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ABSTRACT

The improper discharge of drugs from hospitals and pharmaceutical industries is the leading
cause of negative impacts on the natural environment's physical, chemical and biotic features,
especially water. In addition, the production of several categories of pharmaceutical com-
pounds due to the rise in geometric population and falling health status of the general public
has enhanced the problem. These contaminants, usually stated as “emerging pollutants” are
the real threat to human health. Various types of pharmaceutical compounds have been exten-
sively examined in aqueous environments in concentration ranges of pg/L to mg/L. The high
rate of bioaccumulation, persistence and non-biodegradability causes great resistance in elim-
inating these contaminants by conventional treatment processes. Among the different catego-
ries of pharmaceutical compounds, antibiotics are an important class of pharmaceuticals that
have their unique properties because they kill pathogens without disturbing the metabolic sys-

tem of human beings.

The term “antibiotic” is typically used to characterize several classes of organic molecules
which could successfully prevent bacterial growth. Based on chemical structures, antibiotics
have been classified as fluoroquinolones, tetracyclines, sulfonamides and chloramphenicol.
The estimated worldwide average consumption of antibiotics is more than 100 x 10° kg per
year. Such great consumption of antibiotics for agriculture and veterinary purposes results to
its excessive emission, which may lead to several environmental issues. Recently, the resi-
dues of the antibiotic pollutants have been detected in various aqueous systems, particularly
in industrial effluent, domestic influent and effluent, drinking water, groundwater and surface
water. According to the present status of COVID-19 coronavirus, Various antibiotics have
sparked interest as potential COVID-19 treatment options in the year 2020. The huge demand
and consumption of OFL and DOX, its incomplete metabolism and complex behavior in the
atmosphere are causing a great ecological issue, which needs to be solved. Antibiotic-
resistant bacteria (ARB) and antibiotic-resistant genes (ARG) in aquatic systems are a critical
concern due to their ecotoxicity.

In this regard, researchers have widely preferred the adsorption process in the past two dec-
ades due to its various advantages like simple operation, cost-effective, no by-products, no
sludge generation and environmental friendliness. Therefore, tremendous endeavors have
been done for exploring the different types of adsorbents with excellent performance. As a

result, numerous natural, modified and functionalized materials have been evolved to adsorb



pharmaceuticals from aqueous systems. However, the molecular structure, specific surface
area, surface charge and affinity towards adsorbate are the most important features for the
effective performance of a particular adsorbent. Thus, Adsorption is a significantly important
process from a technological point of view due to the micro and macroporous nature of the
materials. In the present study, Doxycycline hydrochloride (DOX) and Ofloxacin (OFL),
which belongs to the tetracyclines and fluoroquinolones category, respectively were chosen
as model pollutants. Moreover, for appropriate management of exhausted adsorbents, its dis-
posability studies were carried out by stabilization technique, using Portland cement as a so-
lidifying agent. Further, the toxicity study of leachate from solidified adsorbents using differ-
ent microbes confirmed almost complete encapsulation of OFL and DOX and ensured that
concentration of antibiotics in leachates were insufficient to affect the microbial growth.
Thus, Cytotoxicity assessment indicated that the solidified matrix of OFL and DOX did not

exhibit any toxic effect after adsorption and stabilisation processes.

Adsorptive removal of antibiotics such as OFL and DOX using several types of natural and
modified adsorbents has been reported by various authors. In the present study, RHA, PJAC
and PSSAC adsorbents were prepared using rice husk ash, Prosopis juliflora and pumpkin
seed shell respectively. Further, RHA and PSSAC were modified using deep eutectic solvent
(DES) as functionalization agent to give DES-RHA and DES-PSSAC adsorbents. The studied
adsorbents were characterized to determine their chemical and morphological characteristics
employing FTIR, XRD, 'HNMR, TGA, SEM-EDX, FESEM, HR-TEM and zeta potential.
Surface area and pore size distribution were evaluated with the help of BET and BJH charac-

terization techniques, respectively.

Batch adsorption experiments were performed for OFL and DOX removal. The influence of
various adsorption parameters suggested by the central composite design (CCD) model was
evaluated by Response surface methodology (RSM). A set of 30 experiments with 6 repli-
cates were performed for each antibiotic. The interactive effects of initial adsorbate concen-
tration (Co), adsorbent amount (m), pH and removal time (t) were optimized. The 3D re-
sponse surface graphs were also obtained for capacity (mg/g) and removal (%) of both re-
sponses. Furthermore, as suggested by ANOVA, the polynomial quadric model was signifi-

cant for both antibiotics with higher coefficient values of R

At optimized experimental conditions, thermodynamic and kinetic studies were also per-
formed. The experimental data were examined by applying various Kinetic and isotherm

models. Pseudo-first order and pseudo-second order kinetic models were used to study the

v



adsorption Kinetics. Further, the adsorption rate controlling mechanism was investigated us-
ing an intra-particle diffusion model. Interactions of OFL and DOX molecules with the sur-
faces of RHA, PJAC, PSSAC, DES-RHA and DES-PSSAC adsorbents were examined and
the adsorption process controlling mechanism was explored.

The effect of temperature on the adsorption of OFL and DOX was studied at the different
ranges of temperature from 288 to 318 K. The well-suited isotherms for fitting experimental
data were Langmuir, Freundlich, Redlich-Peterson (R-P) and Temkin equilibrium models.
The thermodynamics parameters were obtained from the linear plot of In Kp versus 1/T. The
negative value of AG® at each reaction temperature directed that the adsorption of antibiotics
on the adsorbents was instantaneous and thermodynamically favorable. Moreover, the posi-
tive value of parameter AH® established the endothermic nature of antibiotics onto adsor-
bents. Furthermore, the increase in the randomness of the adsorbates molecules at the liquid-
solid interface was approved by the positive AS® values. Thus, from the thermodynamic
study, the adsorption of antibiotics on adsorbents was spontaneous and endothermic. Finally,
adsorbents' good regeneration capability and high adsorption capacity represent their excel-

lent potential to alleviate pharmaceutical wastes from industrial effluents.
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Chapter —1
INTRODUCTION

1.1. GENERAL

Water is the basis of life on earth and is considered one of the essential resources existing on
our planet. Water accounts for almost 70 % of the earth’s portion and all the life forms that
exist need water for their survival. Apart from the fact that water is a necessity for life, an-
thropogenic activities are the main reason for water pollution. Lakes, streams, rivers,
oceans, as well as groundwater are contaminated by point and non-point sources. The global
trend of industrialization, urbanization and release of numerous toxic compounds have be-
come the main cause of water pollution . Due to the
consumption of contaminated drinking water, many fatal diseases are born every year. The
contaminated water is not only harming the living species but also affects the entire envi-
ronment. By 2050, the expected global population growth will reach up to 9.3 billion and
the world may face scarcity of freshwater . Therefore,
it is a major concern and priority to act upon eliminating the ecologically harmful pollutants

from the water bodies.

Among the several noxious chemicals, pharmaceutically active compounds (PACs) are of
great concern . PACs are accredited as arising
pollutants because of their bioactivity, broad application and probable health & environmen-
tal hazards . Antibiotics are a main class of
PACs which are very frequently recommended to save the human beings from diseases
caused due to bacterial infections and animal growth improvement . The
existence of these drugs in the H,O cycle of the ecosystem is widely recognized throughout
the world. While examining, these contaminants were also visible in the ground and drink-

ing water samples at low concentrations (ng/L to mg/L).

According to the studies conducted in many countries, the pollution caused by pharmaceuti-
cals or drugs in the ground and surface water resources has been recognized as an environ-
mental problem that led to the establishment of a well-known research field such as phar-
maceuticals in the environment. Pharmaceutical drugs are defined as therapeutic compounds
that are mainly used to treat or prevent human and animal disorders, while the consumption

of personal care products (PCPs) leads to the betterment of life . But,


https://www.sciencedirect.com/science/article/pii/S0160412005000929#!

when these drugs and their by-products are continuously released into the aquatic biota, they
may induce a serious health hazard for all living organisms. Pharmaceutical compounds are
consumed in large numbers globally (i<aur et al., 2021b; lveti et al., 2014; Puga et al.,
2020). Likely, the presence of many synthetic pharmaceutical compounds in the environ-
ment such as antibiotics, analgesics, anti-inflammatory, beta-blockers, blood lipid regulators
and selective estrogen receptor modulators (SERMs), etc. have been identified at the global
level (Kummerer, 2009; Guinea et al., 2009). These compounds are considered as emerging
contaminants (ECs) and can be commonly found in hospital effluents, drug manufacturers,
and landfill sites (Lu et al., 2016; Nazari et al., 2016). They have no existing threshold val-
ues and thus they remain unregulated in the effluents due to their properties such as high
stability, resistance to degradation, high persistence in the aqueous system and their accu-
mulating potential as shown in fig. 1.1.

Fig. 1.1. Pathways of pharmaceuticals in water (Kummerer, 2009).

Pharmaceutical compounds at ng/L levels have major adverse effects on human beings and
wildlife. In Asia, 97 % of the vulture’s species were declined due to exposure of diclofenac
which is a non-steroidal anti-inflammatory drug (NSAID) that caused the failure of their kid-

ney followed by death in few days. Diclofenac also has the potential to cause an undesirable


https://www.sciencedirect.com/science/article/abs/pii/S0957582020316293#!

impact on human health. In India, as per the latest estimation, out of 22,900 million liters per
day (MLD) of wastewater generated in the country, about 5900 MLD (26 %) is treated, and
the rest 17000 MLD is disposed-off untreated . More-
over, in Europe and the USA, the existence of pharmaceutical compounds and personal care
products (PPCPs) were examined in the 1960s and then in 1999. The potential risk was en-
hanced due to decreased fertilization rate of fishes downstream of wastewater treatment plants
(WWTPs) as a side effect of the existence of pharmaceutical pollutants in river waters

. Amongst the various
pharmaceuticals from all of the different categories, antibiotics are the most widely used class

of drug around the world.

