 12.2
4 (cal) adsorbate
¢ adsorbed  at
equilibrium
R? Corre_la}tion 0.91 0.92 0.96 0.94
coefficient
Pseudo second Pseudo-2"order | mg g mint | 0.004 0.011 0.008 0.011
order rate  constant
ko determined
from plot of t/q;
Vs, t.
Quantity of | mgg?! 6.37 5.58 5.9 5.69
adsorbate
Oe adsorbed at
equilibrium
R? Correlation 0.95 0.99 0.99 0.99
coefficient
Intraparticle Intra-particle mg g min2 | 0.4328 0.303 0.3629 0.376
diffusion diffusion rate
constant
calculated from
Kaite the slope of
regression plot
of qus. 2
where t is time
(min).
Constant mg gt 0.4952 1.8 1.3653 1.0016
calculated from
the intercept of
C regression plot
of qus. 2
where t is time
(min).
R? Correlation 0.82 0.89 0.8 0.88
coefficient
Elovich Istherm Initial mg g min 493 0.001 0.8 0.032
adsorption rate
calculated from
« the intercept of
liner plot of q:
vs. Int
Initial mg g* 0.64 0.94 0.75 0.86
desorption rate
calculated from
p the slope? of
liner plot of q:
vs. Int.
R? Correlation 091 093 09 092
coefficient
Liquid film L ) 0.0597 0.0573 0.0649 0.0701
diffusion model L'|qU|(_i film
R diffusion
constant
) Correlation 0.91 0.92 0.96 0.94
R coefficient
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4.4.4.2 Adsorption Kinetics for the adsorption of NPX by GO

The result of the experiment is given in Table 4.7 and from there it was observed that the adsorption of
NPX on the surface of GO was best described by the Elovich kinetic model (R? = 0.97) thereby
signifying that the adsorption of NPX on the surface of GO was chemical in nature (Wang et al., 2019).
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Table 4.7:- Investigating different kinetics parameters for adsorption of NPX on GO

Temperatures (° K)

Models Parameters Description Units
298 K 303K 308 K 313K
Pseudo first order Pseudo-1%torder | mint 0.015 0.014 0.074 0.019
rate  constant
K obtained from
1 linear plots of
log (@ — qv) vs.
t
Quantity of | mgg? 424 382 17.90 2.82
(cal) adsorbate
Ge adsorbed  at
equilibrium
Correlation 0.99 0.96 0.83 0.95
R? -
coefficient
Pseudo second Pseudo-2"order | mg g min | 0.0019 0.003 0.0059 0.0089
order rate  constant
ko determined
from plot of /g,
Vs. t.
Quantity of | mgg? 6.54 5.98 5.035 5.01
adsorbate
Oe adsorbed at
equilibrium
R Correlation 0.95 0.94 0.99 0.99
coefficient
Intraparticle Intra-particle mg gt mint2 | 0.4084 0.39 0.33 0.35
diffusion diffusion rate
constant
calculated from
Kaite the slope of
regression plot
of qus. 2
where t is time
(min).
Constant mg gt
calculated from 0.3768 0.0058 0.7507 04
the intercept of
C regression plot
of qus. 2
where t is time
(min).
) Correlation 0.96 091 0.88 0.89
R coefficient
Elovich Istherm Initial mg g min 9.81 7.04 1.87 0.84
adsorption rate
calculated from
o the intercept of
liner plot of q:
vs. Int
Initial mg gt 0.70 0.72 0.85 0.89
desorption rate
calculated from
p the slope?! of
liner plot of q:
vs. Int.
) Correlation 0.99 0.98 0.96 0.95
R coefficient
Liquid film Lo ] 0.0151 0.0147 0.0163 0.0193
diffusion model Liquid film
R diffusion
constant
, Correlation 0.99 0.96 0.94 0.95
R coefficient
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4.4.4.3 Adsorption Kinetics for the adsorption of RTN by GO

The result of the experiment is given in Table 4.8 and from there it was observed that the highest R?
value was exhibited by the pseudo second order kinetic model. From the pseudo-second order kinetic
model, high similarity between the experimentally obtained adsorption equilibrium value and
theoretically obtained adsorption equilibrium value were obtained. Thus keeping these points in
consideration, it can be stated that the adsorption of RTN on the surface of GO was best described by
the Pseudo second order kinetic model (R? = 0.99) (Banerjee et al., 2016; Bhattacharya et al., 2021).
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Table 4.8:- Investigating different kinetics parameters for adsorption of RTN on GO

Temperatures (° K)

Models Parameters Description Units
298 K 303K 308 K 313K
Pseudo first order Pseudo-1torder | min! 0.044 0.026 0.039 0.056
rate  constant
K obtained from
1 linear plots of
log (ge — q¢) vs.
t.
Quantity of | mgg?! 3.87 1.76 2.82 9.62
(cal) adsorbate
Ge adsorbed  at
equilibrium
, Correlation 0.95 0.86 0.91 0.87
R coefficient
Pseudo  second Pseudo-2"order | mg gt mint | 0.0136 0.024 0.018 0.0094
order rate  constant
ko determined
from plot of t/q;
Vs, 1.
Quantity of | mgg?! 5.19 5.12 5.13 5.08
adsorbate
Oe adsorbed  at
equilibrium
R? Corre_lqtion 0.99 0.99 0.99 0.97
coefficient
Intraparticle Intra-particle mg gt min2 | 0.1915 0.2032 0.2464 0.2214
diffusion diffusion rate
constant
calculated from
Kt the slope of
regression plot
of qus. 2
where t is time
(min).
Constant mg gt 2.6402 2.7834 2.2685 1.5566
calculated from
the intercept of
C regression plot
of qus.
where t is time
(min).
R? Correlation 084 0.8 0.79 0.82
coefficient
Elovich Istherm Initial mg g min 3.42x107 4.2 0.281 83 x10*
adsorption rate
calculated from
o the intercept of
liner plot of g
vs. Int
Initial mg g* 0.99 1.35 111 113
desorption rate
calculated from
p the slope?! of
liner plot of g
vs.Int.
R? Correlation 0.94 091 0.9 087
coefficient
Liquid film Lo ) 0.0438 0.0265 0.0531 0.056
diffusion model L_|qU|q film
R diffusion
constant
) Correlation 0.95 0.86 0.93 0.87
R coefficient
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4.4.4.4 Adsorption Kinetics for the adsorption of BPA by GO

The result of the experiment is given in Table 4.9 and from there it was observed that the highest R?
value was exhibited by the pseudo second order kinetic model. From the pseudo-second order kinetic
model, high similarity between the experimentally obtained adsorption equilibrium value and
theoretically obtained adsorption equilibrium value were obtained. Thus keeping these points in
consideration, it can be stated that the adsorption of BPA on the surface of GO was best described by
the Pseudo second order kinetic model (R? = 0.99) (Banerjee et al., 2016; Bhattacharya et al., 2021).
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Table 4.9:- Investigating different kinetics parameters for adsorption of BPA on GO

Temperatures (° K)

Models Parameters Description Units
298 K 303K 308 K 313K
Pseudo first order Pseudo-1torder | min! 0.05 0.05 0.04 0.05
rate  constant
K obtained from
1 linear plots of
log (ge — g1) vs.
t.
Quantity  of | mgg?! 3.24 3.24 1.34 5.74
(cal) adsorbate
Ge adsorbed  at
equilibrium
n2 Correlation 0.87 0.83 0.85 0.9
coefficient
Pseudo  second Pseudo-2"order | mg gt mint | 0.03 0.05 0.06 0.017
order rate  constant
ko determined
from plot of t/q;
vs. t.
Quantity of | mgg? 4.84 4.46 4.38 4.56
adsorbate
Oe adsorbed at
equilibrium
R? Corrglgtion 0.99 0.99 0.99 0.99
coefficient
Intraparticle Intra-particle mg gt min2 | 0.133 0.0943 0.1042 0.1881
diffusion diffusion  rate
constant
calculated from
Kt the slope of
regression plot
of qus. 2
where t is time
(min).
Constant mg g! 2.8981 3.3141 3.2174 1.9482
calculated from
the intercept of
C regression plot
of qus. 2
where t is time
(min).
) Correlation 0.87 0.97 0.69 0.94
R coefficient
Elovich Istherm Initial mg g* min 28.05 112.99 61.42 1.49
adsorption rate
calculated from
« the intercept of
liner plot of g
vs. Int
Initial mg g* 217 313 2.6 147
desorption rate
calculated from
p the slope?! of
liner plot of g
vs. Int.
0.89 0.94 0.81 0.94
R Correlation
coefficient
Liquid film - ) 0.0504 0.0097 0.0112 0.057
diffusion model L_|qU|q film
R diffusion
constant
) Correlation 0.87 0.98 0.78 0.95
R coefficient
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4.4.5 Activation Energy and Adsorption Thermodynamics

The activation energy for the adsorption of the adsorbates on the surface of GO was calculated by
Arrhenius equation and the adsorption thermodynamics were calculated by the van’t Hoff equation. The

result of the experiments is given as follows.
4.4.5.1 Activation Energy and Adsorption Thermodynamics for the adsorption of CBZ by GO

The result of the study is given in Table 4.10. From there it was observed that the activation energy
was 39.1 kJ/mole. As the activation energy value was less than 40 kJ/mole then it was observed that the
adsorption of CBZ on the surface of GO was physical in nature (Banerjee et al., 2016; Bhattacharya et
al., 2020).

From the thermodynamic study, it was observed that the Gibbs value was negative across the
temperature range and decreased with increase in temperature (-4938.2 kJ/mole - 10665.46 klJ/mole)
thereby signifying that the adsorption of CBZ on the surface of GO was spontaneous in nature. The
positive value of AH® signified that the adsorption of CBZ on the surface of GO was endothermic in
nature and the reaction went ahead by consuming energy from the concerned system (Banerjee et al.,
2015b, 2016). The positive AS°® meant that the GO and CBZ both underwent active site interaction
during the adsorption process (Balasubramani, Sivarajasekar, & Naushad, 2020; Bhattacharya et al.,
2021).

Table 4.10:- Analysis of thermodynamic parameters and activation energy for CBZ adsorption by GO.

Temperature (K) | AG (kJ/mole) | A H(kJ/mole) | A'S (joule/mole/kelvin) | Ea( kd/mole)
-4938.20 104.96 369.04 39.1

298 K

303 K -7116.01

308 K -8391.82

313K -10665.46

4.4.5.2 Activation Energy and Adsorption Thermodynamics for the adsorption of NPX by GO

The rate of the Elovich kinetic model reaction was used as the rate constant for the calculation of
activation energy for the adsorption of NPX by GO. From there it was observed that the activation
energy was 80.69 kJ/mole. As the activation energy value was more than 40 kJ/mole then it was
observed that the adsorption of NPX on the surface of GO was chemisorption in nature (Banerjee et al.,
2016; Bhattacharya et al., 2020).

From the thermodynamic study, it was observed that the Gibbs value was negative across the
temperature range and decreased with increase in temperature (-1311.85 kJ/mole — - 2439.74 ki/mole)

thereby signifying that the adsorption of NPX on the surface of GO was spontaneous in nature. The
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positive value of AH® signified that the adsorption of NPX on the surface of GO was endothermic in
nature and the reaction went ahead by consuming energy from the concerned system (Banerjee et al.,
2015b, 2016). The positive AS°® meant that the GO and NPX both underwent active site interaction
during the adsorption process (Balasubramani, Sivarajasekar, & Naushad, 2020; Bhattacharya et al.,
2021). The result of the study is given in Table 4.11.

Table 4.11:- Analysis of thermodynamic parameters and activation energy for the NPX adsorption by
GO

Temperature (K) | AG (kJ/mole) | A H (kJ/mole) AS (joule/mole/kelvin) E. (kJ/mole)
-1311.85

298 K 19.76 70.7 80.69

303 K -1715.97

308 K -1877.30

313K -2439.74

4.4.5.3 Activation Energy and Adsorption Thermodynamics for the adsorption of RTN by GO

The rate of the pseudo-second order kinetics were used for calculating the activation energy. From the
result there it was observed that the activation energy was 21.18 kJ/mole. As the activation energy value
was less than 40 kJ/mole then it can be stated that the adsorption of RTN on the surface of GO was
physical in nature (Al-rub et al., 2020; Banerjee et al., 2016; Bhattacharya et al., 2020).

From the thermodynamic study, it was observed that the Gibbs value was negative across the
temperature range (-4297.59 kJ/mole — 3407.85 kJ/mole for 298 K to 313 K) thereby signifying that the
adsorption of RTN on the surface of GO was spontaneous in nature. The negative value of AH® signified
that the adsorption of RTN on the surface of GO was exothermic in nature (Cigeroglu et al., 2020; I'lbay
et al., 2015). The negative AS°® value meant that when the equilibrium was reached for the adsorption
of RTN by GO, the randomness on the surface of GO decreased (Cigeroglu et al., 2020; I'lbay et al.,

2015). The result of the activation energy and thermodynamics study is given in Table 4.12.

Table 4.12:- Analysis of thermodynamic parameters and activation energy for RTN adsorption by GO

Temperature (K) | AG (kJ/mole) | A H (kJ/mole) A'S (joule/mole/kelvin) | Ea ( kd/mole)
-4297.59 21.18

298 K -28.97 -78.99

303 K -6599.24

308 K -5058.02

313K -3407.85
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4.4.5.4 Activation Energy and Adsorption Thermodynamics for the adsorption of BPA by GO

The rate of the pseudo-second order kinetic model reaction was used as the rate constant. From there it
was observed that the activation energy was 26.3 kJ/mole. As the activation energy value was less than
40 kJ/mole then it can be stated that the adsorption of BPA on the surface of GO was physical in nature
(Kwon & Lee, 2015; Phatthanakittiphong & Seo, 2016; Xu et al., 2012).

From the thermodynamic study, it was observed that the Gibbs value was negative across the
temperature range (-2647.27 kJ/mole —2308.62 kJ/mole for 298 K to 313 K) thereby signifying that the
adsorption of BPA on the surface of GO was spontaneous in nature. The negative value of AH® signified
that the adsorption of BPA on the surface of GO was exothermic in nature (Kwon & Lee, 2015;
Phatthanakittiphong & Seo, 2016; Xu et al., 2012). The negative AS° value meant that when the
equilibrium was reached for the adsorption of BPA by GO, the randomness on the surface of GO
decreased (Kwon & Lee, 2015; Phatthanakittiphong & Seo, 2016; Xu et al., 2012). The result of the

activation energy and thermodynamics study is given in Table 4.13.

Table 4.13:- Analysis of thermodynamic parameters and Activation energy for BPA adsorption by GO

Temperature (K) | AG (kd/mole) | A H (kd/mole) A'S (joule/mole/kelvin) | Ea ( kd/mole)
-2647.27 -84.35 -19.07 26.3

298 K

303 K -2722.01

308 K -2750.47

313K -2308.62
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4.4.6 Optimization of the process operation by RSM

4.4.6.1 Optimization of the adsorption of CBZ by GO by RSM method

The RSM was performed with the aim of understanding the effect of inter parameter interaction on the
experimental outcome. In Table 4.14, the outcome of the 20 experiments as proposed by the software
for the CCD model of the RSM is given and in Table 4.15 the result of the ANOVA of the RSM model
is provided. From there it is observed that the R? value of the model was 0.95 and the adjusted R? value
was 0.91 which propounded the fact that the polynomial model suggested by RSM was appropriate for
predicting the outcome of this adsorption reaction. The high value of F (22.65, much greater than unity)
and the low value of P (< 0.0001) meant that the optimizing model was highly significant, with the
experimental data points exhibiting a high degree of correlation with the predicted data points
(Bhattacharya et al., 2021). Fig. 4.8 shows the relation between the experimentally determined data
points and the predicted data points and there also it can be noted that the experimental data points
exhibits a high degree of correlation with the predicted data points. The real equation which was used

to predict the effect of the input variables on the response output is presented as follows.

Removal % = —80.90116 + 13.47165 X pH + 0.24793 X Dose + 1.76177 x Time —
0.040667 X pH X Dose — 0.096500 x pH X Time — 4.45556 X 10™* X Dose X Time —
0.25861 x pH2 — 2.87609 X 10™* X Dose? —4.93567 X 1073 x Time ................. (XXiX)

As per the RSM model the optimized conditions under which maximum removal of CBZ (95 %) was
possible were: adsorbent dosage of 2.5 g/L, pH value of 4 and reaction time of 120 minutes. For this
RSM model, the interaction between the experimental parameters (input variables) and their outcome
on the percentage removal of CBZ (response variable) is illustrated by the contour plots shown in Fig.
4.9-4.11.

» Effect of GO dosage and solution pH on CBZ removal by GO

The interaction in between the pH of the experimental solution and the dosage of GO and its effect on
the removal of CBZ is conveyed in the contour plot of Fig. 4.9. From there it was observed that the
removal of CBZ by GO increased with the increase in dosage of GO. The higher removal of CBZ at the
higher dose of GO was due to the availability of greater surface area for the purpose of adsorption and
consequently the highest removal value was observed around the highest dosage of 2.5 g/L (Banerjee
et al., 2016; Bhattacharya et al., 2021). In case of the variation of pH of the experimental solution, it
was observed that the higher removal of CBZ by GO was obtained at the lower pH range and
consequently the removal of CBZ by GO decreased at the higher pH range. This was identical to the
result obtained from the batch study. With the pH,.. value of GO being 4.87 + 0.26 and the pKa value
of CBZ being 13.9 (Al-hamadani et al., 2018; Banerjee et al., 2016), at the lower pH range the positively
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charge surface of GO adsorb the neutral molecules. However, at the higher pH range, the CBZ
molecules become hydrophobic thereby decreasing their adsorption by the molecules of GO. As a
consequence of which the highest removal of CBZ by GO occurred at the lower pH range and at the
higher dose range.

» Effect of solution pH and contact time on CBZ removal by GO

The interaction in between the pH of the experimental solution and contact time and its effect on the
removal of CBZ by GO is conveyed in the contour plot of Fig. 4.10. From there it was observed that
within in the neutral pH range (pH 4- pH 7) the removal of CBZ by GO increased with the increase in
contact time (Bhattacharya et al., 2020). This phenomenon is in accordance with the data observed
during the batch study that GO particles are more proficient in adsorbing CBZ molecules in the lower
pH range and its adsorption efficiency decreases at the higher pH range (Al-Hamadani et al., 2018;
Chen et al., 2020). The higher removal of CBZ by GO with the increase in contact time can be attributed
to the increased interaction between the molecules of CBZ and GO with the increase in contact time
(Banerjee et al., 2016; Bhattacharya et al., 2021). However, the removal of CBZ by GO decreased with
the increase in pH beyond the neutral range which could be attributed to the hydrophobicity of the CBZ
molecules at the higher pH (Bhattacharya et al., 2020). The optimum removal of CBZ by GO was
obtained for the higher range of contact time (105-120 minutes) and for the lower pH range (pH 4-pH
6).

» Effect of contact time and GO dosage on CBZ removal by GO

The interaction in between the contact time and dosage of adsorbent and its effect on the removal of
CBZ by GO is conveyed in the contour plot of Fig. 4.11. From there it was observed that the removal
of CBZ by GO increased with the increase in contact time and also with the increase of adsorbent
dosage. That is because, with the increase in contact time the interaction between the molecules of CBZ
and the particles of GO increases resulting in greater adsorption of the CBZ molecules by the GO
particles (Bhattacharya et al., 2021). On the other hand, the removal of CBZ by GO increases with the
increase in adsorbent dosage due to the greater availability of active sites for the uptake of the molecules
(Banerjee et al., 2015b, 2016; Bhattacharya et al., 2020). As a consequence of which the highest removal
of CBZ by GO was observed at the highest dose range of GO and at the highest contact time.
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Table 4.14 :- The table showing the 20 different set of parameters (runs) along with their corresponding

outcome as proposed by CCD model of RSM for optimization of CBZ removal by GO

Run Factor 1 Factor 2 Factor 3 Response 1
Block A:pH B:Dose C:Time Percentage Removal
o/L min

1 Block 1 6.00 175.00 90.00 78.26
2 Block 1 6.00 48.87 90.00 74.98
3 Block 1 9.36 175.00 90.00 81.00
4 Block 1 6.00 175.00 90.00 78.26
5 Block 1 6.00 175.00 90.00 78.26
6 Block 1 8.00 100.00 60.00 81.37
7 Block 1 2.64 175.00 90.00 78.68
8 Block 1 6.00 175.00 90.00 78.26
9 Block 1 4.00 100.00 60.00 50.00
10 Block 1 6.00 175.00 39.55 50.1
11 Block 1 6.00 301.13 90.00 88.00
12 Block 1 8.00 250.00 120.00 78.81
13 Block 1 4.00 250.00 60.00 78.53
14 Block 1 8.00 250.00 60.00 78.93
15 Block 1 6.00 175.00 140.45 78.6
16 Block 1 4.00 250.00 120.00 95.00
17 Block 1 6.00 175.00 90.00 78.26
18 Block 1 4.00 100.00 120.00 77.05
19 Block 1 8.00 100.00 120.00 78.69
20 Block 1 6.00 175.00 90.00 78.26

Table 4.15 :- ANOVA analysis for the RSM for the process operation of CBZ adsorption by GO

R?Value Adjusted R? Value f- value Probability Value P
0.95 0.91 22.65 (>1) 0.0001 (<0.05)
Significant
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Fig. 4.8:- Relation between the predicted data points
and the experimental data points as per the RSM
model.

Fig. 4.10- The interaction between the pH of the
experimental solution and the contact time (in
minutes) and their effect on the percentage
removal of CBZ by GO.
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Fig. 4.9:- Interaction between the pH of the
experimental solution and the dose of the GO
and their effect on the percentage removal of
CBzZ.
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Fig. 4.11:- The plot showing the interaction
between the dose of the GO and the contact time
(in minutes) as per the RSM model and their
effect on the % removal of CBZ.
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4.4.6.2 Optimization of the adsorption of NPX by GO by RSM method

The Response Surface Methodology was performed with the aim of understanding the effect of inter
parameter interaction on the experimental outcome. In Table 4.16, the outcome of the 20 experiments
as proposed by the software for the CCD model of the RSM is given and in Table 4.17 the result of the
ANOVA of the RSM model is provided. From there it is observed that the R? value of the model was
0.93 and the adjusted R? value was 0.88 which propounded the fact that the polynomial model suggested
by RSM was appropriate for predicting the outcome of this adsorption reaction. The high value of F
(15.95, greater than unity) and the low value of P (< 0.0001) meant that the optimizing model was very
much significant, with the experimental data points exhibiting a high degree of correlation with the
predicted data points (Bhattacharya et al., 2021). Fig. 4.12 shows the relation between the
experimentally determined data points and the predicted data points and there also it can be noted that
the experimental data points exhibits a high degree of correlation with the predicted data points. The
real equation which was used to predict the effect of the input variables on the response output is

presented as follows.

Removal % = 182.80051 — 30.40884 X pH — 5.54508 X Dose — 0.88144 X Time —
2.23333 X pH X Dose + 0.015167 X pH X Time + 0.088222 X Dose X Time + 2.47450 X
pH2 + 6.10743 X D0se2 + 4.10288 X 1073 X Tie eecvvveeeeeeeeeeeeeee e (xxX)

As per the RSM model the optimized conditions under which maximum removal of NPX (92.67%) was
possible were: adsorbent dosage of 2.5 g/L, pH value of 4 and reaction time of 120 minutes. For this
RSM model, the interaction between the experimental parameters (input variables) and their outcome
on the percentage removal of NPX (response variable) is illustrated by the contour plots shown in Fig.
4.13-4.15.

> Effect of GO dosage and solution pH on NPX removal by GO

The interaction in between the pH of the experimental solution and the dosage of GO and its effect on
the removal of NPX is conveyed in the contour plot of Fig. 4.13. From there it was observed that the
removal of NPX by GO increased with the increase in dosage of GO. The higher removal of NPX at
the higher dose of GO was due to the availability of greater surface area for the purpose of adsorption
and the consequently the highest removal value was observed around the highest dosage of 2.5 g/L
(Banerjee et al., 2016; Bhattacharya et al., 2021). In case of the variation of pH of the experimental
solution, it was observed that the higher removal of NPX by GO was obtained at the lower pH range
and consequently the removal of NPX by GO decreased at the higher pH range. This was similar to the
result obtained from the batch study. With the pH,.. value of GO being 4.87 + 0.26 and the pKa value
of NPX being 4.15 (Cigeroglu et al., 2020; Reynel-avila et al., 2015), at the lower pH range the

positively charged surface of GO adsorbs the neutral molecules of NPX by hydrogen bonding and van
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deer Waals force (I'lbay et al., 2015). Subsequently, when the pH value is increased (beyond pH 4.15
for NPX and pH 5 for GO) the surface of GO and the NPX molecules both acquire negative charge
(TI'lbay et al., 2015; Mondal et al., 2020). As a consequence of which the removal of NPX by GO
decreases with the increase in pH of the experimental solution. However, in Fig. 4.13 one point was
observed at the higher pH range where the removal of NPX was higher than the lower pH. Incidentally
this point was also present at the higher dose range. Thus, it can inferred that due to the high dosage of
GO, the removal of NPX was also higher at the higher pH range.

> Effect of solution pH and contact time on NPX removal by GO

The interaction in between the pH of the experimental solution and contact time and its effect on the
removal of NPX by GO is conveyed in the contour plot of Fig. 4.14. From there it was observed that
removal of NPX by GO increased with the increase in contact time due to higher number of interaction
between the NPX molecules and the surface of GO resulting in greater adsorption of NPX molecules
by GO (Bhattacharya et al., 2021). Similarly, in case of pH value it was observed that higher adsorption
of NPX by GO took place in lower pH range which is attributed to the adsorption of NPX molecules
by GO by van deer Waal’s force and hydrogen bonding (I'lbay et al., 2015). Thus the highest removal
of NPX by GO took place at the higher contact time range and at the lower pH range.

> Effect of contact time and GO dosage on NPX removal by GO

The interaction in between the contact time and dosage of adsorbent and its effect on the removal of
NPX by GO is conveyed in the contour plot of Fig. 4.15. From there it was observed that the removal
of NPX by GO increased with the increase in contact time and also with the increase of adsorbent
dosage. That is because, with the increase in contact time the interaction between the molecules of NPX
and the particles of GO increases resulting in greater adsorption of the NPX molecules by the GO
particles (Bhattacharya et al., 2021). On the other hand, the removal of NPX by GO increases with the
increase in adsorbent dosage due to the greater availability of active sites for the uptake of the NPX
molecules (Bhattacharya et al., 2021; I'lbay et al., 2015). As a consequence of which the highest
removal of NPX by GO was observed at the highest dose range of GO and at the highest contact time.
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Table 4.16 :- The table showing the 20 different set of parameters (runs) along with their corresponding

outcome as proposed by CCD model of RSM for optimization of NPX removal by GO

Run Factor 1 Factor 2 Factor 3 Response 1
Block A:pH B:Dose C:Time Percentage Removal
g/L min
1 Block 1 8.00 1.00 60.00 58.23
2 Block 1 9.36 1.75 90.00 63.88
3 Block 1 8.00 2.50 120.00 71.77
4 Block 1 6.00 1.75 90.00 51.22
5 Block 1 6.00 1.75 39.55 49.93
6 Block 1 8.00 2.50 60.00 64.34
7 Block 1 6.00 1.75 90.00 51.22
8 Block 1 4.00 1.00 120.00 65.22
9 Block 1 6.00 1.75 90.00 51.22
10 Block 1 8.00 1.00 120.00 63.33
11 Block 1 6.00 1.75 90.00 51.22
12 Block 1 4.00 2.50 60.00 83.27
13 Block 1 4.00 1.00 60.00 69.37
14 Block 1 4.00 2.50 120.00 92.67
15 Block 1 6.00 1.75 140.45 64.32
16 Block 1 6.00 0.49 90.00 41.42
17 Block 1 6.00 3.01 90.00 71.32
18 Block 1 6.00 1.75 90.00 51.22
19 Block 1 6.00 1.75 90.00 51.22
20 Block 1 2.64 1.75 90.00 85.34

Table 4.17:- ANOVA analysis for the RSM for the process operation of NPX adsorption by GO

R?Value Adjusted R? Value f- value Probability Value P
0.93 0.88 15.95 (>1) <0.0001 (<0.05)
Significant
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Fig. 4.12:- Relation between the predicted
data points and the experimental data points as
per the RSM model.

Fig. 4.14:- The interaction between the pH of the
experimental solution and the contact time (in
minutes) and their effect on the percentage
removal of NPX by GO.
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Fig. 4.13:- Interaction between the pH of
the experimental solution and the dose of
the GO and their effect on the percentage
removal of NPX
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Fig. 4.15:- The plot showing the interaction
between the dose of the GO and the contact
time (in minutes) as per the RSM model and
their effect on the percentage removal of
NPX.
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4.4.6.3 Optimization of the adsorption of RTN by GO by RSM method

The RSM was performed with the aim of understanding the effect of inter parameter interaction on the
experimental outcome. In Table 4.18, the outcome of the 20 experiments as proposed by the software
for the CCD model of the RSM is given and in Table 4.19 the result of the ANOVA of the RSM model
is provided. From there it is observed that the R? value of the model was 0.99 and the adjusted R? value
was 0.98 which propounded the fact that the polynomial model suggested by RSM was appropriate for
predicting the outcome of this adsorption reaction. The high value of F (164.77, much greater than
unity) and the low value of P (< 0.0001) meant that the optimizing model was very much significant,
with the experimental data points exhibiting a high degree of correlation with the predicted data points
(Bhattacharya et al., 2021). Fig. 4.16 shows the relation between the experimentally determined data
points and the predicted data points and there also it can be noted that the experimental data points
exhibits a high degree of correlation with the predicted data points. The real equation which was used

to predict the effect of the input variables on the response output is presented as follows.

Removal % = —80.97324 + 13.33293 X pH + 59.13523 X Dose + 0.88087 X Time — 0.13 X
pH X Dose —1.66667 X 10~* x pH X Time + 0.035556 X Dose x Time — 1.11688 X
pH2 —10.10083 X Dose2 —5.02979 X 1073 % Time2 ....ccocvveeeeeeeeeeeeeeeeeea, (xxxi)

As per the RSM model the optimized conditions under which maximum removal of RTN (89.17%) was
possible were: adsorbent dosage of 3.01 g/L, pH value of 6 and reaction time of 90 minutes. For this
RSM model, the interaction between the experimental parameters (input variables) and their outcome
on the percentage removal of RTN (response variable) is illustrated by the contour plots shown in Fig.
4.17-4.19.

> Effect of GO dosage and solution pH on RTN removal by GO

The interaction in between the pH of the experimental solution and the dosage of GO and its effect on
the removal of RTN is conveyed in the contour plot of Fig. 4.17. From there it was observed that the
removal of RTN by GO increased with the increase in dosage of GO. This could be attributed to the
higher availability of active sites for the uptake of RTN at the higher dosage of GO and consequently
the highest removal value was observed around the highest dosage of 2.5 g/L (Banerjee et al., 2016;
Bhattacharya et al., 2021). In case of the variation of pH of the experimental solution, it was observed
that the highest removal of RTN was observed at around pH 6. This could be attributed to the fact that
around the neutral pH range, the molecules of RTN were neutral (Kortejarvi et al., 2005) and the surface
of GO are negatively charged and as a result of which maximum adsorption of RTN molecules takes
place on the surface of GO at this pH (Al-rub et al., 2020). At the lower pH range both RTN molecules
and the surface of GO acquire positive charge whereas at the higher pH range both of these acquire

negative charge (Al-rub et al., 2020). As a consequence of which at the higher and lower pH range, the
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RTN molecules and GO surface experience repulsion from each other thereby decreasing the adsorption
of RTN by GO at this pH. Thus highest removal of RTN is observed at the neutral pH range and at the
high adsorbent dosage (Banerjee et al., 2016; Bhattacharyya et al., 2019).

> Effect of solution pH and contact time on RTN removal by GO

The interaction in between the pH of the experimental solution and contact time and its effect on the
removal of RTN by GO is shown in the contour plot of Fig. 4.18. From there it was observed that
removal of RTN by GO initially increased with the increase in contact time due to higher number of
interaction between the RTN molecules and the surface of GO resulting in greater adsorption of RTN
molecules by GO (Bhattacharya et al., 2021). However, beyond the optimum contact time, (around 90-
105 minutes mark), a slight decrease in the removal of RTN by GO was observed in the contour plot,
which could be attributed to desorption due to the physical nature of the adsorption reaction. In case of
pH variation it was observed, that highest removal of RTN was around the neutral pH range, which
could be attributed to the attraction between the neutral molecules of RTN and the negatively charged
surface of GO (Al-rub et al., 2020).

> Effect of contact time and GO dosage on RTN removal by GO

The interaction in between the contact time and dosage of adsorbent and its effect on the removal of
RTN by GO is shown in the contour plot of Fig. 4.19. From there it was observed that the removal of
RTN by GO increased with the increase in dosage which could be ascribed to the availability of greater
surface for the uptake of RTN molecules (Banerjee et al., 2016; Bhattacharya et al., 2021). On the other
hand, the adsorption of RTN molecules by GO increased with the increase in contact time till the
optimum time range (95-105 minutes), followed by which a slight decrease in the removal of RTN by
GO was observed in the contour plot. This could be attributed to the desorption of RTN molecules from
the surface of GO due to the physical nature of the adsorption. Thus highest removal of RTN was

observed for the highest dosage and for the optimum contact time.
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Table 4.18 :- The table showing the 20 different set of parameters (runs) along with their corresponding

outcome as proposed by CCD model of RSM for optimization of RTN removal by GO

Run Factor 1 Factor 2 Factor 3 Response 1
Block A:pH B:Dose C:Time Percentage
Removal
g/L min
1 Block 1 6 1.75 90 74.14
2 Block 1 8 1 60 38.33
3 Block 1 8 25 120 80.54
4 Block 1 4 1 120 38.42
5 Block 1 9.36 1.75 90 61.40
6 Block 1 6 1.75 90 74.14
7 Block 1 4 1 60 37.74
8 Block 1 6 1.75 90 74.14
9 Block 1 6 1.75 90 74.14
10 Block 1 6 3.01 90 89.17
11 Block 1 6 1.75 90 74.14
12 Block 1 6 0.32 90 19.20
13 Block 1 8 25 60 76.70
14 Block 1 8 1 120 36.40
15 Block 1 2.64 1.75 90 63.84
16 Block 1 4 25 120 80.77
17 Block 1 6 1.75 39.55 59.11
18 Block 1 6 1.75 90 74.14
19 Block 1 6 1.75 140.45 65.74
20 Block 1 4 25 60 79.46

Table 4.19:- ANOVA analysis for the RSM for the process operation of RTN adsorption by GO

R?Value Adjusted R? Value f- value Probability Value P
0.99 0.98 164.77 (>>1) <0.0001 (<0.01)
Significant
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4.4.6.4 Optimization of the adsorption of BPA by GO by RSM method

The RSM was performed with the aim of understanding the effect of inter parameter interaction on the
experimental outcome. In Table 4.20, the outcome of the 20 experiments as proposed by the software
for the CCD model of the RSM is given and in Table 4.21 the result of the ANOVA of the RSM model
is provided. From there it is observed that the R? value of the model was 0.97 and the adjusted R? value
was 0.95 which propounded the fact that the polynomial model suggested by RSM was appropriate for
predicting the outcome of this adsorption reaction. The high value of F (39.35, much higher than unity)
and the low value of P (< 0.0001) meant that the optimizing model was very much significant, with the
experimental data points exhibiting a high degree of correlation with the predicted data points
(Bhattacharya et al., 2021). Fig. 4.20 shows the relation between the experimentally determined data
points and the predicted data points and there also it can be noted that the experimental data points
exhibits a high degree of correlation with the predicted data points. The real equation which was used

to predict the effect of the input variables on the response output is presented as follows.

Removal % = —3.87573 + 11.67013 X pH + 54.20779 X Dose + 0.23592 X Time — 1.61705 X
pH x Dose + 1.67834 x 1073 X pH x Time — 0.061101 X Dose X Time — 1.19397 X
pH? —8.80085 X Dose? —1.89310 x 107* X Time? .........cccooviiiiiiiiiiiiiiiinn. (xxxii)

As per the RSM model the optimized conditions under which maximum removal of BPA (89.17%) was
possible were: adsorbent dosage of 1.75 g/L, pH value of 2.64 and reaction time of 90 minutes. For this
RSM model, the interaction between the experimental parameters (input variables) and their outcome
on the percentage removal of BPA (response variable) is illustrated by the contour plots shown in Fig.
4.21-4.23.

> Effect of GO dosage and solution pH on BPA removal by GO

The interaction in between the pH of the experimental solution and the dosage of GO and its effect on
the removal of BPA is conveyed in the contour plot of Fig. 4.21. From there it was observed that the
removal of BPA by GO increased with the increase in dosage of GO. This could be attributed to the
higher availability of active sites for the uptake of BPA at the higher dosage of GO and as a result of
which the highest percentage removal value was obtained around the highest dosage of 2.5 g/L
(Banerjee et al., 2016; Bhattacharya et al., 2021). In case of the variation of pH of the experimental
solution, it was observed that the highest removal of BPA was observed at the lower pH range of the
experimental solution and the removal percentage decreased with the increase in pH of the experimental
solution. This could be attributed to the fact that the pK, value of BPA is 9.6 (Xu et al., 2018), and at
around pH 8 the deprotonation of BPA starts by virtue of which it acquires a negative charge and is
dissociated to form negatively charged bis-phenolate monoanions (Chang et al., 2012). On the other

hand, the pHp.c of GO is 4.87 +/- 0.26, as a consequence of which at pH higher than 5, the surface of
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GO also acquires a negative charge (Banerjee et al., 2016; Bhattacharya et al., 2020). Thus as a result
of which, at the higher pH range the adsorption of BPA by GO is obstructed by the electrostatic force
of repulsion acting between the negatively charged BPA molecules and the negative surface of GO
(Chang et al., 2012; Kwon & Lee, 2015; Phatthanakittiphong & Seo, 2016; Xu et al., 2012). Therefore,
the highest removal percentage was observed for the higher dosage of GO and for the lower pH range

of the experimental solution.

> Effect of solution pH and contact time on BPA removal by GO

The interaction in between the pH of the experimental solution and contact time and its effect on the
removal of BPA by GO is shown in the contour plot of Fig. 4.22. From there it was observed that the
removal of BPA by GO increased with the increase in contact time which could be attributed to the
higher number of interaction between the BPA molecules and the surface of GO resulting in greater
adsorption of BPA molecules by GO (Bhattacharya et al., 2021). In case of pH variation it was observed,
that highest removal of BPA was in the acidic pH range, as because at higher pH range in the basic
medium both the surface of GO and the molecules of BPA acquire a negative charge (Banerjee et al.,
2016; Chang et al., 2012; Xu et al., 2012). The pK, value of BPA is 9.6, and at around pH 8, the BPA
molecules dissociate to form bis-phenolate monoanion (Chang et al., 2013). On the other hand, the pHpc
of GO is 4.87 +/- 0.26 (Banerjee et al., 2016), therefore at the higher pH range the surface of GO also
acquires a negative charge. As a result of which at the higher pH range, the adsorption of BPA by GO
is obstructed due to the electrostatic force of repulsion acting between the molecules of BPA and the
surface of GO (Chang et al., 2012; Kwon & Lee, 2015; Phatthanakittiphong & Seo, 2016; Xu et al.,
2012). The highest removal of BPA by GO was therefore observed at the highest contact time and at

the lowest pH range.