1.2. Antibiotics as emerging contaminants

Antibiotics have been extensively used for the prevention and cure of human and animal dis-
eases that originated due to different pathogenic bacteria. Because the body cannot metabolize
these antibiotics, therefore direct discharge of these antibiotics take place into the environ-
ment. Presently, pollution with antibiotics has created pandemonium in the aquatic environ-
ment, due to its large consumption and discharge

The antibiotics or xenobiotic compounds come under the emerging contaminants category due
to their wide reactivity, consumption on a larger scale that can cause chronic health hazards
and ecological risks . Moreover, contaminants
along with their concentration range from ng/L to mg/L of metabolites eventually outcome in
the enlargement of drug-resistant genes generated by micro-organisms that have the great po-
tential to develop as a serious universal problem (

. Common drugs like erythromycin, chlortetracycline, norfloxacin, ofloxacin,
doxycycline hydrochloride, atenolol and sulfadimethoxine are found in surface and groundwa-
ter samples in the concentration of 381.5, 122.3, 134.2, 135.1, 77.3, 52.9, and 164 ng/L, re-
spectively . The high production and usage rate of antibiotics has led to
their water reservoirs and accumulation in the aquatic environment. Consequently, it has be-
come an emerging issue in environmental science to achieve effective antibiotic removal from
the wastewaters before discharge into the environment. Thus, major efforts to examine this

problem and palliate its effects are a priority.


https://www.sciencedirect.com/science/article/abs/pii/S0959652620324835#!

1.2.1. The sources and occurrence of antibiotics in the environment

The worldwide marketing of antibiotics has been estimated to be in the range of 100,000 to
200,000 tons/year . The sources causing pharmaceutical contamination
include production sites, pharmaceutical industries, hospital effluents, excretion of drugs after
consumption by humans and animals, direct disposal of drugs from households, etc. (

. Afterward, the drugs enter into the aquatic environ-
ment and eventually reach drinking water reservoirs after being discharge from conventional
wastewater treatment plants (WWTPs) as these plants are not designed for the treatment and
removal of highly polar micro-pollutants . A wide range of pharmaceuticals
and personal care products has been detected in bio-solids. Several antibiotic compounds such
as ofloxacin, galactoside, 17p-estradiol, 17a-ethinylestradiol, ciprofloxacin, doxycycline hy-
drochloride, norfloxacin, triclosan and triclocarban show a high hazard quotient (HQ) that is
greater than one which proves their potential risk to the environment
The high consumption of antibiotics by human beings would lead to their excessive concen-
trations in the ecosystem as their accumulation rate is quite higher than their rate of elimina-
tion . It has been estimated that approximately
20-90 % of the metabolized forms of ingested antibiotics are released into the environment in
their active forms, leading to considerable loads being discharged into domestic wastewater

. The concentration of pharmaceutical compounds detected in WWTPs be-
fore and after treatment has been represented in table 1.1.

Table 1.1: Pharmaceutical concentrations detected in various WWTPs before and after
treatment

Type of pharmaceuti- | Substance de- )
WWTP inlet (ng/L) | WWTP outlet (ng/L)
cals tected
Ketoprofen 451 318
) ) Naproxen 99 108
Analgesics and anti-
) ) Ibuprofen 516 266
inflammatories
Diclofenac 250 215
Acetaminophen 10194 2102
o ] Bezafibrate 23 10
Lipid-lowering drugs ]
Clofibrate 72 28




Gemfibrozil 155 120
Antiepileptics Carbamazepine 420 410
Antacids Ranitidine 188 135
Azithromycin 152 96
Antibiotics Metronidazole 80 43
Ofloxacin 590 390
Trimethoprim 1172 290
Atenolol 400 395
B-Blockers Sotalol 185 167
Propanolol 290 168

The supply of clean water fit for drinking purposes in India is only 36 % of the whole popula-
tion. This population rate is significantly lesser than that of Brazil (81.3 %), Indonesia (58.8
%) as well as China (65.3 %). Amongst all these countries, India experiences a series of infec-
tious diseases such as dengue, swine flu, malaria, urinary tract infections, respiratory tract in-
fection, tendon rupture, insomnia and lowering of seizure threshold and peripheral nervous

system, etc. In the year 2010, the major consumption of antibiotics or drugs in India was 12.9

x10° units

duced into the biosphere

. Therefore, every year a huge amount of antibiotics are intro-
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1.2.2. Transformation of antibiotics in the environment

The different routes of antibiotic compounds follow the interconnected network towards the
aquatic atmosphere as shown in Fig. 1.2. The presence of antibiotics and their complex me-
tabolite forms in the H,O cycle of the ecosystem are widely recognized throughout the world

and their concentrations have been examined in the ground as well as drinking water samples

One case study examined from the Patancheru industrial area (Hyderabad, India) with the
quality of wastewater containing more than 90 pharmaceutical manufacturing units has been
described by a few researchers. They observed that antibiotics concentrations were up to 31
mg/L even after passing through wastewater treatment plants (WWTPs)

It can be postulated that WWTPs are not reliable for the complete re-
moval of contaminants from effluents because it may results in the formation of more com-
plex metabolite forms as shown in Fig. 1.3. The concentrations of ofloxacin, ciprofloxacin,
metoprolol, amoxicillin, and sulfamethoxazole antibiotics were 40 times higher in the treated
discharges of Indian WWTPs as compared to the treated effluents of WWTPs in Australia,

North America, Europe, and Japan
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Fig. 1.3. Transformation of antibiotics in the environment

1.3. Overview of several processes of wastewater treatment

In the United States, it is estimated that approximately 25 % to 33 % of pharmaceuticals are
not accurately disposed off by WWTPs and landfill sites. Therefore, these contaminants ul-

timately come in contact with drinking water sources that can cause a serious risk to the



ecosystem, as shown in Fig. 1.1. Most of the researchers have reported the degradation or

removal of antibiotics by using different techniques such as different chemical oxidation

methods, biological methods, ion-exchange methods, different filtration methods and ad-

sorption

. The several types of methods can be used either on a smaller and larger scale (Table

1.2).

Table 1.2. Merits and demerits of different methods

Techniques Main Character- Merits Demerits
istics
Chemical oxidation Use of different | e An efficient | e Variety of
Simple oxidation process types of oxidants | process for the good | chemical Require-
Ozonation likely Os, CIOy, | elimination of or-| ments
Hypochlorite treatment Cly, KMnQOy, | ganic and inorganic | e The necessity
Hydrogen peroxide H,0,, etc. compounds. for Pre-treatment
o No sludge | e Formation  of
generation prob- | toxic intermediates.
lems. . Release of vol-
. Water recy- atile and aromatic
cling possibility compounds.
through bacterial
strains.
Biological methods Use of biological | e Well accepted | e Favorable un-
Bioreactors (pure or mixed) | method due to sim- | der optimum envi-

Biological activated sludge
(BAS)

Microbiological treatments
Enzymatic decomposition

cultures

plicity and economi-
cally attractive for
degradation of or-
ganic matter.

ronmental conditions.
o Higher pre-
treatment and mainte-
nance cost.

lagoon ) The high re-| e Poor rate of the
moval rate of BOD | kinetics of certain
and suspended sol- | molecules.
ids (BAS) o Biological
o Also used in | sludge formation and
future technologies | undesired products.
for elimination of | The complexi-
emerging contami- | ty of the process.
nants. . The necessity
of knowledge for the
complete decomposi-
tion of pollutants.
lon exchange method Nondestructive o Technically o High cost of
Chelating resins, selective | process tested  procedures, | selective resins,

resins, Macroporous resins,

easy to control and

maintenance and re-




polymer-based hybrid ad-
sorbents

well-established
method.

o Rapid and ef-
ficient regeneration
capacity of resins.

. The valuable
removal rate of low-
er concentration
contaminants (nm or

Hm)

generation.

o For larger col-
umns large volume
requirements and also
pre-treatment required
to remove organic
matters.

J pH sensitivity
of the effluents and
not effective for cer-
tain types of pollu-

tants (metals, dyes
and drugs).
Membrane filteration Nondestructive . Production of | e High  energy
Nanofilteration (NF), Mi- | semi-permeable high-quality treated | requirements and in-
crofilteration (MF), Ultra- | barrier effluents. vestment costs at
filteration (UF), Electrodi- o No require- | smaller or medium
alysis (ED), Emulsion lig- ment of chemicals, | industries.
uid membranes (ELM) not solid waste gen- | e Membrane
eration, the efficient | clogging  problems
removal rate of a va- | and low flow rates.
riety of organic and | e Membrane fil-
inorganic com- | teration is specified
pounds. by specific applica-
o Well-known tions likely potable
separation  mecha- | water production, par-
nisms: size- | ticulate, hardness re-
exclusion (NF, UF, | duction, etc.
MF), solubili-

ty/diffusivity, charge
separation technique
electrodialysis.

Out of these available methods discussed in table 1.2. Adsorption is considered as one of the

most assured physical techniques due to the merits of being convenient, nonexpensive, effi-

cient and effective for the adsorption of organic pollutants with no unwanted by-products

. Tremendous endeavors have been done for exploring the different types of

adsorbents with excellent performance. As a result, numerous natural and engineered materials

have been evolved to adsorb pharmaceuticals from aqueous systems.

Worldwide, a huge amount of agricultural solid waste generates every year. This waste piles up

in the agro-industrial yards and has no important industrial application and commercial value

. Consequently, it becomes a matter of concern and

contributes to severe environmental problems. Thus, the utilization of such low-cost and abun-




dantly available agricultural waste is most judicious for wastewater treatment

. The potential of several affluently available adsorbents such as rice husk, barley straw,
almond shell, poplar, walnut sawdust, orange peel, sugarcane bagasse and coconut burch waste
have been studied previously . However, the use of agricultural waste as
adsorbent is associated with few drawbacks like, low sorption capacity, poor physical stability
(partial solubility), need for modification (by physical or chemical methods) and variation in
adsorption capacities by the structure of the components inherent in it

. In this regard, the use of agri-residues as an adsorbent has gained great attention due to
its abundance of availability and very low price. Each agri-residue material has its unique cell
wall properties. Thus, these are demonstrated to be effective adsorbent materials for dealing
with wastewater systems
For the last two decades, ionic liquids (ILs) have been widely used as an organic modifier for
adsorbents due to their special features such as minimal vapour pressure. Mainly it has been
used for clay, biomasses, nanoparticles, activated carbon, carbon nanotubes and then used for
the adsorption of dyes, pharmaceuticals and phenanthrene

. Despite many outstanding physicochemical properties of ILs, its non-biodegradable,
toxic nature and high cost of synthesis and purification became the main hurdle in its applica-
tion in the adsorption process. Deep eutectic solvents (DESSs) are promising green solvents and
are considered as superior to ILs because it offers several additional advantages over ILs while
retaining the required physicochemical properties. Commonly DESs are formed from two (or
even more) natural, non-toxic and biodegradable sources, mainly a hydrogen bond donor
(HBD) and a hydrogen bond acceptor (HBA). Due to the strong hydrogen bonds between these
compounds, the evolved DESs represent a very low melting temperature than independent
components. Most DESs exhibit no reactivity with water and the possibility of tailoring in its
physical and chemical properties is an additional advantage . The green na-
ture of DESs makes it a better substitute for hazardous chemicals in the process of functionali-
zation.
1.3.1. Adsorption

The adsorption process is a phenomenon that adsorbs liquid, vapour and gaseous molecules
onto the solid-state of the adsorbent. Where the adsorbate molecules are always in the mobile
state (liquid, vapour, and gaseous molecules) which are being absorbed by the solid-state mate-
rial of the adsorbent that is in a stationary state. So, the adsorbent has the capability for sorption

of the several types of molecules. Likewise, desorption is the phenomenon where the adsorbed



molecules are released from the surface of the adsorbent but in the adsorption process, the sorp-
tion of molecules occurs from one phase to another phase. In this way, both sorption and de-

sorption processes are different from one another as shown in Fig. 1.4

ADSORPTION DESORPTION ABSORPTION
....... ADSORPTIVE
ADSORBATE .
Chemisorption . .
Physisorption
ADSORBENT O

Fig. 1.4. Fundamentals of Adsorption and Desorption

1.3.2. Background of the adsorption process

The adsorption processes have been used since ancient times and have a long history. In
1773 and 1777, Scheele and Fontana were the first to report the adsorption behavior of vari-
ous gases onto charcoal adsorbents by performing several experiments. In 1814, Saussure
performed adsorption studies by systematically using adsorption apparatus and nowadays
this apparatus is available in the National Historical Museum in England. In the year 1844,
Chappuis calculated the adsorption results of ammonia onto charcoal at constant conditions
of temperature. Then in 1881, Bois-Reymond put forward the adsorption term and also stud-

ied the concept of isotherms

1.3.3. Different steps of the adsorption process

Adsorption is one of the most popular technique for the adsorption of a variety of pollutants.
The adsorbents are the solid and semi-solid types of material that obtain atoms and mole-
cules from the bulk phase. The process is affected by numerous factors including the nature
of the adsorbent, initial stock concentrations, pH, contact period, etc

. The adsorption process is mainly comprised of four steps as shown in Fig. 1.5. In the
first step, the contaminants are transported in the solution phase. In the second step, the con-

taminants are transferred from the bulk phase to the outermost layer of the adsorbent surface
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through a hydrodynamic boundary layer or film. In the third step, the contaminants diffuse
from the outer to inner micro and mesopores of the adsorbent surface. Finally, the fourth
step involves the adsorption of all the contaminants into the inner porous structure within

the adsorbent

(Fast)

)
1 .Bulk transport o

2. Film transport
v (Slow)

3. Intrapaticle
(slow)

4. Adsorption
(Fast)

................ ngh@cy:

Fig. 1.5. Different Steps of Adsorption Process

Adsorption has two main interactions one is weak interaction and the other is strong interac-
tion. In weak interaction or Van der Waals forces, it involves the physisorption or physical
adsorption having < 40 kJ/mol energy and in stronger interactions, ionic or covalent bonding
is involved having > 40 kJ/mol energy that is also called chemisorption or chemical adsorp-
tion . The major difference between physisorption and chemisorption is
that in physisorption all the adsorbed particles remain intact, whereas, in chemisorption, the
adsorbed molecules may be fragmented into different parts upon the surface of the adsorbent.
This method is called dissociative chemisorption. Moreover, the most important thing is the
porous structure of the adsorbent having micropores and mesopores. The micropore has a pore
size up to 2 nm and for mesopores, it is 2 to 50 nm. So that the microporous material has
higher adsorption potential as compared to mesopores nature . For
that reason, the adsorption capacities vary from adsorbent to adsorbent . A va-

riety of different types of adsorbents such as activated carbons, zeolites, synthetic polymers,
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etc. may have variable effects on the management of different types of contaminants. So the

Adsorption process has certain advantages as listed below:

e In the adsorption process, the adsorbent can be regenerated and reused in various cy-
cles.

e No generation of sludge materials.

e Nutrients supply is not required for this process.

e The biomass used as an adsorbent can also be procured from agriculture waste resi-
dues as well as industrial wastes.

e The adsorbed contaminants can be recovered from the adsorbed adsorbents.

e No special equipment is required for the adsorption process.

On the other hand, the amount of hazardous industrial waste is increasing significantly, so its
proper management can reduce harmful impacts on the ecosystem. Various technologies have

been advanced to decrease the potential of toxic species into the biosphere.

1.4. Solidification/Stabilization process overview

Solidification and Stabilization is an appropriate process for the removal of toxicity from the
ecosystem. It is one of the most effective technique for dealing with heavy metals, PAH, pesti-
cides and other organic and inorganic products from contaminated sites. By applying solidifica-
tion and stabilization, the mobility of hazardous substances and contaminants is significantly
reduced in the environment through both physical and chemical means. Solidification is the
process where it produces free-standing and monolithic masses with enhanced physical integrity.
It includes an increase in compressive strength with a decrease in the permeability and encapsu-
lation of hazardous constituents. Once the cement material comes in contact with water, tricalci-
um aluminate hydrates cause rapid settling which produces a rigid structure. Then the formation
of secondary cementitious product calcium silicate hydrate (CSH) accounts for the strength
development at the initial stages of the mixture. Whereas, stabilization is a technique that alters
the chemical structure for reducing mobility and solubility of contaminants in wastewater and

soils by converting the constituents into a less soluble mobile or toxic form

1.4.1. Principle of cement-based solidification/Stabilization process

The stabilization refers to the conversion of waste contaminants to a more chemically stable

form, thereby resulting in a more environmentally acceptable waste form and the used binding
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agents are Portland cement, cement-kiln dust (CKD), lime, lime kiln dust (LKD), limestone, fly
ash, slag, clay and phosphate mixtures, etc. . Among various types of S/S
binders, cement-based systems are most widely used due to their relatively low cost, wide avail-
ability and versatility . It involves the mixing of waste with a binder to
reduce the contaminant leachability by both physical and chemical means and to convert the
hazardous waste into an environmentally acceptable waste that is fit for land disposal or used for
construction purposes. It has been stated that this technology has been evaluated by the United
States Environmental Protection Agency as a best demonstrated available technology (BDAT)
for the treatment of about 60 types of hazardous waste . The U.S.
Environmental Protection Agency (EPA) has identified S/S as one of the best-demonstrated
technology used for 57 RCRA (Resource Conservation and Recovery Act)-listed hazardous
wastes, where the S/S technology was applied in 24% for the management of hazardous wastes

comparatively to other remediation treatments in united states (Fig. 1.6)

m Soil vapor extraction 25%

m Solidification/Stabilization 24%

® Physical separation 2%

®m Chemical treatment 3%

m Other ex situ technologies 5%

m Other in situ technologies 3%

® In situ flushing 2%

® In situ bioremediatiom 6%
Ex situ bioremediation 6%

m On-situ incineration 5%

= Thermal desorption 8%
Off-site incineration 12 %

Fig. 1.6. Pie chart of different remediation technologies

The cement-based S/S process has the following advantages over other remediation treatments

» Relatively simple processing, low cost and easily available

« Long-term stability both physically and chemically
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» No generation of toxic byproduct during processing
» Relatively higher comprehensive strength and lesser permeability in water, and

» High resistance to biodegradation process.

1.4.2. Mechanism of Cement-based solidification/stabilization treatments

The soil-based cement stabilization was firstly studied by Lea (1956) and commercialized in
1990. The components of Portland cement are tricalcium silicate (C3S), dicalcium silicate
(C,S), tricalcium aluminates (CsA) and tetra calcium alumina ferrite (C3A). These compo-
nents are major strength-producing ones. When water is added into the soil and cement or any
toxic material, hydration reaction starts and primary cementitious product (a) hydrated calci-
um silicates (C3SHs7, C3S;Hs), (b) hydrated calcium aluminates (C3AH3s, C3AHg) are formed.
(c) While hydrated lime (Ca(OH),), which is formed deposited as a separate crystalline solid
phase. The cement particles bind with adjacent cement grain and toxicants together during the
hardening and form a hard structure . The following reactions were ob-

served:

C3S + H,0 - C3S,Hs (hydrated gel) + Ca (OH) , (1.2)
Primary cementitious product:

Ca (OH), - Ca** 4+ 2 (OH)~ (1.2

Ca** + 2(0H) + Si0,(soil silica) - CSH (1.3)
Secondary cementitious product
Ca™ + 2(0OH) + Al,05(soil alumina) —» CAH (1.4)
The hydration reaction of cement leads to raising the pH of the water which is caused by the
dissociation of the hydrated lime. The hydrous alumina and silica slowly react with the calci-
um ions according to equation (1.3) which is formed by the hydrolysis reaction of cement to
form insoluble compounds (CAH) which are shown in equation 1.4. This reaction is also

called pozzolanic reaction which attests that it is the safe handling method before landfilling

of the wastage at the landfill sites

1.4.3. Fundamental tools of S/S

Fundamental tools of the Solidification and stabilization (S/S) is an attractive technique for

handling harmful industrial contaminants around the sphere that reduce or entraps the leacha-
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bility of contaminants by changing physical and chemical modes and convert contaminants
into an ecologically adequate form for safe disposal into landfill sites. These are six physical
and chemical approaches are listed as Absorption, Adsorption, Micro-encapsulation, Macro-
encapsulation, De-toxification and Precipitation.