> Effect of contact time and GO dosage on BPA removal by GO

The interaction in between the contact time and dosage of adsorbent and its effect on the removal of
BPA by GO is shown in the contour plot of Fig. 4.23. From there it was observed that the removal of
BPA by GO increased with the increase in dosage which could be ascribed to the availability of greater
surface for the uptake of BPA molecules (Banerjee et al., 2016; Bhattacharya et al., 2021). On the other
hand, the adsorption of BPA molecules by GO increased with the increase in contact time which could
be attributed to the greater interaction between the BPA molecules and the surface of GO leading to the
greater uptake of BPA by GO. From the analysis of the activation energy it was found that the adsorption
of BPA on the surface of GO was physical in nature (E, = 26.3 kJ/mole < 40 kJ/mole), and as physical
adsorption increases with contact time therefore the adsorption of BPA by GO also increased with
increase in contact time (Bhattacharya et al., 2021; Mukherjee et al., 2019). Therefore, adsorption of
BPA by GO was found to be highest at the highest dosage of GO and at the highest contact time.
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Table 4.20 :- The table showing the 20 different set of parameters (runs) along with their corresponding

outcome as proposed by CCD model of RSM for optimization of BPA removal by GO

Run Factor 1 Factor 2 Factor 3 Response 1
Block A:pH B:Dose C:Time Percentage Removal
g/L min
1 Block 1 4 1 60 71.96
2 Block 1 4 25 60 90.04
3 Block 1 4 1 120 82.57
4 Block 1 8 25 120 69.00
5 Block 1 6 1.75 90 84.89
6 Block 1 6 3.01 90 87.02
7 Block 1 6 0.31 90 52.91
8 Block 1 2.64 1.75 90 92.57
9 Block 1 8 2.5 60 63.49
10 Block 1 6 1.75 90 84.89
11 Block 1 6 1.75 140.45 91.02
12 Block 1 4 2.5 120 92.10
13 Block 1 6 1.75 90 84.89
14 Block 1 8 1 60 58.16
15 Block 1 6 1.75 90 84.89
16 Block 1 9.36 1.75 90 53.45
17 Block 1 6 1.75 90 84.89
18 Block 1 8 1 120 66.13
19 Block 1 6 1.75 39.55 81.00
20 Block 1 6 1.75 90 84.89

Table 4.21:- ANOVA analysis for the RSM for the process operation of BPA adsorption by GO

R?Value Adjusted R? Value f- value Probability Value P
0.97 0.95 39.35 (>1) <0.0001
Significant
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4.4.7 Removal of the EC’s by RPB

The adsorption efficacy of GO for the purpose of removing the EC’s were also checked in a RPB. The
application of RPB was for intensifying the adsorption process (Das et al., 2008). Rather than using the
GO as a packing material, it was directly added to the experimental solution. For each of the EC’s, three
concentrations were taken namely 10 mg/L, 5 mg/L and 2.5 mg/L. The result of the experiment is given
in (Fig. 4.24 (a-d)). From there it was observed that the removal of EC’s decreased with the increase in
the concentration. The removal of CBZ (Fig. 4.24 (a)) for the 10 mg/L concentration of CBZ at the
point of equilibrium was 84.53 %, for the 5 mg/L concentration was 90.94% and for the 2.5 mg/L
concentration was 94.49 %. The removal of NPX (Fig. 4.24 (b)) for the 10 mg/L concentration of NPX
at the point of equilibrium was 78.59 %, for the 5 mg/L concentration was 85.55% and for the 2.5 mg/L
concentration was 88.18 %. From the removal of RTN (Fig. 4.24 (c)) it was observed that the highest
removal of RTN was 99.68 % which was observed for the 2.5 mg/L concentration, followed by 96.73
% removal for the 5 mg/L concentration and lastly, 95.38 % removal for the 10 mg/L concentration of
RTN. From the result of BPA (Fig. 4.24(d)) it was observed that the highest removal of BPA was 92.68
% which was observed for the 2.5 mg/L concentration, followed by 86.6 % removal for the 5 mg/L
concentration and lastly, 85.62 % removal for the 10 mg/L concentration of BPA. The logic behind this
experimental outcome is that on increasing the concentration of the EC’s, the surface of GO was
saturated by the molecules of EC’s. As a consequence of which the removal of EC’s by GO in a RPB
decreased with the increase in concentration of EC’s. Similarly the equilibrium for the lower
concentration was achieved under the fastest time and the equilibrium for the highest concentration was

achieved at the slowest time (Banerjee et al., 2016; Bhattacharya et al., 2020).
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Fig. 4.24 (a) Removal of different concentration of CBZ by GO in a RPB (b) Removal of different
concentration of NPX by GO in a RPB (c) Removal of different concentration of RTN by GO ina
RPB (d) Removal of different concentration of BPA by GO in a RPB.
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4.4.8 Reusability Study

4.4.8.1 Reusability Study of GO after treating CBZ

Out of the six solutions that were used for the regeneration of used GO after treating CBZ, the greatest
effectivity was exhibited by the 10% NaOH solution. By treating the CBZ with the 10 % NaOH solution,
it was observed that the removal capacity of GO for the purpose of treating CBZ remained over 90 %
for the first three cycles. A slight decrease (88.62 %) was observed in case of the fourth cycle followed
by a 78.99 % removal in case of the fifth cycle. The reusability study was not performed beyond the
fifth cycle due to the loss in the mass of adsorbent and the decreased adsorption ability of GO. Thus, it
can be inferred from the reusability study that a certain mass of GO can be effectively used for at least
three times for the purpose of removing trace pollutants like CBZ from its aqueous solution
(Bhattacharya et al., 2020). The result of the experiment is given in Fig. 4.25.
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Fig. 4.25:- Removal of CBZ by GO in different steps of the reusability cycle.
4.4.8.2 Reusability Study of GO after treating NPX

Out of the six solutions that were used for the regeneration of used GO after treating NPX, the greatest
effectivity was exhibited by the 10 % HCI solution, therefore further reusability study was performed
by this solution only. By treating the GO with the 10 % HCI solution after each adsorption cycle, it was
observed that the removal capacity of GO for the purpose of treating NPX remained over 75 % for the
first three cycles. A decrease of about 4 % was observed in case of the fourth cycle (71.92 %) followed
by which adsorption ability of the GO for the purpose of removing NPX decreased to 63.08 % for the
fifth cycle beyond which the reusability study was not extended due to the loss of mass of GO. Thus
from the reusability study it was inferred that by washing GO with 10 % HCI solution, it could be used
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for 3-4 times with significant adsorption efficacy for the purpose of removing NPX from its aqueous
solution (Bhattacharya et al., 2020). The result of the experiment is given in Fig. 4.26.
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Fig. 4.26:- Removal of NPX by GO in different steps of the reusability cycle.
4.4.8.3 Reusability Study of GO after treating RTN

Out of the six solutions that were used for the regeneration of used GO after treating RTN, the greatest
effectivity was exhibited by the H,O solution, therefore further reusability study was performed by this
solution only. This could be attributed to the high hydrophilicity of RTN molecules (Siew et al., 2012).
By treating the GO with the water after each adsorption cycle, it was observed that the removal capacity
of GO for the purpose of treating RTN remained over 90 % for the first four cycles followed by a slight
decrease in case of the fifth cycle. Thus it can be stated that on washing a particular mass of GO by
water, it could effectively reused for the purpose of removing RTN from the agqueous solution for

multiple cycles (Bhattacharya et al., 2020). The result of the experiment is given in Fig. 4.27.
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Fig. 4.27:- Removal of RTN by GO in different steps of the reusability cycle
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4.4.8.3 Reusability Study of GO after treating BPA

Out of the six solutions that were used for the regeneration of used GO after adsorbing BPA, the greatest
effectivity was exhibited by the 10% ethanol solution, therefore further reusability study was performed
by this solution only. The reason for the effectivity of the 10 % ethanol solution for the purpose of
regenerating GO after adsorption of BPA can be ascertained to the fact that, BPA is readily soluble in
ethanol. By treating the GO with the 10 % ethanol solution after each adsorption cycle, it was observed
that the removal capacity of GO for the purpose of treating BPA was 85.45 % for the first cycle, which
was similar to the removal obtained from the batch study result. For the second cycle of treatment the
adsorption efficiency of GO decreased a bit, and the removal percentage decreased to 82.87 %, and for
the third cycle it decreased to 75.34 %. The removal of BPA by GO in the last two cycles were 73.36
% and 67.71 % respectively. Thus from the result of the regeneration study it can be inferred that, on
washing with 10 % ethanol solution, the same mass of GO can be used for two to three times for the
purpose of removing BPA from its aqueous solution (Bhattacharya et al., 2020). The result of the

experiment is given in Fig. 4.28.
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Fig. 4.28:- Removal of BPA by GO in different steps of the reusability cycle.
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4.5 CONCLUSION :-

In the above study, GO was utilized for the adsorption of four trace pollutants viz., the three PHA
compound CBZ, RTN, NPX and the EDC, BPA from there aqueous solution. The synthesis of GO was
performed with a modified Hummer’s method, and from the characterization it was confirmed that GO
was successfully synthesized from the oxidation of graphite. From the result of the experimental study
it was observed that GO was effective in adsorbing all the four types of pollutants from their aqueous
solution. The percentage of removal, however varied with the different pollutants. The highest removal
of CBZ was found to be 99.38 % which was obtained at pH 2, GO dosage of 2 g/L, CBZ concentration
of 10 mg/L and temperature of 303 K. The highest removal for NPX was observed to be 90.93 % which
was obtained at pH 4, GO dosage of 2 g/L, NPX concentration of 10 mg/L and temperature of 303 K.
The highest removal for RTN was observed to be 97.52 % which was obtained at pH 6, GO dosage of
2 g/L, RTN concentration of 10 mg/L and temperature of 303 K. The highest removal of BPA was
observed to be 87.55 % which was obtained at pH 2, GO dosage of 2 g/L, BPA concentration of 10
mg/L and temperature of 303 K. From the experimental result it can be deduced that variation in pH
played a major role in the adsorption efficacy of GO. The pH.c value of GO has been found to be 4.87
+/- 0.27 from the previous literatures. And the pK, values of CBZ is 13.9, NPX is 4.15, RTN is 2.7 and
8.2 and BPA is 9.6. Depending on the suitable pH, neutral or oppositely charged EC molecules were
adsorbed on the surface of GO. Other than the pH it was observed that on increasing the concentration
of the EC’s, there removal percentage decreased due to saturation of the adsorbent surface. The removal
percentage increased on every occasion on the increase of the adsorbent dosage due to greater
availability of active sites. The effect of temperature on the adsorption efficacy of GO generally varied
with the change of adsorbate molecules. The process was further optimized with RSM. In RSM, the
effect of interaction of multiple parameters on the adsorption capacity of GO was observed. As per
RSM, the highest removal of CBZ was 95 % which was attained at GO dosage of 2.5 g/L, pH value of
4 and reaction time of 120 minutes. For NPX the highest removal was 92.67% which was possible at
adsorbent dosage of 2.5 g/L, pH value of 4 and reaction time of 120 minutes. For RTN the highest
removal was 89.17% which was possible at adsorbent dosage of 3.01 g/L, pH value of 6 and reaction
time of 90 minutes. For BPA the highest removal was 89.17% which were possible at adsorbent dosage
of 1.75 g/L, pH value of 2.64 and reaction time of 90 minutes. The removal of the EC’s by GO was also
investigated in the RPB setup, which was used to intensify the adsorption process. As per the result of
the experiment, it was observed that the adsorption equilibrium was reached quite rapidly (around the
100 minute) mark of the RPB study. The highest removal was obtained for lowest concentration, which
was 2.5 mg/L in each case. The highest removal for CBZ was 94.5 %, for NPX was 88.18%, for RTN
was 99.68 % and for BPA was 92.68 %. Lastly, through the reusability of the GO was investigated
through the regeneration process and from the result it was observed that GO, on being treated/washed

with the proper reagent can be reused for at least 2-3 times with the same efficacy of the pristine
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material. Thus from the result of the experiment it was inferred that GO was effective in adsorbing the
designated compounds from their aqueous solution. The chemical and physical stability of GO ensured
that the experimental parameters can be sufficiently varied for the optimized removal of the EC

molecules from water.
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CHAPTER 5

SYNTHESIS OF ACTIVATED RICE STRAW
BIOCHAR (ARSB) AND ITS UTILIZATION FOR
REMOVING EC’S FROM THE AQUATIC
SYSTEM

5.1 INTRODUCTION

Among the various types of adsorbents that have been utilized for waste water treatment, carbonaceous
adsorbents has always remained a viable and popular choice by virtue of their physical, chemical and
structural characteristics (Reynel-avila et al., 2015). Different carbonaceous adsorbents have been
synthesized from different antecedent and they have been efficaciously applied for removing a large
variety of pollutants like pesticides, dyes, heavy metals, fluoride, arsenic, pharmaceuticals and other
organic and inorganic compounds (Al-hamadani et al., 2018; Barman et al., 2018; Bhattacharya et al.,
2020; Kbhalil et al., 2020; Nawaz et al., 2017; Shukla et al., 2019; Tan et al., 2016) . For instance
(Shukla et al., 2019) synthesized a rice husk biochar from microwave pyrolysis method by which it was
able to adsorb 65% and 75% of Phosphate and Nitrate respectively. (Khalil et al., 2020) synthesized tea
waste biochar and rice husk biochar which were able to remove 99.3% and 96.8% of hexavalent
Chromium (Cr(V1)) from water respectively. (Tan et al., 2018) fabricated a rice straw magnetic biochar
which was able to remove 91% of Cadmium from water under optimum conditions. (Barman et al.,
2018) synthesized a H3PO, activated biochar from waste wood fillings and successfully used it to
remove Poly Aromatic Hydrocarbons (PAHS) like acenapthene and naphthalene from water. Among
these different types of carbonaceous components that have been utilized as an adsorbent for water
treatment, one that have generated a lot of interest in recent times is biochar, by virtue of its high
porosity and high pore volume, high chemical stability and high physical hardness number and large
specific surface area (Barman et al., 2018; Khalil et al., 2020). Also, unlike other carbonaceous
adsorbents like activated carbon and GO, biochar are comparatively easier to synthesize and cheaper to

manufacture, as the precursors for biochar tend to be plentiful and low-cost agricultural by-products
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(Tan et al., 2015). Many studies have reported biochar to be a very efficacious adsorbents for the
purpose of removing an array of different pollutants from water (Nawaz et al., 2017; Tan et al., 2018;
Tomul et al., 2020). Biochar can be synthesized from a wide number of precursors and many different
methods are available for synthesizing and activating the biochar (Roy et al., 2018; Tan et al., 2018;
Tomul et al., 2020). Consequently, the nature of the material used for the synthesis of the biochar and
the subsequent method applied for its activation has been known to exhibit a significant impact on the
characteristics and thus the effectivity of the biochar (Roy et al., 2018). Therefore selection of the
correct precursor and appropriate activation method for the purpose of synthesizing the biochar is of
paramount importance for its optimum functionality. For this study, rice straw was chosen as the raw
material for the synthesis of the biochar (Goswami et al., 2017; Tan et al., 2018). The reason behind the
selection of rice straw is that, rice straw is an agricultural by-product produced in abundance therefore
it is a cheap and readily available lignocellulosic material (Dai et al., 2020; Goswami et al., 2017; Tan
et al., 2018; Tan et al., 2016). The biochar from rice straw was synthesized by treating the biochar at a
high temperature and in inert atmosphere and the biochar thus synthesized was given the name Rice
Straw Biomass Biochar (RSBB) (Goswami et al., 2017). It has been reported in previous literatures that
the presence of functional groups on the surface of the biochar enhanced the surface reactivity of the
biochar (Roy et al., 2018; Tomul et al., 2020). As a consequence of which, the activation of the
synthesized RSBB was done with a surface oxidation method (Roy et al., 2018), with a combination of
sulphuric acid (H2SO4) and potassium permanganate (KMnO.), by following a modified Hummers
method and ultra-sonication force to increase the surface area and activity as adsorbent. The resultant
product was given the name as activated rice straw biochar (ARSB). This ARSB thus synthesized was
used for removing EC’s from water by adsorption. The synthesized ARSB was characterised by various
characterization tools namely SEM, Raman spectroscopy, FTIR spectroscopy and X-ray diffractometry.
In this experimental study, the efficacy of ARSB for the purpose of removing EC’s from water was
evaluated by means of both a batch study and a continuous column study. The data from the batch study
was used for determining the adsorption isotherm and rate order kinetics of the concerned process. The
isotherm and kinetic model which exhibited the highest correlation value was considered to best
describe the adsorption of EC’s by ARSB. Optimization of the process was done with RSM. Along with
the batch study, the adsorption process was intensified by an RPB study. The reusability potential of

the adsorbent ARSB was also evaluated by means of a consecutive adsorption-desorption study.

The RPB study was conducted to intensify the adsorption of EC’s by the ARSB. However, rather than
using three concentration of the EC’s in the RPB, one concentration (10 mg/L) of each of the EC’s were

taken and they were treated by 2 g/L of ARSB which was directly added to the experimental apparatus.

The aim of this present study was to synthesize an efficient adsorbent from an easily available and cheap

raw material (rice straw) and to evaluate the ability of the adsorbent to eliminate a group of recalcitrant
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and trace pollutant, individually from there aqueous solution. The optimized conditions under which
highest removal of the EC’s were possible were deduced by a batch study followed by which the
optimization was done with RSM. The process intensification of the removal of EC’s by ARSB was

done by a RPB study.

5.2 MATERIALS AND METHODS :-
5.2.1 Materials required

The rice straw was collected from a local vendor and was used after washing and drying. The rest of
the materials was collected in the same manner as mentioned in the previous chapter, Chapter 4,
Section 4.2.1.

5.2.2 Synthesis of ARSB from the rice straw

First the rice straw was washed with tap water and sundried for a week after which it was cleaned
thoroughly with distilled water for the purpose of removing dirt, dust and any other impurities. The
washed rice straw was dried at 80°C for about 48 h for the purpose of removing the moisture. After
drying in the oven the rice straw fibres were cut into small pieces. Then the rice straw was heated in an
inert atmosphere at high temperature (450°C) inside a fabricated reactor to form a biochar, which was
then homogenised by crushing followed by sieving to get a mixture of uniform particle size (< 50 pum).
The biochar thus synthesized was given the name Rice Straw Biomass Biochar (RSBB). Thereafter the
RSBB was activated by following a modified Hummer’s method. In brief, about 20 mg of the RSBB
was mixed with 200 ml of Sulphuric acid (H2SO4) under continuous stirring. The flask containing the
acidic mixture was then transferred to an ice bath after which a fixed amount of KMnO, was added into
this mixture, also under continuous agitation. The whole arrangement was then kept at room
temperature for 30 min under rotation. After that, 150 ml of distilled water was slowly added into the
mixture, after which it was transferred into an incubator shaker where it was rotated at 45 C for 3 h.
Subsequently, 200 ml of distilled water (H-0) was put inside the reaction mixture followed by 150 ml
of 30% Hydrogen Peroxide (H202). After adding the H2O; the reaction mixture turned yellow thereby
denoting the end point of the reaction. The reaction mixture was then placed inside an ultrasonic cleaner
(Digital Ultrasonic Cleaner; LMUC-4) for approximately 15 min so that the synthesized ARSB particles
attained uniform particle size. After this the ARSB particles was isolated from the suspension by
filtration followed by centrifugation and the extracted ARSB particles were then repeatedly washed
with distilled water, 30% ethanol (C,HsOH) and 5% Hydrochloric Acid (HCI) to remove any residual
impurities (mainly metallic) from them. Then after sufficient washing when the ARSB had attained
neutral pH, they were freeze dried and then stored in an air tight container for future use (Banerjee et
al., 2016; Goswami et al., 2017).
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5.2.3 Characterization

Characterization of the synthesized ARSB particles were done by Scanning Electron Microscopy
(SEM), Raman Spectroscopy, Fourier transform infrared spectroscopy (FT-IR) and X-ray Diffraction
(XRD).

The particulars are the same as mentioned in Chapter 4, Section 4.2.3.

5.2.4 Preparation of the Experimental Solution.

Using the same process as mentioned Chapter 4, Section 4.2.4.

5.2.5 Batch study

A batch study was performed in order to find the experimental conditions under which the highest

removal of the EC ‘s by the ARSB was possible. The set of parameters and there variation remained
constant for every EC.

The experimental parameters, the range of variables, the time of taking samples, the method of pre-
treatment, the mode of detection of EC’s in the experimental solution before and after the treatment of
the sample by ARSB and the representation of the experiment sample were same as mentioned in
Chapter 4, Section 4.2.5.

5.2.6 Process optimization with RSM

Same theory as mentioned in Chapter 4, Section 4.2.6.

5.2.7 Process Intensification with Rotating Packed Bed (RPB) study

As mentioned before, in case of the RPB study, one concentration (10 mg/L) of each of the EC’s were
taken and the dose of ARSB were kept fixed at 2 g/L. The result of the experiment is presented in the
form of line graph with percentage removal against time, with the removal of all four of the EC’s
presented at the same time. The rest of the experimental detail is the same as presented in Chapter 4,
Section 4.2.8.

5.2.8 Reusability study of the ARSB

Following the same procedure as mentioned in Chapter 4, Section 4.2.9.

5.3 CALCULATIONS :-

5.3.1 Percentage removal and adsorption capacity

Same as mentioned in Chapter 4, Section 4.3.1.
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5.3.2 Adsorption Isotherm

Same as mentioned in Chapter 4, Section 4.3.2.

5.3.3 Adsorption Kinetics

Same as mentioned in Chapter 4, Section 4.3.3.

5.3.4 Adsorption thermodynamics and Activation Enerqgy

Same as mentioned in Chapter 4, Section 4.3.4.

5.3.5. Optimization using RSM

Same as mentioned in Chapter 4, Section 4.3.5.

5.4 RESULTS :-

5.4.1 Characterization

5.4.1.1 SEM analysis of ARSB

From the SEM analysis (Fig. 5.1(a)) of ARSB it was observed that the surface of ARSB is composed

of thin, overlapping, creased sheets of carbon (Goswami et al., 2017). The uneven, rough structures

observed on the surface of ARSB reportedly enhances its adsorption ability. The layers and wrinkles

observed in between the layers of ARSB have likely been formed due to the interconnection between

the oxygen containing functional groups, analogues to what is observed in case of GO synthesized from
graphite by Hummers method (Mukherjee et al., 2019). Therefore, it can be said that the ARSB thus

synthesized may have resembled GO is some aspects of its surface morphology (Goswami et al., 2017).

JEOLRCU 7/20/2016
WD 4.5mm 15:40:42

Fig. 5.1 (a) :- SEM image of ARSB
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5.4.4.2 FTIR analysis of ARSB

The FTIR spectrum of ARSB is shown in Fig. 5.1 (b). It was observed from there that prominent peaks
are shown at the points 1090 cm™?, 1620 cm™, 1732 cm™, 3506 cm™ which denotes the C—O bond, C =
C bond, C = O bond and O—-H bond respectively (Banerjee et al., 2015b). The peaks denoted at 1396.5
cm?, 1462 cm?, 2924.7 cm ! and 2854 cm™ denotes the C—H bond respectively (Balasubramani,
Sivarajasekar, & Naushad, 2020; Bhattacharyyaa et al., 2018). This peaks are comparable to the ones
observed in case of GO (Banerjee, et al., 2017; Bhattacharya et al., 2020). Therefore from the FT-IR
analysis it can be said that, the adsorbent ARSB synthesized for this study contained various functional
groups on its surface comparable to that of GO. This result was desirable, as because these functional

groups would ultimately facilitate the surface adsorption of ARSB (Roy et al., 2018).

FTIR of ARSB

Transmittance (%)

T T T T
4000 3000 2000 1000 o

Wavenumber (cm™)

Fig. 5.1 (b) :- FT-IR spectra image of ARSB
5.4.4.3 XRD analysis of ARSB

The XRD spectrum of ARSB is shown in Fig. 5.1 (c). The prominent peaks in the spectrum are exhibited
at the points 13.7° and 27.5°. The presence of the XRD peak at 13.7° can be attributed to the presence
of the functional groups on the surface of ARSB (Sharma et al., 2020) thereby reconfirming the
successful oxidation of the biochar (RSBB) by Hummers method. The presence of the peak at 27.5°
can be ascribed to the un-oxidized graphitic carbon layers present in the ARSB (Saleem et al., 2018).
Therefore from the XRD analysis it can be inferred that ARSB synthesized was partially oxidized and
had both oxidized and un-oxidized carbon layers in them. Thus it can be said that the synthesized ARSB

shared some morphological similarity with reduced GO.
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13.7 XRD of ARSB

Intensity (a.u)

Fig. 5.1 (c) :- XRD image of ARSB
5.4.4.4 Raman Spectroscopy of ARSB

From the Raman Spectra of ARSB as shown in Fig. 5.1 (d), the D-band and the G-band were observed
at 1332.75 cm™ and 1587.67 cm™ respectively. The D-band denotes the sp?carbon atom with structural
defect proportional to the extent of oxidation and the G-band denoted the in-plane vibration of sp?
bonded graphitic structure (Zhang et al., 2018). From the Raman Spectra of ARSB, it was found that
the ratio of D-band to G-band, i.e., Ip /I as per their respective peak intensities was 1.19, thereby
denoting large number of structural defects in the sp® hybridized carbon atoms of ARSB (Nawaz et al.,
2017). As the ratio of Ip/lg ~ 1, therefore it was designated that the structure of ARSB was highly

graphitized (Liu et al., 2020).

I
133275 em™ 158767 cm™

1 Raman Spectra of ARSB

Intensity (a.u)
1
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Raman Shift (cm™)

Fig. 5.1 (d) :- Raman Spectra of GO
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5.4.2 Batch Study Results

5.4.2.1 Effect of concentration of adsorbate on the removal efficacy of ARSB

In order to investigate the effect of the concentration of the adsorbate on the removal efficacy of ARSB,
four concentration of each of the EC’s were taken namely 5 mg/L, 10 mg/L, 15 mg/L and 20 mg/L. The
dose of ARSB, pH of the experimental solution and temperature were kept constant at 2 g/L, pH 7 and
303 K respectively. The result of the experiment is given in Fig. 5.2 ((a)-(d)). From there it was
observed the removal of CBZ by ARSB (Fig. 5.2 (a)) increased with the increase in concentration of
CBZ from 5 mg/L to 15 mg/L. This could be attributed to the gradient based transfer of the CBZ
molecules from the solution to the surface of the adsorbent (Banerjee et al., 2016). When the
concentration of CBZ increased from 5 mg/L to 15 mg/L, the percentage removal increased from 49.54
% to 60.56 %. However, when the concentration was increased to 20 mg/L, the removal of CBZ by
ARSB decreased to 56.01%. This could be attributed to the saturation of the active sites on the surface
of the adsorbent (Bhattacharya et al., 2021). A similar observation was made in case of the removal of
BPA by ARSB (Fig. 5.2 (d)), where the removal increased with the increase in concentration from 5
mg/L — 10 mg/L. However, when the concentration was increased beyond the 10 mg/L point, the
adsorption of BPA by ARSB decreased which could be attributed to the saturation of ARSB surface by

BPA molecules.

In case of the removal of NPX and RTN by ARSB a similar trend was observed. That is the removal of
the adsorbate by ARSB decreased with the increase in concentration of the adsorbate. For the removal
of NPX by ARSB (Fig. 5.2(b)) the highest removal was observed at the 5 mg/L concentration (83.19
%) followed by the 10 mg/L concentration (72.66 %) followed by the 15 mg/L concentration of NPX
(67.47 %) and lastly the lowest removal was observed for the 20 mg/L concentration of NPX (55.93
%). Similarly, for the removal of RTN by ARSB (Fig. 5.2(c)) the highest removal was observed at 5
mg/L (74.69 %), followed by at 10 mg/L (58.42 %), 15 mg/L (46.1 mg/L) and lastly by 20 mg/L (35.64
%). The reason behind this phenomenon can be given as, with the dosage of ARSB remaining constant,
the surface of ARSB got saturated with the increase in the concentration of the EC’s. As a consequence
of which the uptake of the EC’s by ARSB decreases with the increase in concentration (Banerjee et al.,
2017; Bhattacharya et al., 2021).
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Fig. 5.2:- Effect of concentration on the removal of (a) CBZ (b) NPX (c) RTN (d) BPA by ARSB
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5.4.2.2 Effect of dosage of adsorbent (ARSB) on the removal efficacy of ARSB

The effect of the dosage of the adsorbent on its removal efficacy was investigated over four different
dosage of ARSB i.e., 0.5 ¢/L, 1 g/L, 1.5 g/L and 2 g/L. The concentration of EC’s were kept constant
at 10 mg/L. The pH of the solution was kept at neutral and the temperature was kept at 303 K. The
result of the experiment is shown in (Fig. 5.3 (a)-(d)). From there it was observed that the removal of
EC’s by ARSB exhibited a similar trend, that is the percentage removal of the EC’s increased with
increase in dose of ARSB. This outcome could be attributed to the greater availability of active sites at
higher dosage of ARSB which facilitates the higher uptake of EC’s (Banerjee et al., 2016; Bhattacharya
etal., 2020, 2021; Mukherjee et al., 2019). As a consequence of which the removal of the EC’s increased
with the increase in dosage of ARSB and in each case the highest removal was observed at 2 g/L dosage
of ARSB. In case of the removal of CBZ by ARSB, as shown in Fig. 5.3(a), the removal at the 0.5 g/L
dose of ARSB was observed to be 39.56 %, the removal at 1 g/L dosage was found to be 43.66 %, at
1.5 g/L dosage was found to be 48.93 % and at the 2 g/L dosage was 57.84 % respectively. In case of
the case of the removal of NPX by ARSB (Fig. 5.3(b)), it was observed that the removal at the 0.5 g/L
dose of ARSB was 50.11 %, the removal at 1 g/L dosage was 66.9 %, at 1.5 g/L dosage was 68.27 %
and at the 2 g/L dosage was 73.16 % respectively. In case of the removal of RTN by ARSB (Fig. 5.3(c))
it was observed that the removal at the 0.5 g/L dose of ARSB was 25.18 %, at 1 g/L dosage was 37.59
%, at 1.5 g/L dosage was 47.26 % and at the 2 g/L dosage was 58.3 % respectively. In case of the
removal of BPA by ARSB (Fig. 5.3(d)) it was observed that the removal at the 0.5 g/L dose of ARSB
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was 47 %, at 1 g/L was 62.5 %, at 1.5 g/L dosage was 69.82 % and at the 2 g/L dosage was 75.34 %
respectively

(a)
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Fig. 5.3:- Effect of ARSB dosage on the removal of (a) CBZ (b) NPX (c) RTN (d) BPA by ARSB

-

o

5.4.2.3 Effect of pH of the experimental solution on the removal efficacy of ARSB

The effect of pH on the removal of EC’s by ARSB was investigated under five different pH of the
experimental solution, viz., pH 2, pH 4, pH 6, pH 8 and pH 10. The concentration of EC’s were kept
constant at 10 mg/L and the dosage of ARSB was kept fixed at 2 g/L. The result of the experiment is
given in (Fig. 5.4(a)-(d)). From Fig. 5.4(a) it was observed that the removal of CBZ by ARSB did not
differ significantly with the variation of pH. On increasing the pH from pH 2- pH 6, the removal of
CBZ by ARSB increased from 58.13 % to 60.19 % and with further increase in pH from pH 6-10 the
removal percentage decreased to 57.02 %. The pHpy.c of ARSB was found to be 4.5 (Bhattacharya et al.,
2021), and the dissociation constant of CBZ is 13.9 (Bhattacharya et al., 2020). Thus, under the detected
pH range the CBZ molecules were neutral in nature and on the other hand, at pH less than 4.5 the surface
of ARSB was positively charged and it might have experienced some electrostatic force of repulsion
from the experimental solution resulting in reduced adsorption of CBZ. When the pH was increased
beyond 4.5, the surface of ARSB became positive whereas the experimental solution was neutral in
nature, thereby resulting in highest adsorption of CBZ by ARSB. Then when the pH of the experimental
solution increased beyond pH 7, and the solution become basic then the surface of ARSB experienced

a force of repulsion from the experimental solution thereby leading to decreased adsorption of CBZ by
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ARSB. However, as it can be observed from the result of the adsorption reaction, the effect of pH on
the removal of CBZ by ARSB was not very significant. In other words, ARSB could adsorb CBZ
equally effectively over a long range of pH.

From the removal of NPX by ARSB as shown in Fig. 5.4(b) it was observed that the removal of NPX
by ARSB decreased with the increase in pH of the experimental solution. The highest removal was
observed at pH 2 (80.02%) followed by pH 4 (77.97 %), pH 6 (72.86 %) and pH 8 (64.62 %). The
lowest removal was observed for pH 10 (60.41 %). Similar results were observed in the works of
(Mondal et al., 2020) and (Cigeroglu et al., 2020). The logic behind this phenomenon can be given as,
NPX adsorption by ARSB particles is reportedly mediated via n-7 interactions, electrostatic interactions
and hydrogen (H-H) bonding (Mondal et al., 2020). The pHy.c of ARSB is 4.5 (Bhattacharya et al.,
2021) and the pKa value of NPX is 4.2 (Reynel-avila et al., 2015). Therefore at pH below 4.2 the
molecules of NPX are neutrally charged whereas above pH 4.2 the molecules of NPX are negatively
charged. Similarly, the surface of ARSB are positive below the pH;c4.5 and negative above it (Banerjee
et al., 2016). Therefore at the lower pH range the adsorption of NPX by ARSB is enhanced due to van
der Waal’s interaction and hydrogen bonding (I'lbay et al., 2015) whereas at the higher pH range, the
adsorption of NPX by ARSB is reduced due to the repulsion between negative surface of ARSB and
the anionic form of NPX (Mondal et al., 2020). Thus, the highest removal of NPX was observed at pH
2 and the removal of NPX by ARSB decreased with the increase in pH of the experimental solution
(Bhattacharya et al., 2021).

The removal of RTN by ARSB also exhibited a similar trend as the adsorption of CBZ by ARSB. From
the result of the experiment as shown in Fig. 5.4(c) it was observed that the removal of RTN by ARSB
increased with the increase in pH of the experimental solution till pH 6. With further increase in pH, a
decline in the removal of RTN was observed. The removal at pH 2 was 46.52 %, the removal at pH 4
was 52 %, the removal at pH 6 was 55.33 %, the removal at pH 8 was 53.3 % and the removal at pH 10
was 45.95 %. The logic behind this observation can be attributed to the fact that, RTN has two pK,
values at pH 2.7 and pH 8.2 (Kortejarvi et al., 2005) and RTN remains in a protonated, cationic stage
at pH below 2.7 and it remains in an anionic stage at pH greater than 8.2 (Al-rub et al., 2020). On the
other hand, as mentioned before the pHy.c of ARSB is 4.5 (Bhattacharya et al., 2021) meaning the
surface of ARSB will be positively charged at pH less than 4.5 and will be negatively charged at pH
greater than 4.5. Therefore at the lower pH range, the removal of RTN will be affected due to the
repulsion of the positives charges between the molecules of RTN and the surface of ARSB. Similarly,
at the higher pH range the adsorption will be affected due to the accumulation of negative charges on
the surface of ARSB and the anionic molecules of RTN (Al-rub et al., 2020). As a result removal of
RTN by ARSB was observed to be highest at pH 6, where the charge of the RTN molecules were neutral
and the surface of ARSB was negatively charged (Al-rub et al., 2020). The adsorption of RTN
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molecules on the surface of ARSB might have been due to H-bonding and dipole-dipole interactions
(Al-rub et al., 2020). Similar results were observed in the studies of (Bhattacharyya et al., 2018) and
(Bhattacharyya et al., 2019) where RTN was removed from water by ARSB and an activated carbon
synthesized from lemon peel respectively.

The removal of BPA by ARSB at different pH of the experimental solution is shown in (Fig. 5.4 (d)).
From there it was observed that the removal of BPA by ARSB decreased with the increase in pH, with
the highest removal being observed at pH 2 (82.63 %), followed by pH 4 (77.13 %), followed by pH 6
(76.27 %), followed by pH 8 (72.56 %) and lastly, for pH 10 (67.17 %). The reason behind this
observation can be attributed to the fact that, the pKa of BPA is 8.96 (Phatthanakittiphong & Seo, 2016).
At a pH around 8, the molecules of BPA dissociate to form monovalent bisphenolate anions. On the
other hand, the pHp;c of ARSB is 4.5 (Bhattacharya et al., 2021). As a consequence of which at the
higher pH range, both the surface of ARSB and the molecules of BPA acquire a negative charge,
resulting in the creation of an electrostatic force of repulsion. As a consequence of which, the adsorption

of BPA by ARSB is decreased at the higher pH range. Similar result have been observed in the work of
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Fig. 5.4:- Effect of pH on the removal of (a) CBZ (b) NPX (c) RTN (d) BPA by ARSB

5.4.2.4 Effect of temperature on the removal efficacy of ARSB

The effect of temperature on the removal of the EC’s by ARSB was detected at four temperatures 298
K, 303 K, 308 K and 313 K. The dosage of ARSB was kept constant at 2 g/L and the concentration of
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EC’s were kept constant at 10 mg/L. The result of the experiment as showed in Fig. 5.5(a)-(d), and
from there it was observed that the removal of CBZ by ARSB (Fig. 5.5(a)) increased with the increase
in temperature. The highest removal was observed at 313 K (61.51 %) and the lowest removal was
observed at 298 K (57.61 %). The increase in adsorption with increase in temperature could be attributed
to the greater interaction between the CBZ molecules and the surface of ARSB and to the widening of
the pores on the surface of the ARSB (Bhattacharya et al., 2020, 2021). The increase in adsorption of
CBZ molecules by ARSB with increasing temperature denote the endothermic nature of the reaction.

From Fig. 5.5(b) it was observed that the removal of NPX by ARSB increased with the increase in
temperature upto the optimum temperature point of 308 K. The removal of NPX by ARSB was 68.85
% at 298 K, 72.58 % at 303 K, 73.6 % at 308 K and 65.71 % at 313 K. The increase in adsorption of
NPX by the surface of ARSB with the increase in temperature up-to 308 K could be attributed to the
increased interactions between the ARSB particles and the NPX molecules and to the widening of the
pores on the surface of ARSB thereby resulting in greater uptake of NPX molecules by ARSB (Banerjee
etal., 2015b, 2016). However, when the temperature of the experimental solution was increased beyond
308 K to 313 K, the formation of bonds between the surface of ARSB and the NPX molecules is
disfavoured resulting in decreased uptake of NPX molecules by the surface of ARSB (Banerjee et al.,
2015b). As a consequence of which at this highest temperature, the adsorption of NPX by the surface
of ARSB is reduced. Similar results have been reported in previous literatures (Banerjee et al., 2015b;
Mukherjee et al., 2019).

From Fig. 5.5(c), it was observed that the removal of RTN by ARSB followed a similar trend to the
removal of NPX by ARSB, i.e., it increased with increase in temperature from 298 K — 308 K (43.87
% - 62.14 %). This could be attributed to the widening of pore size and the increased interaction between
the RTN molecules and the surface of ARSB with the increase in temperature (Banerjee et al., 2016;
Bhattacharya et al., 2021). However when the temperature was increased to 313 K, a slight decrease in
the removal percentage of RTN was observed (59.76 %). This could be attributed to the increased
kinetic energy of the surface of ARSB and the RTN molecules with the increase in temperature resulting
in the breakage of the adsorbate adsorbent bonds (Al-rub et al., 2020). Out of the four temperature
tested, the highest removal was observed at 308 K (62.14 %), signifying it to be optimum temperature
for the adsorption of RTN molecules by ARSB.