1.5. Target pharmaceutical compounds

After an intensive survey, pharmaceutical compounds like ofloxacin (OFL) and doxycycline
hydrochloride (DOX) antibiotics have been examined in the present study. OFL is a member
of the fluoroquinolone class of synthetic antibiotics . It is a broad-
spectrum antibiotic used in human and veterinary medicines. OFL is frequently used for the
treatment of infections caused by bacteria that are easily transported into the environment
through domestic wastewaters and direct runoff . OFL is the most fre-
quently detected antibiotic in hospital and residential effluents. In WWTPs both raw
wastewater and treated effluent have detections of fluoroquinolone like OFL at concentrations

ranging from 110 to 470 ng/L

Doxycycline hydrochloride (DOX) is a broad-spectrum antibiotic that comes under the tetra-
cycline (TC) category. It has great responses against both gram-positive and negative bacterial
species . Comparative to its complex structure and higher soluble
nature, DOX displays high toxic effects in surface water and groundwater samples

. The high consumption of DOX by a human would lead to excessive concentrations
in the ecosystem. Due to the continuous input of these pollutants, human health and all eco-
systems would be at greater risk. Recently measured DOX and OFL concentrations in influ-
ents and effluents of wastewater streams are almost 50 — 90 % in the form of metabolites.
Both antibiotics (OFL and DOX) are non-biodegradable which is revealed from their abun-

dant existence in several aquatic environments
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1.6. OBJECTIVES

In view of the literature survey and the necessity of exploring the agriculture-based adsorbents
for adsorption of PACs from wastewater, the following aims and objectives have been set for
the present work:

» To investigate the adsorption of pharmaceutically active compounds (PACs) using ash derived
from agri-residues.

» Optimization of parameters for removal of PACs by the selected adsorbents and to identify
the kinetic and isotherm models.

> To explore the solidification and stabilization of adsorbents using cementitious material.
OVERVIEW OF THESIS
Thesis has been divided into six chapters as listed below:

CHAPTER 1 discusses the pathways of pharmaceuticals in water bodies, with particular fo-
cus on antibiotics as emerging pollutant. The sources, fate and occurrence of antibiotics in dif-
ferent aquatic streams and potential health threats are conferred followed by critical analysis

of conventional treatment techniques, and adsorption as an efficient method.

CHAPTER 2 reviews the literature on application of adsorption process for treatment of
pharmaceutical compounds using different types of adsorbents and operating conditions. Iden-

tified research gaps and objectives set for present study were mentioned thereafter.

CHAPTER 3 describes the materials and methodology followed for conducting the batch ad-

sorption experiments.

CHAPTER 4 presents the performance of different agri-residue based adsorbents for adsorp-
tion of antibiotics (OFL and DOX). It includes the effect of relevant operating parameters on
performance of different adsorbents. Kinetics, isotherms, S/S, bacterial toxicity and reusabil-
ity studies of these adsorbents are also summarized in this chapter.

CHAPTER 5 covers the study of modified agri-residue adsorbents for adsorption of selected
antibiotics (OFL and DOX). Modifications were done by using deep eutectic solvent as func-
tionalization agent. Further analysis about parameters optimization, kinetics, isotherms and

reusability studies of the adsorbents are also presented in same chapter.

CHAPTER 6 concludes the present study.The cited references and list of publications are

added after chapter 6.
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Chapter — 2
LITERATURE REVIEW

2.1. GENERAL

This chapter presents the review of literature based on the adsorption studies of antibiotics by
using different types of adsorbents. On the basis of Literature review, the research gaps and

objectives were set up.

2.2. Overview of pollution caused by pharmaceutical industries

In India, the improvement in the medicinal area due to rapid enhancement of population rate
and industrialization has radically increased pharmaceuticals' consumption. Afterward Europe
and North America, India had get 3" position in the production of pharmaceutical compounds
worldwide . Pharmaceutical and industrial wastewater comes under the
“red category” due to the huge volume index of hazardous waste materials generates by these
sources (industrial and pharmaceutical effluents). Thus, it is necessary to require an effective
process for the recyclability of wastewaters and to diminish the adversative effects on an im-
mediate basis. Moreover, deposition of pharmaceutical contaminants as biosolids form may

cause harmful effects to terrestrial and aquatic ecosystems

2.3. Adsorption studies of antibiotics by using different types of adsorbents

Adsorption processes have been the best one than other techniques for wastewater treatment
due to their simplicity, operation, less sensitivity of toxic substances

Worldwide, a huge amount of agricultural solid waste generates every year. This waste piles
up in the agro-industrial yards and has no important industrial application and commercial
value. Consequently, it becomes a matter of concern and contributes to severe environmental
problems. Thus, the utilization of such low-cost and abundantly available agricultural waste is
most judicious for wastewater treatment . However, the use of agricultur-
al waste as an adsorbent is associated with few drawbacks like low sorption capacity, poor
physical stability (partial solubility), need for modification (by physical or chemical methods)
and variation in adsorption capacities by the structure of the components inherent in it

. The different categories of the adsorbents are explained in fig. 2.1.
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Fig. 2.1. Different categories of the adsorbents.

2.3. 1. Natural agricultural wastes as adsorbents

Natural agricultural wastes are widespread that is used for the removal of antibiotics. Different
authors have reviewed the elimination of various types of contaminants from wastewater us-
ing natural agricultural wastes as adsorbents . Only a few works have been
reported for the removal of antibiotics by using natural adsorbents. Some of the natural agri-
cultural wastes studies have been examined for the removal of contaminants include tea waste
, bagasse , Straw :
banana skin , Wheat straw , mustard
, walnut shell , olive powder etc. . Villaescusa
et al. (2011) observed the use of different types of bioabsorbents (cork bark, grape stalk and
yohimbe bark) for the removal of paracetamol antibiotics and also investigated the effects of
several parameters. Moreover, some of the other agricultural solid wastes such as almond
shell, poplar, walnut sawdust , orange peel , Sugarcane
bagasse , coconut burch waste and seed of papaya
were also examined for the removal of various types of pollutants from contaminated sites.
Ifelebuegu et al. (2015) studied the adsorption properties of some selected contaminants (17
a-estradiol (E1), 170 — ethynylestradiol (E2) and bisphenol A (BPA) on black tea leaves waste
and granular activated carbon (GAC) at pH 7 and 35°C temperature. Nurchi et al. (2015) fur-
ther determined the adsorption of ofloxacin and chrysoidine from wastewater by using grape
stalk at different pH (4, 7 and 9) but the higher rate of adsorption at pH 4 for chrysoidine and
at pH 7 for ofloxacin which was up to 50 % . Thus, natural agricultural
waste adsorbents have several advantages such as low cost, easily available, abundant and

easily regenerated.
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2.3. 2. Modified agricultural wastes as adsorbents

The modification of the agricultural wastes to improve adsorption properties of agri-residues

for the removal of antibiotics. Use of various methods which include mainly acid and alkali

treatments. Some of the other modified agents such as H3PO, , HNO3
, H,SO, , NaOH , KoCOs
, KOH etc. were also used for the modifica-

tion of the agricultural wastes. Alidadi et al. (2018) inspected the ability of modified sawdust
adsorbent with HCI, NaHCOs3, CaCl, and FeCl; for removal of tetracycline antibiotics. Ahmed
and Theydan (2013a) studied the preparation of activated carbon (AC) from siris seed pods by
using microwave-assisted pyrolysis KOH activation technique for the removal of metronida-
zole (196.31 mg/g). Ahmed and Theydan (2014) also investigated the AC from albizia
lebbeck seed pods by microwave pyrolysis for the removal of fluoroquinolones antibiotics.
Some of the researchers have explored the utilization of different types of agricultural wastes
such as rice husk , foumanat tea waste , Wheat
straw , rejected tea , etc. were modified by
using modifying agents. For example, Nasuha and Hameed reported the modification of dried
rejected tea by using NaOH solution. Later, wheat straw was modified by using H,SO, solu-
tion. Wuana et al. (2015) studied chemically activated and carbonized adsorbents organized
from Moringa oleifera pod husks (MOP). They found their ability to remove OFL from its
aqueous solution. At a temperature range of 298-328 K and pH 5 they achieved 99.84 % to
90.98 % removal. Mukoko et al. (2015) prepared activated carbon from Zimbabwean rice hull
and further activated it chemically by using phosphoric acid for the elimination of ibuprofen,
aspirin and paracetamol from hospital effluent on optimum conditions like contact time, ad-
sorbent dose and pH. All these pharmaceuticals gave 90 % results at pH 4. On the other hand,
industrial wastes used such as fly ash, blast furnace slag, red mud, waste slurry are applied
currently for the removal of antibiotics . Thus, modified agricul-

tural waste adsorbents prove highly effective against antibiotics.

2.3.3. Commercially synthetic adsorbents

Moreover, the different species of commercially synthetic adsorbents were applied such as

FesC-multiwalled carbon nanotubes (MCNT) , polyurethane foam
, silica gel , CNT-AIl,O3 , Pt/poly(2-
methoxyaniline)- MCNT , Zeolite , magnetite, quartz
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etc. for the removal of contaminants from the aqueous systems. Zhang et
al. (2013) examined the Multi-walled carbon nanotubes (MWCNTS) as an excellent adsorbent
that can be recycled for bisphenol F (BPF) from contaminated water treatment Plants under
pH 4-10 and temperature 286—-313K. Moreover, Phenyl-functionalized mesoporous silicas
(Ph-MSs) were synthesized for the removal of bisphenol A (BPA) from wastewaters. Ph-MSs
were prepared with different compositions of phenyltriethoxysilane (PhTES) (10 %, 15 %, 20
%, and 30 %) in silica precursors. The adsorption attractions for BPA were Ph-MS30 > Ph-
MS20 > Ph-MS15 > PhMS10 at pH 6.2 to 7 and temperature 27°C

al. (2013) used the sulphuric acid-activated Halloysite (a tubular clay mineral) as an adsorbent

Wang et

for the removal of pharmaceutical compounds and achieved 60 % removal efficiency. In their
further study, they examined the performance of sediment (sediment affected by varying con-
centrations of antibiotics adorable species) on adsorption of sulfamethoxazole (SMX) and
OFL at different pH and 25°C temperature and determined its adsorption kinetics. Also, the
removal of beta-blockers from aqueous media was studied by graphene oxide. Likewise, ad-
sorption studies of carbamazepine and sulfamethoxazole pharmaceuticals have been examined
by using CNTs . On other hand, the adsorption of certain
lactam antibiotics such as amoxicillin, cephalexin, cefadroxyl and ampicillin from aqueous
media has been studied using several polymeric adsorbents to extract and purification of bi-
oproducts. Recently, it is explored that the use of Lewatit MP500 resin for the removal of sul-
famides, sulfamethoxazole and sulfamethazine antibiotics . Use of
aluminum and iron nanoparticles as adsorbents for the removal of a variety of pharmaceuticals

. All these different adsorbents categories are used for
the removal of antibiotics and their performances are summarized below in Tables 2.1, 2.2

and 2.3.