From Fig. 5.5 (d) the effect of temperature on the removal of BPA by ARSB was detected at four
temperatures at 298 K, 303 K, 308 K and 313 K. The dosage of ARSB was kept constant at 2 g/L and
the concentration of BPA was kept constant at 10 mg/L. From the result of the experiment as observed
in Fig. 5.5 (d), it was observed that the removal of BPA by ARSB decreased with the increase in
temperature, with the highest removal being observed at 298 K (77.18 %), followed by at 303 K (76.95
%), followed by at 308 K (74.76 %) and lastly at 313 K (71.24 %). The decreased removal of BPA by
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ARSB with the subsequent increase in temperature denotes the exothermic nature of the adsorption
reaction. Similar results have been observed in the work of (Phatthanakittiphong & Seo, 2016) and

(b)

Pom et P
Pom et P

nonn |ROOe
N

[c) )

Paorrenige Formosd
Paorrrnige Formosd

il

Fig. 5.5:- Effect of temperature on the removal of (a) CBZ (b) NPX (c) RTN (d) BPA by ARSB
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5.4.3 Adsorption Isotherm

The dose variation data (0.5 g/L-2 g/L) from the batch study was used for calculating the adsorption
isotherm. The result of the isotherm is given in the following tables.

5.4.3.1 Adsorption isotherm for the adsorption of CBZ by ARSB

The result of the experiment is given in Table 5.1 and from there it was observed that the adsorption of
CBZ on the surface of ARSB was best described by the Tempkin isotherm model (R?=0.99) denoting
that the adsorption of CBZ on the surface of ARSB was uniform in nature and the heat of adsorption of
the adsorption moieties decreased in a linear pattern as the reaction proceeded (Bhattacharya et al.,
2020).
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Table 5.1:- Investigating different isotherm parameters for CBZ adsorption by ARSB

Models

Parameters

Description

Unit

Adsorbent Dosage (gm/L)

05g/L

lg/lL 159/

2g/lL

Langmuir

Ce

Equilibrium  pharmaceutical
concentration in solution

mg Lt

6.04

5.63 511

4.22

Qe

Theoretical maximum

adsorption capacity

mg g*

791

4.37 3.26

2.89

Qo

Maximum monolayer
coverage capacity calculated
from slope of C./ge vs. C. plot.

mg g*

1.29

0.94 0.32

0.37

Langmuir  coefficient  of
energy of adsorption
calculated from intercept of
Celge vs. C, plot.

L mgt

-0.19

-0.22 -0.19

0.24

R2

Correlation coefficient

0.98

0.96 0.82

0.92

Freundlich

Nt

Adsorption intensity
calculated from slope of In g
vs. In C, plot

0.36

0.47 -0.36

-0.48

Ks

Freundlich ~ coefficient  of
adsorption capacity calculated
from intercept of In g vs. In C
plot

mg g*

1147.68

116.14 244

135.69

R2

Correlation coefficient

0.99

0.98 0.91

0.92

Temkin

Br

Coefficients of heat of
adsorption calculated from
slope of g vs. In C. plot at
operational temperature T
(303K)

Jmolt

-14.375

-6.67 -4.57

-3.12

Kr

Temkin equilibrium binding
constant  calculated  from
intercept of ge vs. In C, plot at
operational temperature T
(303 K)

Lg?t

0.095

0.092 15.15

0.09

R2

Correlation coefficient

0.99

0.99 0.99

0.99

Dubinin-
Radushkevich

Dubinin-Radushkevich
constant calculated from slope
of In ge vs. £ plot.

mole
KJ?

2

0.00001

0.000009 0.00001

0.000006

Qs

Theoretical isotherm
saturation capacity calculated
from intercept of In g vs. &
plot.

0.1439

6.7 x10°8 0.801

0.58

Mean sorption energy

kJ
mole?

22361

235.7 223,61

288.68

R?

Correlation coefficient

0.99

0.96 0.84

0.77

Polanyi Potential

385.7

411.57 450.47

536.14
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5.4.3.2 Adsorption isotherm for the adsorption of NPX by ARSB

The dose variation data (0.5 g/L-2 g/L) from the batch study was used for calculating the adsorption
isotherm. The result of the experiment is given in Table 5.2 and from there it was observed that the
adsorption of NPX on the surface of ARSB was best described by the Tempkin isotherm model
(R?=0.99) denoting that the adsorption of NPX on the surface of ARSB was uniform in nature and the
heat of adsorption of the adsorbent moieties decreased in a linear fashion as the reaction increased
(Bhattacharya et al., 2021).
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Table 5.2:- Investigating different isotherm parameters for NPX adsorption by ARSB

Adsorbent Dosage (gm/L)
Models Parameters Description Unit
0.5¢/L lg/L 15¢/L 2¢g/L
Langmuir Equilibrium pharmaceutical 4.99 331 3.17 2.77
C. Ln . mg L*
concentration in solution
. ) 10.02 6.69 455 3.66
Theoretical maximum —
Oe adsorption capacity 99
Maximum monolayer 24 2.16 169 1.36
coverage capacity calculated 1
Q from slope of Cge vs. C | M09
plot.
Langmuir  coefficient  of 0.25 04 0.46 0.54
energy  of  adsorption 1
b calculated from intercept of L mg
Celge vs. C plot.
R? Correlation coefficient 0.96 097 099 099
Freundlich ) ) ] 0.57 0.97 111 1.22
Adsorption intensity
N calculated from slope of In g,
vs. In C, plot
Freundlich coefficient of 179.02 2442 1341 84
K adsorption capacity | mgg?!
f calculated from intercept of
In ge vs. In C, plot
0.97 0.97 0.98 0.98
R? Correlation coefficient
Temki 12. 4, 072 2.1367
emian Coefficients of heat of 036 S 30729 %
adsorption calculated from
By slope of ge vs. In C, plot at | J mol?
operational temperature T
(303K)
Temkin equilibrium binding 11.56 1343 1435 0.07
constant calculated from
Kr intercept of ge vs. In Ceplotat | L g?
operational temperature T
(303 K)
R? Correlation coefficient 0.99 0.99 099 0.99
Dubinin- Dubinin-Radushkevich 0.000006 0.000002 0.000002 0.000001
. 2
Radushkevich | g constant calculated  from m‘f'f
) KJ
slope of In ge vs. & plot.
Theoretical isotherm 283 2.79 043 0.16
saturation capacity n
Q calculated from intercept of mg g
In ge vs. & plot.
912.87 1581.14 1581.14 707.11
E Mean sorption ener k)
P % molet
R? Correlation coefficient 0.92 0.88 0.92 0.91
€ Polanyi Potential 460.22 664.94 690.12 797.77
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5.4.3.3 Adsorption Isotherm for the adsorption of RTN by ARSB

The dose variation data (0.5 g/L-2 g/L) from the batch study was used for calculating the adsorption
isotherm. The result of the experiment is given in Table 5.3 and from there it was observed that the
adsorption of RTN on the surface of ARSB was best described by the Tempkin isotherm model
(R?=0.99) signifying that the adsorption of RTN on the surface of ARSB was uniform in nature and the
heat of the adsorption of the adsorbent moieties decreased linearly as the reaction increased
(Bhattacharya et al., 2020).
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Table 5.3:- Investigating different isotherm parameters for RTN adsorption by ARSB

Adsorbent Dosage (gm/L)

Models Parameters Description Unit
059/l 1g/L 15g/L 2g/L
Langmuir Equilibrium  pharmaceutical 748 6.24 5.27 417
Ce . . mg L!
concentration in solution
_ ) 5.04 3.76 3.15 2.92
Theoretical maximum —
Oe adsorption capacity 99
0.57 0.98 0.97 1.15
Maximum monolayer
Qo coverage capacity calculated | mg g*
from slope of Ce/qe vs. C. plot.
Langmuir  coefficient  of 0.15 .21 .27 0.38
energy of adsorption 1
b calculated from intercept of L mg
Celge vs. C, plot.
R? Correlation coefficient 0.95 0.98 0.98 099
Freundlich 0.21 -0.46 -0.63 -0.96
Adsorption intensity
N calculated from slope of In ge
vs. In C, plot
Freundlich  coefficient of 6188249 197.87 43.92 1319
K adsorption capacity calculated | mg g
f from intercept of In g vs. In C
plot
0.98 0.99 0.99 0.99
R? Correlation coefficient
Temki -16.2 6. -4.04 2.
emiin Coefficients of heat of 6.285 68 0 5
adsorption calculated from
Br slope of g, vs. In Ce plot at | Jmol*!
operational temperature T
(303K)
Temkin equilibrium binding 0.098 0.09 0.087 0.075
constant  calculated  from
Kr intercept of ge vs. In Ceplotat | Lg*
operational temperature T
(303 K)
R? Correlation coefficient 0.99 0.99 0.99 0.99
Dubinin- Dubinin-Radushkevich 0.00003 0.00001 0.000006 0.000003
: 2
Radushkevich B constant calculated from slope mo_lze
5 KJ
of In ge vs. & plot.
Theoretical isotherm 0.31 0.99 0.0002 0.044
0 saturation capacity calculated ma gt
s from intercept of In ge vs. & 98
plot.
129.11 707.11 288.68 408.25
E Mean sorption ener k)
P % mole!
R? Correlation coefficient 0.96 0.98 0.97 0.96
€ Polanyi Potential 316.01 374.89 437.4 541.55
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5.4.3.4 Adsorption Isotherm for the adsorption of BPA by ARSB

The dose variation data (0.5 g/L-2 g/L) from the batch study was used for calculating the adsorption
isotherm. The result of the experiment is given in Table 5.4 and from there it was observed that the
adsorption of BPA on the surface of ARSB was best described by the Temkin isotherm model (R?=0.99)
denoting that the adsorption of BPA on the surface of ARSB was uniform in nature and the heat of
adsorption of the adsorbent moieties decreased in a linear fashion as the reaction proceeded
(Bhattacharya et al., 2020).
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Table 5.4:- Investigating different isotherm parameters for BPA adsorption by ARSB

Adsorbent Dosage (gm/L)

Models Parameters Description Unit
05g/L lglL 15g/L 2g/L
Langmuir Equilibrium  pharmaceutical 53 3.75 3.02 2.46
Ce . . mg L!
concentration in solution
Theoretical . 9.4 6.25 4.65 3.77
eoretica maximum n
Oe adsorption capacity mgg
1.31 0.96 0.96 1.26
Maximum monolayer coverage
Qo capacity calculated from slope | mgg?
of Ce/ge vs. Ce plot.
-0.204 -0.267 -0.334 -0.49
Langmuir coefficient of energy
b of adsorption calculated from | L mg?!
intercept of Ce/ge vs. C. plot.
R? Correlation coefficient 086 086 088 093
Freundlich -0.408 -0.588 -0.81 -1.26
0 Adsorption intensity calculated
f from slope of In ge vs. In C, plot
Freundlich  coefficient  of 606.43 458 15.74 16.52
K adsorption capacity calculated | mgg?!
f from intercept of In g vs. In C,
plot
0.94 0.92 0.90 0.93
R? Correlation coefficient
Temkin Coefficients  of heat of -13.558 -5.8223 -3.392 -2.0836
adsorption  calculated  from
Br slope of . vs. In C. plot at | Jmol*
operational  temperature T
(303K)
Temkin equilibrium  binding 0.093 0.088 15.14 0.063
constant  calculated  from
Kr intercept of ge vs. In Ceplot at | Lg?
operational temperature T (303
K)
R? Correlation coefficient 0.99 0.98 0.98 0.98
Dubinin- _ Dubinin-Radushkevich e 2 0.00001 0.000005 0.000006 0.000001
Radushkevich | g constant calculated from slope | .
2 KJ
of In ge vs. & plot.
1.57 0.065 0.11 1.77
Theoretical isotherm saturation
Qs capacity  calculated  from | mgg?
intercept of In ge vs. €2 plot.
22361 316.23 500 707.11
E Mean sorption ener k
P o mole’t
R? Correlation coefficient 0.87 0.79 0.73 0.78
€ Polanyi Potential 435.46 595.56 721.05 858.09
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5.4.4 Adsorption Kinetics

The adsorption kinetics were calculated with the temperature study data (298 K-303 K) and the results
of the study is shown as follows.

5.4.4.1 Adsorption Kinetics for the adsorption of CBZ on the surface of ARSB

The temperature variation data (298 K — 313 K) from the batch study was used for calculating the
adsorption Kinetics. The result of the experiment is given in Table 5.5 and from there it was observed
that the adsorption of CBZ on the surface of ARSB was best described by the pseudo second order
kinetic model (R? = 0.98) (Banerjee et al., 2016).
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Table 5.5:- Investigating different kinetics parameters for adsorption of CBZ on ARSB

Temperatures (° K)

Models Parameters | Description Units
298 K 303K 308 K 313K
Pseudo first order Pseudo-1%torder | min! 0.06 0.04 0.09 0.04
rate  constant
K obtained from
! linear plots of
log (e — q1) vs.
t.
Quantity of | mgg? 471 2.27 13.78 2.37
(cal) adsorbate
Ge adsorbed  at
equilibrium
R Correlation 0.98 0.94 0.95 0.85
coefficient
Pseudo  second Pseudo-2"dorder | mg gt mint | 0.019 0.014 0.019 0.025
order rate  constant
ko determined
from plot of t/q;
vs. t.
Quantity of | mgg? 3.35 3.92 348 34
adsorbate
Oe adsorbed at
equilibrium
R Correlation 0.99 0.97 0.9 0.99
coefficient
Intraparticle Intra-particle mg gt min*2 | 0.191 0.2325 0.1994 0.2287
diffusion diffusion rate
constant
calculated from
Kaite the slope of
regression plot
of qus. 2
where t is time
(min).
Constant mg ¢! 1.054 1.1506 1.1389 0.7244
calculated from
the intercept of
C regression plot
of qus. 2
where t is time
(min).
) Correlation 0.78 0.61 0.68 0.72
R coefficient
Elovich Istherm Initial mg g min 0.046 0.27 0.06 0.005
adsorption rate
calculated from
o the intercept of
liner plot of q:
vs. Int
Initial mg gt 143 113 1.34 152
desorption rate
calculated from
B the slope? of
liner plot of q:
vs. Int.
) Correlation 0.89 0.75 0.81 0.74
R coefficient
Liquid film L ) -0.0631 -0.047 -0.0975 -0.0321
diffusion model Liquid film
R diffusion
constant
) Correlation 0.98 0.94 0.95 0.87
R coefficient
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5.4.4.2 Adsorption Kinetics for the adsorption of NPX on the surface of ARSB

The temperature variation data (298 K — 313 K) from the batch study was used for calculating the
adsorption Kkinetics. The result of the experiment is given in Table 5.6 and from there it was observed
that the adsorption of NPX on the surface of ARSB was best described by the Pseudo-second order
kinetic model (R? = 0.985) (Bhattacharya et al., 2021).
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Table 5.6: Investigating different kinetics parameters for adsorption of NPX on ARSB

Temperatures (° K)

Models Parameters Description Units
298 K 303K 308 K 313K
Pseudo first order Pseudo-1torder | min? 0.051 0.05 0.05 0.05
rate  constant
K obtained from
1 linear plots of
log (@ — 1) vs.
t
Quantity of | mgg? 4.48 418 2.95 7.69
| adsorbate
G (cal) adsorbed  at
equilibrium
, Correlation 0.93 0.97 0.93 0.75
R coefficient
Pseudo  second Pseudo-2"order | mggtmint | 0.015 0.015 0.03 0.006
order rate  constant
ko determined
from plot of t/q;
Vs, t.
Quantity of | mgg? 3.99 4.19 3.99 4.24
adsorbate
O adsorbed  at
equilibrium
R? Corre_l;tion 0.99 0.99 0.99 0.97
coefficient
Intraparticle Intra-particle mg gt mint?2 | 0.2255 0.2326 0.1743 0.2425
diffusion diffusion rate
constant
calculated from
Kt the slope of
regression plot
of qus. 2
where t is time
(min).
Constant mg g 1.2205 1.3685 2.0389 0.1116
calculated from
the intercept of
C regression plot
of qus. 2
where t is time
(min).
) Correlation 0.99 0.85 0.68 0.93
R coefficient
Elovich Istherm Initial mg g min 0.03 0.008 11 3.06
adsorption rate
calculated from
« the intercept of
liner plot of q
vs. Int
Initial mg gt 124 12 153 1.04
desorption rate
calculated from
p the slope® of
liner plot of g
vs. Int.
R? Correlation 09 092 0.82 097
coefficient
Liquid film Lo ] 0.0509 0.05 0.0532 0.0088
diffusion model L'IqUIC'j film
R diffusion
constant
) Correlation 0.93 0.97 0.93 0.95
R coefficient
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5.4.4.3 Adsorption Kinetics for the adsorption of RTN on the surface of ARSB

The temperature variation data (298 K — 313 K) from the batch study was used for calculating the
adsorption Kkinetics. The result of the experiment is given in Table 5.7 and from there it was observed
that the adsorption of RTN molecules on the surface of ARSB was best described by the pseudo —
second order kinetic model which exhibited the highest R? = 0.99 value (Banerjee et al., 2016;
Bhattacharya et al., 2021).
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Table 5.7:

Investigating different kinetics parameters for adsorption of RTN on ARSB

Temperatures (° K)

Models Parameters Description Units
298 K 303K 308 K 313K
Pseudo first order Pseudo-1torder | min? 0.052 0.024 0.03 0.059
rate  constant
K obtained from
1 linear plots of
log (@ — 1) vs.
t
Quantity of | mgg? 4.27 1.02 2.32 7.15
| adsorbate
G (cal) adsorbed  at
equilibrium
, Correlation 0.92 0.86 0.94 0.88
R coefficient
Pseudo  second Pseudo-2"order | mggtmint | 0.008 0.04 0.017 0.014
order rate  constant
ko determined
from plot of t/q;
Vs, t.
Quantity of | mgg?! 3.05 2.72 351 35
adsorbate
O adsorbed at
equilibrium
R? Corre_l;tion 0.97 0.99 0.99 0.99
coefficient
Intraparticle Intra-particle mg gt min2 | 0.1501 0.0923 0.1742 0.1927
diffusion diffusion  rate
constant
calculated from
Kt the slope of
regression plot
of qus. 2
where t is time
(min).
Constant mg g 0.6472 1.548 1.2617 0.7575
calculated from
the intercept of
C regression plot
of qus. 2
where t is time
(min).
) Correlation 0.91 0.89 0.98 0.96
R coefficient
Elovich Istherm Initial mg g min 2.7 8.2 0.058 0.055
adsorption rate
calculated from
« the intercept of
liner plot of q
vs. Int
Initial mg gt 1.36 324 1.69 1.45
desorption rate
calculated from
p the slope® of
liner plot of g
vs. Int.
) Correlation 0.96 0.84 0.96 0.99
R coefficient
Liquid film Lo ] -0.0518 -0.0243 -0.0544 -0.0593
diffusion model L'IqUIC'j film
R diffusion
constant
) Correlation 0.92 0.86 0.88 0.88
R coefficient
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5.4.4.4 Adsorption Kinetics for the adsorption of BPA on the surface of ARSB

The temperature variation data (298 K — 313 K) from the batch study was used for calculating the
adsorption Kkinetics. The result of the experiment is given in Table 5.8 and from there it was observed
that the highest R? value was exhibited by the pseudo second order kinetic model. Thus, it can be stated
that the adsorption of BPA on the surface of ARSB was best described by the Pseudo second order
kinetic model (R? = 0.96) (Banerjee et al., 2016; Bhattacharya et al., 2021).
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Table 5.8:

Investigating different kinetics parameters for adsorption of BPA on ARSB

Temperatures (° K)

Models Parameters | Description Units
298 K 303K 308 K 313K
Pseudo first order Pseudo-1torder | min? 0.07 0.036 0.06 0.051
rate  constant
K obtained from
! linear plots of
log (ge — qv) vs.
t.
Quantity  of | mgg? 17.24 5.66 15.89 10.17
(cal) adsorbate
Ge adsorbed  at
equilibrium
, Correlation 0.87 0.97 0.79 0.87
R coefficient
Pseudo  second Pseudo-2"order | mg gt mint | 0.005 0.004 0.0038 0.0032
order rate  constant
ka determined
from plot of t/q;
vs. t.
Quantity of | mgg?! 5.07 5.29 5.25 5.29
adsorbate
Oe adsorbed at
equilibrium
R? Corre_la_tion 0.98 0.98 0.98 0.91
coefficient
Intraparticle Intra-particle mg gt min2 | 0.3309 0.3518 0.3474 0.3063
diffusion diffusion  rate
constant
calculated from
Kt the slope of
regression plot
of qus. 2
where t is time
(min).
Constant mg g 0.4453 0.1852 0.0317 0.1966
calculated from
the intercept of
C regression plot
of qus. 2
where t is time
(min).
) Correlation 0.96 0.97 0.99 0.92
R coefficient
Elovich Istherm Initial mg g min 252 4.22 0.00002 2.1
adsorption rate
calculated from
« the intercept of
liner plot of q:
vs. Int
Initial mg gt 0.88 0.83 1131 0.85
desorption rate
calculated from
B the slope?! of
liner plot of q:
vs. Int.
) Correlation 0.95 0.97 0.95 0.92
R coefficient
Liquid film Lo ] 0.0697 0.0612 0.0618 0.0512
diffusion model L_|qU|q film
R diffusion
constant
) Correlation 0.87 0.85 0.79 0.87
R coefficient
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5.4.5 Activation Enerqgy and Adsorption Thermodynamics

The activation energy for the adsorption of the EC’s on the surface of ARSB was calculated by
Arrhenius equation and the result of the thermodynamics was calculated by the van’t Hoff equation.

The result of the experiment is given as follows.
5.4.5.1 Activation Energy and Adsorption Thermodynamics for the adsorption of CBZ by ARSB

The result of the study is given in Table 5.9. The rate of the pseudo-second order kinetic model reaction
was used as the rate constant. From there it was observed that the activation energy was 11.65 kJ/mole.
As the activation energy value was less than 40 kJ/mole then it was observed that the adsorption of CBZ
on the surface of ARSB was physical in nature (Banerjee et al., 2016; Bhattacharya et al., 2020).

From the thermodynamic study, it was observed that the Gibbs value was positive across the
temperature range and decreased with increase in temperature (921.47 kJ/mole — 583.52 kJ/mole)
thereby signifying that the adsorption of CBZ on the surface of ARSB was non-spontaneous in nature
and required the help of external energy (Ali et al., 2016; Hossain et al., 2012; Prado et al., 2004). The
positive value of AH® signified that the adsorption of CBZ on the surface of ARSB was endothermic in
nature and the reaction went ahead by consuming energy from the concerned system (Banerjee et al.,
2016; P. Das et al., 2015). The positive AS° meant that the ARSB and CBZ both underwent active site

interaction during the adsorption process (Balasubramani et al., 2020; Bhattacharya et al., 2021).

Table 5.9. Analysis of thermodynamic parameters and Activation energy for CBZ adsorption by ARSB

Temperature (K) | AG (kJ/mole) | A H (kJ/mole) A'S (joule/mole/kelvin) | Ea ( kJ/mole)
921.47 21.48 11.65

298 K 7.3

303 K 751.15

308 K 694.01

313K 583.52

5.4.5.2 Activation Energy and Adsorption Thermodynamics for the adsorption of NPX by ARSB

The result of the experiment is given in Table 5.10. The rate of the pseudo-second order kinetic model
reaction was used as the rate constant. From there it was observed that the activation energy was 54.67
kJ/mole. As the activation energy value was more than 40 kJ/mole then it was observed that the
adsorption of NPX on the surface of ARSB was chemisorption in nature (Banerjee et al., 2016;
Bhattacharya et al., 2020).

From the thermodynamic study, it was observed that the Gibbs value was negative across the
temperature range (-6818.88 kJ/mole —-6937.52 kJ/mole) thereby signifying that the adsorption of NPX

on the surface of ARSB was spontaneous in nature. The positive value of AH® signified that the
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adsorption of NPX on the surface of ARSB was endothermic in nature and the reaction went ahead by
consuming energy from the concerned system (Banerjee et al., 2015b, 2016). The positive AS°® meant
that the ARSB and NPX both underwent active site interaction during the adsorption process
(Balasubramani et al., 2020; Bhattacharya et al., 2021).

Table 5.10. Analysis of thermodynamic parameters and Activation energy for NPX adsorption by
ARSB

Temperature (K) | AG (kJ/mole) | A H (kJ/mole) A S(joule/mole/kelvin) | Ea ( kd/mole)
-6818.88

298 K 14.07 | 70.21 54.67

303 K -7288.59

308 K -7518.36

313K -6937.52

5.4.5.3 Activation Energy and Adsorption Thermodynamics for the adsorption of RTN by ARSB

The result of the experiment is given in Table 5.11. The rate of the pseudo-second order kinetic model
reaction was used as the rate constant. From there it was observed that the activation energy was 13.79
kJ/mole. As the activation energy value was less than 40 kJ/mole then it can be stated that the adsorption
of RTN on the surface of ARSB was physical in nature (Al-rub et al., 2020; Banerjee et al., 2016;
Bhattacharya et al., 2020).

From the thermodynamic study, it was observed that the Gibbs value was positive across the
temperature range (2327.99 kJ/mole —774.42 ki/mole for 298 K to 313 K) thereby signifying that the
adsorption of RTN on the surface of ARSB was non-spontaneous in nature and required external energy
(Ali et al., 2016; Hossain et al., 2012; Prado et al., 2004). The positive value of AH® signified that the
adsorption of RTN on the surface of ARSB was endothermic in nature and the reaction went ahead by
consuming energy from the concerned system (Banerjee et al., 2015b, 2016). The positive AS° meant
that the ARSB and RTN both underwent active site interaction during the adsorption process
(Balasubramani et al., 2020; Bhattacharya et al., 2021).

Table 5.11. Analysis of thermodynamic parameters and activation energy for RTN adsorption by
ARSB.

Temperature (K) | AG (kJ/mole) | A H (kJ/mole) A 'S (joule/mole/kelvin) | Ea (kJ/mole)
2327.99 13.79

298 K 37.17 117.38

303 K 1653.16

308 K 505.82

313K 774.42
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5.4.5.4 Activation Energy and Adsorption Thermodynamics for the adsorption of BPA by ARSB

The result of the experiment is given in Table 5.12. The rate of the pseudo-second order kinetic model
reaction was used as the rate constant. From there it was observed that the activation energy was 3.26
kJ/mole. As the activation energy value was less than 40 kJ/mole then it can be stated that the adsorption
of BPA on the surface of ARSB was physical in nature (Kwon & Lee, 2015; Phatthanakittiphong &
Seo, 2016; J. Xu et al., 2012).

From the thermodynamic study, it was observed that the Gibbs value was negative across the
temperature range (-1301.66 kJ/mole — - 557.12 kJ/mole for 298 K to 313 K) thereby signifying that
the adsorption of BPA on the surface of ARSB was spontaneous in nature under the given temperature
range (Das et al., 2022). The negative value of AH® signified that the adsorption of BPA on the surface
of ARSB was exothermic in nature (Kwon & Lee, 2015; Phatthanakittiphong & Seo, 2016; J. Xu et al.,
2012). The negative AS® value meant that when the equilibrium was reached for the adsorption of BPA
by ARSB, the randomness on the surface of ARSB decreased (Kwon & Lee, 2015; Phatthanakittiphong
& Seo, 2016; J. Xu et al., 2012).

Table 5.12. Analysis of thermodynamic parameters and Activation energy for BPA adsorption by
ARSB

Temperature (K) | AG (kd/mole) | A H (kJ/mole) A S (joule/mole/kelvin) | Ea ( kd/mole)

298 K -1301.66 -16.25 -49.8 3.26
303 K -1291.05

308 K -1006.09

313K -557.12
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5.4.6 Process Optimization by RSM

5.4.6.1 Optimization of the adsorption of CBZ by ARSB by RSM

The RSM was performed with the aim of understanding the effect of inter parameter interaction on the
experimental outcome. In Table 5.13, the outcome of the 20 experiments as proposed by the software
for the CCD model of the RSM is given and in Table 5.14 the result of the ANOVA of the RSM model
is provided. From there it is observed that the R? value of the model was 0.98 and the adjusted R? value
was 0.96 which propounded the fact that the polynomial model suggested by RSM much greater than
unity) and the low value of P (< 0.0001) meant that the optimizing model was highly significant, with
the experimental data points exhibiting a high degree of correlation with the predicted data points
(Bhattacharya et al., 2021). Fig. 5.6 shows the relation between the experimentally determined data
points and the predicted data points and there also it can be noted that the experimental data points
exhibits a high degree of correlation with the predicted data points. The real equation which was used

to predict the effect of the input variables on the response output is presented as follows.

Removal = —16.98564 + 3.19777 X pH + 43.67209 X Dose + 0.27140 X Time — 0.27521 X
pH x Dose — 0.018557 X pH X Time — 8.22829 X 1073 X Dose x Time — 0.067324 X pH? —
7.40953 X Dose? — 8.42521 X 107* X Time? .. ...coiiiiiiiiiiiiiii e (XXXV)

As per the RSM model the optimized conditions under which maximum removal of CBZ (66.64) was
possible were: adsorbent dosage of 3 g/L, pH value of 4 and reaction time of 150 minutes. For this RSM
model, the interaction between the experimental parameters (input variables) and their outcome on the

percentage removal of CBZ (response variable) is illustrated by the contour plots shown in Fig. 5.7-5.9.

> Effect of ARSB dosage and solution pH on CBZ removal by ARSB

The interaction in between the pH of the experimental solution and the dosage of ARSB and its effect
on the removal of EC’s is conveyed in the contour plot of Fig. 5.7. From there it was observed that the
removal of CBZ by ARSB increased with the increase in dosage of ARSB. The higher removal of CBZ
at the higher dose of ARSB was due to the availability of greater surface area for the purpose of
adsorption and the consequently the highest removal value was observed around the highest dosage of
3 ¢/L (Banerjee et al., 2016; Bhattacharya et al., 2021). In case of the variation of pH of the experimental
solution, it was observed that the highest removal of CBZ by ARSB was obtained at the lower pH range
and consequently the removal of CBZ by ARSB decreased at the higher pH range. This was similar to
the result obtained from the batch study. With the pHp.c value of ARSB being 4.5 (Bhattacharya et al.,
2021) at the lower pH range (pH 2 - pH 4) the surface of ARSB and the experimental solution both are
positively charged resulting in the creation of a force of repulsion between the ARSB particles and the

H* ions present in the experimental solution. When the pH is increased to pH 6, the surface of ARSB
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attains a negative charge while the experimental solution is neutrally charged resulting in the higher
adsorption of CBZ molecules onto the surface of ARSB. The rate of adsorption again decreases when
the pH enters the basic range due to the force of repulsion existing between the surface of ARSB and
the OH" ions present in the experimental solution. Thus the highest removal of CBZ by ARSB takes
place at highest adsorbent dosage and around neutral pH range.

> Effect of solution pH and contact time on CBZ removal by ARSB

The interaction in between the pH of the experimental solution and contact time and its effect on the
removal of CBZ by ARSB is conveyed in the contour plot of Fig. 5.8. From there it was observed that
the removal of CBZ by ARSB increased with increase in pH of the experimental solution from pH 2 to
pH 6 due to the electrostatic force of attraction acting between the negatively charged surface of ARSB
and the neutrally charged experimental solution. However, the rate of adsorption again decreased on
increasing the pH beyond pH 6, due to the creation of a force of repulsion between the negatively
charged surface of ARSB and the OH" ions present in the experimental solution (Bhattacharya et al.,
2021). The adsorption of CBZ on the surface of ARSB was found to be highest in the contact time range
of 90-105 minutes. When the contact time increased beyond 105 minutes, the adsorption of CBZ

molecules by ARSB decreased.
> Effect of contact time and ARSB dosage on CBZ removal by ARSB

The interaction in between the contact time and dosage of adsorbent and its effect on the removal of
CBZ by ARSB is conveyed in the contour plot of Fig. 5.9. From there it was observed that removal of
CBZ by ARSB increased with increase in dosage of ARSB which could be attributed to the greater
availability of active sites for the uptake of CBZ molecules (Bhattacharya et al., 2021). The adsorption
of CBZ by ARSB was found to be the highest in the contact time of 90-105 minutes, beyond which the

adsorption of CBZ by ARSB decreased with the increase in contact time.
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Table 5.13 :- The table showing the 20 different set of parameters (runs) along with their corresponding

outcome as proposed by CCD model of RSM for optimization of CBZ removal by ARSB

Run Factor 1 Factor 2 Factor 3 Response 1
Block A:pH B:Dose C:Time Percentage Removal
g/L min
1 Block 1 6.5 2 120 59.10
2 Block 1 6.5 0.32 120 20.57
3 Block 1 4 3 150 66.64
4 Block 1 9 3 90 65.15
5 Block 1 6.5 2 69.55 61.43
6 Block 1 6.5 2 170.45 51.51
7 Block 1 9 3 150 55.76
8 Block 1 4 1 150 38.36
9 Block 1 6.5 2 120 59.10
10 Block 1 6.5 3.68 120 54.75
11 Block 1 6.5 2 120 59.10
12 Block 1 4 1 90 41.20
13 Block 1 4 3 90 63.80
14 Block 1 9 1 90 38.63
15 Block 1 9 1 150 36.89
16 Block 1 10.7 2 120 56.85
17 Block 1 6.5 2 120 59.10
18 Block 1 6.5 2 120 59.10
19 Block 1 2.3 2 120 58.00
20 Block 1 6.5 2 120 59.10

Table 5.14 :- ANOVA analysis for the RSM for the process operation of CBZ adsorption by ARSB

R?Value Adjusted R? Value f- value Probability Value P
0.98 0.96 58.25 (>1) 0.0001 (<0.001)
Significant
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minutes) as per the RSM model and their effect on
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5.4.6.2 Optimization of the adsorption of NPX by ARSB by RSM

The RSM was performed with the aim of understanding the effect of inter parameter interaction on the
experimental outcome. In Table 5.15, the outcome of the 20 experiments as proposed by the software
for the CCD model of the RSM is given and in Table 5.16 the result of the ANOVA of the RSM model
is provided. From there it is observed that the R? value of the model was 0.93 and the adjusted R? value
was 0.87 which propounded the fact that the polynomial model suggested by RSM was appropriate for
predicting the outcome of this adsorption reaction. The high value of F (15.76, greater than unity) and
the low value of P (< 0.0001) meant that the optimizing model was very much significant, with the
experimental data points exhibiting a high degree of correlation with the predicted data points
(Bhattacharya et al., 2021). Fig. 5.10 shows the relation between the experimentally determined data
points and the predicted data points and there also it can be noted that the experimental data points
exhibits a high degree of correlation with the predicted data points. The real equation which was used

to predict the effect of the input variables on the response output is presented as follows.

Removal % = 27.00958 + 2.50197 X pH + 41.61311 X Dose —0.10844 X Time —
411523 X 1073 X pH X Dose + 0.012483 x pH X Time — 3.31504 x 1073 x Dose X
Time — 0.61537 X pH? —7.31920 X Dose? + 4.73267 x 10™* = Time?............... (xxXVi)

As per the RSM model the optimized conditions under which maximum removal of NPX (83.35 %)
was possible were: adsorbent dosage of 3 g/L, pH value of 4 and reaction time of 150 minutes. For this
RSM model, the interaction between the experimental parameters (input variables) and their outcome
on the percentage removal of NPX (response variable) is illustrated by the contour plots shown in Fig.
5.11-5.13.

> Effect of ARSB dosage and solution pH on NPX removal by ARSB

The interaction in between the pH of the experimental solution and the dosage of ARSB and its effect
on the removal of NPX is conveyed in the contour plot of Fig. 5.11. From there it was observed that the
removal of NPX by ARSB increased with the increase in dosage of ARSB. The higher removal of NPX
at the higher dose of ARSB was due to the availability of greater surface area for the purpose of
adsorption and the consequently the highest removal value was observed around the highest dosage of
3 ¢/L (Banerjee et al., 2016; Bhattacharya et al., 2021). In case of the variation of pH of the experimental
solution, it was observed that the higher removal of NPX by ARSB was obtained at the lower pH range
and consequently the removal of NPX by ARSB decreased at the higher pH range. This was similar to
the result obtained from the batch study. With the pHp;c value of ARSB being 4.5 and the pKa value of
NPX being 4.15 (Cigeroglu et al., 2020; Reynel-avila et al., 2015), at the lower pH range the positively
charged surface of ARSB adsorbs the neutral molecules of NPX by hydrogen bonding and van deer

Waals force (I'lbay et al., 2015). Subsequently, when the pH value is increased (beyond pH 4.15 for
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NPX and pH 5 for ARSB) the surface of ARSB and the NPX molecules both acquire negative charge
(I'lbay et al., 2015; Mondal et al., 2020). As a consequence of which the removal of NPX by ARSB
decreases with the increase in pH of the experimental solution. Thus highest removal was observed at
the highest dose range and at the lowest pH range.

» Effect of solution pH and contact time on NPX removal by ARSB

The interaction in between the pH of the experimental solution and contact time and its effect on the
removal of NPX by ARSB is conveyed in the contour plot of Fig. 5.12. From there it was observed that
removal of NPX by ARSB increased with the increase in contact time due to higher number of
interaction between the NPX molecules and the surface of ARSB resulting in greater adsorption of NPX
molecules by ARSB (Bhattacharya et al., 2021). Similarly, in case of pH value it was observed that
higher adsorption of NPX by ARSB took place in lower pH range which is attributed to the adsorption
of NPX molecules by ARSB by van deer Waal’s force and hydrogen bonding (I'lbay et al., 2015). Thus
the highest removal of NPX by ARSB took place at the higher contact time range and at the lower pH

range.