Table 2.1. The results obtained for the removal of pharmaceutically active compounds
(PACSs) by using natural adsorbents.

Name of Adsor- Adsorbate | Optimum | Optimum condi- Optimum References
bent purposes tions value
Desilicated Rice Ciprofloxa- | Adsorption | Initial concentration | 454.68 mg/g
Husk (DRH) cin (CPX) capacity | =314.8 mg/L, pH =
7.92, time = 306.9
min and adsorbent
dosage = 0.40 g/L
Grape stalk (GS) Caffeine Adsorption | Initial concentration 89.2 mg/g
capacity | =20 mg/L, pH = 2,
time = 40 min and
adsorbent dosage =
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25 g/L

Rice husk ash Ofloxacin Removal | Initial concentration 79.71 %
(RHA) (OFL) efficiency | = 62.5 mg/L, pH =
6, time = 430 min
and adsorbent dos-
age =7.94 g/L
Different biochars: | Diclofenac Removal | Initial concentration | BC-PM 99.6
Pig manure bio- efficiency | =2 mg/L, pH = 6.5, %
char (BC-PM), time = 48 h and ad- | BC-PW 99.8
pine wood biochar sorbent dosage = %
(BC-PW) 0.1g/L
Bone char Naproxen Adsorption | Initial concentration 3.2mglg
capacity |= 50, 100, 200
mg/L, pH = 5-7,
time = 24 h and ad-
sorbent dosage =
10 mg/L
Cellulose from Amoxicillin | Adsorption | Initial concentration | 183.14 mg/g
Flax Noil (CFN), (AMX) capacity | = 80 mg/L, pH =
Quaternized Cellu- 10, time = 10 h and | QCFN>CFN
lose from Flax adsorbent dosage =
Noil (QCFN) 0.4 g/L at25°C
temperature
Rice husk Metronida- Removal | Initial concentration 96.4 %
zole (MNZ) efficiency | = 100 mg/L, pH =
7, time = 90 min
and adsorbent dos-
age =3 g/L at27°C
temperature
Maize stalks Tetracycline Removal | Initial concentration 85.5 %
(TC) efficiency | = 100 mg/L, pH =
7, time = 90 min
and adsorbent dos-
age =2.5¢g/L
Rice husk ash Tetracycline | Adsorption | Initial concentration 8.37 mg/g
(RHA) (TC) capacity | =20 mg/L, pH =5,
time = 600 min and
adsorbent dosage =
2 g/L
Date palm leaflets | Ciprofloxa- | Adsorption | Initial concentration | 133.30 mg/g
cin capacity | = 50-300 mg/L, pH
= 6, time = 90 min
and adsorbent dos-
age =2 g/L at 318
K temperature
Grape stalk Paracetamol | Adsorption | Initial concentration 2.18 mgl/g
capacity | =20 mg/L, pH =6,
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time = 48 h and
adsorbent dosage =
3.3-33.3 g/L at 293
K temperature

Sunflower seed
shells

Atrazine

Adsorption
capacity

Initial concentration
= 0.005-1 mg/L, pH
= 6, time = 240 min
and adsorbent dos-
age =12 g/L at 298
K temperature

6.34 mg/g

Isabel grape ba-
gasse

Diclofenac
sodium

Adsorption
capacity

Initial concentration
= 30 mg/L, pH =5,
time = 340 min and
adsorbent dosage =
0.2 g/L at 295 K
temperature

23.77 mglg

Pomegranate
wood-AC

Amoxicillin

Adsorption
capacity

Initial concentration
= 50-500 mg/L, pH
= 6, time = 300 min
and adsorbent dos-
age = 0.8 g/L at
298 K temperature

437 mglg

Siris seed pods-AC

Ibuprofen

Adsorption
capacity

Initial concentration
= 20-120 mg/L, pH
= 2-4, time = 240
min and adsorbent
dosage = 0.67 g/L
at 303 K tempera-
ture

378.10 mg/g

Table 2.2. The results obtained for the removal of pharmaceutically active compounds
(PACs) by using activated or modified adsorbents.

Name of Ad- Adsorbate Optimum | Optimum conditions | Optimum References
sorbent purposes value
Modified Caffeine Adsorption | Initial concentration = | 129.6 mg/g

Grape stalk (CEN) capacity | 20 mg/L, pH = 2, time
(MGS) = 30 min and adsor-

bent dosage = 15 g/L
at 25°C temperature

Grape stalk Caffeine Adsorption | Initial concentration = | 916.7 mg/g

activated car- (CFN) capacity | 20 mg/L, pH = 4, time

bon (GSAC) = 30 min and adsor-

bent dosage = 15 g/L
at 25°C temperature

Activated car- Caffeine Adsorption | Initial concentration = | 155.50 mg/g

bon fibers (CFN) capacity | 500 mg/L, pH = 2-9,
(ACFs) time = 240 min and
adsorbent dosage = 25
mg in 25 mL solution
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at temperature 25-

55°C

Activated car- Naproxen, Removal | Initial concentration = | 90.45 % for
bon (olive- Ketoprofen, efficiency | naproxen (20 mg/L), | naproxen,
waste cakes) | and lbuprofen ketoprofen (20 mg/L) | 88.40 % for

and lbuprofen (10 | ketoprofen
mg/L) pH = 4.12, | and 70.07 %
time = 26 h and adsor- for ibu-
bent dosage = 0.3 g/L profen.
at temperature 25°C
Modified Coal | Ciprofloxacin | Adsorption | Initial concentration = | 1.547 mg/g
Fly Ash capacity | 100 mg/L, pH = 5.6,
(MCFA) time = 100 min and
adsorbent dosage = 49
in 100 mL at tempera-
ture 323 K
Two activated Cephalexin | Adsorption | Initial concentration = | 137.02 and
carbons from (CEX) capacity | 20-100 mg/L, pH = 7, | 118.08 mg/g
agricultural time = 90 min and ad- | by KAC and
wastes: Albizia sorbent dosage = 0.5 KCAC
lebbeck seed g/L at temperature 323
pods by KOH K
(KAC) and
K,CO3
(KCAC) acti-
vation
NaOH- Amoxicillin | Adsorption | Initial concentration = | 570.48 mg/g
activated car- (AMX) capacity | 800 mg/L, pH = 4,
bon guava time = 240 min and
seeds (AC-GS) adsorbent dosage = 1
g/L at temperature 25
°C
Microwave- Sodium Di- | Adsorption | Initial concentration = | 63.47 mg/g
assisted Acti- clofenac capacity | 10-300 mg/L, pH =7- | (DFC) and
vated carbon (DFC), 8, time = 223.14 min | 74.81 mg/g
from cocoa Nimesulide (DCF) and 45.46 min (NM)
shell (MWCS- (NM) (NM) and adsorbent
1.0) dosage = 50 mg in 50
mL at temperature 25
°C
Biopolymer Dichlorvos Removal | Initial concentration = | MMT-CuO-
modified (DCV) efficiency |80 mg/L, pH= 10, | Chcompo-
montmorillo- time = 5 h and adsor- | site (93.4 %)
nite (MMT)— bent dosage = 1.5 g/L | followed by
CuO compo- at temperature 30 °C MMT-CuO-
sites: MMT- Gg (87.8 %),
CuO—Chitosan MMT-CuO
(Ch),MMT- (83.2 %) and
CuO-Gum MMT-CuO-
ghatti (Gg), PLA (63.3
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and MMT- %)
CuO-Poly
Lactic acid
(PLA) (A)
Raw, Acid and | Tetracycline | Adsorption | Initial concentration = | 16.95, 23.26,
alkali-treated (TC) capacity | 50-1000 mg/L, pH =| and 58.82
biochar 7, time = 24 h and ad- | mg/g by raw,
sorbent dosage =5 g/L | acid and al-
at temperature 303 K kali treated
biochar
MCM-41im- | Tetracycline | Adsorption | Initial concentration = | 419 mg/g
pregnated with (TC) capacity | 100 - 500 mg/L, pH =
A zeolite (A- 3-10, time = 2 h and
MCM-41) adsorbent dosage =
0.004 g in 50 mL at
temperature 303 K
Modified gra- | Doxycycline | Adsorption | Initial concentration = | 555.56 mg/g
phene (DC) capacity | 20-140 mg/L, pH = 6,
time = 24 h and adsor-
bent dosage = 0.3g/L
at temperature 30 °C
Copper nitrate | Doxycycline Removal | Initial concentration = 93.22 %
modified bio- | hydrochloride | efficiency |20 mg/L, pH = 8, time
char (Cu-BC) (DOX) = 24 h and adsorbent
dosage = 2 g/L at tem-
perature 25 °C
Activated car- Caffeine Adsorption | Initial concentration = | 155.50 mg/g
bon fibers (CEN) capacity | 500 mg/L, pH = 7,
(ACFs) time = 240 min and
adsorbent dosage = 25
mg in 25 mL at tem-
perature 25 °C
Commercial | Sulfamethox- | Adsorption | Initial concentration = | Higher ad-
Powdered Ac- azole capacity |1 mg/L, pH = 7, time | sorption ca-
tivated Carbon = 2 h and adsorbent | pacity by
(PAC) from dosage = 1-1.5 ¢g/L at| PAC-land
pine tree 25°C temperature CNT showed
(PAC-I), Ag- 131 mg/g
ricultural Crop and 29 mg/g
Wastes, Coal than others.
(PAC-11), Co-
conut Shell
(PAC-I111), and
Carbon Nano-
tubes (CNT)
Powdered acti- | Sulfonamide Removal | Initial concentration = | 90-100 %
vated carbon (SAs) and efficiency | 10 pug/L, pH = 7, time | removal in
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(PAC): coal
based and co-
conut based

Tetracycline
(TAS)

= 24 h and adsorbent
dosage = 0.8 g/L at
25°C temperature

both cases

Table 2.3. The results obtained for the removal of pharmaceutically active compounds
(PACs) by using commercially synthetic adsorbents.