> Effect of contact time and ARSB dosage on NPX removal by ARSB

The interaction in between the contact time and dosage of adsorbent and its effect on the removal of
NPX by ARSB is conveyed in the contour plot of Fig. 5.13. From there it was observed that the removal
of NPX by ARSB increased with the increase in contact time and also with the increase of adsorbent
dosage. That is because, with the increase in contact time the interaction between the molecules of NPX
and the particles of ARSB increases resulting in greater adsorption of the NPX molecules by the ARSB
particles (Bhattacharya et al., 2021). On the other hand, the removal of NPX by ARSB increases with
the increase in adsorbent dosage due to the greater availability of active sites for the uptake of the NP X
molecules (Bhattacharya et al., 2021; I'lbay et al., 2015). As a consequence of which the highest
removal of NPX by ARSB was observed at the highest dose range of ARSB and at the highest contact

time.
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Table 5.15 :- The table showing the 20 different set of parameters (runs) along with their corresponding
outcome as proposed by CCD model of RSM for optimization of NPX removal by ARSB

Run Block Factor 1 Factor 2 Factor 3 Response R1
A: pH B: Dose (g/L) C: Time (min) | Removal %
1 Block 1 6.50 2.00 120.00 73.85
2 Block 1 6.50 0.32 120.00 25.27
3 Block 1 4.00 3.00 150.00 83.35
4 Block 1 9.00 3.00 90.00 55.86
5 Block 1 6.50 2.00 69.55 72.95
6 Block 1 6.50 2.00 170.45 79.29
7 Block 1 9.00 3.00 150.00 63.21
8 Block 1 4.00 1.00 150.00 67.38
9 Block 1 6.50 2.00 120.00 73.85
10 Block 1 6.50 3.68 120.00 83.16
11 Block 1 6.50 2.00 120.00 73.85
12 Block 1 4.00 1.00 90.00 63.37
13 Block 1 4.00 3.00 90.00 80.11
14 Block 1 9.00 1.00 90.00 39.53
15 Block 1 9.00 1.00 150.00 46.91
16 Block 1 10.70 2.00 120.00 49.77
17 Block 1 6.50 2.00 120.00 73.85
18 Block 1 6.50 2.00 120.00 73.85
19 Block 1 2.30 2.00 120.00 78.35
20 Block 1 6.50 2.00 120.00 73.85

Table 5.16:- ANOVA analysis for the RSM for the process operation of NPX adsorption by ARSB

R?Value Adjusted R* Value f- value Probability Value P
0.93 0.87 15.76 (>1) <0.0001
Significant
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5.4.6.3 Optimization of the adsorption of RTN by ARSB by RSM

The RSM was performed with the aim of understanding the effect of inter parameter interaction on the
experimental outcome. In Table 5.17, the outcome of the 20 experiments as proposed by the software
for the CCD model of the RSM is given and in Table 5.18 the result of the ANOVA of the RSM model
is provided. From there it is observed that the R? value of the model was 0.9 and the adjusted R? value
was 0.82 which propounded the fact that the polynomial model suggested by RSM was appropriate for
predicting the outcome of this adsorption reaction. The high value of F (10.4, higher than unity) and the
low value of P (< 0.005) meant that the optimizing model was very much significant, with the
experimental data points exhibiting a high degree of correlation with the predicted data points
(Bhattacharya et al., 2021). Fig. 5.14 shows the relation between the experimentally determined data
points and the predicted data points and there also it can be noted that the experimental data points
exhibits a high degree of correlation with the predicted data points. The real equation which was used

to predict the effect of the input variables on the response output is presented as follows.

Removal = —124.39215 + 14.34984 X pH + 8.3905 X Dose + 1.68622 X Time + 1.9925 X
pH x Dose — 0.064335 X pH X Time + 0.18192 X Dose X Time — 0.75764 X pH? — 6.63656 X
Dose? —6.07746 X 1073 X TImMe? . ..ot (xxxvii)

As per the RSM model the optimized conditions under which maximum removal of RTN (78.48 %)
was possible were: adsorbent dosage of 3.68 ¢g/L, pH value of 6.5 and reaction time of 120 minutes. For
this RSM model, the interaction between the experimental parameters (input variables) and their
outcome on the percentage removal of RTN (response variable) is illustrated by the contour plots shown
in Fig. 5.15-5.17.

> Effect of ARSB dosage and solution pH on RTN removal by ARSB

The interaction in between the pH of the experimental solution and the dosage of ARSB and its effect
on the removal of RTN is conveyed in the contour plot of Fig. 5.15. From there it was observed that the
removal of RTN by ARSB increased with the increase in dosage of ARSB. This could be attributed to
the higher availability of active sites for the uptake of RTN at the higher dosage of ARSB and
consequently the highest removal value was observed around the highest dosage (Banerjee et al., 2016;
Bhattacharya et al., 2021). In case of the variation of pH of the experimental solution, it was observed
that the highest removal of RTN was observed at around pH 6.5. This could be attributed to the fact that
around the neutral pH range, the molecules of RTN were neutral (Kortejarvi et al., 2005) and the surface
of ARSB are negatively charged and as a result of which maximum adsorption of RTN molecules takes
place on the surface of ARSB at this pH (Al-rub et al., 2020). At the lower pH range both RTN
molecules and the surface of ARSB acquire positive charge whereas at the higher pH range both of

these acquire negative charge (Al-rub et al., 2020). As a consequence of which at the higher and lower
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pH range, the RTN molecules and ARSB surface experience repulsion from each other thereby
decreasing the adsorption of RTN by ARSB at this pH. Thus highest removal of RTN is observed at the
neutral pH range and at the high adsorbent dosage (Banerjee et al., 2016; Bhattacharyya et al., 2019).

» Effect of solution pH and contact time on RTN removal by ARSB

The interaction in between the pH of the experimental solution and contact time and its effect on the
removal of RTN by ARSB is shown in the contour plot of Fig. 5.16. From there it was observed that
removal of RTN by ARSB initially increased with the increase in contact time due to higher number of
interaction between the RTN molecules and the surface of ARSB resulting in greater adsorption of RTN
molecules by ARSB (Bhattacharya et al., 2021). However, beyond the optimum contact time, (around
135-150 minutes mark), a slight decrease in the removal of RTN by ARSB was observed in the contour
plot, which could be attributed to desorption due to the physical nature of the adsorption reaction. In
case of pH variation it was observed, that highest removal of RTN was around the neutral pH range,
which could be attributed to the attraction between the neutral molecules of RTN and the negatively
charged surface of ARSB (Al-rub et al., 2020).

> Effect of contact time and ARSB dosage on RTN removal by ARSB

The interaction in between the contact time and dosage of adsorbent and its effect on the removal of
RTN by ARSB is shown in the contour plot of Fig. 5.17. From there it was observed that the removal
of RTN by ARSB increased with the increase in dosage which could be attributed to the availability of
greater surface area for the uptake of RTN molecules (Banerjee et al., 2016; Bhattacharya et al., 2021).
On the other hand, the adsorption of RTN molecules by ARSB increased with the increase in contact
time till the optimum time range, which in this contour plot was around 135-140 minutes, followed by
which a slight decrease in the removal of RTN by ARSB was observed in the contour plot. This could
be attributed to the desorption of RTN molecules from the surface of ARSB due to the physical nature
of the adsorption. Thus highest removal of RTN was observed for the highest dosage and for the

optimum contact time.
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Table 5.17:- The table showing the 20 different set of parameters (runs) along with their corresponding

outcome as proposed by CCD model of RSM for optimization of RTN removal by ARSB

Factor 1 Factor 2 Factor 3 Response 1
Run Block A:pH B:Dose C:Time Percentage Removal
g/L min
1 Block 1 6.5 2 120 61.04
2 Block 1 9 1 90 23.60
3 Block 1 9 3 150 68.57
4 Block 1 4 1 150 27.92
5 Block 1 10.7 2 120 50.06
6 Block 1 6.5 2 120 61.04
7 Block 1 4 1 90 24.82
8 Block 1 6.5 2 120 61.04
9 Block 1 6.5 2 120 61.04
10 Block 1 6.5 3.6818 120 78.48
11 Block 1 6.5 2 120 61.04
12 Block 1 6.5 0.3182 120 16.22
13 Block 1 9 3 90 62.95
14 Block 1 9 1 150 26.86
15 Block 1 2.3 2 120 55.48
16 Block 1 4 3 150 69.17
17 Block 1 6.5 2 69.55 46.28
18 Block 1 6.5 2 120 61.04
19 Block 1 6.5 2 170.45 55.03
20 Block 1 4 3 90 24.82

Table 5.18 :- ANOVA analysis for the RSM for the process operation of RTN adsorption by ARSB

R?Value Adjusted R? Value f- value Probability Value P
0.9 0.82 10.4 (>1) 0.0005 (<0.001)
Significant
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Fig. 5.17: The plot showing the interaction between the
dose of the ARSB and the contact time (in minutes) as
per the RSM model and their effect on the percentage
removal of RTN by ARSB.
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5.4.6.4 Process Optimization of the adsorption of BPA by ARSB by RSM

The Response Surface Methodology was performed with the aim of understanding the effect of inter
parameter interaction on the experimental outcome. In Table 5.19, the outcome of the 20 experiments
as proposed by the software for the CCD model of the RSM is given and in Table 5.20 the result of the
ANOVA of the RSM model is provided. From there it is observed that the R? value of the model was
0.86 and the adjusted R? value was 0.73 which propounded the fact that the polynomial model suggested
by RSM was appropriate for predicting the outcome of this adsorption reaction. The value of F is 6.66,
which is higher than unity and the value of P is 0.0033 (<0.05) meaning the that the optimizing model
was significant and there is only a 0.33 % chance of a model F-value this large being a work of noise
(Bhattacharya et al., 2021). Fig. 5.18 shows the relation between the experimentally determined data
points and the predicted data points and there also it can be noted that the experimental data points
exhibits a high degree of correlation with the predicted data points. The real equation which was used

to predict the effect of the input variables on the response output is presented as follows.

Removal % = —114.65736 + 16.20997 X pH + 32.58413 X Dose + 1.7646 X Time —
1.06306 X pH X Dose —0.057676 X pH X Time — 0.027708 X Dose X Time — 0.78517 X
pH2 — 484218 X Dose? —5.11753 X 1073 X Time2 ...cccoovveeeeeeeeeeeeen (xxxviii)

As per the RSM model the optimized conditions under which maximum removal of BPA (84.08 %)
was possible were: adsorbent dosage of 2 g/L, pH value of 2.3 and reaction time of 120 minutes. For
this RSM model, the interaction between the experimental parameters (input variables) and their
outcome on the percentage removal of BPA (response variable) is illustrated by the contour plots shown
in Fig. 5.19-5.21.

> Effect of ARSB dosage and solution pH on BPA removal by ARSB

The interaction in between the pH of the experimental solution and the dosage of ARSB and its effect
on the removal of BPA is conveyed in the contour plot of Fig. 5.19. From there it was observed that the
removal of BPA by ARSB increased with the increase in dosage of ARSB. This could be attributed to
the higher availability of active sites for the uptake of BPA at the higher dosage of ARSB and as a result
of which the highest percentage removal value was obtained around the highest dosage of 3 g/L
(Banerjee et al., 2016; Bhattacharya et al., 2021). In case of the variation of pH of the experimental
solution, it was observed that the highest removal of BPA was observed at the lower pH range of the
experimental solution and the removal percentage decreased with the increase in pH of the experimental
solution. This could be attributed to the fact that the pK, value of BPA is 9.6 (Xu et al., 2018), and at
around pH 8 the deprotonation of BPA starts by virtue of which it acquires a negative charge and is
dissociated to form negatively charged bis-phenolate monoanions (Chang et al., 2012). On the other

hand, the pH,.c of ARSB is 4.5 (Bhattacharya et al., 2021), as a consequence of which at pH higher than
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4.5, the surface of ARSB also acquires a negative charge (Banerjee et al., 2016; Bhattacharya et al.,
2020). Thus as a result of which, at the higher pH range the adsorption of BPA by ARSB is obstructed
by the electrostatic force of repulsion acting between the negatively charged BPA molecules and the
negative surface of ARSB (Chang et al., 2012; Kwon & Lee, 2015; Phatthanakittiphong & Seo, 2016;
Xu etal., 2012). Therefore, the highest removal percentage was observed for the higher dosage of ARSB
and for the lower pH range of the experimental solution.

» Effect of solution pH and contact time on BPA removal by ARSB

The interaction in between the pH of the experimental solution and contact time and its effect on the
removal of BPA by ARSB is shown in the contour plot of Fig. 5.20. From the result of the experiment
it was observed that the removal of BPA by ARSB increased with the increase in contact time which
could be attributed to the higher number of interaction between the BPA molecules and the surface of
ARSB resulting in greater adsorption of BPA molecules by ARSB (Bhattacharya et al., 2021). In case
of pH variation it was observed, that highest removal of BPA was achieved in the acidic pH range, as
because at higher pH value in the basic range both the surface of ARSB and the molecules of BPA
acquire a negative charge (Banerjee et al., 2016; Chang et al., 2012; Xu et al., 2012). The pK, value of
BPA is 9.6, and at around pH 8, the BPA molecules dissociate to form bis-phenolate monoanion (Chang
et al., 2012). On the other hand, the pHy.c of ARSB is 4.5 (Bhattacharya et al., 2021), therefore at the
higher pH range the surface of ARSB also acquires a negative charge. As a result of which at the higher
pH range, the adsorption of BPA by ARSB is obstructed due to the electrostatic force of repulsion acting
between the molecules of BPA and the surface of ARSB (Chang et al., 2012; Kwon & Lee, 2015;
Phatthanakittiphong & Seo, 2016; Xu et al., 2012). The highest removal of BPA by ARSB was therefore

observed at the highest contact time and at the lowest pH range.

» Effect of contact time and ARSB dosage on BPA removal by ARSB

The interaction in between the contact time and dosage of adsorbent and its effect on the removal of
BPA by ARSB is shown in the contour plot of Fig. 5.21. From there it was observed that the removal
of BPA by ARSB increased with the increase in dosage which could be ascribed to the availability of
greater surface area for the uptake of BPA molecules (Banerjee et al., 2016; Bhattacharya et al., 2021).
On the other hand, the adsorption of BPA molecules by ARSB increased with the increase in contact
time which could be attributed to the greater interaction between the BPA molecules and the surface of
ARSB leading to the greater uptake of BPA by ARSB. From the analysis of the activation energy it was
found that the adsorption of BPA on the surface of ARSB was physical in nature (E. = 3.26 klJ/mole <
40 kJ/mole), and as physical adsorption increases with contact time therefore the adsorption of BPA by
ARSB also increased with increase in contact time (Bhattacharya et al., 2021). Therefore, adsorption of
BPA by ARSB was found to be highest at the highest dosage of ARSB and at the highest contact time.
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Table 5.19 :- The table showing the 20 different set of parameters (runs) along with their corresponding

outcome as proposed by CCD model of RSM for optimization of BPA removal by ARSB

Run Factor 1 Factor 2 Factor 3 Response 1
Block A:pH B:Dose C:Time Percentage
Removal
g/L min
1 Block 1 6.50 0.32 120.00 53.08
2 Block 1 6.50 2.00 120.00 75.87
3 Block 1 4.00 1.00 150.00 70.28
4 Block 1 4.00 3.00 90.00 60.36
5 Block 1 6.50 2.00 170.45 67.29
6 Block 1 6.50 2.00 69.55 60.72
7 Block 1 6.50 2.00 120.00 75.87
8 Block 1 9.00 1.00 150.00 59.56
9 Block 1 9.00 3.00 90.00 56.32
10 Block 1 6.50 3.68 120.00 73.64
11 Block 1 6.50 2.00 120.00 75.87
12 Block 1 6.50 2.00 120.00 75.87
13 Block 1 10.70 2.00 120.00 42.28
14 Block 1 4.00 1.00 90.00 52.89
15 Block 1 9.00 1.00 90.00 57.42
16 Block 1 9.00 3.00 150.00 53.08
17 Block 1 6.50 2.00 120.00 75.87
18 Block 1 4.00 3.00 150.00 76.48
19 Block 1 6.50 2.00 120.00 75.87
20 Block 1 2.30 2.00 120.00 84.08

Table 5.20:- ANOVA analysis for the RSM for the process operation of BPA adsorption by ARSB

R?Value Adjusted R? Value f- value Probability Value P
0.86 0.72 6.66 (>1) 0.0033 (<0.05)
Significant
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5.4.7 Removal of the EC’s by ARSB in an RPB

An experiment was conducted with the RPB in order to intensify the adsorption process. The
concentration of the EC’s were kept constant at 10 mg/L and the dosage of ARSB was kept fixed at 2
g/L. The agitation speed of the RPB was kept at 100 R.P.M. From the result of the experiment shown
in Fig. 5.22 it was observed that the removal of RTN was highest (92.88 %), followed by BPA (83.5
%), followed by NPX (75.37 %), followed by CBZ (71.46 %). In case of each of these EC’s, the removal
achieved in the RPB was higher than that obtained in case of the batch studies under same conditions
(i.e., concentration of EC = 10 mg/L, dosage = 2 g/L, pH = Neutral, temperature = 303 K) thereby
signifying that the RPB was able to intensify the process of adsorption. This could be attributed to the
dispersion of the liquid from the distributor, leading to the formation of thin liquid films and tiny
droplets which reduces the mass transfer resistance resulting in enhanced adsorption of the EC’s by the

ARSB (Das et al., 2008; Hashim et al., 2019; Kundu et al., 2015). Thus, using the RPB enhanced the
adsorption capacity of the adsorbent ARSB.
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Fig. 5.22:- Removal of CBZ, NPX, RTN and BPA by ARSB in a RPB by ARSB.
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5.4.8 Reusability Study

5.4.8.1 Reusability of ARSB after treating CBZ

Out of the six solutions that were used for the regeneration of used ARSB after treating CBZ, the
greatest effectivity was exhibited by the 10% NaOH solution. By washing the ARSB with the 10 %
NaOH solution it was observed that in the first cycle, the ARSB was able to remove 53.34 % of the
CBZ from the aqueous solution. In the next cycle the removal of CBZ was 48.63 % and in the third
cycle the removal was 43.97 %. However for the last two cycles the removal decreased to 36.64 % and
15.23 % respectively. Thus from the experimental study it can be stated that on regenerating the ARSB
with 10 % NaOH solution it can be reused for upto three times for removing CBZ with a removal

percentage of over 40 % (Bhattacharya et al., 2021). The result of the experiment is shown in Fig. 5.23.
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Fig. 5.23:- Removal of CBZ by ARSB in different steps of the reusability cycle.
5.4.8.2 Reusability of ARSB after treating NPX

Out of the six solutions that were used for the regeneration of used ARSB after treating NPX, the
greatest effectivity was exhibited by the 10% HCI solution, therefore further reusability study was
performed by this solution only. By treating the ARSB with the 10 % HCI solution after each adsorption
cycle, it was observed that the removal capacity of ARSB for the purpose of treating NPX remained
over 65 % for the first two cycles followed by which it decreased to 60.38 % in the third cycle. Followed
by this it further decreased to 42.17 % and 23.48 % with the subsequent regeneration studies. Thus from
the reusability study it was inferred that by washing ARSB with 10 % HCI solution, it could be used
for 2-3 times with significant adsorption efficacy for the purpose of removing NPX from its aqueous
solution (Bhattacharya et al., 2020). The result of the experiment is shown in Fig. 5.24.
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Fig. 5.24:- Removal of NPX by ARSB in different steps of the reusability cycle.
5.4.8.3 Reusability of ARSB after treating RTN

Out of the six solutions that were used for the regeneration of used ARSB after treating RTN, the
greatest effectivity was exhibited by the 10 % ethanol solution, therefore further reusability study was
performed by this solution only. This could be attributed to the high hydrophilicity of RTN molecules
(Siew et al., 2012). By treating the ARSB with the 10 % ethanol solution after each adsorption cycle, it
was observed that the removal capacity of ARSB for the purpose of treating RTN remained over 50 %
for the first two cycles followed by a gradual decrease in further cases. Thus it can be stated that on
washing a particular mass of ARSB by 10 % ethanol, it could be effectively reused for the purpose of
removing RTN from the aqueous solution for at least two cycles. The result of the experiment is shown
in Fig. 5.25.
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Fig. 5.25:- Removal of RTN by ARSB in different steps of the reusability cycle
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5.4.8.4 Reusability of ARSB after treating BPA

Out of the six solutions that were used for the regeneration of used ARSB after treating BPA, the

greatest effectivity was exhibited by the 10% HCI solution, therefore further reusability study was

performed by this solution only. By treating the ARSB with the 10 % HCI solution after each adsorption

cycle, it was observed that the removal capacity of ARSB for the purpose of treating BPA was 68.51 %

for the first cycle. For the second cycle of treatment the adsorption efficiency of ARSB decreased a bit,

and the removal percentage decreased to 65.04 %, and for the third cycle it decreased to 57.57 %. The

removal of BPA by ARSB in the last two cycles were 50.58 % and 36.44 % respectively. Thus from

the result of the regeneration study it can be inferred that, on washing with 10 % HCI solution, the same

mass of ARSB can be used for two to three times for the purpose of removing BPA from its aqueous

solution. The result of the experiment is shown in Fig. 5.26.
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Fig. 5.26:- Removal of BPA by ARSB in different steps of the reusability cycle.
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5.5 CONCLUSION :-

In the above study, ARSB was utilized for the adsorption of four trace pollutants viz., the three
pharmaceuticals CBZ, RTN, NPX and the plasticizer BPN from there aqueous solution. For the purpose
of synthesizing the ARSB, rice straw was selected as the starting material. The rice straw was collected
from a local vendor followed by which it was washed and cut into small pieces. Then it was heated at
450°C under anaerobic conditions converting the rice straw into biochar. Followed by which, the
biochar was activated by treating it with a modified Hummer’s method. The finished product was named
Activated Rice Straw Biochar (ARSB). The synthesized ARSB was characterized by SEM, XRD, FTIR
and Raman analysis. From there it was observed that the synthesized ARSB contained various
functional groups on its surface. It was used for removing the EC’s from there aqueous solution. Two
types of studies were involved namely, the batch adsorption studies and the fixed bed column studies.
The parameters that were evaluated in the batch studies were the concentration of the EC’s, dosage of
ARSB, pH of the experimental solution and temperature. From the results of the batch study the highest
removal for CBZ were recorded to be 61.51 % which was attained at CBZ concentration of 10 mg/L,
adsorbent dosage of 2 g/L, pH 7 of experimental solution, temperature of 313 K and reaction time of
120 minutes. For NPX it was recorded to be 83.19 % which was attained at NPX concentration of 5
mg/L, adsorbent dosage of 2 g/L, pH 7 of experimental solution, temperature of 303 K and reaction
time of 120 minutes. The highest percentage removal of RTN was 74.69 % which was attained at RTN
concentration of 5 mg/L, adsorbent dosage of 2 g/L, pH 7 of experimental solution, temperature of 303
K and reaction time of 120 minutes. The highest percentage removal for BPA was 82.23 % obtained at
BPA concentration of 10 mg/L, adsorbent dosage of 2 g/L, pH 2 of experimental solution, temperature
of 303 K and reaction time of 120 minutes. Further optimization was done with RSM studies, from
there the highest removal of CBZ was 66.64 which were possible at the ARSB dosage of 3 g/L, pH
value of 4 and reaction time of 150 minutes. The highest removal of NPX was 83.35 % which was
possible at ARSB dosage of 3 g/L, pH value of 4 and reaction time of 150 minutes. The highest removal
of RTN was 78.48 % which were possible at adsorbent dosage of 3.68 g/L, pH value of 6.5 and reaction
time of 120 minutes. The highest removal of BPA was 84.08 % which were possible at ARSB dosage
of 2 g/L, pH value of 2.3 and reaction time of 120 minutes. And lastly, the removal of the EC’s by
ARSB was evaluated inside an RPB in order to intensify the adsorption process. The concentration of
the EC’s were kept constant at 10 mg/L, the dosage of ARSB was kept constant at 2 g/L, the pH of the
experimental solution was kept constant at 7 and the rotation speed was kept constant at 150 R.P.M.
From there it was observed that the removal of the EC’s under the same conditions were higher in RPB
than in the batch study. The removal of RTN was highest (92.88 %), followed by BPA (83.5 %),
followed by NPX (75.37 %), followed by CBZ (71.46 %). This could be attributed to the effect of
decreased mass transfer resistance due to formation of tiny droplets. Thus it can be stated that ARSB

was able to remove EC’s from there aqueous solution in both batch scale as well as under a dynamic
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condition. However, on comparing the efficiency of ARSB with that GO it can be stated that GO was
more efficient for the purpose of adsorption than ARSB. Therefore, further research can be directed
towards increasing the adsorption efficiency of the ARSB so that this laboratory made adsorbent can
attain the same level of efficiency as that of other commercially available adsorbents.
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CHAPTER 6

SYNTHESIS OF A GO-TIO, COMPOSITE AND
ITSUTILIZATION FOR REMOVING EC’S FROM
THE AQUATIC SOLUTION

6.1 INTRODUCTION

Addressing the effect of pollution on the environment and finding the necessary solutions should be a
global objective of topmost priority (Schneider et al., 2014). In the recent times, mostly due to intense
anthropogenic activities, more and more pollutants are being introduced into the environment mostly in
the water bodies which have negative consequences for human health and environment (Wu et al.,
2020). Rate of consumption of PHA’s has rapidly gone up in the last few decades. These PHA products,
if not disposed properly make their way back in the environment as persistent pollutants in the aquatic
system. The level of the PHA’s compounds in the water remains in the range of ug/L to ng/L, but still,
the continuous influx of these materials has a deleterious effect on the environment (Nawaz et al., 2017).
Along with PHA’s, E.D.C’s are also an important group of trace organic pollutants which mimics the
activity of the hormone estrogen and can alter and harm the hormonal system of the body (Chouhan et
al., 2014; Gogoi et al., 2018). Therefore, exploring environmentally friendly and efficient techniques
to remove this type of trace organic pollutants from the environment should be a priority concern.

Different techniques have been studied to remove these contaminants that include filtration,
evaporation, coagulation, chemical precipitation, ion exchange, electrodeposition, solvent extraction,
membrane system, adsorption and reverse osmosis (Zhang et al., 2019). The most commonly used
technology to eliminate the pollutants from wastewater is adsorption due to operational simplicity and
economic feasibility (Zhang et al., 2019). Adsorption is a cost-effective technique to remove pollutants,
but it does not result in the complete mineralization of contaminants (Shen, Zhu, Chen, Fang, et al.,
2020). The total destruction of the contaminants can only be attained by oxidation, either photo-
chemically or chemically. TiO; is widely used as a photo-catalyst for treatment of dyes (Xu et al., 2013),
phenol (Alim et al., 2016), and toxic aromatic vapours removal (Jo & Kang, 2013) because of its non-
toxic and photo-stable nature (Singh & Mehata, 2019). However, TiO, has a very wide bandgap (Singh

& Mehata, 2019) and the rapid recombination rate between electron—hole pairs makes it inefficient for
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practical applications (Yang et al., 2013). To overcome these problems, TiO, are often attached to
supporting structures to enhance its operability and functionality (Zhu et al., 2020b). GO is one such
component which has high surface area, ample pores and changeable properties (Zhu et al., 2020a).
Structurally, GO is two-dimensional (2-D) which facilitates its operability as a channel for electron
transport (Wu et al., 2020). Therefore, GO is able to promote the catalytic activity of photo-catalyst
materials like TiO, (Wu et al., 2020). GO also has a prominent capacity for the adsorption of benzene
ring containing compounds (Shen, et al., 2020). Therefore, the doping of TiO. with GO has various
advantages to oxidize the pollutants (Yang et al., 2013). The mechanism of photoelectron generation
and the subsequent photo-catalysis by TiO, can be elaborated as :- The first step of photoreaction
activity is photo-reduction that entails the excitement of electrons from GO-TiO nano-sheet valence
band (VB) to the conduction band (CB) after absorbing light energy (photon) and resulting in the
formation of holes (h*). The generated holes cannot oxidize (H-O) into (OH") radical directly. However,
these photo-generated electrons reduce O, to super-oxide radicals (O2"), and then generate (OH")
radical through ( O27)- H.0.-(OH") pathway (Shen et al., 2019; Shen et al., 2020). The generated
radicals in the above process are highly responsive and represents as one of the important intermediates
in the process of oxidation of different contaminants. These generated radicals successively degenerate
the pollutants to innocuous end-products (Chowdhury & Balasubramanian, 2014). In this particular
study three PHA compounds (CBZ, NPX and RTN) and one EDC compound (BPA) was used as the
target pollutant. The synthesis of GO-TiO, composite was done by a solvo-thermal method following
the method of (Xiang et al., 2012). The characterization was done with SEM, XRD, FTIR and Raman
spectroscopy analysis. The band gap of the GO-TiO, composite was evaluated by the Kubelka-Munk
equation from its UV-visible spectroscopy by plotting a Tauc plot (Fazal et al., 2020; L. Xu et al., 2018).
Firstly, a screening study was done with UVA, UVB, UVC and visible light for finding the most suitable
radiation for activating the GO-TiO, composite. Then a series of batch studies were performed with
different experimental parameters like concentration of the pollutant, dosage of photo-catalyst, pH of
the experimental solution and agitation speed of the reactor in order to find the conditions under which
the highest removal of the EC’s by the GO-TiO was possible. The process was further optimized with
RSM. The adsorption efficiency of the GO-TiO, composite was evaluated in an RPB method, followed
by photo-catalysis. The reusability of GO-TiO; after treating the pollutant was also evaluated.
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6.2 MATERIALS AND METHODS :-

6.2.1 Materials required

The TiO, powders were acquired from Platonic. The rest of the materials was collected in the same
manner as mentioned in the previous chapter, Chapter 4, Section 4.2.1.

6.2.2 Synthesis of GO

GO was synthesized using the same procedure as mentioned in Chapter 4, Section 4.2.2.

6.2.3 Synthesis of GO-TiO»

The GO-TiO, composite was synthesized with 9 parts by weight of GO and 1 part by weight of TiO; (a
3:1 physical mixture of Anatase phase and Rutile phase) by following a solvothermal process. First,
190 mg of GO was added to a solution of 40% ethanol solution. Followed by which the sample was
ultra-sonicated for 30 minutes with a frequency of 40 kHz and power of 100 W. Followed by this, 10
mg of TiO; (3:1 weight of Anatase and Rutile) was added to this solution and then it was stirred for 30
minutes with a magnetic stirrer. Then the whole solution was transferred to a Teflon lined autoclave
which was heated at 120°C for 12 hours. After the completion of the solvothermal reaction, the
supernatant was drained off and the composite was obtained as the precipitate. It was then washed three
times with alcohol and three times with demineralized water. The product was then dried by freeze

drying and stored in a cool dry place for further use (Bhattacharya et al., 2022; Xiang et al., 2012).

6.2.4 Characterization

Characterization of the synthesized GO-TiO, particles were done by SEM, XRD, FTIR and Raman
Spectroscopy.

The particulars are the same as mentioned in Chapter 4, Section 4.2.3.

The absorbance spectra was measured in a UV-Vis spectrophotometer (Perkin EImer, Lambda-360) in

the spectral range of 200-1100 nm.

6.2.5 Preparation of the Experimental Solution.

Using the same process as mentioned Chapter 4, Section 4.2.4.

6.2.6 Screening Study

The screening for the most appropriate wavelength for the activation of the GO-TiO2 composite was
done with three types of UV radiations UVA, UVB and UVC and visible light. The UV lights were
placed inside a UV reactor. The visible lights were placed inside a BOD reactor. The UV lights were
the tube light (Phillips) with each of them having a wattage of 6 W. The visible lights were LED bulbs

also having a wattage of 6 W. For the screening test, the concentration of the solution of the EC’s were
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taken as 10 mg/L. The dosage of GO-TiO2 were taken as 2 g/L. The pH of the experimental solution
was kept neutral, the temperature was kept at room temperature (in case of the BOD incubator the
temperature was kept at 303 K, the UV reactor had no provision for temperature control). Samples were
taken at pre-determined time intervals. After taking samples, they were filtered, centrifuged and
measured spectrophotometrically by following the same techniques as mentioned in Chapter 4, Section
4.2.5.

Fig. 6.1 :- UV reactor Fig. 6.2:- Incubator for visible light
Reaction.
6.2.7 Batch study

A batch study was performed in order to find the experimental conditions under which the highest

removal of the EC‘s by the GO-TiO, was possible. Four experimental parameters were investigated
namely concentration of the EC’s (5 mg/L-20 mg/L), dosage of the photo-catalyst (0.5 g/L- 2 g/L), pH
of the experimental solution (pH 2 — pH 10) and agitation speed of the reactor (80 RPM — 120 RPM).
Before turning on the incident light, the EC’s were stirred with the GO-TiO; in the dark for 30 minutes
in order for the adsorption equilibrium to take place. Followed by which the incident light was turned
on.

The sample collection, filtration, centrifugation and the analysis of EC’s in sample before and after

treatment were done by following the same method as mentioned in Chapter 4, Section 4.2.5.

6.2.8 Process optimization with RSM

In case of the RSM study, the Box Behnken Model (BBM) was used for optimizing the removal of the
EC’s by GO-TiO». The input parameters were the pH of the experimental solution, the dosage of GO-
TiO; and the agitation speed of the UV reactor in RPM. The concentration of the EC’s were kept fixed
at 10 mg/L and each experimental run was conducted for a fixed time of 1 hour. The number of

experimental runs suggested by BBM model is 17. The output was recorded as the percentage removal.
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6.2.9 Process Intensification with the RPB study

A RPB study was conducted in order to evaluate the adsorption efficiency of the GO-TiO, composite.

Firstly, a 10 mg/L solution of each of the EC’s were taken and to it the GO-TiO, composite was added
at a dosage of 2 g/L. Then the experimental solution consisting of the EC and the GO-TiO, composite
were irradiated with activating radiation for 1 hour. Then the whole experimental solution was
transferred to the reservoir used for holding the experimental solution in the RPB. The rest of the process
was similar to what has been described in Chapter 4, Section 4.2.8.

6.2.10 Reusability study of the GO-TiO>

Following the same procedure as mentioned in Chapter 4, Section 4.2.8.

6.3 CALCULATIONS :-

6.3.1. Percentage removal

Same as mentioned in Chapter 4, Section 4.3.1.

6.3.2. Optimization using RSM

Same as mentioned in Chapter 4, Section 4.3.5.

6.4 RESULTS :-

6.4.1 Characterization

6.4.1.1 SEM analysis of GO-TiO;

Fig. 6.3(a) shows the SEM image of GO-TiO, nanocomposite. By comparing the SEM images of the
GO (Chapter 4, Section 4.4, Fig. 4.3(a)) with that of the GO- TiO, nanocomposites, it can be inferred
that the surface of GO-TiO, had the same rough, lamellar structure of GO as reported in previous
literatures (Banerjee et al., 2015b; P. Das & Das, 2016). Moreover the surface of GO were interspersed
with tiny particles which could be attributed to be TiO; particles. In accordance with the previous
literature (Nawaz et al., 2017; Williams et al., 2008), it can be stated that TiO; attaches itself to the
surface by physical sorption, electrostatic binding, or charge transfer (Al-shamali, 2013; M. J. Li et al.,
2014; Nawaz et al., 2017). This morphology of the GO-TiO, composite, enhances its adsorption
capacity, which in turn helps to promote the photo-catalysis by TiO».
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Fig. 6.3 (a):- SEM image of GO-TiO;

6.4.1.2 FTIR analysis of GO-TiO;

The FT-IR spectrum of the GO-TiO, composite is represented in Fig. 6.3 (b), which shows distinctive
peaks at 3430 cm %, 1620 cm %, 1050 cm™* and 550 cm™ which could be assigned to the O—H hydroxyl
bond vibration, C = C bond vibration and C-O bond vibration, respectively. The simultaneous presence
of the O—H bond, and C = C on the surface of GO marks the presence of the -COOH carboxyl functional
group which could be considered as the site of attachment of TiO, on the surface of GO (Ganguly et
al., 2020). The peak at 550 cm™ can be assigned to the stretching vibration of Ti—O-C which further
confirms the presence of TiO in the nanocomposite (Ye et al., 2020). Moreover, reduction in the
number of functional groups of GO-TiO, nanocomposite compared to that of synthesized GO (Chapter
4, Section 4.4, Fig. 4.3(b)), can be attributed due to the reduction of GO by TiO under high temperature
and pressure. Therefore, from the FT-IR analysis of the GO- TiO, nano-composite, it can be implied
that the TiO, was combined with GO during the synthesis of the nanocomposite by the hydro-thermal

treatment.
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Fig. 6.3 (b):- FT-IR spectra image of GO-TiO»
6.4.1.3 XRD analysis of GO-TiO;

The XRD peaks (Fig. 6.3 (c)) of GO-TiO, were observed at 25.48°, 37.99°, 48.07°, 54.97°, 62.63°,
70.25° and 75.25° denotes the characteristic peak assigned to (101), (004), (200), (211), (204), (116),
and (215) planes of TiO; (Li et al., 2016; Ye et al., 2020a). From Fig. 6.3 (c), anatase phase of TiO;
(peak at 25.4°, 37.7°, 48.10°, 62.7°, 70.4°, 75.4°) and a small peak of rutile phase (peak at 54.97°) of
TiO, was observed (Li et al., 2016; Ye et al., 2020a). The absence of distinctive peak of rutile (except
54.97°) can be attributed to its low concentration present in the mixture composite. No characteristic
peak of GO (20 = 10-12°) (Banerjee et al., 2015b) was observed in the XRD spectrum, thereby implying
that the GO was reduced to reduced GO or rGO during the synthesis of the nanocomposite by the

solvothermal treatment (Li et al., 2016).
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Fig. 6.3 (c):- XRD image of GO-TiO;
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6.4.1.4 Raman Spectroscopy of GO-TiO,

From the Raman Spectra of GO-TiO is show in Fig. 6.3 (d), the D-band and the G-band were observed
at 1331 cm™ and 1572.41 cm™ respectively. The D-band denotes the sp® carbon atom with structural
defect proportional to the extent of oxidation and the G-band denoted the in-plane vibration of sp?
bonded graphitic structure (Zhang et al., 2018). The ratio of Ip/l serves as the parameter for observing
the defects and disorders in graphitic structures (Nawaz et al., 2017). In the case of the GO-TiO, the
ratio of Ip/le ~ 1.1, thereby signifying that the structure of sp® hybridized carbon molecules were
disordered, which could be attributed to the decreased size of the sp® hybridized molecules, thereby
marking that the TiO, was able to reduce the GO molecules (Nawaz et al., 2017).

Raman Spectra of GO-TiO,,

1331 cm™

1 1572.41 cm™

Intensity (a.u)

T T T T T T T
o 500 1000 1500 2000 2500 3000 3500 4000
Raman Shift (cm™)

Fig. 6.3 (d) :- Raman Spectra of GO-TiO,
6.4.1.5 UV adsorption spectra and Band gap of GO-TiO;

From the UV absorbance spectra of GO, TiO, and GO-TiO; spectra (Fig. 6.3 (€)) it was observed that
the peak absorbance of GO-TiO; shifted to the right side as compared to GO and TiO,, thereby
signifying that the composite material was more well suited for adsorbing light at a higher wavelength.
This could be attributed to the combination of GO with TiO during the solvothermal reaction which in
turn can lower the band gap of the TiO, molecule (Fazal et al., 2020; Nawaz et al., 2017; L. Xu et al.,
2018).

The energy of the incoming wavelength was calculated by the equation

Where, Eq is the band gap energy (eV) and ‘h’ is the Plank’s constant and ‘v’ is the frequency of the

incoming radiation.
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Eg can also be represented as :-
e (xxxX)
Where A is the wavelength of the incoming radiation.