Name of Adsorbent | Adsorbate | Optimum | Optimum conditions | Optimum References
purposes value
Magnetic ion ex- Sulfameth- | Adsorp- | Initial concentration = 789.32,
change resins (MIEX oxazole tionca- | 20, 100 and 500 pg/L, | 443.18 and
resin) (SMX), Tet- pacity pH = 7, time = 30 min 155.15
racycline and adsorbent dosage | pg/mL for
(TCN) and =250 ulL/50 mL SMX,
Amoxicillin TCN and
(AMX) AMX, re-
spectively
Natural Zeolite (NZ) | Cephalexin | Removal | Initial concentration = | 28 % and
and Zeolite coated (CEX) efficiency | 10-40 mg/L, pH = 7, | 89 % for NZ
with manganese oxide time = 120 min and | and CZ re-
nanoparticles (CZ) adsorbent dosage = 6 | spectively
g/L
Graphene oxide (GhO) | Atenolol Removal | Initial concentration = | 93 % (ATL)
(ATL) Pro- | efficiency | 60 mg/L, pH = 2, time | and 68 %
pranol = 0-24 h and adsor- (PRO)
(PRO) bent dosage = 1 g/L at
25°C temperature
Organo- Bisphenol A | Removal | Initial concentration = | 96.3 % and
montmorillonite: do- efficiency | 5-500 mg/L, pH = 4-5, | 98.9 % for
decyltrimethyl ammo- time = 12 h and adsor- | DDTMA
nium bromide bent dosage = 0.2-0.3 and
(DDTMA) and Hexa- g/L at 25° C tempera- | HDTMA
decyltrimethyl ammo- ture
nium bromide
(HDTMA)

Functionalized Ofloxacin Removal | Initial concentration = | 20-90 %
multi-walled CNTs (OFL) and | efficiency | 2-700 mg/L of OFL removal
(MWCNTS): hydrox- | norfloxacin and 2-60 mg/L of | of OFL and
ylized (MH), carbox- (NOR) NOR, pH =7, time =| NOR fol-

ylized 7 d and adsorbent dos- | lowed the
(MC), and graphitized age = 1-3 mg/5-40 mL | order of MH
(MG) at 25° C temperature > MG =
MC.
Multi-walled CNTSs: Ofloxacin Removal | Initial concentration = | 20-90 %
graphitized (MG), car- (OFL) efficiency | 10 mg/L, pH = 2-12,
boxylized (MC) and time = 7 d and adsor-
hydroxylized (MH) bent dosage = 0.1-0.3
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g/L at 25° C tempera-
ture

Fe3;O4/sepiolite mag- Atrazine Adsorp- | Initial concentration = | 15.9 pg/m°
netic composite tionca- | 2-28 mg/L, pH = 6.5,
(MSEP) pacity |time = 120 min and
adsorbent dosage = 1-
3 g/L at 25° C temper-
ature
Different carbon mate- | Carbamaze- | Adsorp- | Initial concentration = | 242 mg/g
rials: AC-F400, AC- | pine, (CBZ) | tionca- | 100 mg/L, pH = 7, and 264
PS, AC-RH, CNF and | and Ciprof- pacity | time = 4h and adsor- | mg/g for
MWNT loxacin bent dosage = 2-3 g/L | CBZand
(CPX) at 30° C temperature CPX respec-
tively
Goethite Diclofenac | Adsorp- | Initial concentration = | 45.96 pg/g
(DCF) tionca- | 250-2000 pg/L, pH =
pacity 5-10, time = 5-2880
min and adsorbent
dosage = 20 g/L at 25°
temperature
NaY zeolite Doxycy- Adsorp- | Initial concentration = | 252.12 mg/g
cline (DC) tion ca- | 40-120 mg/L, pH = 2-
pacity 12, time = 0-24h and
adsorbent dosage =
0.02 g/L at tempera-
ture 30°C
Graphene Oxide (Gho) Beta- Adsorp- | Initial concentration = | 67 mg/g and
blockers: tionca- | 60 mg/L, pH =2, time | 116 mg/g
Atenolol pacity | = 0-24 h and adsor- | for PRO and
(ATL) and bent dosage = 1 g/L at ATL
propranolol 25°C
(PRO) temperature
H67S33-600 (sample | Diclofenac | Adsorp- | Initial concentration = | By H67S33-
with 67% polysiloxane | (DCF) and tionca- |50 mg/L, pH = 7 for | 600: 27.18
H44 and 33% of Nimesulide pacity DCF and 9 for NM, | mg/g and
sludge pyrolyzed at (NM) time = 120 min and | 14.25 mg/g
500°C), M40T60-600 adsorbent dosage = 40 | for DCF and
(sample with 40% of mg/L at 25°C temper- | NM.
polysiloxane MK and ature
60% of TEOS and py- By
rolyzed at 600°C) M40T60-
600: 41.43
and 26.12
mg/qg for
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DCF and

NM.
Cellulose fibre (CF), Potassium Adsorp- | Initial concentration = | 210.07 mg/g
polypyrrole cellulose | diclofenac tionca- | 0.1 mg/mL, pH = 2-|and 50.33
fibre (PPy) (PD) pacity 10, time = 1 h and | mg/g by
adsorbent dosage = | PPyand CF
25.19 mg/L at 25°C
temperature
Biopolymer modified | Dichlorvos | Removal | Initial concentration = | MMT-CuO-
MMT-CuO compo- (DCV) efficiency | 20-100 mg/L, pH =3-| Ch (934
sites: MMT-CuO-Ch 12, time = 1-12 h and | %), MMT-
(modified montmoril- adsorbent dosage =| CuO-Gg
lonite CuO chitosan), 0.5-3.0 g/L at tem-| (87.8%),
MMT-CuO-Gg (Gum perature from 20-50°C | MMT-CuO
ghatti), MMT-CuO, (83.2 %),
MMT-CuO-PLA MMT-CuO-
(poly-lactic acid) PLA (63.3
%).
Magnetic Chitosan Ciprofloxa- | Adsorp- | Initial concentration = | 282.9 mg/g
Grafted Graphene Ox- | cin (CIP) tionca- | 20 mg/L, pH =5, time
ide Nanocomposite pacity =8 h and adsorbent
(MCGO) dosage = 10 mg/L in
30 mL at 25°C
temperature
NaY Zeolite Doxycy- Adsorp- | Initial concentration = | 252.12 mg/g
cline (DC) tionca- | 40-120 mg/L, pH =
pacity 12, time = 10 h and
adsorbent dosage = 2
g/L at 30°C tempera-
ture
Graphene nanosheet Doxycy- Adsorp- | Initial concentration =| 110 mg/g
(GNS) cline (DC) tionca- | 10-100 mg/L, pH = 6-
pacity 7, time = 200 min and
adsorbent dosage =
0.010 g in 10 mL at
25°C temperature
Mesoporous silica Doxycy- Adsorp- | Initial concentration = 1123.55
cline (DC) tionca- | 5-450 mg/L, pH = 7, mg/g
pacity | time = 6h and adsor-
bent dosage = 2 g/L at
25°C temperature
Graphene oxide Doxycy- Adsorp- | Initial concentration = | 35.50 mg/g
cline (DC) tionca- | 0-100 mg/L, pH > 4,
pacity |time = 0.2 h and ad-
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sorbent dosage = 2 g/L
at 25°C temperature
Magnetic activated Amoxicillin | Adsorp- | Initial concentration = | 280.9 and
carbon (MAC) (AMX)and | tionca- | 70-2000 mg/L, pH = | 444.2 mg/g
iron(111)/cobalt(11) Paracetamol pacity | 4-10, time = 1-300 | of AMX by
benzoates (MAC-1) (PCT) min and adsorbent | MAC-1 and
and iron(l11)/cobalt(Il) dosage = 30 mg in 50 MAC-2.
oxalates (MAC-2) mL solution at tem-| 215.1and
perature 25-50°C 399.9 mg/g
of PCT by
MAC-1 and
MAC-2
Functionalized nano- Naproxen Removal | Initial concentration = 922 %
clay Composite adsor- efficiency | 10 mg/L, pH = 6, time
bent = 120 min and adsor-
bent dosage = 1 g/L at
temperature 25 °C

2.4. Applications of Adsorption Process

Adsorption is considered as one of the most assured physical technique due to the merits of
being convenient, inexpensive, efficient and effective for the adsorption of organic pollutants
with no unwanted by-products. Tremendous endeavors have been done for exploring the dif-
ferent types of adsorbents with excellent performances. As a result, numerous natural and en-
gineered materials have been evolved to adsorb pharmaceuticals from the water environment
(drinking and waste). Apart from the adsorption process, all other advanced techniques have
disadvantages like capital and operational cost and sludge generation

. Thus, it is a widely used method in several types of fields. The use of natural and non-
natural waste materials is explored due to the wide availability of surface adsorption sites and
large surface areas . Generally, chemical modification of the adsorbents has
higher adsorption capacities as compared to unmodified materials
Scientists examined the effectiveness of different adsorbents towards pharmaceuticals. Some
of the industrial wastes accomplished of removing Pharmaceuticals from wastewater are rice
husk ash, bagasse fly ash, grape stalks, Modified coal fly ash, Modified graphene, NaY Zeo-
lite, Alumina etc. These all the materials have a high potential for adsorption which is used in
a wide range of applications. The industrial materials have variations in chemical composition
which is responsible for high specific surface area and high porosity so it has the great poten-

tial to be used as an effective adsorbent. Due to this reason, it is used by various industries
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worldwide on a smaller as well as larger scale . The adsorption process
not only solves the problem of bio-waste burden but also achieves the goal of “treating waste

by waste”.
2.5. Applications of Solidification/Stabilization Process

Environmental contamination through the discharge of hazardous waste from various indus-
tries has become a serious global issue. The quantity of hazardous solid, as well as industrial
waste, is increasing significantly, so its proper management can reduce harmful impacts on
the ecosystem. Various technologies have been advanced to decrease the potential of toxic
species into the biosphere. Out of these technologies, solidification/stabilization (S/S) by ce-
ment binder is the best one for the elimination of adverse effects on the ecosystem. The S/S is
generically defined as a chemical and physical alteration technique for dropping the move-

ment of contaminants in wastes by converting them into chemically inert form

This process produces free-standing and monolithic masses with enhanced physical integrity.
S/S is applied for dealing with heavy metals, polyaromatic hydrocarbon (PAH), Pesticides,
antibiotics and other petroleum products from contaminated sites. The stabilization refers to
the conversion of waste contaminants to a more chemically stable form, thereby resulting in
the more environmentally acceptable waste form . This technique makes
alterations in chemicals for reducing the mobility and solubility of contaminants in
wastewater and soils. Among various types of S/S binders, cement-based systems are usually
evaluated due to relatively cheap, wide-ranging disposal and adaptability. In this technique the
cementing material comes in contact with water and tricalcium aluminate hydrates (CSH),
rapid settling occurs and produces a rigid structure, developing strength in the mixture and
contaminants are binded inside.