The band gap of the GO, TiO and the GO-TiO, composite was evaluated by virtue a Tauc plot by
plotting Eq vs the Kubelka Munk function ahv?, where ‘o’ is the adsorption coefficient. From the plot
of Eq vs ahv? (Fig. 6.3 (f)), a slope was obtained. A tangent was drawn against the linear part of the
slope and the point where the tangent dissected the x-axis denoted the band gap of that material (Fazal
et al., 2020; Xu et al., 2018). From the corresponding analysis, the band gap of GO, TiO, and GO-TiO;
were obtained as 3.4 eV, 3.44 eV and 3.24 eV respectively. The lowering of the band gap for GO-TiO-
can be attributed to the formation of Ti-O-C bond which results in a formation of a new energy layer,
thereby decreasing the energy required by the electron to move from the valance band to the conduction
band (Wang et al., 2016).
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Fig. 6.3 (e) :- UV-Vis spectra of TiO,, GO and GO-TiO,
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Fig. 6.3 (f) :- Energy band gap of TiO,, GO and GO-TiO>
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6.4.2 Comparative Removal Study

At first a comparative study was performed in order to find which wavelength can most suitably excite
the GO-TiO; composite. As mentioned before, the concentration of the four EC’s (CBZ, NPX, RTN
and BPA) were kept constant at 10 mg/L. The dose of the GO-TiO, was taken as 2 g/L. All the other
parameters were also kept constant. The radiations used for activating the GO-TiO, composite were
UVA, UVB, UVC and visible light. From the result of the experiment as shown in Fig. 6.4 it was
observed that in each case the radiation UVA exhibited the highest efficiency for the purpose of
removing the materials. This can be ascribed to two facts, firstly, the band gap of GO-TiO, was 3.24
eV thereby denoting they could be only be activated by UV light (3.1-3.94 eV for UVA light, 3.94-4.43
eV for UVB light and 4.43 eV- 12.4 eV for UVC light) (Bhattacharya et al., 2022) and the photon
energy of visible light (2-2.74 eV) (Diwald et al., 2004) is not sufficient to activate the GO-TiO..
Therefore, the removal by GO-TiO; in case of visible light is almost exclusively due to adsorption. In
case of the UV lights, the highest removal was observed in case of UVA light as because, as all the
lights were operating at the same wattage, then the source of light with lowest photon energy would
emit the highest number of photons. Thus UVA tube lights emitted the highest number of photons. And
as the energy of the UVA radiation was enough to excite the GO-TiO, composite therefore highest
efficiency was exhibited by UV A radiation in case of each of the EC’s. And due to their stable chemical
structure, none of the molecules of EC’s were degraded by UVA light or visible light on their own.

Thus highest efficiency was exhibited by the UVA light and thus it was used in further studies.
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Fig. 6.4:- Effect of incident radiation on the removal of the EC’s by GO-TiO>
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6.4.3 Batch Study Results

6.4.3.1 Effect of concentration of the EC’s on the removal efficacy of GO-TiO-

In order to investigate the effect of concentration of EC’s on the removal efficiency of GO-TiO; a batch
study was conducted with four concentration of the EC’s namely 5 mg/L, 10 mg/L, 15 mg/L and 20
mg/L. The dose of GO-TiO, was kept constant at 2 g/L, the pH of the experimental solution was kept
neutral and the agitation speed kept at 120 RPM. The result of the experiment is shown in Fig. 6.5((a)-
(d)). A similar trend was observed in case of each of the EC’s that is the removal of the EC’s was
higher for the lower concentration range and correspondingly decreased with the increase in
concentration of the EC’s. This could be attributed to the fact that with increase in concentration, the
surface area available for the adsorption of the EC’s molecules got saturated. And as the rate of photo-
catalysis is dependent on the rate of adsorption of the EC molecules on the surface of GO-TiO, (Nawaz
etal., 2017; L. Xu et al., 2018; Yu Zhang et al., 2018) therefore the removal of the EC’s by GO-TiO;
also decreased with increase in concentration of the EC’s . For CBZ, (Fig. 6.5 (a)) the highest removal
was observed in case of 5 mg/L (95.94%), followed by 10 mg/L (91.65 %), followed by 15 mg/L (79.92
%), followed by 20 mg/L (74.08 %). For NPX (Fig. 6.5 (b)), the highest removal was observed in case
of 5 mg/L (89.56 %), followed by 10 mg/L (80.71 %), followed by 15 mg/L (74.07 %), followed by 20
mg/L (72.38 %). In case of RTN (Fig. 6.5(c)) the highest removal was observed in case of 5 mg/L
(94.11 %), followed by 10 mg/L (93.84 %), followed by 15 mg/L (88.14 %), followed by 20 mg/L (83.3
%). In case of BPA (Fig. 6.5(d)) the highest removal was observed in case of 5 mg/L (99.65 %),
followed by 10 mg/L (72.5 %), followed by 15 mg/L (70.46 %), followed by 20 mg/L (64.8 %). For

further experiments, the 10 mg/L concentration of the EC’s were used.
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Fig. 6.5:- Effect of concentration on removal of (a) CBZ (b) NPX (c) RTN (d) BPA by GO-TiO;
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6.4.3.2 Effect of dosage of photo-catalyst GO-TiO; on the removal of the EC’s by GO-TiO;

The effect of the dosage of the photo-catalyst on its removal efficacy was investigated over four
different dosage of GO-TiO; i.e., 0.5 g/L, 1 g/L, 1.5 ¢g/L and 2 g/L. The concentration of EC’s were
kept constant at 10 mg/L, the pH of the experimental solution was kept neutral and the agitation speed
was kept 120 RPM. From the result of the experiment as shown in Fig. 6.6 ((a)-(d)) it was observed
that the removal of EC’s by GO-TiO; increased with increase in dosage of GO-TiO,. This outcome
could be attributed to the greater availability of active sites at higher dosage of GO-TiO, which
facilitates the higher adsorption and subsequent greater photo-catalysis of the EC’s (Bhattacharya et al.,
2022; Dong et al., 2015; L. Xu et al., 2018). In case of the removal of CBZ by GO-TiO; (Fig. 6.6(a)),
the removal at the 0.5 g/L dose of GO-TiO, was observed to be 77.71 %, the removal at 1 g/L dosage
was found to be 85.23 %, at 1.5 g/L dosage was found to be 91.73 % and at the 2 g/L dosage was 92.91
% respectively. Also the higher dosage of GO may have facilitated the greater adsorption of CBZ
molecules on its surface by virtue of 7-n bonds (Ziegmann & Frimmel, 2010). In case of NPX (Fig. 6.6
(b)), the removal at the 0.5 g/L dose of GO-TiO, was observed to be 65.22 %, the removal at 1 g/L
dosage was found to be 79.59 %, at 1.5 g/L dosage was found to be 81.1 % and at the 2 g/L dosage was
85.96 % respectively. In case of the removal of RTN (Fig. 6.6 (c)), the removal at the 0.5 g/L dose of
GO-TiO2 was observed to be 86.54 %, the removal at 1 g/L dosage was found to be 91.27 %, at 1.5 g/L
dosage was found to be 92.51 % and at the 2 g/L dosage was 94.95 % respectively. In case of BPA
(Fig. 6.6 (d)) the removal at the 0.5 g/L dose of GO-TiO, was observed to be 41.16 %, the removal at
1 g/L dosage was found to be 53.77 %, at 1.5 g/L dosage was found to be 69 % and at the 2 g/L dosage
was 76.71 % respectively. In case of all the EC’s the highest removal was achieved for the 2 g/L dosage
of GO-TiO; therefore this dosage of GO-TiO, was utilized for further studies.
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Fig. 6.6:- Effect of GO-TiO; dosage on the removal of (a) CBZ (b) NPX (c) RTN (d) BPA by GO-
TiO,
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6.4.3.3 Effect of pH of the experimental solution on the removal efficacy of GO-TiO;

The effect of pH on the removal of EC’s by GO-TiO, was investigated under five different pH of the
experimental solution, viz., pH 2, pH 4, pH 6, pH 8 and pH 10. The concentration of EC’s were kept
constant at 10 mg/L and the dosage of GO-TiO, was kept fixed at 2 g/L. The result of the experiment
is given in Fig. (6.7 (a)-(d)). From the result of the experimental study as shown in Fig. 6.7(a) it was
observed that the removal of CBZ by GO-TiO was highest at the lower pH range, with the removal
percentage being 93.58 % at pH 2 and 91.87 % at pH 4. On increasing the pH further from pH 6 to pH
10, the removal percentage decreased to 90.04 % (pH 6), 85.49 % (pH 8) and pH 10 (81.53 %). The
pHzc of GO-TiO, was obtained to be 4.5 and the pK, value of CBZ is around 13.9 (Al-hamadani et al.,
2018). The logic behind this result can be given as, the presence of high amount of GO in the GO-TiO;
composite imparts a negative charge to the surface of the GO-TiO,. As a consequence of which at the
lower pH range, the attachment of the CBZ molecules on the surface of GO is enhanced leading to the
greater adsorption and subsequent greater photo-degradation of CBZ at the lower pH range
(Bhattacharya et al., 2022). When the pH of the experimental solution was further increased, the
removal of CBZ by GO-TiO, decreased which could be attributed to the force of repulsion between the

negative charge on the surface of GO-TiO, and the OH" ions present in the experimental solution.

In case of NPX Fig. 6.7(b) it was observed that the removal of NPX by GO-TiO, was highest at the
lower pH range, with the highest removal percentage being recorded at pH 2 (91 %) , followed by pH
4 (88.57 %), pH 6 (85.55 %), pH 8 (84.81 %) and pH 10 (77.53 %). The reason behind this phenomenon
can be attributed to the fact that, the pHp,c of GO-TiO. was 4.5 and the pKa value of NPX was 4.15
(Mondal et al., 2020). Therefore at pH less than pH 4, the molecules of NPX remains neutrally charged
and the surface of GO-TiO; remains positively charged. And at pH greater than pH 5, both the molecules
of NPX and the surface of GO-TiO; acquires a negative charge. As a consequence of which at the lower
pH range, more adsorption of NPX molecules takes place on the surface of GO-TiO; by virtue of H-H
bonding and van der Waals force between the GO particles and the NPX molecules (Bhattacharya et
al., 2021). However, with the eventual increase in the pH of the experimental solution, a force of
repulsion takes place between the negatively charged surfaces of GO particles and the negatively
charged NPX molecules. As a consequence of which the uptake of the NPX molecules by the surface
of the GO-TiO, composite decreases at higher pH range, resulting in reduced adsorption and

subsequently reduced photo-degradation at the higher pH range.

In case of the removal of RTN by GO-TiO; (Fig. 6.7 (c)) it was observed that the removal increased
with the increase in pH from pH 2 to pH 8, followed by which a decrease in the removal of RTN by
GO-TiO, was observed. The removal of RTN by GO-TiO; at pH 2 was 91.65 %, at pH 4 was 94.92 %,
at pH 6 was 95.05 %, at pH 8 was 95.27 % and at pH 10 was 91.11 %. The result of the experiment can
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be explained as follows, the drug RTN has two pK. values at 2.6 and 8.2 (Kortejarvi et al., 2005). As a
consequence of which the molecules of RTN are positively charged at pH below 2.6 and negatively
charged at pH above 8.2 (Al-rub et al., 2020). In the pH between 2.6 and 8.2 the molecules of RTN
remains neutrally charged. On the other hand, the pHp,c of GO-TiO: has been found to be 4.5, as a
consequence of which at a pH less than pH 4.5 the surface of GO-TiO; remains positively charged and
at a pH greater than pH 4.5, the surface of GO-TiO, remains negatively charged. Therefore in the pH
range of 4 to 8, the molecules of RTN remain neutrally charged and the surface of GO-TiO; remains
positively or negatively charged. As a consequence of which, the molecules of RTN are more actively
adsorbed on the surface of GO-TiO; at this pH range. At the lower pH range, both the molecules of
RTN and the surface of GO-TiO; retain a positive charge, as a result of which the adsorption is inhibited
due to electrostatic force of repulsion. In the same way, at the higher pH range the adsorption of RTN
molecules on the surface of GO-TiO:is inhibited due to the accumulation of similar negative charge on
the surface of GO-TiO and the molecules of RTN (Al-rub et al., 2020). And as in the case photo-
degradation, photo-catalysis mainly happens to the molecules which are adsorbed on the surface (Zhang
et al., 2018) therefore the removal of RTN increases with the increase in adsorption rate. As a
consequence of which the highest removal was observed at the pH range of pH 4-8, with the highest

removal being observed at pH 8 (95.27 %).

In case of the removal of BPA by GO-TiO- (Fig. 6.7 (d)) it was observed that the highest removal was
at the lower pH range, with the removal percentage being 95.27 % at pH 2 and 98.42 % at pH 4. On
increasing the pH further from pH 6 to pH 10, the removal percentage decreased to 84.06 % (pH 6),
76.01 % (pH 8) and 74.08 % (pH 10). The logic behind this result can be given as, the pHp.c of GO-
TiO2 was around pH 4.5. Therefore at pH less than pH 4.5, the surface of GO-TiO, remains positively
charged and at pH greater than 4.5, the surface of GO-TiO, remains negatively charged. On the other
hand, the pK, value of BPA is 9.6 (Phatthanakittiphong & Seo, 2016), and at pH equal to or near pH 9,
the molecules of BPA dissociate to form bis-phenolate anions, thereby obtaining a negative charge. At
pH less than 9.6, the molecules of BPA remain positively charged (Xu et al., 2012). Therefore at the
lower pH range, the adsorption of BPA by GO-TiO, was facilitated due to the negative surface charge
of GO-TiO; and the positive charge of BPA molecules. When the pH of the experimental solution
becomes closer to pH 8, the BPA molecules dissociates to form bis-phenolate anions (Xu et al., 2012).
As a consequence of which, the adsorption of BPA molecules by GO-TiO; is hindered at this higher pH
range due to electrostatic force of repulsion between the like charges. And as the photo-catalysis is
preceded by adsorption, therefore the photo-degradation of the BPA molecules are higher at the lower
pH range and the removal of BPA by GO-TiO; decreases with increase in pH of the experimental
solution (Dong et al., 2015).
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Fig. 6.7 :- Effect of pH on the removal of (a) CBZ (b) NPX (c) RTN (d) BPA by GO-TiO-

6.4.3.4 Effect of agitation speed on the removal of EC’s by GO-TiO;

The effect of agitation speed on the removal of EC’s by GO-TiO; was investigated for three sets of
RPM namely 80, 100 and 120. In case of each of these experiment, the dosage of GO-TiO, was kept
constant at 2 g/L, the pH of experimental solution was kept at neutral and the concentration of EC’s
was kept fixed at 10 mg/L. The result of the experiment is given in (Fig. 6.8 (a)-(d)). From there a
similar trend was observed in case of each experiment, i.e., the removal of the EC’s increased with the
increase in agitation speed of the photo-reactor. This could be attributed to the greater interaction
between the molecules of EC and the surface of GO-TiO, due to the higher agitation speed. As a
consequence of which, when the agitation speed increases the adsorption of the EC’s by GO-TiO>
increases and as a consequence of which the rate of photo-catalysis also increases (Bhattacharya et al.,
2022; Dong et al., 2015; Xu et al., 2018). Similar result was observed in case of the study of
(Bhattacharya et al., 2022). However, when the agitation speed was increased beyond 120 RPM, no
further increase in the removal of EC’s by GO-TiO, was observed which could be attributed to the
dislodging of the EC molecules from the surface of GO-TiO.. In case of the removal of CBZ by GO-
TiO: (Fig. 6.8 (a)), the removal percentage at 80 RPM was observed to be 75.47 %, the removal at 100
RPM was observed to be 91.51 % and the removal at 120 RPM was observed to be 92.93 %. In case of
NPX (Fig. 6.8 (b)) the removal at 80 RPM was observed to be 75.25 %, the removal at 100 RPM was
observed to be 80.82 % and the removal at 120 RPM was observed to be 85.08 %. In case of RTN (Fig.
6.8 (c)) the removal at 80 RPM was observed to be 86.3 %, the removal at 100 RPM was observed to
be 91.97 % and the removal at 120 RPM was observed to be 95.35 %. In case of BPA (Fig. 6.8 (d)) the
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removal at 80 RPM was observed to be 67.25 %, the removal at 100 RPM was observed to be 75.83 %
and the removal at 120 RPM was observed to be 77.41 %.

As because the highest removal was observed at 120 RPM therefore this agitation speed was used for
the batch studies.

(a) ()

e b § Fobara |

ic) ] id)

Fuicantigs Fariasl
gm Fusracs

Fig. 6.8:- Effect of agitation speed on removal of (a) CBZ (b) NPX (c) RTN (d) BPA by GO-TiO;
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6.4.4 Process Optimization by RSM

6.4.4.1 Optimization of the removal of CBZ by GO-TiO; by RSM

The Response Surface Methodology was performed with the aim of understanding the effect of inter
parameter interaction on the experimental outcome. In Table 6.1, the outcome of the 17 experiments as
proposed by the software for the BB model of the RSM is given and in Table 6.2 the result of the
ANOVA of the RSM model is provided. From there it is observed that the R? value of the model was
0.98 and the adjusted R? value was 0.95 which propounded the fact that the polynomial model suggested
by RSM was appropriate for predicting the outcome of this adsorption reaction. The high value of F
(34.37, much greater than unity) and the low value of P (<0.0001) meant that the optimizing model was
highly significant, with the experimental data points exhibiting a high degree of correlation with the
predicted data points (Bhattacharya et al., 2021). Fig. 6.9 shows the relation between the experimentally
determined data points and the predicted data points and there also it can be noted that the experimental
data points exhibits a high degree of correlation with the predicted data points. The real equation which

was used to predict the effect of the input variables on the response output is presented as follows.

Removal % = +101.4336 + 4.11636 X pH —48.2562 X Dose + 0.5441 x Agitation Speed +
0.067069 X pH x Dose — 1.67673 X 1073 x pH X Agitation Speed + 1.167 X Dose X
Agitation Speed — 0.59524 x pH2 — 21.32797 x Dose? —1.69769 x 1073 x

AGItation Speed? .............ccco.iiiiiiiii e (XXXX)

As per the RSM model the optimized conditions under which maximum removal of CBZ (82.29 %)
was possible were: GO-TiO- dosage of 1 g/L, pH value of 4 and agitation speed of 100 RPM. For this
RSM model, the interaction between the experimental parameters (input variables) and their outcome
on the percentage removal of CBZ (response variable) is illustrated by the contour plots shown in Fig.
6.10-6.12.

» Effect of GO-TiO; dosage and solution pH on CBZ removal by GO-TiO,

The interaction in between the pH of the experimental solution and the dosage of GO-TiO; and its effect
on the removal of CBZ is conveyed in the contour plot of Fig. 6.10. From the result of the experiment
it was observed that the removal of CBZ was highest at the lower pH range and decreased with the
increase in pH of the experimental solution. This could be attributed to the fact that the surface of GO-
TiO- has a negative charge due to the presence of high quantity of GO. Therefore at the lower pH range,
due to the availability of H* ions present in the experimental solution, greater adsorption of CBZ takes
place on the surface of GO-TiO, (Bhattacharya et al., 2022; Carabin et al., 2015). In case of the dose
variation study, it was observed that the removal of CBZ by GO-TiO, was higher at the higher dose

range and subsequently decreased with the decrease in dosage of GO-TiO.. This could be attributed to
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the fact that with increase in dosage of GO-TiO, the surface area available for the uptake of CBZ
increased leading to the greater adsorption and simultaneously greater degradation of CBZ molecules
(Bhattacharya et al., 2022; Xu et al., 2018).

» Effect of solution pH and agitation speed on CBZ removal by GO-TiO;

The interaction in between the pH of the experimental solution and agitation speed and its effect on the
removal of CBZ by GO-TiO; is conveyed in the contour plot of Fig. 6.11. From there it was observed
that the removal of CBZ by GO-TiO, was highest at the lower pH range and subsequently decreased
with the increase in pH of the experimental solution. This could be attributed to the negative surface
charge of GO-TiO,, which enhances the adsorption of CBZ at the lower pH range due to the presence
of H" ions in the experimental solution (Bhattacharya et al., 2022). On the other hand, the interaction
between CBZ molecules and the surface of GO-TiO, most probably increases with the increase in
agitation speed leading to increased removal of CBZ by adsorption followed by photo-catalysis (Fazal
etal., 2020; L. Xu et al., 2018).

> Effect of agitation speed and dosage of GO-TiO; dosage on CBZ removal by GO-TiO,

The interaction in between the agitation speed and dosage of GO-TiO; and its effect on the removal of
CBZ by GO-TiO; is conveyed in the contour plot of Fig. 6.12. From there it was observed that removal
of CBZ by GO-TiO; increased with increase in dosage of GO-TiO, which could be attributed to the
greater availability of active sites for the uptake of CBZ molecules which is followed by their photo-
catalysis (Bhattacharya et al., 2022). The adsorption of CBZ molecules on the surface of GO-TiO;
mostly takes place by n-m bonds (Ziegmann & Frimmel, 2010). On the other hand, the removal of CBZ
by GO-TiO; increases with the increase in agitation speed which could be attributed to the enhanced
interaction between the surface of GO-TiO; and the CBZ molecules at the greater agitation speed,

leading to their higher adsorption followed by photo-catalysis (Bhattacharya et al., 2022).
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Table 6.1 :- The table showing the 17 different set of parameters (runs) along with their corresponding

outcome as proposed by Box Behnken model of RSM for optimization of CBZ removal by GO-TiO>

Run Factor 1 Factor 2 Factor 3 Response 1
Block A:pH B:Dose C: Agitation | Percentage Removal
Speed
g/L RPM
1 Block 1 7.00 0.75 100.00 68.21
2 Block 1 4.00 0.50 100.00 68.00
3 Block 1 10.00 0.75 80.00 48.89
4 Block 1 10.00 1.00 100.00 55.13
5 Block 1 7.00 1.00 80.00 73.44
6 Block 1 7.00 0.75 100.00 68.21
7 Block 1 4.00 0.75 120.00 75.65
8 Block 1 7.00 0.75 100.00 68.21
9 Block 1 7.00 0.75 100.00 68.21
10 Block 1 10.00 0.50 100.00 40.64
11 Block 1 7.00 0.50 80.00 62.58
12 Block 1 4.00 0.75 80.00 73.44
13 Block 1 7.00 0.50 120.00 47.28
14 Block 1 4.00 1.00 100.00 82.29
15 Block 1 10.00 0.75 120.00 50.70
16 Block 1 7.00 0.75 100.00 68.21
17 Block 1 7.00 1.00 120.00 81.49

Table 6.2 :- ANOVA analysis for the RSM for the photocatalytic removal of CBZ by GO-TiO,

R?Value Adjusted R? Value f- value Probability Value P
0.98 0.95 34.37 (>1) <0.0001
Significant
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Fig. 6.9 :- Relation between the predicted data points and
the experimental data points as per the RSM model.

Fig. 6.10 :- Interaction between the pH of the
experimental solution and the dose of the GO-TiOz and
their effect on the percentage removal of CBZ.
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Fig. 6.11 :- The interaction between the pH of the
experimental solution and agitation speed and their effect
on the percentage removal of CBZ byGO-TiO2.

Fig. 6.12:- The plot showing the interaction
between the dose of the GO-TiO2 and the agitation
speed as per the RSM model and their effect on the
percentaae removal of CBZ.
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6.4.4.2 Process Optimization of the removal of NPX by GO-TiO, by RSM

The Response Surface Methodology was performed with the aim of understanding the effect of inter
parameter interaction on the experimental outcome. In Table 6.3, the outcome of the 17 experiments as
proposed by the software for the BB of the RSM is given and in Table 6.4 the result of the ANOVA of
the RSM model is provided. From there it is observed that the R? value of the model was 0.96 and the
adjusted R? value was 0.92 which propounded the fact that the polynomial model suggested by RSM
was appropriate for predicting the outcome of this adsorption reaction. The high value of F (22.37,
much greater than unity) and the low value of P (0.0002 <0.005) meant that the optimizing model was
highly significant, with the experimental data points exhibiting a high degree of correlation with the
predicted data points (Bhattacharya et al., 2021). Fig. 6.13 shows the relation between the
experimentally determined data points and the predicted data points and there also it can be noted that
the experimental data points exhibits a high degree of correlation with the predicted data points. The
real equation which was used to predict the effect of the input variables on the response output is

presented as follows.

Removal % = —174.73291 — 14.79701 X pH + 70.74176 X Dose + 5.27072 X

Agitation Speed — 4.12088 X pH X Dose + 0.088141 X pH X Agitation Speed + 1.42857 X
Dose x Agiotation Speed + 0.2442 X pH2 —89.01099 x Dose? — 0.034169 x

AGItation Speed?............coooii i, (xxXXii)

As per the RSM model the optimized conditions under which maximum removal of NPX (96.98 %)
was possible were: GO-TiO- dosage of 1 g/L, pH value of 4 and agitation speed of 100 RPM. For this
RSM model, the interaction between the experimental parameters (input variables) and their outcome
on the percentage removal of NPX (response variable) is illustrated by the contour plots shown in Fig.
6.14-6.16.

» Effect of GO-TiO; dosage and solution pH on NPX removal by GO-TiO,

The interaction in between the pH of the experimental solution and the dosage of GO-TiO; and its effect
on the removal of NPX by GO-TiO: is conveyed in the contour plot of Fig. 6.14. From the result of the
experiment it was observed that the removal of NPX was highest at the lower pH range and decreased
with the increase in pH of the experimental solution. This could be attributed to the fact that at the lower
pH range the surface of GO-TiO; acquires a positive charge and the NPX molecules acquire neutral
charge (pHpzc of GO-TIO: is 4.5 and the pKa of NPX is 4.15) (Bhattacharya et al., 2021; Mondal et al.,
2020). The neutrally charged NPX molecules are adsorbed on the surface of GO-TiO,, followed by
which the molecules are photodegraded. However, when the pH of the experimental solution reaches
the higher pH range, the molecules of NPX undergoes a resonance change and becomes more negatively
charged (Bhattacharya et al., 2021; Mondal et al., 2020). On the other hand, the surface charge of GO-
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TiO; also becomes negative when the pH of the experimental solution goes to the higher range. Due to
the electrostatic force of repulsion formed due to the presence of like charges, the adsorption of NPX
molecules on the surface of GO-TIO; is disrupted at this higher pH. As a result of which the photo-
degradation of the NPX molecules by GO-TiO- is also less at the higher pH range (Dong et al., 2015).
In case of the dose variation, it was observed that the removal of NPX by GO-TiO. was higher at the
higher dose range and subsequently decreased with the decrease in dosage of GO-TiO,. This could be
attributed to the fact that with increase in dosage of GO-TiOx, the surface area available for the uptake
of NPX increased leading to the greater adsorption and simultaneously greater degradation of NPX
molecules (Bhattacharya et al., 2022; L. Xu et al., 2018).

» Effect of solution pH and agitation speed on NPX removal by GO-TiO;

The interaction in between the pH of the experimental solution and agitation speed and its effect on the
removal of NPX by GO-TiO;is conveyed in the contour plot of Fig. 6.15. From there it was observed
that the removal of NPX by GO-TiO,was highest at the lower pH range and subsequently decreased
with the increase in pH of the experimental solution. This could be attributed to the neutral charge of
NPX molecules and positive charge on the surface of GO-TiO; at the lower pH which accelerates the
adsorption of NPX on the surface of GO-TiO- , followed by which the molecules of NPX are degraded
(Bhattacharya et al., 2021; Xu et al., 2018). On the other hand, at the higher pH range, both the NPX
molecules and the surface of GO-TiO; acquire a negative charge, leading to the formation of an
electrostatic force of repulsion which inhibits the adsorption of NPX molecules onto the surface of GO-
TiO2. As a consequence of which, the removal of NPX by GO-TiO, decreases at the higher pH range.
On the other hand, the interaction between NPX molecules and the surface of GO-TiO, most probably
increases with the increase in agitation speed leading to increased removal of NPX by adsorption
followed by photo-catalysis (Fazal et al., 2020; Xu et al., 2018).

> Effect of agitation speed and dosage of GO-TiO; dosage on NPX removal by GO-TiO,

The interaction in between the agitation speed and dosage of GO-TiO; and its effect on the removal of
NPX by GO-TiO; is conveyed in the contour plot of Fig. 6.16. From there it was observed that removal
of NPX by GO-TiO; increased with increase in dosage of GO-TiO; which could be attributed to the
greater availability of more active sites for the uptake of NPX molecules which is followed by their
photo-catalysis (Bhattacharya et al., 2022). The adsorption of NPX molecules on the surface of GO-
TiO2 mostly takes place by hydrogen bonding and van deer Waals force (Bhattacharya et al., 2021). On
the other hand, the removal of NPX by GO-TiO; increases with the increase in agitation speed which
could be attributed to the enhanced interaction between the surface of GO-TiO- and the NPX molecules
at the greater agitation speed, leading to their higher adsorption followed by photo-catalysis
(Bhattacharya et al., 2022).
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Table 6.3:- The table showing the 17 different set of parameters (runs) along with their corresponding

outcome as proposed by Box Behnken model of RSM for optimization of NPX removal by GO-TiO-

Run Factor 1 Factor 2 Factor 3 Response 1
Block A:pH B:Dose C: Agitation | Percentage Removal
Speed
g/L RPM
1 Block 1 7.00 0.75 100.00 69.23
2 Block 1 7.00 1.00 80.00 53.85
3 Block 1 7.00 1.00 120.00 78.57
4 Block 1 7.00 0.75 100.00 69.23
5 Block 1 4.00 0.50 100.00 71.98
6 Block 1 7.00 0.75 100.00 69.23
7 Block 1 10.00 1.00 100.00 53.57
8 Block 1 7.00 0.50 80.00 35.71
9 Block 1 4.00 0.75 120.00 67.58
10 Block 1 10.00 0.50 100.00 40.93
11 Block 1 4.00 0.75 80.00 78.57
12 Block 1 7.00 0.50 120.00 31.87
13 Block 1 7.00 0.75 100.00 69.23
14 Block 1 10.00 0.75 80.00 37.36
15 Block 1 7.00 0.75 100.00 69.23
16 Block 1 4.00 1.00 100.00 96.98
17 Block 1 10.00 0.75 120.00 47.53

Table 6.4 :- ANOVA analysis for the RSM for the photocatalytic removal of NPX by GO-TiO,

R?Value Adjusted R? Value f- value Probability Value P
0.96 0.92 22.37 (51) 0.0002 (<0.05)
Significant
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6.4.4.3 Process Optimization of the removal of RTN by GO-TiO, by RSM

The Response Surface Methodology was performed with the aim of understanding the effect of inter
parameter interaction on the experimental outcome. In Table 6.5 the outcome of the 17 experiments as
proposed by the software for the BB model of the RSM is given and in Table 6.6 the result of the
ANOVA of the RSM model is provided. From there it is observed that the R? value of the model was
0.96 and the adjusted R? value was 0.91 which propounded the fact that the polynomial model suggested
by RSM was appropriate for predicting the outcome of this adsorption reaction. The high value of F
(19.59, much greater than unity) and the low value of P (0.0004) meant that the optimization model was
highly significant, with the experimental data points exhibiting a high degree of correlation with the
predicted data points (Bhattacharya et al., 2021). Fig. 6.17 shows the relation between the
experimentally determined data points and the predicted data points and there also it can be noted that
the experimental data points exhibits a high degree of correlation with the predicted data points. The
real equation which was used to predict the effect of the input variables on the response output is

presented as follows.

Removal = —33.91408 + 1.66527 X pH + 72.75399 X Dose + 1.4216 x Agitation Speed +
0.41982 X pH X Dose — 0.047229 x pH X Agitation Speed + 0.15113 X Dose X
Agitation Speed + 0.25889 x pH2 — 44.33249 x Dose? —5.35264 x 1073 X

AGItation Speed? .............ccoooiiiiiiii i (XXXXTT)

As per the RSM model the optimized conditions under which maximum removal of RTN (96.73 %)
was possible were: GO-TiO; dosage of 0.75 g/L, pH value of 10 and agitation speed of 100 RPM. For
this RSM model, the interaction between the experimental parameters (input variables) and their
outcome on the percentage removal of RTN (response variable) is illustrated by the contour plots shown
in Fig. 6.18-6.20.

» Effect of GO-TiO; dosage and solution pH on RTN removal by GO-TiO;

The interaction in between the pH of the experimental solution and the dosage of GO-TiO; and its effect
on the removal of RTN is conveyed in the contour plot of Fig. 6.18. From there it was observed that the
removal of RTN by GO-TiO, was higher at the higher pH range. This could be attributed to the fact
that the RTN molecules remains neutrally charged between its two pK, values of pH 2.6 and 8.2. On
the other hand, GO-TiO, whose pHp.c value is 4.5, remains both positively and negatively charged with
in this pH range. Thus, in the pH range of 4 to 10, the adsorption of RTN is facilitated onto the surface
of GO-TiO.. At the lower pH range, both the GO-TiO; surface and the RTN molecules retain a positive
charge and adsorption is disrupted due to electrostatic force of repulsion. (Al-rub et al., 2020) whereas,

at the higher pH range, the deprotonation of the RTN molecules helps in its adsorption by the surface
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of GO-TiO; (Das & Goud, 2020). And as in case of photo-degradation with a semiconductor, photo-
catalysis generally follows adsorption ( Zhang et al., 2018), therefore highest removal is observed at
the medium pH range. On the other hand, it was observed that the removal of RTN increased with the
increase of dosage of GO-TiO, which could be attributed to the availability of greater surface area for
uptake of RTN molecules (Bhattacharya et al., 2022; Ziegmann & Frimmel, 2010).

» Effect of solution pH and agitation speed on RTN removal by GO-TiO,

The interaction in between the pH of the experimental solution and agitation speed and its effect on the
removal of RTN by GO-TiO; is conveyed in the contour plot of Fig. 6.19. From there it was observed
that the removal of RTN by GO-TiO, was higher at the higher pH range and decreased with lowering
of pH. At the lower pH range, due to the force of repulsion acting between the surface of GO-TiO. and
the RTN molecules, the adsorption and subsequent photo-catalysis of RTN molecules by GO-TiO; is
inhibited at this pH range (Al-rub et al., 2020). However, at the higher pH range, the molecules of RTN
deprotonates, thereby enhancing their adsorption by GO-TiO, followed by their greater photo-
degradation (Das & Goud, 2020; Dong et al., 2015). On the other hand, with the increase in rotation
speed, the interaction between the RTN molecules and the surface of GO-TiO; increased leading to
greater adsorption and consequently greater degradation of RTN molecules by GO-TiO, (Bhattacharya
et al., 2022).

> Effect of agitation speed and dosage of GO-TiO; dosage on RTN removal by GO-TiO;

The interaction in between the agitation speed and dosage of GO-TiO; and its effect on the removal of
RTN by GO-TiO: is conveyed in the contour plot of Fig. 6.20. From there it was observed that removal
of RTN by GO-TiO; increased with increase in dosage of GO-TiO, which could be attributed to the
greater availability of active sites for the uptake of RTN molecules which is followed by their photo-
catalysis (Bhattacharya et al., 2022). The adsorption of RTN molecules on the surface of GO-TiO;
might be due to H bonding and dipole-dipole interaction (Al-rub et al., 2020). On the other hand, the
removal of RTN by GO-TiO; increases with the increase in agitation speed which could be attributed
to the enhanced interaction between the surface of GO-TiO; and the RTN molecules at the greater
agitation speed, leading to their higher adsorption followed by photo-catalysis (Bhattacharya et al.,
2022).
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Table 6.5 :- The table showing the 17 different set of parameters (runs) along with their corresponding

outcome as proposed by Box Behnken model of RSM for optimization of RTN removal by GO-TiO-

Run Factor 1 Factor 2 Factor 3 Response 1
Block A:pH B:Dose C: Agitation | Percentage Removal
Speed
g/L RPM
1 Block 1 7.00 0.75 100.00 89.17
2 Block 1 4.00 0.50 100.00 81.36
3 Block 1 10.00 0.75 80.00 91.18
4 Block 1 10.00 1.00 100.00 96.73
5 Block 1 7.00 1.00 80.00 88.92
6 Block 1 7.00 0.75 100.00 89.17
7 Block 1 4.00 0.75 120.00 93.20
8 Block 1 7.00 0.75 100.00 89.17
9 Block 1 7.00 0.75 100.00 89.17
10 Block 1 10.00 0.50 100.00 85.14
11 Block 1 7.00 0.50 80.00 77.08
12 Block 1 4.00 0.75 80.00 79.35
13 Block 1 7.00 0.50 120.00 78.09
14 Block 1 4.00 1.00 100.00 91.68
15 Block 1 10.00 0.75 120.00 93.70
16 Block 1 7.00 0.75 100.00 89.17
17 Block 1 7.00 1.00 120.00 92.95

Table 6.6 :- ANOVA analysis for the RSM for the photocatalytic removal of RTN by GO-TiO,

R?Value Adjusted R? Value f- value Probability Value P
0.96 0.01 19.59 (>1) 0.0004 (<0.005)
Significant
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6.4.4.4 Process Optimization of the removal of BPA by GO-TiO, by RSM

The Response Surface Methodology was performed with the aim of understanding the effect of inter
parameter interaction on the experimental outcome. In Table 6.7, the outcome of the 17 experiments as
proposed by the software for the BBM model of the RSM is given and in Table 6.8 the result of the
ANOVA of the RSM model is provided. From there it is observed that the R? value of the model was
0.97 and the adjusted R? value was 0.94 which propounded the fact that the polynomial model suggested
by RSM was appropriate for predicting the outcome of this adsorption reaction. The high value of F
(28.71, much greater than unity) and the low value of P (< 0.0001) meant that the optimizing model
was highly significant, with the experimental data points exhibiting a high degree of correlation with
the predicted data points (Bhattacharya et al., 2021). Fig. 6.21 shows the relation between the
experimentally determined data points and the predicted data points and there also it can be noted that
the experimental data points exhibits a high degree of correlation with the predicted data points. The
real equation which was used to predict the effect of the input variables on the response output is

presented as follows.

Removal = —11.85785 — 8.58873 x pH — 192.87799 X Dose + 3.32202 X
Agitation Speed + 4.0864 X pH X Dose —0.12916 X pH X Agitation Speed — 0.24518 X
Dose x Agitation Speed + 1.20403 x pH2 + 140.45534 x Dose? — 0.010563 X

AGItation Speed? .............ccoooiiiiiiiii i (XX XXTV)

As per the RSM model the optimized conditions under which maximum removal of BPA (66.64 %)
was possible were: GO-TiO; dosage of 1 g/L, pH value of 4 and reaction time of 100 minutes. For this
RSM model, the interaction between the experimental parameters (input variables) and their outcome
on the percentage removal of BPA (response variable) is illustrated by the contour plots shown in Fig.
6.22-6.24.

» Effect of GO-TiO, dosage and solution pH on BPA removal by GO-TiO;

The interaction in between the pH of the experimental solution and the dosage of GO-TiO; and its effect
on the removal of BPA is conveyed in the contour plot of Fig. 6.22. From the result of the experiment
it was observed that the removal of BPA was highest at the lower pH range and decreased with the
increase in pH of the experimental solution. This could be attributed to the fact at higher pH range
(around pH >= 8), the BPA molecules dissociate to form bis-phenolate anion. On the other hand, the
PHpzc of GO-TIiO; particles were found to be pH 4.5. As a result of which at the higher pH range, both
surface of GO-TiO; and the molecules of BPA both attain a negative charge, due to which the adsorption
of BPA molecules on to the surface of GO-TiO, was disrupted due to electrostatic force of repulsion
(Xu et al., 2012; Xu et al., 2018). And as the photo-degradation of the BPA molecules is preceded by

the adsorption of the molecules on the surface of GO-TiO, (Nawaz et al., 2017), therefore the removal
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of BPA was also found to be less in the higher pH range and was found to be high at the lower pH range
(Xu et al., 2018). In case of the dose variation study, it was observed that the removal of BPA by GO-
TiO, was higher at the higher dose range and subsequently decreased with the decrease in dosage of
GO-TiO,. This could be attributed to the fact that with increase in dosage of GO-TiO;, the surface area
available for the uptake of BPA increased leading to the greater adsorption and simultaneously greater
degradation of BPA molecules (Bhattacharya et al., 2022; Xu et al., 2018).

» Effect of solution pH and agitation speed on BPA removal by GO-TiO;

The interaction in between the pH of the experimental solution and agitation speed and its effect on the
removal of BPA by GO-TIO2 is conveyed in the contour plot of Fig. 6.23. From there it was observed
that the removal of BPA by GO-TiO;, was highest at the lower pH range and subsequently decreased
with the increase in pH of the experimental solution. This could be attributed to the similar surface
charge of GO-TiO; and BPA molecules at the higher pH range (pH >= 8) (Xu et al., 2018). On the other
hand, the interaction between BPA molecules and the surface of GO-TiO- increased with increase in
agitation speed, which could be attributed to the higher interaction between the surface of GO-TiO. and
the molecules of BPA at this higher agitation speed (Fazal et al., 2020; Xu et al., 2018).

> Effect of agitation speed and of GO-TiO; dosage on the removal of BPA by GO-TiO;

The interaction in between the agitation speed and dosage of GO-TiO; and its effect on the removal of
BPA by GO-TiO- is conveyed in the contour plot of Fig. 6.24. From there it was observed that removal
of BPA by GO-TiO; increased with increase in dosage of GO-TiO, which could be attributed to the
greater availability of active sites for the uptake of BPA molecules which is followed by their photo-
catalysis (Bhattacharya et al., 2022). On the other hand, the removal of BPA by GO-TiO; increases with
the increase in agitation speed which could be attributed to the enhanced interaction between the surface
of GO-TiO; and the BPA molecules at the greater agitation speed, leading to their higher adsorption
followed by photo-catalysis (Bhattacharya et al., 2022).
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Table 6.7 :- The table showing the 17 different set of parameters (runs) along with their corresponding

outcome as proposed by Box Behnken model of RSM for optimization of BPA removal by GO-TiO>

Run Factor 1 Factor 2 Factor 3 Response 1
Block A:pH B:Dose C: Agitation Speed | Percentage Removal
g/L RPM
1 Block 1 7.00 0.75 100.00 60.60
2 Block 1 7.00 1.00 80.00 70.40
3 Block 1 7.00 1.00 120.00 73.56
4 Block 1 7.00 0.75 100.00 60.60
5 Block 1 4.00 0.50 100.00 85.81
6 Block 1 7.00 0.75 100.00 60.60
7 Block 1 10.00 1.00 100.00 80.74
8 Block 1 7.00 0.50 80.00 54.29
9 Block 1 4.00 0.75 120.00 79.86
10 Block 1 10.00 0.50 100.00 66.37
11 Block 1 4.00 0.75 80.00 60.25
12 Block 1 7.00 0.50 120.00 62.35
13 Block 1 7.00 0.75 100.00 60.60
14 Block 1 10.00 0.75 80.00 70.05
15 Block 1 7.00 0.75 100.00 60.60
16 Block 1 4.00 1.00 100.00 87.92
17 Block 1 10.00 0.75 120.00 58.67

Table 6.8 :- ANOVA analysis for the RSM for the photocatalytic removal of BPA by GO-TiO,

R?Value

Adjusted R? Value

f- value

Probability Value P

0.97

0.94

28.71 (>1)

0.0001 (<0.05)
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6.4.5 Removal of the EC’s by GO-TiO2 in an RPB

As mentioned before, an experiment was conducted with the RPB in order to intensify the adsorption
ability of the GO-TiO; composite. As mentioned before, before the start of the reaction the EC’s were
treated by GO-TiO; inside the UV reactor for 1 hour under UV A irradiation. After 1 hour the solutions
were taken out and the level of the EC’s were determined spectrophotometrically. From there it was
observed that 67.52 % of CBZ, 83.25 % of NPX, 93.93 % of RTN and 51.8 % of BPA were removed
after the photocatalytic reaction. The adsorption reaction in the RPB was continued for 6 hours and at
the end of the reaction 89.37 % of CBZ, 98.36 % of NPX, 99.47 % of RTN and 82.68 % of BPA were
removed by the GO-TiO, composite during the RPB reaction. As in case of RTN and NPX, both of
these EC’s were removed in high percentage by photo-catalysis by GO-TiO; therefore in their case, the
scope of GO-TiO; to operate as an adsorbent was very less. However, in case of CBZ and BPA, the
GO-TiO; has operated as an effective adsorbent, thereby implying that the GO-TiO, composite can also
act as an efficient adsorbent (Bhattacharya et al., 2022). The result of the experiment is shown in Fig.
6.25.
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Fig. 6.25:- Removal of CBZ, NPX, RTN and BPA by GO-TiO; in a RPB
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6.4.6 Reusability Study

6.4.6.1 Reusability of GO-TiO; after treating CBZ

Evaluation of the reusability of GO-TiO, was important for determining the economic feasibility of the
composite. Out of the six solutions that were used for the regeneration of used GO-TiO, after treating
CBZ, the greatest effectivity was exhibited by the 10% NaOH solution. By washing the GO-TiO, with
the 10 % NaOH solution it was observed that in the first cycle, the GO-TiO, was able to remove 88.31
% of the CBZ from the aqueous solution, a value which was close to the effectivity exhibited by pristine
GO-TiOsz. In the next cycle the removal of CBZ was 87.22 % and in the third cycle the removal was
80.06 %. For the fourth and the fifth cycle, the removal of CBZ by GO-TiO, was 79.4 % and 75.31 %
respectively. Therefore it can be stated that the GO-TiO; regenerated by 10 % NaOH solution, can
remove 75 % of CBZ from its aqueous solution for up-to five cycles. Thus, the synthesized GO-TiO-
can be recycled up-to five times with a significant level of effectivity. The result of the experimental

study is shown in Fig. 6.26.
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Fig. 6.26:- Removal of CBZ by GO-TiO; in different steps of the reusability cycle.
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6.4.6.2 Reusability Study of GO-TiO, after treating NPX

Evaluation of the reusability of GO-TiO, was important for determining the economic feasibility of the
composite. Out of the six solutions that were used for the regeneration of used GO-TiO; after treating
NPX, the greatest effectivity was exhibited by the 10 % HCI solution. By regenerating the GO-TiO,
composite with the 10 % HCI solution it was observed that in the first cycle, the GO-TiO, was able to
remove 70.41 %, in the second cycle it was able to remove 69.18 % and in the third cycle it was able to
remove 60.69 % of the NPX from the aqueous solution. In the third and fourth cycle the GO-TiO, was
able to remove 57.12 % and 53.63 % of NPX respectively. The percentage of NPX removed by GO-
TiO, after regeneration with 10 % HCI in the first and second cycle, was quite close to the original
effectivity of GO-TiO.. In the third cycle also the effectivity of GO-TiO, remained over 60 %. The
effectivity of GO-TiO, only decreased in the last two cycles. Therefore it can be stated that, GO-TiO;
can be reused for up-to three times with reasonably high effectivity by regenerating the composite by
washing it with 10 % HCI solution. The result of the experimental study is shown in Fig. 6.27.
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Fig. 6.27:- Removal of NPX by GO-TiO; in different steps of the reusability cycle.
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6.4.6.3 Reusability Study of GO-TiO, after treating RTN

Evaluation of the reusability of GO-TiO, was important for determining the economic feasibility of the

composite. Out of the six solutions that were used for the regeneration of used GO-TiO;, the greatest

effectivity was exhibited by the 10% ethanol solution. By regenerating the GO-TiO, composite with

the 10 % ethanol solution it was observed that in the first cycle, the GO-TiO, was able to remove 93.39

% of RTN, in the second cycle it was able to remove 92.13 % of RTN and in the third cycle it was able
to remove 90.89 % of the RTN from the aqueous solution. In the fourth and fifth cycle the GO-TiO;
was able to remove 81.61 % and 74.13 % of RTN respectively. Thus from the result of the experiment

it was observed that by washing the GO-TiO, with 10 % ethanol, it was able to remove more than 90

% of ranitidine for up-to three cycles, thereby signifying that the GO-TiO, composite can be reused

multiple times through proper regeneration. The result of the experimental study is shown in Fig. 6.28.
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Fig. 6.28:- Removal of RTN by GO-TiO- in different steps of the reusability cycle.
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6.4.6.4 Reusability Study of GO-TiO; after treating BPA

Evaluation of the reusability of GO-TiO, was important for determining the economic feasibility of the

composite. Out of the six solutions that were used for the regeneration of used GO-TiO; after treating
BPA, the greatest effectivity was exhibited by the 10% HCI solution. By regenerating the GO-TiO>

composite with the 10 % HCI solution it was observed that in the first cycle, the GO-TiO, was able to
remove 71.75 % of BPA, in the second cycle it was able to remove 67.11 % of BPA and in the third

cycle it was able to remove 55.9 % of the BPA from the aqueous solution. In the fourth and fifth cycle
the GO-TiO; was able to remove 43.89 % and 36.18 % of BPA respectively. Therefore, from the result

of the experimental study as shown in Fig. 6.29, it was observed that GO-TiO; was able to remove more

than 50 % of BPA from its aqueous solution for up-to three cycles on being regenerated by washing
with 10 % HCI solution.
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Fig. 6.29:- Removal of BPA by GO-TiO; in different steps of the reusability cycle.
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6.5 CONCLUSION :-

In the above experiment, a composite was synthesized by combining GO with TiOz by a solvothermal
method. The composite was utilized for removing the EC’s from there aquatic solution by means of
photo-degradation. The TiO, was chosen as the semiconductor material for photo-catalysis by virtue of
its inert nature, chemical and physical stability and ease of availability. However, the drawbacks of
utilizing TiO, were its high band gap (3.2 eV for anatase and 3 eV for rutile) and it’s hydrophobicity,
by virtue of which the TiO, attains a tendency to clump together. In order to alleviate this problems, the
TiO2 was combined with GO. Combining GO with TiO- is supposed to increase the surface area, thereby
providing more active sites for the uptake of adsorbate molecules. Also the combination of GO with
TiO2 is supposed to bring down the band gap of TiO,. The GO and TiO, composite consisted of 9 parts
by weight of GO and 1 part by weight of TiO> (which is a combination of 3 parts by weight of anatase
and 1 part by weight of rutile TiO). The GO-TiO. composite was synthesized by a solvormal method
in a Teflon lined autoclave at a temperature of 120°C for 12 hours. The synthesized material was
characterized by SEM, XRD, FTIR and Raman Spectroscopy. From the SEM analysis it was observed,
that the surface of GO-TiO, was interspersed with TiO, particles and the surface morphology of GO-
TiO2 made it suitable for the purpose of adsorption of pollutants. From the XRD analysis of GO-TiO;
it was found that GO was reduced during the solvothermal reaction, leading to the absence of the
characteristic peak of GO. The characteristic peaks of TiO, were also observed in the XRD analysis of
GO-TiO,. From the FTIR analysis of GO-TiO; it was observed that the GO was reduced, leading to the
formation of fewer peaks (denoting fewer functional groups) as compared to GO. Furthermore, the peak
at 524 cm™ denotes the Ti-O-Ti bond, thereby stating that the surface of GO had combined with that of
TiO.. From the Raman analysis it was observed, that the sp? hybridized structure of carbon had many
defects on its surface. The band gap of the synthesized GO-TiO; was calculated by virtue of a Tauc plot
using the Kubelka Munk expression from its UV-Vis spectra. From there it was observed that, the band
gap of TiO- (found to be 3.44 eV) decreased (to 3.24 eV) on being combined with GO. This could be
attributed to the formation of a new energy band on being combined with GO. Then a screening study
was performed in order to find which incident radiation was most capable of activating the GO-TiO,
composite. Out of the four radiation calculated, i.e., UVA, UVB, UVC and visible light, it was observed
that UVA radiation exhibited the highest efficiency. So UVA radiation was used as the activating
radiation in the further studies. From the result of the experiment it was observed that the GO-TiO-
composite was able to remove significant amount of the EC’s from there aqueous solution, with the
highest removal for CBZ being 95.94 % at CBZ concentration of 5 mg/L, GO-TiO- dosage of 2 g/L,
pH 7 of experimental solution, agitation speed of 120 RPM. For NPX the highest removal was 90.99 %
which was obtained at pH 2 of experimental solution, GO-TiO, dosage of 2 g/L, NPX concentration of
10 mg/L and agitation speed of 120 RPM. For RTN the highest removal was 95.27 % which was
obtained at pH 8, GO-TiO; dosage of 2 g/L, RTN concentration of 10 mg/L and agitation speed of 120
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RPM. For BPA the highest removal was 99.65 % which was obtained at pH 7 of the experimental
solution, GO-TiO; dosage of 2 g/L, BPA concentration of 5 mg/L and agitation speed of 120 RPM. The
batch studies were further optimized with RSM there the maximum removal of CBZ was 82.29 % was
possible under the GO-TiO; dosage of 1 g/L, pH value of 4 and agitation speed of 100 RPM. For NPX
the maximum removal was 96.98 % which were possible under the experimental conditions of GO-
TiO; dosage of 1 g/L, pH value of 4 and agitation speed of 100 RPM. For RTN the maximum removal
was 96.73 % which was possible at GO-TiO, dosage of 1 g/L, pH value of 10 and agitation speed of
100 RPM. For BPA the maximum removal was 87.92 % which was possible were under the
experimental conditions of GO-TiO, dosage of 1 g/L, pH value of 4 and agitation speed of 100 RPM.
And lastly, the adsorption ability of GO-TiO, was evaluated by virtue of a RPB study. The adsorption
reaction in the RPB was continued for 6 hours and at the end of the reaction 89.37 % of CBZ, 98.36 %
of NPX, 99.47 % of RTN and 82.68 % of BPA were removed by the GO-TiO, composite during the
RPB reaction. The GO-TiO, composite also exhibited the capacity to be reused for at least 2-3 times
with efficiency comparable to that of the original material on being treated with regenerating solutions.
Thus, from the result of the experimental studies, it was inferred that GO-TiO, was very effective in
removing the EC’s from their aquatic solution. Further research can be done to make process more

effective and emphasis can also be laid on the separation of the composite materials from water.
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CHAPTER 7

SYNTHESIS OF A ARSB-TIO, COMPOSITE AND
ITS UTILIZATION FOR REMOVING EC’S FROM
THE AQUATIC SYSTEM

7.1 INTRODUCTION

In the recent times, mostly due to anthropogenic activities, large quantities of trace organic pollutants
are being released into the aquatic ecosystem (Bhattacharya et al., 2022). PHA’s compounds form a
major part of these trace pollutants (Khan et al., 2017). Huge amounts of PHA’s are consumed by
humans and is used for treating their pets and cattle’s. A high proportion of these PHA’s are excreted
in a non-metabolised state, in the form of an active compound into the aquatic ecosystem (Khan et al.,
2017). PHA compounds are also released into the freshwater ecosystem in the form of industrial
effluents and hospital wastes (Khan et al., 2017). The PHA’s being chemically active compounds, can
cause undesirable effects if they are consumed by non-target organisms. The untreated traces of PHA’s
in the aquatic ecosystem can result in the formation of resistant strains of microorganisms which can be
detrimental for the human well-being (Gogoi et al., 2018). Along with PHA’s, E.D.C’s are also an
important group of trace organic pollutants which mimics the activity of the hormone estrogen and can
alter and harm the hormonal system of the body (Chouhan et al., 2014; Gogoi et al., 2018). For this
particular chapter, three PHA’s namely CBZ, NPX and RTN and one E.D.C, namely BPA were used

to represent the pollutant compounds.

Various techniques have been utilized in order to remove these trace pollutants from water like
filtration, evaporation, coagulation, chemical precipitation, ion exchange, electrodeposition solvent
extraction, membrane system, adsorption and reverse osmosis (Zhang et al., 2019). Among these
different methods, photo-catalysis is considered to be one of the most effective techniques for removing
these types of trace organic pollutants from water. In the process of photo-catalysis, the trace organic
pollutants are adsorbed on the surface of the photo-catalyst followed by which they are degraded by
into smaller compounds (preferably into benign end products like CO; and H;0) (Dong et al., 2015).

Among the different semiconductors that are utilized in the process of photo-catalysis, TiO, was
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selected for this particular experiment by virtue of its physical and chemical stability, non-toxic nature
and relatively low cost and easy availability (Silva et al., 2021). However, using TiO; as the
semiconducting material has its drawbacks, such as tendency to agglomerate in aquatic solution, lesser
ability to adsorb organic pollutants (especially hydrophobic ones) and high band gap (3.2 eV for anatase
and 3 eV for rutile) that can only be activated by UV radiation (Dong et al., 2015). In order to alleviate
this problems, TiO: is generally combined with some other material like metals, non-metals and dyes
etc. In Chapter 6, the mixing of TiO. with GO and the efficacy of the GO-TiO, composite for the
purpose of removing the EC’s like CBZ, NPX, RTN and BPA were evaluated. In the present chapter,
TiO, was combined with the previously denoted ARSB, by a solvo-thermal method and then this

material was used for removing the above mentioned EC’s from there aquatic solution.

The characterization of the synthesized ARSB-TiO, was done with SEM, XRD, FTIR and Raman
spectroscopy analysis. The band gap of the ARSB-TiO, composite was evaluated by the Kubelka-Munk
equation from its UV-visible spectroscopy by plotting a Tauc plot (Fazal et al., 2020; Xu et al., 2018).
Firstly, a screening study was done with UVA, UVB, UVC and visible light for finding the most suitable
radiation for activating the ARSB-TiO, composite. Then a series of batch studies were performed with
different experimental parameters like concentration of the pollutant, dosage of photo-catalyst, pH of
the experimental solution and temperature in order to find the conditions under which the highest
removal of the EC’s by the ARSB-TiO; was possible. The process was further optimized with RSM. In
the end, the adsorption efficiency of the ARSB-TiO, composite was evaluated in an RPB method,
followed by photo-catalysis. The regeneration of the ARSB-TIO; after treating the EC’s were also

evaluated.

7.2 MATERIALS AND METHODS :-

7.2.1 Materials required

The TiO, powders were acquired from Platonic. The rest of the materials was collected in the same

manner as mentioned in the previous chapter, Chapter 5, Section 5.2.1.

7.2.2 Synthesis of ARSB

ARSB was synthesized using the same procedure as mentioned in Chapter 5, Section 5.2.2.

7.2.3 Synthesis of ARSB-TiO»

Using the same solvo-thermal process as utilized for the synthesis of GO-TiO- as described in Chapter
6, Section 5.2.3.

7.2.4 Characterization

Same as mentioned in Chapter 6, Section 6.2.4.
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7.2.5 Preparation of the Experimental Solution.

Using the same process as mentioned Chapter 4, Section 4.2.4.

7.2.6 Screening Study

Using the same process as mentioned in Chapter 6, Section 7.2.6.

7.2.7 Batch study

A batch study was performed in order to find the experimental conditions under which the highest

removal of the EC‘s by the ARSB-TiO, was possible. Four experimental parameters were investigated
namely concentration of the EC’s (5 mg/L-20 mg/L), dosage of the photo-catalyst (0.5 g/L- 2 g/L), pH
of the experimental solution (pH 2-pH 10) and temperature. Before turning on the incident light, the
ARSB-TiO; and the EC’s were stirred in the dark for 30 minutes in order for the adsorption equilibrium
to take place. Followed by which the incident light was turned on.

The sample collection, filtration, centrifugation and the analysis of EC’s in sample before and after

treatment were done by following the same method as mentioned in Chapter 4, Section 4.2.5.

7.2.8 Process optimization with RSM

In case of the RSM study, the CCD model of RSM was used for optimizing the removal of the EC’s by
ARSB-TiO;. The input parameters were the pH of the experimental solution, the dosage of ARSB-TiO;

and the contact time. Rest of the experiment is same as mentioned in Chapter 4, Section 4.2.6.

7.2.9 Process Intensification with Rotating Packed Bed (RPB) study

A RPB study was conducted in order to evaluate the adsorption efficiency of the ARSB-TiO, composite.

Firstly, a 10 mg/L solution of each of the EC’s were taken and to it the ARSB-TiO. composite was
added at a dosage of 2 g/L. Then the experimental solution consisting of the EC and the ARSB-TiO;
composite were irradiated with activating radiation for 1 hour. Then the whole experimental solution
was transferred to the reservoir used for holding the experimental solution in the RPB. The rest of the

process was similar to what has been described in Chapter 4, Section 4.2.8.

7.2.10 Reusability study of the ARSB-TiO>

Following the same procedure as mentioned in Chapter 4, Section 4.2.8.
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7.3 CALCULATIONS :-

7.3.1. Percentage removal

Same as mentioned in Chapter 4, Section 4.3.1.

7.3.2. Optimization using RSM

Same as mentioned in Chapter 4, Section 4.3.5.

7.4 RESULTS :-

7.4.1 Characterization

7.4.1.1 SEM analysis of ARSB-TiO;

Fig. 7.1 (a) shows the SEM image of ARSB-TiO, nanocomposite. From there it was observed that the
surface of ARSB consisted of folded lamellar sheets of carbon, which is characteristic of the
morphology of ARSB as reported in (Bhattacharya et al., 2021). The layers and wrinkles that are
observed on the surface of ARSB might have been formed by the interconnection of the oxygen
containing functional groups among themselves. The granular structures observed on the surface of
ARSB might be attributed to that of TiO.. Thus from the SEM image of ARSB-TiO; it can be observed
that the particles of TiO, were evenly dispersed on the surface of ARSB. The TiO; particles may have
attached to the surface of ARSB by electrostatic binding, physi-sorption or charge transfer (Al-Shamali,
2013; Li et al., 2014). The pollutants are adsorbed on the surface of ARSB followed by which they are
photo-catalytically degraded by the TiO2 molecules.

3/9/2022 ‘ HV

2:24:48 PM | 5.00 kV | 40 000 x l 11.9 mm

Fig. 7.1 (a):- SEM image of ARSB-TiO,
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7.4.1.2 FTIR analysis of ARSB-TiO>

The FT-IR spectrum of the ARSB-TiO, composite is represented in Fig. 7.1 (b), which shows
distinctive peaks at 3436 cm ™%, 2914 cm™, 2848 cm ™, 1619 cm™* and 1380 cm™ which could be assigned
to the O—H hydroxyl bond vibration, C-H bond vibration, C = C bond and O-C vibration, respectively.
The simultaneous presence of the O—H bond, and C = C on the surface of ARSB marks the presence of
the -COOH carboxyl functional group which could be considered as the site of attachment of TiO- on
the surface of ARSB (Ganguly et al., 2020). The set of peaks observed after the 1000 cm™ mark can be
assigned to the Ti-O-Ti or Ti-O-C bonds (Cai et al., 2018; Ye et al., 2020). Thus, from the FTIR analysis
of ARSB-TiO, composite, it was observed that the TiO, materials were attached on the surface of the
ARSB.

FTIR of ARSB-TIO

Transmittance (%)

3436

T T T T
4000 3000 2000 1000 [e]

Wavenumber (cm™)

Fig. 7.1 (b):- FT-IR spectra image of ARSB-TiO;
7.4.1.3 XRD analysis of ARSB-TiO;

The XRD peaks (Fig. 7.1 (c)) of ARSB-TiO,were observed at 25.48°, 38.18°, 48.26°, 54.81° and 62.82
°, denotes the characteristic peak assigned to (101), (004), (200), (211), (204), (116), and (215) planes
of TiO, (Li et al., 2016; Ye et al., 2020). From Fig. 7.1 (c), anatase phase of TiO, (peak at 25.48°,
38.18°, 48.26° and 62.82°) and a small peak of rutile phase (peak at 54.81°) of TiO, were observed (Li
et al., 2016; Ye et al., 2020). The absence of distinctive peak of rutile (except 54.81°) can be attributed
to its low concentration present in the mixture composite. The peak at around 10-13° 6 denoting the
oxidation of the graphitic structure was not observed thereby denoting that the activated ARSB was
reduced during the hydrothermal treatment (Fazal et al., 2020; Nawaz et al., 2017). The sharp peak
observed at 26.78° can be attributed to the crystalline structure of the ARSB lattice. Thus from the XRD
analysis of ARSB-TiO; it was inferred that the TiO; crystals were combined with the ARSB during the
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solvo-thermal method and the ARSB particles were themselves reduced during the hydrothermal

reaction.

XRD of ARSB-TIO,

26.78

Intensity (a.u)
|

2o )

Fig. 7.1 (c):- XRD image of ARSB-TiO;
7.4.1.4 Raman Spectroscopy of ARSB-TiO,

From the Raman Spectra of ARSB as shown in Fig. 7.1 (d), the D-band and the G-band were observed
at 1331 cm™ and 1586 cm™ respectively. The D-band denotes the sp? carbon atom with structural defect
proportional to the extent of oxidation and the G-band denoted the in-plane vibration of the sp? bonded
graphitic structure (Zhang et al., 2018). The ratio of Ip/lg serves as the parameter for observing the
defects and disorders in graphitic structures (Nawaz et al., 2017). In the case of the ARSB-TiO, the
ratio of Ip/lc >1, thereby signifying that the structure of sp® hybridized carbon molecules were
disordered, which could be attributed to the decreased size of the sp? hybridized molecules, thereby

marking that the TiO, was able to reduce the ARSB molecules (Nawaz et al., 2017).

Raman Spectra of ARSB—TiOJ

I, =1331cm™

- 1
I, =1586 cm
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Raman Shift (cm'l)

Fig. 7.1 (d) :- Raman Spectra of ARSB-TiO;
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7.4.1.5 UV adsorption spectra and band gap of ARSB-TiO;

The UV adsorption spectra of ARSB-TiO is shown in Fig. 7.1 (e). From there it was observed that the
peak of the adsorption spectra of ARSB-TiO, was observed more towards longer wavelength as
compared to TiO, and ARSB. This could be attributed to the combination between TiO, and ARSB as
has been observed from the FTIR and XRD analysis (Fazal et al., 2020; Xu et al., 2018). The
combination of ARSB with TiO; by the Ti-O-C or Ti-O-Ti bond results in the formation of a new energy
band which eventually results in the shifting of the adsorption spectra into the visible wavelength.

The band gap of ARSB-TiO; was evaluated using the Kubelka Munk function from the Tauc plot using
the same method as used in Chapter 6, Section 6.4.1 and is shown in Fig. 7.1 (f). From there it was
observed that the band gap (Eg) of TiO, was 3.36 eV, for ARSB was 3.31 eV and for ARSB-TiO- it was
2.4 eV. The lowering of the band gap of ARSB-TiO; can be attributed to the combination of TiO, with
ARSB. The Ti-O-C bond formed due to the combination of TiO, with ARSB results in the formation
of a new energy band thereby decreasing the band gap energy of ARSB-TiO, (Wang et al., 2016).
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Fig. 7.1 (e) :- UV-Vis spectra of TiO;, ARSB and ARSB-TiO;
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Fig. 7.1 (f) :- Energy band gap of TiO2, ARSB and ARSB-TiO;

7.4.2 Comparative Removal Study

At first a comparative study was performed in order to find which wavelength can most suitably excite
the ARSB-TiO; composite. As mentioned before, the concentration of the four EC’s (CBZ, NPX, RTN
and BPA) were kept constant at 10 mg/L. The dose of the ARSB-TiO, was taken as 2 g/L. All the other
parameters were also kept constant. The radiations used for activating the ARSB-TiO, composite were
UVA, UVB, UVC and visible light. From the result of the experiment as shown in Fig. 7.2 it was
observed that in each case the visible light exhibited the highest efficiency for the purpose of removing
the materials. The reason can be given as follows, as all the incident radiations were operating at the
same wattage, therefore the incident radiations with the lowest photon energy will be generated at the
highest quantity. As a consequence of which, the photons of visible light or visible light will be highest
in number. As the particles of ARSB-TiO- (band gap energy = 2.4 eV) can be activated even by visible
light (photon energy = 2.2- 2.7 eV) (Diwald et al., 2004), therefore the highest photocatalytic efficiency
was exhibited under visible light. Thus, visible light was used in further experiment for the activation
of ARSB-TIO; particles. Also, a set of experiments were conducted where only the visible light was
utilized for degrading the EC molecules (figure not shown). There it was observed that only visible light

was unable to degrade any of the EC’s on itS own.
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Fig. 7.2:- Effect of incident radiation on the removal of the EC’s by ARSB-TiO;

7.4.3 Batch Study

7.4.3.1 Effect of concentration of EC’s on the removal of the EC’s by ARSB-TiO;

In order to investigate the effect of concentration of EC’s on the removal efficiency of ARSB-TiO; a
batch study was conducted with four concentration of EC’s namely 5 mg/L, 10 mg/L, 15 mg/L and 20
mg/L. The dose of ARSB-TiO,was kept constant at 2 g/L, the pH of the experimental solution was kept
at neutral and the temperature was kept at 303 K. The result of the experiment is shown in Fig. 7.3(a)-
(d). From the result of the experiment it was observed that the removal of CBZ, RTN and BPA by
ARSB-TIiO; increased with increase in concentration from 5 mg/L to 10 mg/L. This phenomenon could
be attributed to the fact that, with increase in concentration of EC’s, the gradient based transfer of the
molecules of EC from the experimental solution to the surface of ARSB-TiO; took place. As a
consequence of which the adsorption of EC molecules on the surface of ARSB-TiO; increased leading
to the subsequent greater photo-degradation of CBZ molecules (Banerjee et al., 2016; Dong et al., 2015;
Xu et al., 2018). However, when the concentration increased beyond 10 mg/L, the surface of ARSB-
TiO, got saturated by the EC molecules, as a consequence of which the rate of adsorption and
subsequent photo-degradation decreased leading to lesser removal of the EC’s by ARSB-TIO; at this
higher concentration. In case of NPX, however the removal of the EC’s by ARSB-TiO. decreased with
the increase in concentration which could be attributed to the saturation of the surface of ARSB-TiO-
with NPX molecules, leading to decreased adsorption and subsequent photo-degradation at increasing
concentration (Nawaz et al., 2017; Xuetal., 2018; Zhang et al., 2018). The removal of CBZ by ARSB-
TiO, (Fig. 7.3 (a)) was 72.43 % at 5 mg/L, 78.6 % at 10 mg/L, 64.2 % at 15 mg/L and 56.07 % at 20
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mg/L. The removal of NPX by ARSB-TiO: (Fig. 7.3(b)) was 83.46 % at 5 mg/L, 78.2 % at 10 mg/L,
71.68 % at 15 mg/L and 66.12 % at 20 mg/L. The removal of RTN by ARSB-TiO; (Fig. 7.3(c)) was
97.19 % at 5 mg/L, 99.73 % at 10 mg/L, 96.92 % at 15 mg/L and 89.66 % at 20 mg/L. The removal of
BPA by ARSB-TIO; (Fig. 7.3(d)) at 5 mg/L, 10 mg/L, 15 mg/L and 20 mg/L were observed to be 71.13
%, 75.23 %, 70.57 % and 67.73 % respectively. For further experiment, the 10 mg/L concentration of

the EC’s were used.
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Fig. 7.3:- Effect of concentration on removal of (a) CBZ (b) NPX (c) RTN (d) BPA by ARSB-TiO;
7.4.3.2 Effect of dosage of photo-catalyst ARSB-TiO; on the removal CBZ by ARSB-TiO,

The effect of the dosage of the adsorbent on its removal efficacy was investigated over four different
dosage of ARSB-TiO i.e.,, 0.5 ¢/L, 1 ¢g/L, 1.5 g/L and 2 g/L. The concentration of the EC’s were kept
constant at 10 mg/L. The pH of the solution was kept at neutral and the temperature was kept at 303 K.
From the result of the experiment as shown in Fig. 7.4 ((a)-(d)) it was observed that the removal of
EC’s by ARSB-TiO; increased with increase in dose of ARSB-TiO,. This outcome could be attributed
to the greater availability of active sites at higher dosage of ARSB-TiO; which facilitates the higher
adsorption and subsequent greater photo-catalysis of the EC’s (Bhattacharya et al., 2022; Dong et al.,
2015; Xu et al., 2018). In case of the removal of CBZ by ARSB-TIO; (Fig. 7.4 (a)) the removal at the
0.5 g/L dose of ARSB-TiO; was observed to be 49.79 %, the removal at 1 g/L dosage was found to be
61.73 %, at 1.5 g/L dosage was found to be 71.6 % and at the 2 g/L dosage was 80.04 % respectively.
The removal of NPX by ARSB-TiO; (Fig. 7.4 (b)) at the 0.5 g/L dose of ARSB-TiO- was observed to
be 56.62 %, the removal at 1 g/L dosage was found to be 64.89 %, at 1.5 g/L dosage was found to be
70.62 % and at the 2 g/L dosage was 78.35 % respectively. The removal of RTN by ARSB-TiO, (Fig.
7.4 (c)) at 0.5 g/L dose of ARSB-TiO, was observed to be 46.58 %, the removal at 1 g/L dosage was
found to be 84.73 %, at 1.5 g/L dosage was found to be 86.43 % and at the 2 g/L dosage was 98.96 %
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respectively. The removal of BPA by ARSB-TIO; (Fig. 7.4 (d)) at the 0.5 g/L dose of ARSB-TiO; was
observed to be 39.75 %, the removal at 1 g/L dosage was found to be 60.22 %, at 1.5 g/L dosage was
found to be 71.06 % and at the 2 g/L dosage was 74.27 % respectively. In case of each of these EC’s,
the highest removal was achieved for the 2 g/L dosage of ARSB-TiO, therefore this dosage of ARSB-
TiO, was utilized for further studies.
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Fig. 7.4 :- Effect of dosage of ARSB-TiO, on the removal of (a) CBZ (b) NPX (c) RTN (d) BPA by
ARSB-TIO;

7.4.3.3 Effect of pH of the experimental solution on the removal efficacy of ARSB-TiO,

The effect of pH on the removal of EC’s by ARSB-TiO; was investigated under five different pH of the
experimental solution, viz., pH 2, pH 4, pH 6, pH 8 and pH 10. The concentration of the EC’s were kept
constant at 10 mg/L and the dosage of ARSB-TiO, was kept fixed at 2 g/L. From the result of the
experimental study as shown in Fig. 7.5 ((a)-(d)). The removal of CBZ by ARSB-TiO; (Fig. 7.5 (a))
was highest at the lower pH range. The pHy.c of ARSB-TiO, was obtained to be 7.5 and the pK, value
of CBZ is around 13.9 (Al-hamadani et al., 2018). Therefore during the whole pH range, the molecules
of CBZ remain neutral whereas the surface of ARSB-TiO; remains positive below pH 7.5 and becomes
negative above pH 7.5. At the lower pH range, the adsorption of the CBZ molecules on the positive
surface of ARSB is facilitated. Similar results were observed in the works of (Delhiraja et al., 2019)
and (Khalil et al., 2020), where higher amount of CBZ were adsorbed on the surface of GO and graphene
respectively at the lower pH range. Therefore, due to the higher adsorption of CBZ on ARSB-TiO; at
the lower pH range higher photo-degradation was also observed at the lower pH range, leading to higher

removal. Similarly, when the pH of the experimental solution was increased, the adsorption of CBZ on
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the surface of ARSB-TIiO, decreased leading to the lower adsorption, and thereby simultaneously
resulting into lower photo-degradation of CBZ molecules (Chen et al., 2017; Lima et al., 2021; Naghdi
et al., 2019). As a consequence of which, the highest removal of CBZ was observed at pH 2 (88.27 %)
followed by pH 4 (80.04 %), followed by pH 6 (73.66 %) followed by pH 8 (71.6 %) followed by pH
10 (53.09 %).

The removal of NPX by ARSB-TiO; (Fig. 7.5 (b)) was highest at the lower pH range, with the highest
removal percentage being recorded at pH 2 (85.4 %), followed by pH 4 (82.93 %), pH 6 (78.27 %), pH
8 (71.44 %) and pH 10 (65.35 %). The reason behind this phenomenon can be attributed to the fact that,
the pHp.c of ARSB-TiO, was 7.51 and the pK, value of NPX was 4.15 (Mondal et al., 2020). Therefore
at pH less than pH 4, the molecules of NPX remains neutrally charged and the surface of ARSB-TiO;
remains positively charged. As a consequence of which at the lower pH range, more adsorption of NPX
molecules takes place on the surface of ARSB-TiO- by virtue of H-H bonding and van der Waals force
between the ARSB particles and the NPX molecules (Bhattacharya et al., 2021). However, with the
increase in pH of the experimental solution (greater than pH 4.15 for NPX and greater than 7.5 for
ARSB-TIiO;) both the NPX molecules and the surface of ARSB-TiO, acquire a net negative charge.
Thus at the higher pH range (> pH 8) a force of repulsion takes place between the negatively charged
surfaces of ARSB particles and the negatively charged NPX molecules. As a consequence of which the
uptake of the NPX molecules by the surface of the ARSB-TiO, composite decreases at higher pH range,

resulting in reduced adsorption and subsequently reduced photo-degradation at the higher pH range.

The removal of RTN by ARSB-TiO; (Fig. 7.5 (c)) decreased with the increase in pH of the experimental
solution with the highest removal being observed at pH 2 (96.37 %) followed by pH 4 (96.11 %),
followed by pH 6 (91.7 %), followed by pH 8 (86.46 %) followed by pH 10 (82.14 %). In order to find
the reason behind this phenomenon, the pHp;c of ARSB-TiO: (pH = 7.5) and the pKa value of RTN has
to be considered (pH 2.6 and pH 8.2) (Al-rub et al., 2020). At the lower pH range (pH 2-4), the surface
charge of ARSB-TiO- remains positive whereas the RTN molecules remains highly protonated leading
to enhanced adsorption of RTN by ARSB-TIiO; followed by its photo-catalysis (Dong et al., 2015;
Mondal et al., 2020). On the other hand, at the higher pH range (pH 8-10), the surface of ARSB-TiO;
remains negative and the RTN molecules remains weakly protonated, leading to decreased adsorption
of RTN molecules by ARSB-TiO;, thereby leading to decreased photo-catalysis (Dong et al., 2015;
Mondal et al., 2020). As a consequence of which, the highest removal of RTN by ARSB-TiO; was
observed at pH 2.
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The removal of BPA by ARSB-TIO; (Fig. 7.5 (d)) was highest at the lowest pH and subsequently
decreased with the increase in pH of the experimental solution. The removal of BPA at pH 2, pH 4, pH
6, pH 8 and pH 10 were observed to be 95.73 %, 87.76 %, 75.53 %, 71.03 % and 60.29 % respectively.
This could be attributed to the fact that the pK. value of BPA was 9.6 (Phatthanakittiphong & Seo,
2016) and the pHp,c of ARSB-TiO, was 7.5. Therefore at pH less than 7.5 the surface of ARSB-TiO;
remains positive and below pH 8, the molecules of BPA also remains neutrally charged (Garikoé et al.,
2020). Therefore at this pH range the adsorption of BPA by ARSB-TiO, was facilitated. As a
consequence of which the removal of BPA by ARSB-TiO; was also facilitated at the lower pH range
(Dong et al., 2015). However, when the pH increased to around pH 8, then the BPA molecules
dissociated to form mono valent anions (Garikoé et al., 2020) and the surface of ARSB-TiO; also attains
a negative charge. As a consequence of which, the removal of BPA by ARSB-TIO; at this higher pH
range is inhibited by the electrostatic force of repulsion acting between the surface of ARSB-TiO; and

the molecules of BPA, which reduces the rate of adsorption and hence photo-catalysis (Dong et al.,
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Fig. 7.5:- Effect of pH on the removal of () CBZ (b) NPX (c) RTN (d) BPA by ARSB-TiO;

7.4.3.4 Effect of temperature on the removal of EC’s by ARSB-TiO>

The effect of temperature on the removal of EC’s by ARSB-TiO, was investigated for four temperatures
namely 298 K, 303 K, 308 K and 313 K. The dosage of ARSB-TiO, was kept constant at 2 g/L, the pH
of experimental solution was kept constant at pH 7 and the concentration of EC’s was kept fixed at 10
mg/L. The result of the experiment is shown in Fig. 7.6 (a)-(d). From the result of the experiment as
shownin Fig. 7.6 (a) it was observed that the removal of CBZ increased with the increase in temperature

up-to 308 K. Thereafter, when the temperature was increased to 313 K, the removal of CBZ by ARSB-
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TiO; exhibited a slight decrease. The logic behind this result can be attributed to the fact that, with the
increase in temperature, the pore space of ARSB increased leading to greater adsorption of CBZ
molecules on its surface (Bhattacharya et al., 2021). With the increase in temperature, the interaction
between the CBZ molecules and the surface of ARSB might also have increased, leading to greater
adsorption of CBZ molecules on the surface of ARSB-TiO,. And as photo-catalysis by a
semiconducting material has to be preceded by adsorption of the pollutant on the surface of the
semiconductor, therefore the rate of removal by photo-catalysis also increased with the increase in
adsorption (Dong et al., 2015). However, when the temperature was increased beyond the optimum
point of 308 K and increased to 313 K, then the rate of adsorption decreased. As a consequence of
which the removal by photo-catalysis also decreased. The highest removal was observed at 308 K (80.04
%), followed by 303 K (76.34 %), followed by 313 K (74.69 %) and lastly by 298 K (73.05 %).