Bie et al. (2016) demonstrated that the leaching concentration of heavy metal of Municipal
Solid Waste Inceration (MSWI1) fly ash reduced significantly after being blended with cement
within 32 hours. S/S of heavy metals such as Cd, Cu, Pb, Ni, Zn etc. used different cement
binder and water content ratios that are 5 % to 20 % binder dosages and from 14 % to 21 %
water contents followed for 28 days. Inorganic wastes and contaminated soils were also treat-
ed for 28 days with cementitious or pozzolanic binders (S/S) before landfilling. On the other
hand, hazardous and radioactive waste is stabilized with Portland cement for safe disposal into

the environment
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Cement-based S/S is used successfully with metals because it makes a strong barrier to the
mobilization of metals. We are going to use the S/S process for PhRACs waste due to several
benefits as compared to other remediation technologies such as electrochemical oxidation
process, advanced oxidation process, biodegradation process etc.

Advantages of S/S are: Relatively low economically and easy for usage and handling, dura-
bility both physically and chemically. Subsequently, the S/S with cementitious binders is an
important technique for reducing leachability of contaminants: industrial wastes, organic and

inorganic wastes, radioactive wastage and contaminated soils before disposal or reuse

2.6. Summary

Consequently from the review literature, it is concluded that the adsorption studies by using
agricultural residues are less comparatively synthetic or commercially available adsorbents.
Even agricultural waste has good adsorption properties, less cost and available in large

amounts.
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2.7. RESEARCH GAPS

Based on the literature discussed above, the following research gaps have been identified:

1. Most of the authors used electro-oxidation techniques for the removal of pharmaceuti-
cal compounds, which is associated with drawbacks of high energy consumption, for-
mation of intermediate toxic substances, high capital cost etc. Very few studies are re-
ported on the removal of pharmaceutically active compounds (PACs) by using adsorp-
tion technique.

2. Very few studies are available on the adsorption of ofloxacin (OFL), out of which of
the majority of adsorbents are synthetic.

3. Disposal study of exhausted adsorbents is quite important, which is not reported in de-
tail for PACs.

4. Any type of solidification study for PACs the agriculture-based adsorbent system is not
yet reported.
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Chapter — 3
MATERIALS AND METHODS

3.1. GENERAL

This chapter describes the materials and methods that are used for the removal of synthetic
pharmaceutical wastewater containing ofloxacin (OFL) and doxycycline hydrochloride
(DOX) as model compounds for adsorption purpose. The experimental methodology has been
illustrated and the details of the methodology part have been discussed. Fig. 3.1 represents the

workflow of the present research work.

Collection of Agri-waste Procurement of
materials {Prosopis juliflora, industrial efMuents
Ps5) {RHA)
Preparation of adsorbents Sieving. Washing and
Drying

Surfnce modilication l Come. Hydg, HyPUY

Surface modified adsorbents
(PJALC, PRSALC)

Characterization of Biosorbents

BET, SEM-EDX, FTIR,
XRD, TGA, FESEM,
HRTEM, "HNMR

I

aza " — 5 i 3
Initial concentration |« Batch adsorption studies "'_ oainck tme
. — Temperature
Biosorbent dosage <—]  ® Pﬂmml‘iﬁ optimizatien ST
Thermodynamics
Adsorption stmdies Adsorption
isotherm kinetic
Stndies stondies

Reusability, Solidification and

Bacterial toxicity analvsis

Fig. 3.1. Workflow of the Present Research Work.
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3.2. MATERIALS

3.2.1. Wastewater and Chemicals

The synthetic wastewater samples were freshly prepared for each set of experiments at room
temperature. A predetermined quantity of antibiotics (ofloxacin and doxycycline hydrochlo-
ride) was dissolved in double distilled water with the help of a magnetic stirrer. For the batch
mode of the adsorption process, the effects of adsorption parameters such as initial pH, dosage
of adsorbent (m), contact time (t) and initial adsorbate concentration (Co) were studied on the
responses; % removal (X;) and adsorption capacity (mg/g) (Xz) using the central composite

design (CCD) based on response surface method (RSM).

The purest powder forms of both antibiotics were obtained from different manufacturing in-
dustries. Ofloxacin (99.9%) was provided by Shri Ramesth Industries (a unit of Zhen Heal
Craft Private Ltd.), Himachal Pradesh, India and doxycycline hydrochloride (99.8%) was pro-
cured from Varav biogenesis Private Ltd. Himachal Pradesh, India. The reagents like H,SO,
(98%), NaOH (99%) and Muller Hinton Agar (MHA) media were purchased from Himedia
Laboratories Pvt. Ltd. India. Microbes, E.coli (EC), Bacillus subtilis (BC), Escherichia coli
(strain K12), Bacillus halodurans (strain KG1) and Bacillus magaterium MTCC — 1684 were
attained from the Department of Biotechnology and Portland cement were obtained from the
Department of Civil Engineering, Thapar Institute of Engineering and Technology, Patiala
(India).

3.2.2. Selection of different agri-residue adsorbents: Suitable agriculture wastes such as
Rice husk ash (RHA), Prosopis juliflora activated carbon (PJAC) and Pumpkin seed shell ac-
tivated carbon (PSSAC) were used for this study. RHA was obtained from Satyam agro
solvex Khanna, Punjab (India). PJAC and PSSAC were prepared in laboratory by simple py-
rolysis technique and micro-wave assisted pyrolysis technique respectively. PSSAC and RHA
were further functionalized using deep eutectic solvent in a view to improve the adsorptive

performance of these agri-residue adsorbents.

3.3. METHODS

3.3.1. Preparation of Activated carbon from Prosopis juliflora

The Prosopis juliflora branches were attained from an alternative energy solution, Yamuna
Nagar, Punjab. Consequently, the collected branches were washed with deionized water (DI)

water to eliminate dust particles and other impurities. Then cut it into small pieces of ~1-2 cm

and dried in sunlight for 6-7 days. This dried matter of Prosopis juliflora was impregnated
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with 1:1 H,SO4 solution for the surface sites' activation. After that, the resultant material was
washed 3-4 times with DI water and overnight dried (~100°C) in an oven. The oven-dried ma-
terial was then taken into a crucible and transferred to a muffle furnace at 500°C. Finally, the
activated carbon obtained from Prosopis juliflora was grounded, sieved (100-150 pum) and
kept in an airtight container until required. Step by step procedure for preparation is represent-
ed in Fig. 3.2.

Washing and
l drying (100 °C)

Pyrolysis

N H,S0,

Washin
: g., P g e Drying under
‘\'(‘1-'\ Drying (70 HENIaSS Sle‘mg
% °C.20-24h) o T e
¥ E ﬁa:,;«; > — (100 1~o 1

Prosopis
juliflora (1-2 cm) Activation

Small chips Muffle Furnace PJAC
(500 °C)

Fig. 3.2. Methodology for preparation of PJAC.

3.3.2. PSSAC Adsorbent preparation

Pumpkin seeds (Cucurbita moschata Duchesne) were procured from the local market of Pun-
jab, India. Pumpkin seeds were cleaned by using warm water for reducing the dirt particles
from the surface of the material. After washing, seeds were oven-dried at 70°C temperature for
6-7 hours. Now shells of the dried seeds were separated and then it was left under sunlight for
3 days for the maximum moisture removal. Finally, the dried shells were grinded, crushed and

sieved to 20-30 mesh fractions. This prepared material was denoted as PSS.

3.3.2.1. Acid activation and microwave-assisted pyrolysis of PSS

The chemical activation of the PSS was done by soaking the powdered PSS in ortho-
phosphoric acid (H3PO,4). 10 g of PSS powder was blended with 100 ml of 85 % diluted
H3POy, solution in a 200 ml flask. Now, the mixture was agitated at 70°C temperature and 150
rpm speed in a rotary shaker for 6 hours to make sure the complete reaction of H3PO, solution
with PSS.
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After a predefined time, the mixture was filtered and cleaned using deionized water till the
leachate pH approached ~ 6. Next, activated PSSAC was dried in an air-drying oven and put
in a desiccator. Finally, the chemically-treated PSS was pyrolyzed using microwave-assisted
pyrolysis technique at 500-600 W for 8-10 minutes under the N, environment with a flow rate
of 100 mL/min . This pyrolyzed pumpkin seed
shell activated carbon (PSSAC) was cleaned thoroughly using the hot distilled water up till
the pH of the washing solution approached neutral value. Eventually, it was oven-dried for 24
h at 100°C and then kept in an air-tight container for further use in the experimental studies.

The schematic representation of the procedure for PSSAC preparation is given in Fig. 3.3.

Washing
@M 7 ° and Drying
F\- 4 70°C,67

|

Pumpkin Pumpkin seed shell Activation
seeds (PSS)

N, flow

W e

=
Product ( =
e jeo==]
s \ L (| %
PSSAC 7 Microwave Pyrolysis

(500-600 W, 10 min, N»)

Fig. 3.3. Methodology for preparation of PSSAC.