In case of the removal of NPX (Fig. 7.6 (b)) it was observed that the removal of NPX increased with
the increase in temperature. The removal at 298 K was found to be 76.45 %, at 303 K was found to be
77.59 %, at 308 K was found to be 78.7 % and at 313 K was found to be 81.35 %. The increase in
removal of NPX by ARSB-TiO, with subsequent increase in temperature can be attributed to the
increase in the pore space of ARSB-TiO; and the increased interaction between the surface of ARSB-
TiO2 and NPX molecules leading to the increased adsorption and subsequently increased photo-
degradation of the NPX molecules (Bhattacharya et al., 2021; Dong et al., 2015).

The removal of RTN by ARSB-TiO; (Fig. 7.6 (c)) showed a similarity to the removal of CBZ by ARSB-
TiO2, In this case also the removal increased with the increase in temperature till 308 K. This could be
attributed to the increase in pore size and increased interaction between the surface of ARSB-TiO and
the RTN molecules leading to higher adsorption and subsequently greater photo-degradation of RTN
molecules by ARSB-TiO, (Banerjee et al., 2016; Bhattacharya et al., 2021; Dong et al., 2015).
However, when the temperature increased beyond 308 K, a decrease in the percentage removal of RTN
by ARSB-TiO, was observed, which could be attributed to reduced adsorption due to higher Kinetic
energy of adsorbate molecules (Banerjee et al., 2016; Bhattacharya et al., 2021). As a consequence of
which, the percentage removal by photo-degradation also decreased at 313 K. The percentage removal
of RTN at the four temperature points were 89.76 % at 298 K, 94.08 % at 303 K, 99.38 % at 308 K and
90.45 % at 313 K.
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The removal of BPA by ARSB-TIO; (Fig. 7.6 (d)) decreased with the increase in temperature with the
removal for 298 K, 303 K, 308 K and 313 K being 81.74 %, 78.11 %, 75.83 % and 73.61 % respectively.
This could be attributed to the fact that with the increase in temperature, the Kinetic energy of the BPA
molecules increases. As a consequence of which the adsorption of BPA onto the surface of ARSB is
decreased with the increase in temperature. And as the process of photo-catalysis is preceded by
adsorption therefore the rate of photo-degradation also decreases with the increase in temperature (Dong
et al., 2015). Thus, it can be inferred that the degradation of BPA by ARSB-TiO, was exothermic in
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Fig. 7.6 :- Effect of temperature on the removal of (a) CBZ (b) NPX (c) RTN (d) BPA by ARSB-TiO-
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7.4.4 Process Optimization by RSM

7.4.4.1 Optimization of the removal of CBZ by ARSB-TiO; by RSM

The RSM was performed with the aim of understanding the effect of inter parameter interaction on the
experimental outcome. In Table 7.1, the outcome of the 20 experiments as proposed by the software
for the CCD model of the RSM is given and in Table 7.2 the result of the ANOVA of the RSM model
is provided. From there it is observed that the R? value of the model was 0.94 and the adjusted R? value
was 0.89 which propounded the fact that the polynomial model suggested by RSM was appropriate for
predicting the outcome of this adsorption reaction. The high value of F (18.32, much greater than unity)
and the low value of P (< 0.0001) meant that the optimizing model was highly significant, with the
experimental data points exhibiting a high degree of correlation with the predicted data points
(Bhattacharya et al., 2021). Fig. 7.7 shows the relation between the experimentally determined data
points and the predicted data points and there also it can be noted that the experimental data points
exhibits a high degree of correlation with the predicted data points. The real equation which was used

to predict the effect of the input variables on the response output is presented as follows :-

Removal = —86.1272 + 1.74409 X pH 4 70.50974 X Dose + 1.19032 X Time + 0.1595 X
pH x Dose + 0.081283 X pH X Time — 0.11487 X Dose X Time — 0.96817 X pH? —
12.06413 X Dose? — 530914 X 1073 X Time?..........coooviiiiiiiieiieiiieeeeeeenen. (XXXXV)

As per the RSM model the optimized conditions under which maximum removal of CBZ (81.34 %)
was possible were: ARSB-TiO; dosage of 2 g/L, pH value of 6.5 and reaction time of 120 minutes. For
this RSM model, the interaction between the experimental parameters (input variables) and their
outcome on the percentage removal of CBZ (response variable) is illustrated by the contour plots shown
in Fig. 7.8-7.10.

» Effect of ARSB-TIiO; dosage and solution pH on CBZ removal by ARSB-TiO,

The interaction in between the pH of the experimental solution and the dosage of ARSB-TiO; and its
effect on the removal of CBZ is conveyed in the contour plot of Fig. 7.8. From the result of the
experiment it was observed that the removal of CBZ was highest at the lower pH range. This could be
attributed to the higher adsorption of CBZ molecules on the surface of ARSB-TiO; at the lower pH
range (Delhiraja et al., 2019; A. M. E. Khalil et al., 2020). The rate of adsorption of CBZ on the surface
of ARSB-TIiO; decreased with the increase in pH of the experimental solution (D. Chen et al., 2017;
Lima et al., 2021; Naghdi et al., 2019), therefore the rate of photo-catalysis also decreased with the
increase in pH of the experimental solution. In case of the dose variation study, it was observed that the
removal of CBZ by ARSB-TiO; was higher at the higher dose range and subsequently decreased with

the decrease in dosage of ARSB-TiO,. This could be attributed to the fact that with increase in dosage
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of ARSB-TIO;, the surface area available for the uptake of CBZ increased leading to the greater
adsorption and simultaneously greater degradation of CBZ molecules (Bhattacharya et al., 2022; L. Xu
et al., 2018).

» Effect of solution pH and contact time on CBZ removal by ARSB-TiO;

The interaction in between the pH of the experimental solution and agitation speed and its effect on the
removal of CBZ by ARSB-TiO; is conveyed in the contour plot of Fig. 7.9. From there it was observed
that the removal of CBZ by ARSB-TiO,was highest at the lower pH range and subsequently decreased
with the increase in pH of the experimental solution. This could be attributed to the enhanced adsorption
of CBZ molecules on the surface of ARSB-TiO; at the lower pH range (Delhiraja et al., 2019; A. M. E.
Khalil et al., 2020) and the reduced adsorption of CBZ on the surface of ARSB-TiO; at the higher pH
range (D. Chen et al., 2017; Dong et al., 2015; Lima et al., 2021; Naghdi et al., 2019). In case of the
effect of contact time on the removal of CBZ by ARSB-TiO- it was observed that higher removal of
CBZ was achieved at the higher contact time, which could be attributed to greater interaction between
CBZ molecules and the surface of ARSB-TiO- leading to higher adsorption and subsequently greater
photo-degradation of CBZ molecules by ARSB-TiO, (Bhattacharya et al., 2021; Dong et al., 2015).

> Effect of contact time and dosage of ARSB-TiO- dosage on CBZ removal by ARSB-TiO;

The interaction in between the contact time and dosage of ARSB-TiO; and its effect on the removal of
CBZ by ARSB-TIO; is conveyed in the contour plot of Fig. 7.10. From there it was observed that
removal of CBZ by ARSB-TIO; increased with increase in dosage of ARSB-TiO, which could be
attributed to the greater availability of active sites for the uptake of CBZ molecules which is followed
by their photo-catalysis (Bhattacharya et al., 2022; Dong et al., 2015). On the other hand, the removal
of CBZ by ARSB-TiO; increases with the increase in contact time which could be attributed to the
enhanced interaction between the surface of ARSB-TiO, and the CBZ molecules at the greater contact

time, leading to their higher adsorption followed by photo-catalysis (Bhattacharya et al., 2021).
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Table 7.1:- The table showing the 20 different set of parameters (runs) along with their corresponding

outcome as proposed by CCD model of RSM for optimization of CBZ removal by ARSB-TiO>

Factor 1 Factor 2 Factor 3 Response 1
Std Run | Block A:pH B:Dose C:Time R1
mg/10 ml min

20 1 Block 1 6.50 2 120.00 81.34
19 2 Block 1 9.00 1 90.00 27.76
1 3 Block 1 9.00 3 150.00 77.88
3 4 Block 1 4.00 1 150.00 51.19
9 5 Block 1 10.70 2 120.00 55.02
16 6 Block 1 6.50 2 120.00 81.34
12 7 Block 1 4.00 1 90.00 44.69
4 8 Block 1 6.50 2 120.00 81.34
2 9 Block 1 6.50 2 120.00 81.34
6 10 Block 1 6.50 3.68 120.00 62.49
13 11 Block 1 6.50 2 120.00 81.34
8 12 Block 1 6.50 0.32 120.00 32.63
15 13 Block 1 9.00 3 90.00 60.78
18 14 Block 1 9.00 1 150.00 69.51
5 15 Block 1 2.30 2 120.00 74.19
17 16 Block 1 4.00 3 150.00 68.83
7 17 Block 1 6.50 2 69.55 62.51
10 18 Block 1 6.50 2 120.00 81.34
11 19 Block 1 6.50 2 170.45 73.83
14 20 Block 1 4.00 3 90.00 65.25

Table 7.2 :- ANOVA analysis for the RSM for the photocatalytic removal of CBZ by ARSB-TiO,

R*Value Adjusted R? Value F-value Probability Value P
0.94 0.89 18.32 <0.0001
Significant
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Fig. 7.7: Relation between the predicted data points and
the experimental data points as per the RSM model.

Fig. 7.9: The interaction between the pH of the
experimental solution and contact time and their effect
on the percentage removal of CBZ by ARSB-TiO2.
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Fig. 7.10: The plot showing the interaction between
the dose of the ARSB-TiO2 and the contact time as
per the RSM model and their effect on the
percentaae removal of CBZ.
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7.4.4.2 Process Optimization of the removal of NPX by ARSB-TiO, by RSM

The Response Surface Methodology was performed with the aim of understanding the effect of inter
parameter interaction on the experimental outcome. In Table 7.3, the outcome of the 20 experiments as
proposed by the software for the CCD model of the RSM is given and in Table 7.4 the result of the
ANOVA of the RSM model is provided. From there it is observed that the R? value of the model was
0.92 and the adjusted R? value was 0.84 which propounded the fact that the polynomial model suggested
by RSM was appropriate for predicting the outcome of this adsorption reaction. The high value of F
(12.23, much greater than unity) and the low value of P (0.0003 <0.0005) meant that the optimizing
model was highly significant, with the experimental data points exhibiting a high degree of correlation
with the predicted data points(Bhattacharya et al., 2021). Fig. 7.11 shows the relation between the
experimentally determined data points and the predicted data points and there also it can be noted that
the experimental data points exhibited a high degree of correlation with the predicted data points. The
real equation which was used to predict the effect of the input variables on the response output is

presented as follows.

Removal % = —7.38128 + 7.57467 X pH + 29.55393 X Dose + 0.6581 X Time + 1.43164 X
pH X Dose + 0.042949 X pH x Time + 0.077547 X Dose X Time — 1.55469 X pH? —
8.82912 X Dose? — 4.72541 X 1073 X Time? ... .. cee cevcev cer e eee vee et evn et e e e een e (XXXXVI)

As per the RSM model the optimized conditions under which maximum removal of NPX (89.62 %)
was possible were: ARSB-TiO; dosage of 3.68 g/L, pH value of 6.5 and reaction time of 120 minutes.
For this RSM model, the interaction between the experimental parameters (input variables) and their
outcome on the percentage removal of NPX (response variable) is illustrated by the contour plots shown
in Fig. 7.12-7.14.

» Effect of ARSB-TIiO; dosage and solution pH on NPX removal by ARSB-TiO,

The interaction in between the pH of the experimental solution and the dosage of ARSB-TiO; and its
effect on the removal of NPX by ARSB-TiO- is conveyed in the contour plot of Fig. 7.12. From the
result of the experiment it was observed that the removal of NPX was highest at the lower pH range
and decreased with the increase in pH of the experimental solution. This could be attributed to the fact
that at the lower pH range the surface of ARSB-TiO, acquires a positive charge and the NPX molecules
acquire neutral charge (pHpzc of ARSB-TIO: is 7.5 and the pKa of NPX is 4.15) (Mondal et al., 2020).
The neutrally charged NPX molecules are adsorbed on the surface of ARSB-TiO;, followed by which
the molecules are photodegraded. However, when the pH of the experimental solution reaches the
higher pH range (greater than pH 4.15), the molecules of NPX undergoes a resonance change and
becomes more negatively charged (Bhattacharya et al., 2021; Mondal et al., 2020). On the other hand,

the surface charge of ARSB-TiO; also becomes negative when the pH of the experimental solution goes
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over pH 7.5. Due to the electrostatic force of repulsion formed due to the presence of like charges, the
adsorption of NPX molecules on the surface of ARSB-TiO: is disrupted at this high pH. As a result of
which, the photo-degradation of NPX molecules is also less at the higher pH range (Dong et al., 2015).
In case of the dose variation study, it was observed that the removal of NPX by ARSB-TiO was higher
at the higher dose range and subsequently decreased with the decrease in dosage of ARSB-TiO,. This
could be attributed to the fact that with increase in dosage of ARSB-TiO;, the surface area available for
the uptake of NPX increased leading to the greater adsorption and simultaneously greater photo-
degradation of NPX molecules (Bhattacharya et al., 2022; Dong et al., 2015; L. Xu et al., 2018).

» Effect of solution pH and contact time on NPX removal by ARSB-TiO,

The interaction in between the pH of the experimental solution and contact time and its effect on the
removal of NPX by ARSB-TiO-is conveyed in the contour plot of Fig. 7.13. From there it was observed
that the removal of NPX by ARSB-TiO,was highest at the lower pH range and subsequently decreased
with the increase in pH of the experimental solution. This could be attributed to the neutral charge of
NPX molecules and positive charge on the surface of ARSB-TiO; at the lower pH which accelerates
the adsorption of NPX on the surface of ARSB-TiO,, followed by which the molecules of NPX are
degraded (Bhattacharya et al., 2021; Dong et al., 2015; L. Xu et al., 2018). On the other hand, at the
higher pH range (pH >8), both the NPX molecules and the surface of ARSB-TiO; acquire a negative
charge, resulting in the formation of an electrostatic force of repulsion which inhibits the adsorption of
NPX molecules onto the surface of ARSB-TiO,. As a consequence of which, the adsorption, and
subsequent photo-degradation of NPX molecules by ARSB-TiO, decreases at the higher pH range
(Bhattacharya et al., 2021; Dong et al., 2015; L. Xu et al., 2018). On the other hand, the interaction
between NPX molecules and the surface of ARSB-TiO, most probably increases with the increase in
contact time up-to to an optimum point (around the 120 minute mark). Till that point the adsorption of
NPX molecules on the surface of ARSB-TiO, increases with the increase in contact time,
simultaneously leading to the greater photo-degradation of the NPX molecules (Bhattacharya et al.,
2021; Dong et al., 2015; L. Xu et al., 2018). However, beyond that point, the adsorption of NPX
molecules on the surface of ARSB-TIiO; -is decreased, probably due to desorption leading to decreased

adsorption and thus, reduced photo-degradation at the high contact time.

» Effect of contact time and dosage of ARSB-TiO- dosage on NPX removal by ARSB-TiO;

The interaction in between the contact time and dosage of ARSB-TiO; and its effect on the removal of
NPX by ARSB-TIiO; is conveyed in the contour plot of Fig. 7.14. From there it was observed that
removal of NPX by ARSB-TIO- increased with increase in dosage of ARSB-TiO; which could be
attributed to the greater availability of more active sites for the uptake of NPX molecules which is
followed by their photo-catalysis (Bhattacharya et al., 2022; Dong et al., 2015; L. Xu et al., 2018). The

212



adsorption of NPX molecules on the surface of ARSB-TiO, mostly takes place by hydrogen bonding
and van deer Waals force (Bhattacharya et al., 2021). On the other hand, the removal of NPX by ARSB-
TiOz increases with the increase in contact time up-to an optimum point (120 minutes), which could be
attributed to increase in adsorption, hence photo-degradation with increase in contact time
(Bhattacharya et al., 2021). However, beyond this optimum point, a decrease in percentage removal of
NPX by ARSB-TiO, was observed with increase in contact time, which could be attributed to the
decrease in adsorption due to desorption beyond the optimum point (Bhattacharya et al., 2021).
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Table 7.3 :- The table showing the 20 different set of parameters (runs) along with their corresponding

outcome as proposed by the CCD model of RSM for optimization of NPX removal by ARSB-TiO>

Factor 1 Factor 2 Factor 3 Response 1
Std Run Block A:pH B:Dose C:Time R1
o/L min

20 1 Block 1 | 6.50 2.00 120.00 81.39
19 2 Block 1 | 9.00 1.00 90.00 38.8

1 3 Block 1 | 9.00 3.00 150.00 68.5

3 4 Block 1 | 4.00 1.00 150.00 55.98
9 5 Block1 | 10.70 2.00 120.00 32.36
16 6 Block 1 | 6.50 2.00 120.00 81.39
12 7 Block 1 | 4.00 1.00 90.00 62.06
4 8 Block 1 | 6.50 2.00 120.00 81.39
2 9 Block 1 | 6.50 2.00 120.00 81.39
6 10 Block 1 | 6.50 3.68 120.00 89.62
13 11 Block 1 | 6.50 2.00 120.00 81.39
8 12 Block 1 | 6.50 0.32 120.00 31.28
15 13 Block 1 | 9.00 3.00 90.00 52.4

18 14 Block 1 | 9.00 1.00 150.00 29.13
5 15 Block 1 | 2.30 2.00 120.00 83.54
17 16 Block 1 | 4.00 3.00 150.00 64.57
7 17 Block 1 | 6.50 2.00 69.55 74.59
10 18 Block 1 | 6.50 2.00 120.00 81.39
11 19 Block 1 | 6.50 2.00 170.45 72.1

14 20 Block 1 | 4.00 3.00 90.00 77.81

Table 7.4 :- ANOVA analysis for the RSM for the photocatalytic removal of NPX by ARSB-TiO-

R?Value Adjusted R? Value f- value Probability Value P
0.92 0.84 12.23 (51) 0.0003 (<0.0005)
Significant
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Fig. 7.13: The interaction between the pH of the experimental
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7.4.4.3 Process Optimization of the removal of RTN by ARSB-TiO, by RSM

The Response Surface Methodology was performed with the aim of understanding the effect of inter
parameter interaction on the experimental outcome. In Table 7.5 the outcome of the 20 experiments as
proposed by the software for the CCD model of the RSM is given and in Table 7.6 the result of the
ANOVA of the RSM model is provided. From there it is observed that the R? value of the model was
0.82 and the adjusted R? value was 0.66 which propounded the fact that the polynomial model suggested
by RSM was appropriate for predicting the outcome of this adsorption reaction. The high value of F
(5.14, greater than unity) and the low value of P ( 0.0087 < 0.01) meant that the optimizing model was
highly significant, with the experimental data points exhibiting a high degree of correlation with the
predicted data points (Bhattacharya et al., 2021). Fig.7.15 shows the relation between the
experimentally determined data points and the predicted data points and there also it can be noted that
the experimental data points exhibits a high degree of correlation with the predicted data points. The
real equation which was used to predict the effect of the input variables on the response output is

presented as follows.

Removal = 32.08801 — 1.01019 X pH + 0.63777 X Dose — 0.20753 X Time — 0.018512 X
pH X Dose + 0.015575 X pH X Time + 2.57937 X 10™* X Dose X Time + 0.18745 X pH? —
1.10428 X 1073 X Dose? + 4.15637 X 1074 X Time?............c..civiveeeeeeeee e (XXXXVN)

As per the RSM model the optimized conditions under which maximum removal of RTN (96.19 %)
was possible were: ARSB-TiO, dosage of 3 g/L, pH value of 4 and reaction time of 90 minutes. For
this RSM model, the interaction between the experimental parameters (input variables) and their
outcome on the percentage removal of RTN (response variable) is illustrated by the contour plots shown
in Fig. 7.16-7.18.

> Effect of ARSB-TIiO; dosage and solution pH on RTN removal by ARSB-TiO;

The interaction in between the pH of the experimental solution and the dosage of ARSB-TiO; and its
effect on the removal of RTN is conveyed in the contour plot of Fig. 7.16. From there it was observed
that the removal of RTN by ARSB-TiO, was higher at the lower pH range. This could be attributed to
the pHp.c of ARSB-TIO; (pH = 7.5) and the two pKa values of RTN (2.6 and 8.2) (Al-rub et al., 2020).
At the lower pH range (pH 2-4), the molecules of RTN are highly protonated whereas the surface of
ARSB-TIO; is positively charged, leading to enhanced adsorption at this lower pH range (Mondal et
al., 2020) and as photo-degradation have to be preceded by adsorption, therefore higher removal was
also observed at this lower pH range (Dong et al., 2015). On the other hand, at the higher pH range (pH

8-10) the surface of ARSB-TIiO, becomes negatively charged whereas the molecules of RTN remains
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weakly protonated resulting in reduced adsorption by electrostatic forces of attraction  (Mondal et al.,
2020). As a consequence of which, removal of RTN by ARSB-TIO: is reduced at the higher pH range
by photo-catalysis (Dong et al., 2015). In case of the dose variation study it was observed that the
removal of RTN increased with the increase of dosage of ARSB-TiO, which could be attributed to the
availability of greater surface area for uptake of RTN molecules (Bhattacharya et al., 2022; Ziegmann
& Frimmel, 2010). Inversely, the removal of RTN by ARSB-TiO; reduced with the decrease in dosage
of ARSB-TiOs..

» Effect of solution pH and contact time on RTN removal by ARSB-TiO>

The interaction in between the pH of the experimental solution and contact time and its effect on the
removal of RTN by ARSB-TiO; is shown in the contour plot of Fig. 7.17. From there it was observed
that the removal of RTN by ARSB-TiO, was higher at the lower pH range and decreased with the
increase in pH of the experimental solution. The logic behind this observation is that, at the lower pH
range the molecules of RTN (with pK, values 2.6 and 8.2) are highly protonated whereas the surface of
ARSB-TIO; is positively charged (pHp.c = 7.5) leading to enhanced adsorption of RTN molecules by
the surface of ARSB-TiO; followed by their photo-degradation (Dong et al., 2015; Mondal et al., 2017).
At the higher pH range, the surface of ARSB-TiO; is negatively charged whereas the molecules of RTN
are weakly protonated leading to reduced adsorption of RTN molecules by the surface of ARSB-TiO;
due to electrostatic forces of attraction (Mondal et al., 2017). As a consequence of which the photo-
degradation of RTN molecules by ARSB-TiO; is reduced at this higher pH range (Dong et al., 2015).
On the other hand, with the increase in contact time the interaction in between the RTN molecules and
the surface of ARSB-TIO; increases leading to greater adsorption and subsequently greater photo-
degradation of the RTN molecules (Bhattacharya et al., 2021; Dong et al., 2015). The increase in rate
of adsorption, with the increase in contact time denotes that the adsorption of RTN molecules on the
surface of ARSB-TIO; is physical in nature (Bhattacharya et al., 2021).

> Effect of contact time and dosage of ARSB-TiO; dosage on RTN removal by ARSB-TiO,

The interaction in between the agitation speed and dosage of ARSB-TiO; and its effect on the removal
of RTN by ARSB-TiO; is conveyed in the contour plot of Fig. 7.18. From there it was observed that
removal of RTN by ARSB-TiO; increased with increase in dosage of ARSB-TiO, which could be
attributed to the greater availability of active sites for the uptake of RTN molecules which is followed
by their photo-catalysis (Bhattacharya et al., 2022; Dong et al., 2015). On the other hand, the removal
of RTN by ARSB-TIO; increases with the increase in contact time which could be attributed to the
enhanced interaction between the surface of ARSB-TiO; and the RTN molecules at the higher contact
time, leading to higher adsorption and subsequently greater photo-degradation of RTN molecules

(Bhattacharya et al., 2021; Dong et al., 2015). The increase in the adsorption of RTN molecules with
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increase in contact time could be attributed to the proposition that the adsorption of RTN molecules on
the surface of ARSB-TIO: is physical in nature (Bhattacharya et al., 2021).

Table 7.5 :- The table showing the 20 different set of parameters (runs) along with their corresponding

outcome as proposed by the CCD model of RSM for optimization of RTN removal by ARSB-TiO,

Factor 1 Factor 2 Factor 3 Response 1
Std Run | Block A:pH B:Dose C:Time R1
g/L min

15 1 Block 1 6.50 2.00 120.00 92.23
2 2 Block 1 9.00 1.00 90.00 81.25
8 3 Block 1 9.00 3.00 150.00 89.17
5 4 Block 1 4.00 1.00 150.00 79.79
10 5 Block 1 10.70 2.00 120.00 95.63
19 6 Block 1 6.50 2.00 120.00 92.23
1 7 Block 1 4.00 1.00 90.00 72.08
17 8 Block 1 6.50 2.00 120.00 92.23
20 9 Block 1 6.50 2.00 120.00 92.23
12 10 Block 1 6.50 3.68 120.00 91.7

18 11 Block 1 6.50 2.00 120.00 92.23
11 12 Block 1 6.50 0.32 120.00 28.42
4 13 Block 1 9.00 3.00 90.00 73.69
6 14 Block 1 9.00 1.00 150.00 80.48
9 15 Block 1 2.30 2.00 120.00 93.57
7 16 Block 1 4.00 3.00 150.00 93.84
13 17 Block 1 6.50 2.00 69.55 92.82
16 18 Block 1 6.50 2.00 120.00 92.23
14 19 Block 1 6.50 2.00 170.45 91.88
3 20 Block 1 4.00 3.00 90.00 96.19

Table 7.6 :- ANOVA analysis for the RSM for the photocatalytic removal of RTN by ARSB-TiO;

R?Value

Adjusted R? Value

f- value

Probability Value P

0.82

0.66

5.14

(0.0087) < 0.05

Significant
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7.4.4.4 Process Optimization for the removal of BPA by ARSB-TiO, by RSM

The RSM was performed with the aim of understanding the effect of inter parameter interaction on the
experimental outcome. In Table 7.7, the outcome of the 20 experiments as proposed by the software
for the CCD model of the RSM is given and in Table 7.8 the result of the ANOVA of the RSM model
is provided. From there it is observed that the R? value of the model was 0.94 and the adjusted R? value
was 0.89 which propounded the fact that the polynomial model suggested by RSM was appropriate for
predicting the outcome of this adsorption reaction. The high value of F (17.99, much greater than unity)
and the low value of P (< 0.0001) meant that the optimizing model was highly significant, with the
experimental data points exhibiting a high degree of correlation with the predicted data points
(Bhattacharya et al., 2021). Fig. 7.19 shows the relation between the experimentally determined data
points and the predicted data points and there also it can be noted that the experimental data points
exhibits a high degree of correlation with the predicted data points. The real equation which was used

to predict the effect of the input variables on the response output is presented as follows.

Removal = —6.08185 — 5.55237 X pH + 44.55273 X Dose + 0.82925 X Time — 1.39123 X
pH x Dose + 0.073356 X pH X Time — 0.020377 X Dose X Time — 0.17439 X pH? —
6.91543 X Dose? —5.28385 X 1073 X Time?............cocooiiiiiiiieiiiieeeeeeeeeee o (XXXXV)

As per the RSM model the optimized conditions under which maximum removal of BPA (83.11 %)
was possible were: ARSB-TiO; dosage of 2 g/L, pH value of 2.3 and reaction time of 120 minutes. For
this RSM model, the interaction between the experimental parameters (input variables) and their
outcome on the percentage removal of BPA (response variable) is illustrated by the contour plots shown
in Fig. 7.20-7.22.

> Effect of ARSB-TIiO dosage and solution pH on BPA removal by ARSB-TiO;

The interaction in between the pH of the experimental solution and the dosage of ARSB-TiO; and its
effect on the removal of BPA is conveyed in the contour plot of Fig. 7.20. From the result of the
experiment it was observed that the removal of BPA was highest at the lower pH range and decreased
with the increase in pH of the experimental solution. This could be attributed to the fact at higher pH
range (around pH >= 8), the BPA molecules dissociate to form bis-phenolate anion. On the other hand,
the pHy.c of ARSB-TiO; was found to be at pH 7.5. As a result of which at the higher pH range, both
surface of ARSB-TiO, and the molecules of BPA both attain a negative charge, due to which the
adsorption of BPA molecules on to the surface of ARSB-TiO; was inhibited due to the electrostatic
force of repulsion (J. Xu et al., 2012; L. Xu et al., 2018). And as the photo-degradation of the BPA
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molecules is preceded by the adsorption of the molecules on the surface of ARSB-TiO; (Dong et al.,
2015; Nawaz et al., 2017), therefore the removal of BPA was also found to be less in the higher pH
range and was found to be high at the lower pH range (L. Xu et al., 2018). In case of the dose variation
study, it was observed that the removal of BPA by ARSB-TIO; increased with increase in dosage of
ARSB-TIiO; and subsequently decreased with the decrease in dosage of ARSB-TiO.. This could be
attributed to the fact that with increase in dosage of ARSB-TIO,, the surface area available for the
uptake of BPA increased leading to the greater adsorption and simultaneously greater degradation of
BPA molecules (Bhattacharya et al., 2022; L. Xu et al., 2018).

» Effect of solution pH and contact time on BPA removal by ARSB-TiO>

The interaction in between the pH of the experimental solution and agitation speed and its effect on the
removal of BPA by ARSB-TIO: is conveyed in the contour plot of Fig. 7.21. From there it was observed
that the removal of BPA by ARSB-TiO,was highest at the lower pH range and subsequently decreased
with the increase in pH of the experimental solution. This could be attributed to the fact that ARSB-
TiO2 and the BPA molecules attain similar surface charges at the higher pH range (pH >= 8) (L. Xu et
al., 2018). As a consequence of which, at the higher pH range a force of repulsion acts between the
BPA molecules and the surface of ARSB-TiO, leading to decreased rate of adsorption at the higher pH
range. And as the process of photo-degradation has to be preceded by adsorption therefore at the higher
pH range, the removal of BPA by ARSB-TiO- also decreased (Dong et al., 2015; L. Xu et al., 2018).
On the effect of contact time, from the experimental result it was observed that the removal of BPA by
ARSB-TIO; increased with increase in contact time up-to a particular point (around the 105 min-120
min time range). Beyond this particular time range, the removal of BPA by ARSB-TiO; decreased
slightly. This phenomenon could be attributed to the fact that adsorption equilibrium was reached
around the time range of 105 min-120 min. When the contact time increased beyond this particular
point, desorption of the BPA particles from the surface of ARSB-TiO, might have taken place. Similar
observation have been observed in the works of (Roy et al., 2018). As a consequence of which, the
removal of BPA by photo-degradation was also found to have been decreased at this higher pH range
(Dong et al., 2015; Xu et al., 2018).

» Effect of contact time and dosage of ARSB-TiO; on the removal of BPA by ARSB-TIiO;

The interaction in between the dosage and contact time of ARSB-TiO; and its effect on the removal of
BPA by ARSB-TIO; is conveyed in the contour plot of Fig. 7.22. From there it was observed that
removal of BPA by ARSB-TIO; increased with increase in dosage of ARSB-TiO, which could be
attributed to the greater availability of active sites for the uptake of BPA molecules which is followed
by their photo-catalysis (Dong et al., 2015; L. Xu et al., 2018). On the other hand, the removal of BPA

by ARSB-TIO; increased with the increase in contact time up-to an optimum point beyond which a
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decrease in removal was observed. This could be attributed to the desorption of BPA molecules from
the surface of ARSB-TiO, beyond the optimum point leading to decreased adsorption and hence
decreased photo-degradation of BPA molecules. Similar results were obtained from the work of (Roy
et al., 2018).
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Table 7.7 :- The table showing the 20 different set of parameters (runs) along with their corresponding

outcome as proposed by CCD model of RSM for optimization of BPA removal by ARSB-TiO>

Factor 1 Factor 2 Factor 3 Response 1
Std Run Block A:pH B:Dose C:Time R1
g/L min

17 1 Block 1 6.50 2.00 120.00 77.23
16 2 Block 1 9.00 1.00 90.00 55.14
14 3 Block 1 9.00 3.00 150.00 72.51
8 4 Block 1 4.00 1.00 150.00 60.71
4 5 Block 1 10.70 2.00 120.00 63.24
7 6 Block 1 6.50 2.00 120.00 77.23
1 7 Block 1 4.00 1.00 90.00 60.03
19 8 Block 1 6.50 2.00 120.00 77.23
20 9 Block 1 6.50 2.00 120.00 77.23
9 10 Block 1 6.50 3.68 120.00 68.63
2 11 Block 1 6.50 2.00 120.00 77.23
12 12 Block 1 6.50 0.32 120.00 45.53
6 13 Block 1 9.00 3.00 90.00 52.28
10 14 Block 1 9.00 1.00 150.00 66.1

13 15 Block 1 2.30 2.00 120.00 83.81
18 16 Block 1 4.00 3.00 150.00 69.31
5 17 Block 1 6.50 2.00 69.55 61.21
15 18 Block 1 6.50 2.00 120.00 77.23
11 19 Block 1 6.50 2.00 170.45 65.09
3 20 Block 1 4.00 3.00 90.00 82.8

Table 7.8 :- ANOVA analysis for the RSM for the photocatalytic removal of BPA by ARSB-TiO;

R?Value Adjusted R*Value f- value Probability Value P
0.94 0.89 17.99 <0.0001
Significant
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7.4.5 Removal of the EC’s by ARSB-TiO2 in an RPB

As mentioned before, an experiment was conducted with the RPB in order to intensify the adsorption
efficacy of the ARSB-TiO, composite. As mentioned before, before the start of the reaction the EC’s
were treated by ARSB-TiO; under visible light radiation for 1 hour. After 1 hour the solutions were
taken out and the level of the EC’s were determined spectrophotometrically. From there it was observed
that 14.96 % of CBZ, 27.42 % of NPX, 19.26 % of RTN and 37.25 % of RTN were removed after the
photocatalytic reaction. As was observed, that the photo-catalysis reaction which was performed for 1
hour, was unable to significantly degrade the four EC’s. Therefore, ARSB-TiO> had significant scope
to operate as an adsorbent. The adsorption reaction in the RPB was done for 6 hours. From the result of
the experiment as shown in Fig. 7.23, it was observed that ARSB-TiO, was able to remove 69.09 % of
CBZ, 72.41 % of NPX, 89.18 % of RTN and 75.33 % of BPA during the RPB reaction. Thus, it can be
inferred that ARSB-TiO, was also an efficient adsorbent that could be used to remove the trace organic
pollutants. This property could be attributed to the presence of 9 parts by weight of ARSB in the ARSB-

TiO, composite.
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Fig. 7.23:- Removal of CBZ, NPX, RTN and BPA by ARSB-TiO; in a RPB

225



7.4.6 Reusability Study

7.4.6.1 Reusability of ARSB-TIO; after treating CBZ

Out of the six solutions that were used for the regeneration of used ARSB-TiO; after treating CBZ, the
greatest effectivity was exhibited by the 10% ethanol solution. By washing the ARSB-TiO, with the 10

% ethanol solution it was observed that in the first cycle, the ARSB-TiO, was able to remove 78.57 %

of the CBZ from the aqueous solution, a value which was close to the effectivity exhibited by pristine

ARSB-TIO:. In the next cycle the removal of CBZ was 77.89 % and in the third cycle the removal was
77.81 %. For the fourth and the fifth cycle, the removal of CBZ by ARSB-TiO; was 76.44 % and 73.82
% respectively. Therefore it can be stated that the ARSB-TiO- regenerated by 10 % ethanol solution,

can remove more than 73 % of CBZ from its agueous solution for up-to five cycles. Thus, the

synthesized ARSB-TiO; can be recycled up-to five times with a significant level of effectivity. The

result of the experimental study is shown in Fig. 7.24.
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Fig. 7.24:- Removal of CBZ by ARSB-TiO. in different steps of the reusability cycle.
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7.4.6.2 Reusability of ARSB-TIO; after treating NPX

Out of the six solutions that were used for the regeneration of used ARSB-TiO,, the greatest effectivity
was exhibited by the 10% HCI solution. By regenerating the ARSB-TiO, composite with the 10 % HCI
solution it was observed that in the first cycle, the ARSB-TiO, was able to remove 74.98 %, in the
second cycle it was able to remove 66.54 % and in the third cycle it was able to remove 56.94 % of the
NPX from the aqueous solution. In the third and fourth cycle the ARSB-TiO, was able to remove 48.32
% and 35.36 % of the NPX respectively. Thus from the regeneration study it was observed that ARSB-
TiO- could be used for three times with effectivity greater than 50 % on being washed with 10 % HCI
solution. The result of the experimental study is shown in Fig. 7.25.
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Fig. 7.25:- Removal of NPX by ARSB-TiO; in different steps of the reusability cycle.
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7.4.6.3 Reusability of ARSB-TiO; after treating RTN

Out of the six solutions that were used for the regeneration of used ARSB-TiO; after treating RTN, the
greatest effectivity was exhibited by the 10% ethanol solution. By regenerating the ARSB-TIO>
composite with the 10 % ethanol solution it was observed that the ARSB-TiO. was able to remove
86.82 %, 82.2 %, 77.29 %, 76.07 % and 72.83 % of RTN from aqueous solution after the first, second,
third, fourth and fifth cycle of regeneration respectively. Thus from the result of the experiment it could
be inferred that ARSB-TiO; can be used for several times, with sufficient adsorption efficiency for the
purpose of removing RTN from its aqueous solution on being washed with 10 % ethanol solution. The
result of the experimental study is shown in Fig. 7.26.
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Fig. 7.26:- Removal of RTN by ARSB-TiO; in different steps of the reusability cycle.
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7.4.6.4 Reusability Study of ARSB-TiO; after treating BPA

Out of the six solutions that were used for the regeneration of used ARSB-TiO; after treating BPA, the
greatest effectivity was exhibited by the 10% NaOH solution. By regenerating the ARSB-TIO>
composite with the 10 % NaOH solution it was observed that in the first cycle, the ARSB-TiO, was
able to remove 75.6 % of BPA, in the second cycle it was able to remove 74.65 % of BPA and in the
third cycle it was able to remove 71.55 % of the BPA from the aqueous solution. In the fourth and fifth
cycle the ARSB-TiO; was able to remove 43.89 % and 36.18 % of BPA respectively. Therefore from
the result of the regeneration study it was inferred that on being regenerated with 10 % NaOH solution,
the ARSB-TiO; was able to remove more than 70 % BPA for three cycles. The efficacy of ARSB-TiO»
remained over 55 % even for the fifth, thereby signifying that ARSB-TiO; can be reused for several
times after regeneration. The result of the experimental study is shown in Fig. 7.27.
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Fig. 7.27:- Removal of BPA by ARSB-TIO; in different steps of the reusability cycle.
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7.5 CONCLUSION :-

In the above experiment, a composite was synthesized by combining ARSB with TiO; by a
hydrothermal method. The reason for combining ARSB with TiO, was to increase the surface area in
order to enhance the transfer of organic pollutants on the surface of the photo-catalyst, to inhibit electron
hole recombination and to decrease the band gap of TiO.. From the SEM analysis of ARSB-TiO it was
observed that the surface of ARSB consisted of thin lamellar sheets of carbon which enhances
adsorption and particles of TiO, were also distributed on the surface of ARSB. From the XRD analysis
it was observed that the oxidized peaks of graphite (found at around 10-13 260) were absent in ARSB-
TiO, thereby denoting ARSB was reduced during the hydrothermal process. From the FTIR analysis it
was observed that ARSB-TiO; consisted of both O-H bond and C=C bond thereby denoting the site of
attraction of TiO, molecules. Similarly, the peaks between 600 cm™ and 800 cm™ denote the presence
of Ti-O-C and Ti-O-Ti bond. From the Raman analysis it was observed that the lattice of ARSB-TiO;
consisted of many defects in its sp? hybridization structure. The band gap of the synthesized ARSB-
TiO, was calculated by virtue of a Tauc plot using the Kubelka Munk expression from its UV-Vis
spectrum. From there it was observed that, the band gap of TiO, (found to be 3.36 eV) decreased (to
2.4 eV) on being combined with ARSB. This could be attributed to the formation of a new energy band
on being combined with ARSB. Then a screening study was performed in order to find which incident
radiation was most capable of activating the ARSB-TiO, composite. Out of the four radiation
calculated, i.e., UVA, UVB, UVC and visible light, it was observed that Visible light radiation exhibited
the highest efficiency. This could be attributed to the highest number of photon liberated from visible
light due to all the lights operating at the same voltage. Therefore further studies were carried out only
with visible light. From the result of the experiment it was observed that the ARSB-TiO, composite
was able to remove significant amount of the EC’s from there aqueous solution, with the highest
removal for CBZ being 88.27 % at CBZ concentration of 10 mg/L, ARSB-TiO- dosage of 2 g/L, pH 2
of experimental solution and temperature of 303 K. For NPX the highest removal was 85.4 % which
was obtained at pH 2 of experimental solution, ARSB-TiO; dosage of 2 g/L, NPX concentration of 10
mg/L and temperature of 303 K. For RTN the highest removal was 99.73 % which was obtained at pH
7, ARSB-TiO; dosage of 2 g/L, RTN concentration of 10 mg/L and temperature of 303 K. For BPA the
highest removal was 95.73 % which was obtained at pH 2 of the experimental solution, ARSB-TiO-
dosage of 2 g/L, BPA concentration of 10 mg/L and temperature of 303 K. The batch studies were
further optimized with RSM. From there the highest removal by CBZ was 81.34 % were possible at
ARSB-TIO; dosage of 2 g/L, pH value of 6.5 and reaction time of 120 minutes. For NPX the highest
removal was 89.62 % which were obtained at ARSB-TiO-. dosage of 3.68 g/L, pH value of 6.5 and

reaction time of 120 minutes. For RTN the maximum removal was 96.19 % which were possible at
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adsorbent dosage of 3 g/L, pH value of 4 and reaction time of 90 minutes. For BPA the maximum
removal was 83.11 % which were possible at the experimental conditions of ARSB-TiO2 dosage of 2
g/L, pH value of 2.3 and reaction time of 120 minutes. And lastly, the adsorption ability of ARSB-TiO-
was evaluated by virtue of a RPB study. From there it was observed that ARSB-TiO; can also operate
as an effective adsorbent, which could be attributed to the presence of 9 parts by weight of ARSB in
the composite. The ARSB-TiO, composite also exhibited the capacity to be reused for at least 2-3 times
with efficiency comparable to that of the original material on being treated with accurate regenerating
solutions. Thus, from the result of the experimental studies, it was inferred that ARSB-TiO. was very
effective in removing the EC’s from there aquatic solution. Also, although ARSB-TiO; was slightly
less effective than GO-TiO; for removing the EC’s but still it exhibited much higher efficiency than
only ARSB. Thus, from the result of the experiment it can be clearly concluded that by adding TiO»,
the removal efficacy of ARSB was highly increased. Further research can be done to make process

more effective and emphasis can also be laid on the separation of the composite materials from water.
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CHAPTER 8

REMOVAL OF EC’S FROM THE AQUATIC
SYSTEM BY FENTON OXIDATION REACTION

8.1 INTRODUCTION

Among the different methods that have been utilized for the treatment of trace organic pollutants in
water, advanced oxidation by Fenton’s reagent method is one of the most effective process (Kanakaraju
et al., 2018; Neyens & Baeyens, 2003). Fenton reagent composed of H,O, and a source of Fe** ions,
mainly FeS0..7H,0. H,O; in itself is a strong oxidizing agent, utilized in various reactions like
bleaching of pulp, and reaction with SO, and NO- to form their respective acids etc. (Neyens & Baeyens,
2003). However H,0; alone is not effective for the treatment of trace organic pollutants in water. In
order to expedite the degradation of trace organic pollutants by H.O,, Fe?* ions are added to the solution
mixture in the form of FeSO..7H.0 salts. The presence of Fe®* ions helps in the catalysis and
decomposition of H>O, molecules resulting in the formation of OH" radicals which can decompose the
organic pollutants in water. As the Fenton oxidation reaction is an AOP, therefore after the completion
of the reaction, there is a high probability that reaction intermediates will be present in the experimental
solution (Poerschmann et al., 2010; M. Zhang et al., 2019). In order to remove those intermediates from
the experimental solution, an adsorption reaction was performed with GO. GO was added to the
experimental solution and the adsorption reaction was continued for 2 hours with the aim being the
removal of the traces of the pharmaceuticals and the intermediates from the experimental solution.
Similar works have been reported by (Dwivedi et al., 2018) and (Della-flora et al., 2021).

For this particular study, Fenton oxidation was utilized for degrading the four EC’s (viz., CBZ, NPX,
RTN and BPA). Three concentration of the EC’s were taken at 20 mg/L, 10 mg/L and 5 mg/L
respectively. After the degradation of the EC’s by Fenton reagent, the solutions were treated by a 2 g/L
dosage of GO in order to remove the degraded EC’s from the water by adsorption. The level of EC’s
were evaluated by UV-Vis spectrophotometry. The aim of this experiment were to degrade this EC’s

by Fenton oxidation reaction followed by their efficient removal by adsorption by GO.
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8.2 MATERIALS AND METHODS

8.2.1 Materials required

The FeSO4.7H,0O was brought from Merck. The rest of the materials were brought from the same

sources as mentioned in the previous chapters.

8.2.2 Fenton reaction followed by adsorption with GO

The Fenton reagent was synthesized with 25 mg/L (1 X 10 M) of FeSO4.7H,0 and 3.26 X 10° M of
H0.. Firstly, 2.5 mg of FeS04.7H,0 was dissolved in 100 mL of the pharmaceutical solution and then
0.2 pL of H,O, was added to the experimental solution. Then the solution was allowed to sit overnight
for the Fenton reaction to take place. After that the solution was filtered to remove any precipitate (if
formed). After that, 2 g/L dosage of GO was added to each of this experimental solution and the solution
was treated for 2 hours. Samples were taken two times, first after the completion of the Fenton reaction
and then after the addition of GO. Samples were firstly filtered by a syringe filter (0.22 um pore size)
followed by which they were centrifuged for 15 minutes at 150000 RPM. After that the level of EC’s
present in the sample were determined spectrophotometrically. A blank was prepared with only
FeS0.4.7H,0 and H,O- for the purpose of the spectrophotometric analysis of the solution. Each of the
experiment were performed three times and the result was represented as the average value of the three

results along with the respective standard deviation.

8.3 CALCULATIONS

8.3.1 Percentage Removal of the EC’s

The percentage removal of the EC’s were done by using the same equation as mentioned in Chapter

4, Section 4.3.1.

8.4 RESULTS

The removal of the EC’s by Fenton oxidation followed by its adsorption by GO is shown in the figures
shown in Fig. 8.1 (a)-(d). Fig. 8.1 (a) shows the removal of CBZ, Fig. 8.1 (b) shows the removal of
NPX, Fig. 8.1 (c) shows the removal of RTN and Fig. 8.1 (d) shows the removal of BPA. From the
result of the experiment it was observed that the removal of the pharmaceuticals by Fenton reagent
decreased with the increase in concentration of the pollutant. This could be attributed to the fact, that
with increase in concentration the organic load of the experimental solution increased and as a
consequence of which, the concentration of the OHe radicals along with other oxidizing radicals

generated during the Fenton reaction becomes less sufficient for the removal of the pollutants
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(Kanakaraju et al., 2018; Neyens & Baeyens, 2003; Trovo et al., 2016). In case of CBZ the removal at
5 mg/L, 10 mg/L and 20 mg/L were observed to be 90 %, 85.68 % and 56.12 % respectively. In case of
NPX the removal at 5 mg/L, 10 mg/L and 20 mg/L were observed to be 87.97 %, 84.42 % and 77.2 %
respectively. In case of RTN the removal at 5 mg/L, 10 mg/L and 20 mg/L were observed to be 88.65
%, 87.57 % and 81.08 % respectively. In case of BPA the removal at 5 mg/L, 10 mg/L and 20 mg/L
were observed to be 63.25 %, 61.29 % and 52.08 % respectively. After the completion of the Fenton
reaction, the experimental solutions were treated by GO. After the treatment by GO, the removal of the
EC’s from the experimental solution further increased. In case of CBZ, the removal of the experimental
solutions with concentrations of 5 mg/L, 10 mg/L and 20 mg/L after GO treatment were observed to be
95.87 %, 98.95 % and 89.35 % respectively. In case of NPX the removal of the experimental solutions
with concentration of 5 mg/L, 10 mg/L and 20 mg/L after GO treatment were observed to be 99.18 %,
98.08 % and 96.84 % respectively. In case of RTN the removal of 5 mg/L, 10 mg/L and 20 mg/L after
GO treatment were observed to be 94.05 %, 95.14 % and 96.49 % respectively. In case of BPA the
removal of 5 mg/L, 10 mg/L and 20 mg/L after GO treatment were observed to be 81.21 %, 82.35 %
and 76.08 % respectively. From the results of the experiment it was observed that the Fenton reaction
was able to effectively remove high concentration of the EC’s from the experimental solution up-to 20
mg/L. The Fenton reaction followed by adsorption with GO resulted in effective removal of the EC’s

from the experimental solution.
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Fig. 8.1:- Removal by Fenton oxidation followed by adsorption by GO (a) CBZ (b) NPX (c) RTN (d)
BPA
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8.5 CONCLUSION

In order to degrade the EC’s in the experimental solution, oxidation with Fenton reagent, i.e., the Fenton
oxidation reaction was employed. Three concentration of each of the EC’s were considered, that being
5 mg/l, 10 mg/L and 20 mg/L respectively. The removal percentage generally decreased with the
increase in concentration of the pharmaceuticals, due to increase in organic load of the experimental
solution. But still from the experimental results it was observed that barring the case of BPA, all the
other three compounds were significantly degraded by the Fenton oxidation reaction. The application
of GO further helped to decrease the level of the pharmaceuticals in the aquatic solution. Thus in
conclusion it can be stated that the combination of Fenton oxidation and adsorption by GO was very

effective for removing the pharmaceuticals from their aqueous solution.
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CHAPTER 9

APPLICATION OF THE INVESTIGATED
WATER TREATMENTS METHODS FOR THE
TREATMENT OF WASTEWATER SAMPLE

9.1 INTRODUCTION

In order to explore the commercial prospect of the wastewater treatment techniques that have been
investigated in this research work, their efficacy would have to be tested against real wastewater. Till
now, the efficacy of the treatment techniques have been tested against simulated wastewater solutions
with distilled water as the primary solvent. These synthesized solutions did not contain the complex
matrix of real time wastewater for obvious reasons. Real time wastewater generally consists of a high
organic load along with various other pollutants (Park et al., 2013; Saryel-deen et al., 2017; Tebeje et
al., 2020). In order to examine the ability of the investigated water treatment systems for the purpose of
purifying polluted water, a study was devised. First water sample was collected from two sites, one site
being a lake with water having high pollutant load and the other being the effluent collected from an
industry situated in South Kolkata, West Bengal, India. Then the different waste water treatment
techniques i.e., adsorption with GO and ARSB, photo-degradation with GO-TiO; and ARSB-TiO; and
Fenton oxidation followed by adsorption with GO were used to treat the real time waste-water collected
from two sites. Chemical oxygen demand (COD) was chosen to be the parameter for evaluating the
effectivity of wastewater treatment techniques. The reason for choosing COD is because it is one of the
most important water quality parameters (Bansode et al., 2004; Kayaalp et al., 2010; Saryel-deen et al.,
2017). As per the Environmental Standards in India, the acceptable level of COD in treated waste water
should be less than 250 mg/L (COD). From this study, a comparison can be done about the efficacy of

different waste water treatment techniques for the purpose of treating real waste water.
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9.2 MATERIALS AND METHODS:-

9.2.1 Materials Required

All the chemicals required for this experiment i.e., Potassium Dichromate (K.Cr,Oy), Silver Sulphate
(AgS0a), Mercuric Sulphate (HgSO.), Sulfuric Acid (H2SQOs), Ferrous Ammonium Sulphate (FAS)
(Fe(NH4)2(S0.)2.6 H20), Ferroin indicator were brought from Merck and were used as received.

9.2.2 Collection of Samples

The water were collected from two sites, one being a lake with polluted water and the other being the
industrial effluent from an industry in south Kolkata. Proper procedures were followed for collecting
and storing the sample till it arrived at the laboratory. For the sake of anonymity, the exact name of the
places or their co-ordinates have not being disclosed. The physical parameters such as the pH, salinity,
conductivity and Total Dissolved Solid (TDS) of the sample were measured by a PCSTester 35
multipurpose tester on the day of the arrival of the samples. The Total Suspended Solid (TSS) were

measured by a gravimetric method.

9.2.3 Synthesis of Reagents

1. Standard Potassium Dichromate standard solution (0.04167 M) :- 12.26 g of K.Cr.0O5, previously
dried were added to 500 mL water. 167 mL of concentrated H.SO, was also added. Then the whole

solution were diluted to 1 L. 33.3 g of HgSO4 were added to inhibit the interference of chloride ions.

2. Sulfuric Acid Reagent:- Sulfuric acid (concentrated) plus AgSO, (10.12 g/L) for halide ion

interference.

3. Standard FAS (0.1 M) :- 39.2 g of Fe(NH4)2(SO4)2.6 H20 in 500 mL water plus 20 ml of H,SO..
Diluted to 1L.

9.2.4 Treatment of the samples

After the collection of the sample, they were treated by the different methods. For the process of
adsorption with GO and ARSB, the experimental conditions were :- adsorbent dosage of 2 g/L,
temperature of 303 K and agitation speed of 150 RPM. In case of photo-degradation with ARSB-TiO;
the experimental conditions were same as that of adsorption, with the addition of visible light as the
incident radiation for the activation of ARSB-TiO.. In case of photo-degradation with GO-TiO; the
dosage of GO-TiO, was 2 g/L and the rotation speed was 120 RPM, along with the irradiation of UVA
for the activation of GO-TiO.. In case of the treatment of the waste water by Fenton oxidation followed
by adsorption with GO, the quantities of the reactants and the experimental methodology were the same

as mentioned in Chapter 8, Section 8.2.
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After the completion of treatment, the samples were carefully filtered out, first by a Whatman filter
paper followed by syringe filtration. This was done with proper care to ensure that no adsorbent or
photo-catalyst particle remain in the experimental solution. After that the COD of the treated solutions
were evaluated by a titrimetric method. Each experiment were conducted three times and the average
result was displayed along with the standard deviation.

9.2.5 Process for measuring COD :-

1. All the apparatus for testing have to be washed and clean beforehand so that no contamination or

error in test takes place.

2. Then 2.5 mL of sample have to be taken.

3. To that 1.5 mL of (0.04167 M) K2Cr,O- solution have to be added.

4. Then 3.5 mL of H,SO4reagent have to be added to the experimental apparatus carefully.

5. Then the experimental apparatus have to closed and the solution have to digested at 150°C for 2 hours

inside a heater with a lid.
6. After the digestion has taken place the samples have to be taken out of the heater.

7. The level of K,Cr.07 present in the solution have to be determined by titration with FAS solution.
Before the start of titration, few drops of Ferroin indicator is added to the solution. The end point is a

sharp colour change from blue green to reddish brown.

8. The COD of the sample have to be checked against a blank.

9.3 CALCULATIONS:-

9.3.1 Percentage removal of COD

The percentage removal of COD of the treated was checked against the waste water by using the

formula :-

CODg, le — COD Treated Wat .
Removal of COD (%) = e e T X100 i (XXXXiX)
CODSample
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9.4 RESULTS

9.4.1 Physical parameters of the sampled waste water

The pH, conductivity, salinity and TDS of the waste waters are given as follows in the following Table

9.1

Table 9.1:- Water quality parameters as measured for the two water samples

Water Quality Parameters Waste water collected from | Waste water collected from
lake industry

Ph 6.12 9.38

Conductivity (uS) 78 1320

Salinity (mg/L) 36.7 570

TDS (mg/L) 554 947

TSS (mg/L) 2300 1290

9.4.2 COD level of the water samples after treatment

The original COD of the lake water was observed to be 1466.78 mg/L thereby indicating very high
organic load. From the result of the experiment as shown in Fig. 9.1, it was observed that the highest
removal of COD from lake water was exhibited by the treatment method of Fenton oxidation followed
by adsorption with GO, which was able to decrease the COD of the lake water by 90.91 %. This could
be attributed to the fact that Fenton oxidation was able to effectively degrade the organic pollutants in
lake water, as has been reported in previous literatures (Babuponnusami & Muthukumar, 2014; Kavitha
& Palanivelu, 2005). Further adsorption by GO was able to further reduce the COD of the water.
Adsorption by GO was also effective and was able to decrease the COD of the lake water by 72.73 %
which could be attributed to its very high surface area and the presence of various functional groups on
its surface (Banerjee et al., 2015b, 2016; Bhattacharya et al., 2020). GO-TiO, was able to decrease the
COD of the lake by 54.55 %. The comparatively lower effectivity of GO-TiO; could be attributed to
the presence of high organic contaminants in the water, which could adsorb some of the incident
radiation thereby decreasing the effectivity of GO-TiO, (Carabin et al., 2015). Treatment by ARSB and
ARSB-TiO; was able to decrease the COD of the lake water by 45.62 % and 22.97 % respectively. This
was the reversal of the trend that was observed in case of the batch studies. As in the case of GO-TiOy,
the relatively lower effectivity of ARSB-TiO; could also be attributed to the high pollution load of the

lake water which might have obstructed the incident radiation from reaching the water sample.

The COD of the industrial effluent was found to be 253.35 mg/L. From the result of the experiment as

given in Fig. 9.1 it was observed that the highest reduction in the COD was observed after treatment
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with GO (84.21 %). After treatment with GO-TiO- the reduction in COD was observed to be 78.63 %.
After treatment with Fenton oxidation followed by adsorption with GO, the COD came down to 57.89
%. The lesser effectivity of Fenton oxidation followed by adsorption with GO in case of the industrial
effluent as compared in case of the lake water can be attributed to the fact that the lower organic load
of the industrial effluent might have resulted in some of the H.O, to be remained unused. As a
consequence of which this remaining traces of H20. might have reacted with the K.Cr.O; thereby
recording a higher COD value and subsequently recording a lower decrease of COD. The percentage
reduction in COD after treatment with ARSB and ARSB-TiO; were observed to be 26.32 % and 18.41
% respectively. In this case also, ARSB showed higher effectivity, although by a small margin as
compared to the lake water.

I \Water from lake
100 [ Water from Industry

Percentage Reduction

GO GO-TiO2 ARSB ARSB-TiO2 Fenton+GO

Fig. 9.1:- Percentage reduction of COD after treatment with different methods

9.5 CONCLUSION

The experiment was conducted to assess the efficacy of the water treatment techniques for treating real
waste water. The water sample collected from the lake water was highly polluted with a COD value of
1466.78 mg/L. However, the process of Fenton oxidation followed by adsorption with GO was able to
reduce the COD level by 90.91 %. The COD of the same waste water after treatment with GO came
down by 72.73 %. In case of the industrial effluent, the original COD level of the water was 253.35
mg/L and after treatment with GO it came down by 84.21 % and after treatment with GO-TiO, it came

down by 73.68 %. In case of both the polluted lake water and the industrial effluent, the best performing
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treatment techniques were able to decrease the COD level by more than 80 %. In case of both the water
samples, the photo-catalysts GO-TiO, and ARSB-TiO- exhibited less COD removal as compared to the
adsorbents GO and ARSB . This could be attributed to the high organic load of the polluted water which
might have obstructed the incident light from activating the photo-catalysts. While in case of the batch
studies, GO generally exhibited higher efficiency than GO-TiO,, but in case of ARSB and ARSB-TiO;
a reversal in trend was observed in case of the treatment of waste water. The process of Fenton oxidation
followed by adsorption by GO exhibited lower efficiency in case of the industrial effluent, which could
be attributed to the lower organic load of the effluent which might have left some traces of H,0- to be

remained unused which in turn might have increased the COD level of the water after treatment.
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CHAPTER 10

GENERAL DISCUSSION AND SCOPE FOR
FUTURE WORK

Water is one of the essential resources for the sustenance of all forms of life. However, water is getting
polluted by different forms of pollutants on a daily basis. Pollution of water can be considered to be a
threat to the existence of life itself. As a consequence, utmost importance must be taken for the
purification of water. In recent times various types of organic chemical, mainly anthropogenic in nature
are emerging as a potent group of pollutants named trace organic pollutants. These pollutants comprise
of drugs and medicine, cosmetics and other personal care products, like plasticizers etc. Collectively
they can be termed as emerging pollutants or emerging contaminants (EC’s). These chemicals generally
are not degraded easily and the common wastewater treatment facilities are unable to properly remove
them. Therefore they have a tendency to remain in the aquatic system and can have various unintended

effects on organisms that consumes this water or comes in contact with it.

As conventional methods of waste water treatment are not sufficient to remove the EC’s from water
therefore various different methods have been investigated for the purpose of removing these EC’s from
water. For this particular thesis, four chemicals were selected as the target pollutants, three
pharmaceuticals CBZ, NPX and RTN and one plasticizer BPA. The methods that were investigated for

treating these EC’s were adsorption and advanced oxidation.

GO was selected as one of the adsorbents due to it having a very high surface area and presence of
various functional groups on its surface. The GO was synthesized from graphite by a modified
Hummer’s method. The synthesized GO were characterised by SEM analysis, FTIR spectroscopy, XRD
spectroscopy and Raman spectroscopy. From the characterization of GO it was observed that GO
consisted of thin lamellar sheets of carbon imposed on one another. From the FT-IR analysis it was also
confirmed that the synthesized GO consisted of various functional groups on its surface. In order to
evaluate the removal efficacy of GO for the purpose of removing the designated pollutants, a series of
batch studies were conducted. From there it was observed that GO was very effective in removing the
designated pollutants from there aquatic solution. From the batch study data, the adsorption isotherm,
adsorption kinetics and adsorption thermodynamics were calculated which gave an idea about the
mechanism and chemical nature of the adsorption reaction. The process was further optimized with the
CCD model of RSM. And lastly, the ability of GO to remove the EC’s under a dynamic condition was
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checked by the RPB method. There also it was observed that GO was very effective in removing the
pollutants.

In spite of the high effectivity of GO, one problem associated with its wide scale application is its
relative high cost of manufacturing. Therefore, an adsorbent was needed to be synthesized whose cost
of manufacturing would be less than that of GO but it would still exhibit high level of efficiency. In
order to suffice the above mentioned criteria’s, firstly a biochar was synthesized from rice straw, which
is an abundantly available, cheap agricultural by-product. Then this synthesized biochar was activated
by a modified Hummer’s method. The resultant product was named Activated Rice Straw Biochar
(ARSB). ARSB was characterized in the same way as in the case of GO. From there it was observed
that ARSB had some morphological and structural similarities to GO. From the batch study data and
optimization data it was observed that ARSB was able to remove significant quantities of the targeted
pollutants from its aquatic system. ARSB also exhibited relatively high effectivity in the RPB system.
This signified that ARSB was an efficient adsorbent. However, the removal efficacy of ARSB was less
than that of GO.

Although adsorption is an effective method for treating trace organic pollutants in water, it does not
result in the degradation of pollutants. In adsorption, the pollutants move from the aqueous phase to the
solid phase and are not degraded or transformed to other products. Thus in order to degrade the
pollutants, preferably to benign end products like CO2 and H.O the process of advanced oxidation
(AOP) was adopted. First, the process of photo-catalysis was investigated. For the purpose of photo-
catalysis, TiO2 was chosen as the semiconductor due to its chemical and physical stability, non-toxic
nature and relative ease of availability. Then it was combined with the previously synthesized
adsorbents GO and ARSB in order to increase its adsorption ability, to delay the recombination of the
ejected electron on its surface and to decrease the band gap of TiO.. The photo-catalysts were
synthesized by combining the GO and ARSB with TiO; (3 part by weight of anatase and 1 part by
weight of rutile) by a solvo-thermal method. The synthesized photo-catalysts were named GO-TiO; and
ARSB-TiO; and it consisted of 9 parts by weight of GO/ARSB and 1 part by weight of TiO-. The photo-
catalysts were characterized by the same methods as used in case of adsorbents. From there it was
observed that both GO and ARSB were reduced by TiO, during the solvo-thermal method. This
signifies that the TiO, was irreversibly bounded with the adsorbents during the process of synthesis.
The band gap of the synthesized photo-catalysts were calculated by a Tauc plot. From there it was
observed that the band gap of GO-TiO; (3.24 eV) and ARSB-TiO; (2.4 eV) were less than TiO; thereby
signifying that the band gap of TiO, was decreased on combining with GO and ARSB. In case of the
photo-catalysts, before starting the batch study a screening study was conducted with different incident
radiations (UVA,UVB, UVC and visible light) in order to find which radiation best activates the photo-
catalysts. From there it was observed GO-TiO; was best activated by UVA radiation and ARSB-TIO;

was best activated by visible light. From the result of the batch study it was observed that GO-TiO, was
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highly effective in removing the EC’s from water. ARSB-TiO; also exhibited removal efficiency which
was comparable to that of GO-TiO,. From the result of the experiment of ARSB-TIO:; it can be stated
that on addition of TiO,, the removal efficiency of ARSB had increased very highly.

Other than photo-catalysis, Fenton oxidation was also employed for removing the EC’s. Fenton
oxidation also exhibited very high efficiency for the purpose removing the EC’s from water, and that
also at a very low dosage of FeSO4.7H.0 and H20.. After treatment with Fenton oxidation, the water
was treated with GO, with the intention of removing all the reaction intermediates and residual EC’s.
The combined effect of Fenton oxidation and GO treatment were able to significantly remove the EC’s

from their aquatic solution.

The ability of the different treatment methods to treat real waste water was also evaluated. Water
samples was collected from two sites, one being a polluted lake and the other being the effluent from
an industry. The COD of the water before and after treatment were evaluated. From there it was
observed that the water of the lake had very high COD (1466.78 mg/L) and the highest reduction in the
COD was observed after treatment with Fenton oxidation followed by adsorption with GO which was
90.91 % of the original value. The second highest reduction in the COD was observed after treatment
with GO which was 72.73 %. In case of the industrial effluent, the level of COD was 253.35 mg/L and
in this case the highest reduction in COD was observed after treatment with GO which was 84.21 %
and the second highest reduction was observed after treatment with GO-TiO2 which was 73.68 %. Thus,
from the result it was observed that water treatment techniques investigated in this research was able to

treat real waste water. Overall, GO exhibited higher efficiency than the other methods.

From this thesis it was observed that, carbonaceous materials like GO and ARSB are able to effectively
remove trace organic pollutants from water. As adsorbents, GO and ARSB can adsorb large amounts
of EC’s by virtue of their high surface area and functional groups. On being combined with TiO> they
can enhance the performance of TiO; by adsorbing the pollutants and decreasing the band gap of TiO..
The GO and GO-TiO- were also able to effectively reduce the COD load of polluted water samples. All
the synthesized materials also exhibited reusability to some degree, thereby signifying that they are
economically viable for use. At the end, a set of viable, robust options were provided which were able

to effectively remove the trace organic pollutants from water.
After the completion of the study, some topics which can warrant future investigation can be listed as:-

1.> ARSB exhibited the lowest efficiency among all the different treatment methods investigated,

therefore effort can be taken to increase the efficiency of ARSB.

2.> Atoxicological study can also be done in order to evaluate the quality of the treated water, especially

after the treatment by advanced oxidation methods.
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3.> Effective techniques for separating the GO, ARSB, GO-TiO, and ARSB-TIO, from water after
treatment could also be investigated so that these materials can be efficiently removed from the water.

4.> The synthesized materials could be utilized for the treatment of different types of real time waste

water and the commercial potential of the synthesized materials can also be investigated.
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Removal of aqueous carbamazepine using
graphene oxide nanoplatelets: process
modelling and optimization

Sandipan Bhattacharya', Priva Banerjes?, Papita Das™ (@, Avijit Bhowal™®, Subrata K. Majumdar® and Pallab Ghash®

Abstract

Unplanned and unmonitored developmental activities have resulied in a rapid emergence of pollutants like
pharmaceuticals and personal care products (PPCPs) in the environment These PPCPs are considered as potential
health hazands, A wide variety of physical, biclogical and dhemical prooesses ane presently being investigated for
ensuring the efficient removal of such pollutants from effluents. The present study investigates the potential of
graphene oxdde nanoplatelats (GONP) for removal of a comimaon and extencively used drog, Carbamaze pine (CEZ)
from agueous solutions. Baich studies were perfommed 1o assess the potential of graphene oxide for adsorption of
CBZ under different conditions of initial CBZ concentration, adsorbent dosage, temperature and saution pH.
Process optimization was perdfomed wing Response Surboe Methodology and Arificial Meural Metwork modelling.
Results cbtained indicated 99% CBZ remaval under optimum solution pH, adscrbent dosage and treatment
duration of 6, 1 gL~ and 120 min respectively. Results revealed that CBZ adsomption by GONPs followed Temkin
isothermn and pseudo second order kinetics. A subseguent reusability study established that the GONPs could be
reused for up to 8 times without any loss of adsorption efficiency. Therefore, it an be concluded that graphene
aside reponed herein has immense potential for adsomption of race organic pollutants from aguecus phases

Keywords: Emerging pollutants, Graphene oxde, Carbamazepine, Adsorption, Wastewater treatment

Introduction

Pharmaceutical wastes present in effluents are rapidly
becoming issues of immense concern on a global
scale [1). Wide use and disposal of these products
have resulted in a rapid rate of accumulation of the
same in adjacent aquatic environments [2, 3]. Carba-
mazepine (CBZ; CsHoMo0) is one such widely con-
sumed  antiepileptic  drug  which  is  primarily
prescribed as sedative to patients suffering from de-
pression, post-traumatic stress disorder, restless leg
syndrome, disbetes insipidus, pain and neurological
syndromes [4—6].
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Previous studies have reported a global yearly CBZ
usage of approximately 1.01 kt. Such substantial usage of
CBZ has resulted in its appearance in different sources
of water induding surface water, ground water, wastewa-
ter treatment plants and even drinking water. Therefore,
presence of CBZ in different water resources is being
oonsidered as an issue of global concern [7—14]). CBZ re-
portedly exerts toxic effects on aguatic life including
bacteria, algae, imertebrates and fish [15]. Permissible
limit of CEZ in drinking water sources varies in different
oountries and is found to be 40 and 100pg L™ in Min-
nesota, US and Australia respectively [16]. Moreover,
use of water bearing CBZ for irrigation results in accu-
mulation of the same in soil [17]. The standard concen-
tration of CBZ in soils irrigated using wastewaters has
been found to be 0.02-15 pg kg~ [18]. According to the
LS Food and Drug Administration, an environment
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Thermal, Chemical and ultrasonic assisted synthesis of carbonized Biochar
and its application for reducing Naproxen: Batch and Fixed bed study and
subsequent optimization with response surface methodology (RSM) and
artificial neural network (ANN)
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ARTICLE INFOD ABETRACT

Feypworls: An adsorbent was synthesized wsing a cheap and locally awmilable raw material, rce straw which was oeated
Activmbad dea wirme Mockar (acek) thermally and then chemically to form an activated fce sraw biochar (ARSE). The ARSE was used for removing
Admapiion Kaproxen, a widely wsed pharmaceutical compound. ARSE was used for the removing of Naproxen using both a
:_;::m batch and column stady. The batch study was further optimised with using optimizng tools like artificial neural
- network (ANN) and response surface methodology (REM)L The isctherm, kinetics and thermodynamics of the

adsorption process was analysed using the datn of the batch shndy. A detailed analysis of the characteristics of
ARSH was done by different characterization metheds in order to acquire an in depth knowledge of its sTuctural
and funcricnal characteristics. The highest removal was observed as 89.78% from batch study and 97 .54% from
Optimization study at pH 4, dose of 2.8 g/L using RSM. The adsorption of Naproxen on the ARSE was deduced to
be following the Tempkin Isostherm and Fseudo second arder kinetics. In case of the column study the highest
efficiency was exhibited by the bed beight of 7,62 em and adsorbate concentration of 10 mg/L. The column study
data was best explained by the Thomas model of column Knetics. From the regeneration study, it was found that
the ARSE was able to maintain its effectivity even after repeated cycles of remse.

Emerging pollutants

1. Introduction

In the contemporary era, different type of emerging pollutsnts has
become a major izsue for the environment due to their ubiquitous and
pervasive nature Trace pharmaceuticals recidues mainly found in the
aquatic environment forme a major group of thess emerging pollutants
and are a cause of major concern due to their chemically active and
perziztent nature. Pharmaceuticals contaminants enter the snvironment
mainly by the four probabls routez- (1) Az an non metabolized
component of human and animal waste, (2) Inadequate dizposal of un-
ueed or expired medicine, (3) In the form of effluent generated from
hocpital (4] Waste effluent generated from pharmaceutical industry
[46]. Maproxen (Ci4Hi404) iz a well-known and widely wsed broad
range, NEAID (non-stesoidal anti-inflammmatory dregh [45]. Naproxen iz
wiidely prescribed for the remediation of pain and swelling [13] and ==

per ClinCale [15] it is the 67th moat popular drug in USA with 11,842,
T65 annual prescriptions. And an 2 consequence of itz widerpread wti-
Lzation, Naproxen has been found in a range of locations conzisting of
bath natural and man-made aguatic environments and thereby poces a
mources, including the orgamioma that live in thege scosystems [1, 31, 47,
45]. Aloo in reference to previous Lterature regarding the toxicity of
Maproxen, it was noted that Naproxen can caise some oxidative strecs
and genotoxic effect in microorganizms [2, 25]. Therefore, it iz wery
‘much important to make the necestary amrangements in order to remore
the Naproxen from water at the earlisst opportunity. Thers are many
mﬂﬂmiaw}ﬂdlh&bemcrplﬂcﬂﬁnrﬂbepmpmeafrmﬂuingV:mn
catalyzia, bicdegradation, p]ryw:unniumn.

electrochemical oxidation, Penton like oxidation, :a.lalyh.cw:t pﬂm&k
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Metal-oxide coated Graphene oxide nano-composite for the treatment
of pharmaceutical compound in photocatalytic reactor: Batch, Kinetics
and Mathematical Modeling using Response Surface Methodology
and Artificial Neural Network
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Abstract

Titanium dioxide {T#0;) photocatalyst has gained constant interest in the treatment of wastewater because of its greater sta-
bility, lower cost, low-toxicity, high efficiency, and more reactivity under UV radiation. On the other hand, Graphene oxide
(G0 possesses high electron mobility, and themfore when GO is combined with Ti(y; the photocatalytc activity of Ti0,
is increased. In this study, nano-composie was synthesized in a hydrothermal reactor using two types of T, nanoparticles
(T consisting of & mixture of rutile and anatase phase (Type 1) and bioreduced T (Type 2)) and the efficiency of both
the T#03-450 nanocomposite to remove the drug Carbamazepine (CBE) was investigated. The Ti0 ;G0 nanocomposite
with the Type 1 Til; exhibited greater efficiency hence further studies were conducted with that composiee. The efficiency
of Ti0,-G0 nanocomposite for the purpose of removing CBZ were investigated in presence of different types of incident
radiation like Solar radiation, white light and three type of Ultravioket radiation (A, B, C). The mmoval of the drug by
TG0 composite has been optimized using response surface methodology and artificial neural network. From this study,
the maximuom reduction was observed was 91 2% and whereas in case of the RSM optimization study the maximum removal
that was observed was 91.7%. The validation of the RSM model was done using the mathematical analysis of the model equa-
tion of RSM. Different kinetics models was also analyzed using the experimental data and it was observed that it followed
pseudo-second-order kinetics. The optimization using ANN also showed a close interaction with the experimental msults.

Keywords Graphene Owide (GO0 - Titanium Dioxide (Ti05) - Nanocomposite - Photocatalytic mactor - RSM - ANN

INTRODUCTION

times, mostly due to inkense anthropogenic activities, mon
and mone pollutants are being introduced into the environ-

Addressing the effect of pollution on the environment and
finding the necessary solutions should be a global objective
of topmost priority (Schneider et al. 2004). In the recent
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ment mostly in the water bodies which have negative con-
sequences for human health and environment (Wua et al.
2020z). Rate of consumption of pharmaccuticals has rap-
idly gone up in the last few decades. These pharmaceutical
products, if not disposed properly make their way back in the
environment as persistent pollutants of the aguatic system.
The level of the pharmaceutical compounds in the water
remains in the range of pg/L to ng/L., but stll, the continu-
ous influx of these materials has a deleterious effect on the
environment (Nawaz et al. 2007). Then: fore, exploring envi-
ronmentally friendly and efficient technigues to mmove this
type of trace organic pollutants from the environment should
be a priority concern.
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Graphene Oxide-Based Nanocomposites
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ABSTRACT

Pharmaceuticals and personal care products (PPCP) are widely used for
medicinal and cosmetic purposes. Due to their extensive use in recent
times, PPCPs are emerging as a prominent group of micropollutants with
near universal presence. PPCPs are frequently encountered as a trace
pollutant in almost every water body (lakes, nivers, and oceans). PPCPs
are considered to be a reason for concern due to their persistent nature,
ability to biwoaccumulate in bodies of the organmism, and their ability to
induce a physiological effect even at a very low concentration. Recent
studies have reported the adverse effects of PPCPs on different forms of
life. Traditional water treatment plants are not capable of complete remowal
of these PPCPs from contamunated water. Therefore, advanced water
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