3.3.3. RHA Adsorbent preparation

RHA, procured from industry was washed with hot water at 80 ‘C and it was dried at 70°C
temperature overnight. The dried RHA sample was screened with particle size of 180-600 um

using 1S sieves (IS: 437, 1979) and was kept in an airtight container for further use.
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3.3.4. Preparation of Deep eutectic solvent functionalized adsorbents

3.3.4.1. Synthesis of deep eutectic solvent (DES)

Choline chloride-based DES was synthesized using glycolic acid as an hydrogen bond donor
(HBD) and choline chloride (ChCI) as hydrogen bond acceptor (HBA), using the same proce-
dure as reported earlier . Both components were weighted accurately us-
ing a Mettler Toledo electronic balance with the uncertainty of £0.0001 g. HBD and HBA
were taken together into a small glass flask in a 3:1 molar ratio respectively (GC3:1). After
proper mixing, the mixture was heated using a thermostatic oil bath with continuous stirring.
The oil bath was maintained at 70°C (0.1 °C) using a temperature controller (IKA ETS-D5).
The mixture of both components melted together and stirred, once enough liquid has resulted.
Heating was stopped when the colorless and transparent liquid was formed. It was allowed to
cool at room temperature and left overnight to ensure the formation of DES. The prepared
DES was stored in glass sealed vials and kept in a moisture-free atmosphere to avoid the hu-

midity effect.

3.3.4.2. DES functionalized PSSAC (DES-PSSAC)

DES-PSSAC was prepared by modifying PSSAC at different DES modification levels by fol-
lowing the method reported in the literature . The
methodology for the preparation of DES-PSSAC is represented in Fig. 3.4. 20 g of dried
PSSAC was mixed separately with different amounts of GC3:1 (50 to 120 mL) in 150 mL
conical flask with continuous stirring with the help of a magnetic stirrer at 70 °C temperature.
Then, the mixture was transferred into 150 ml beaker and sonicated for 3 hours at 65 °C tem-
perature. Afterward, it was allowed to cool at room temperature. The prepared DES-PSSAC
was washed 3-4 times using deionized (DI) water and filtered with the help of whatmann No.
1 filter paper. Finally, the resulted material was oven-dried at 100 °C for 24 hours before use,
to make sure complete moisture removal . The prepared DES—
PSSAC sample was stored in an airtight glass container for further use in batch adsorption

studies.
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Fig. 3.4. Methodology for preparation of DES-PSSAC.

3.3.4.3. DES functionalized RHA (DES-RHA)

GC3:1 functionalized RHA was prepared by following the method reported in the literature

. The schematic diagram of a methodology for the preparation of DES-RHA is
presented in Fig. 3.5. 20 g of washed and dried RHA was mixed with 100 mL GC3:1 with
continuous stirring at 70 °C. The mixture was sonicated for 3 hours at 65 °C. DES-RHA was
then washed 3-4 times using distilled water and filtered with whatmann No. 1 filter paper. Fi-
nally, it was oven-dried at 100 °C for 24 hours before use, to ensure complete moisture re-

moval.

37



. P J‘;:"“

Glycolic  Choline 0o d? s B

Acid Chloride DES (GC 3:1)

—— Functionalized ’ =\ Oven dry

RHA P "SNP 100°C,24h
Functionalization e
Wash d g

of washed RHA Sonication 65 °C, 3h sy Ja= DES-RHA

filtration

Fig. 3.5. Schematic diagram illustrating the formation of DES-RHA

3.4. INSTRUMENTS AND ANALYTICAL TECHNIQUES

The residual/equilibrium antibiotic concentrations were observed using a dual-beam UV-
visible spectrophotometer (model HITACHI U-2000). The UV-visible spectra of OFL and
DOX were determined at the wavelength (Amax) Of 288 nm and 345 nm respectively using a
standard curve. The calibration curves of both antibiotics were prepared by using different
concentrations of the known samples and are depicted in Fig. 3.6 a and b. The plots were pre-
sented between absorbance versus known concentrations of the solution. The regression equa-
tions were applied for the calibration plot of OFL (y = 0.0703 x) and DOX (y = 0.1208 x) en-
abled us to find out the unknown concentrations of the different samples that were collected
from the adsorption process. The value of absorbance was obtained by using the spectropho-

tometer.
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All the chemical compounds used for adsorption studies were of analytical grade. The rea-
gents were weighed using a Mettler Toledo (AB104-S) scale. According to the requirement,
different stock solution concentrations were freshly prepared and pH of the synthetic
wastewater was measured through Thermo scientific orion star A111 pH meter. Then use of
GeNei SLM-IN-OS- 16, India, incubator shaker for experimental reactions. For the prepara-
tion of activated carbon adsorbent from the raw waste by using the microwave-assisted pyrol-
ysis (TA Model 2050). Moreover, for the functionalization of the adsorbent by using the Mod-
el 150VT Ultrasonic Homogenizer sonicator.

The morphological and chemical characteristics of the selected adsorbents were characterized
by using different analytical techniques. The morphological analysis was accomplished with
the help of SEM (EDX) and high-resolution FESEM (JEOL JSM-7500F). Moreover, for a
better understanding of the morphology, high-resolution images were taken using TECNAI
G2 F20 transmission electron microscope. X-ray diffraction (XRD) pattern was obtained by
Bruker D8-Advance X-ray diffractometer (Bruker, Germany), at 260 (10-90°) with Cu as the
object and Ni as the filter media with A = 1.541 A having Ka radiations. The specific surface
area was obtained by using the BET technique, and the pore volume (total) was determined at
a relative pressure of about 0.95 in the presence of liquid nitrogen. The pore size was evaluat-
ed via the Barrett-Joyner—Halenda (BJH) method and pore volume were calculated with the t-
plot method. Before gas adsorption measurements, the sample was degassed at 300 °C under
vacuum for 3 h, and the adsorption-desorption isotherms were measured at 77 K (Micromerit-
ics/Gemini-2372). Also, Fourier-transform infrared spectroscopy (FTIR) spectra were deter-
mined with the help of Nicolet 6700 spectrometer, the USA in the 4000 — 400 cm™' wave-

number range.

The synthesized DES (GC 3:1) was characterized to evaluate its properties and confirm the
hydrogen bonding between the original components of DES. To check the thermal stability of
prepared GC 3:1, TGA analysis was performed (PerkinElmer, STA6000). The moisture con-
tent of GC 3:1 was also examined employing the Karl Fischer titration method (Esico, 1760).
'HNMR and FT-IR analysis was performed to ensure the H-bonding between glycolic acid
and ChCIl. The *HNMR of the prepared DES (GC3:1) was determined by operating Bruker
AVANCE Neo 500 MHz NMR spectrometer at room temperature. The DES sample, for
NMR analysis, was made by dissolving 25 mg of the DES in 0.5 mL of DMSO in a 5 mm

NMR tube. The homogeneous mixture of GC3:1 and DMSO were made using a vortex mixer.
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The point of zero charge (pHpzc) Which is a critical factor and strongly influences the surface
charge of the material was also evaluated. pHy, of the adsorbents were evaluated by salt addi-
tion technique . In this method, 40.0 mL of 0.1 M KCI solution was
taken in eleven different conical flasks of 100 mL capacity. The pH of the solutions was main-
tained at different values (2 to 12) by utilizing 0.1 M H,SO,4 and 0.1 M NaOH as needed. 0.2 g
of the adsorbent samples were introduced to every eleven conical flasks. These solutions were
agitated for 24 h in a rotary shaker at room temperature and 200 rpm. Once the settling was
done, the pH of the supernatant was checked in each conical flask. The deviation between the
PHinitiar and pHsina Was evaluated and the point at which ApH is zero was considered as pHp;c

of the adsorbent.
3.5. EXPERIMENTAL PROCEDURE AND ANALYSIS

3.5.1. Use of CCD/RSM model for Batch Adsorption Process

Response surface methodology (RSM) is a static analytical method that shows the relationship
between dependent and independent variables while taking more than one response to deter-
mine experimental studies. It includes variations within ranges for the optimization of differ-
ent selected parameters. This method is also valuable for reducing cost and saving time by
minimizing the number of experimental reactions . There are many
investigational design models, such as pentagonal, Central Composite Designs (CCD), Hex-
agonal, Box—Behnken Designs (BBD), Doehlert Matrix (DM) and so on. The popularity of
the CCD/RSM model on a large scale for adsorption studies has been preferred

. In RSM, designing involves mainly three steps: (a) determine the inter-
action between dependent — independent variables (b) Then selecting the suitable model from
RSM design expert software (c) Finally, implementation of experimentations and calculating

valuable results.

3.5.2. Design of Experiments and Optimization

Experiments for the adsorption of the antibiotic on adsorbent were designed and performed by
Central composite design (CCD) based on response surface methodology (RSM). The RSM is
a statistical tool that facilitates in designing of experiments with a reduced number of experi-
ments, analysis of the interaction between parameters on responses, and optimization of the
process parameters for required responses . pH (2-10), adsorbent dosage
(0.5-2.5 g/100 mL), adsorbate concentration (10-90 mg/L), and time (10-750 min) coded with
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five-level CCD were considered as independent adsorption process variables, while % antibi-

otic removal (X;) and antibiotic adsorption capacity (X;) were selected as responses.

The following quadratic model was applied for the experimental data fittings, analysis, and
optimization of process parameters (Eq. 3.1).
Kk k
x:‘//o"'Z‘//iXi"'Z‘//iixiz"'zzv/ijxixj+Dr (3.1)
i=1 i=1 i<j
Where, yo: constant-coefficient; v i , v i, Vv j: Interaction coefficients; x; and x;: Variables;

D,: error.

Analysis of variance (ANOVA) was used for the parameter interaction analysis. Further, the
model adequacy was assessed by adequate precision, Studentized residuals plots, normal
probability plots, coefficient of determination (R?), predicted R® and adjusted R?, and F and P

values.

A Multi-response optimization tool was applied for the optimization of two responses, X;
and Xy, using the desirability function of RSM. The Multi-response optimization tool in
RSM optimizes the responses depending on the set target. The target may be set as smaller
the best (STB); larger the best (LTB) and nominal the best (NTB)

. Whereas, the desirability function converts the individual desirability (d;:
0-1) of the responses, X; and X,, into one single desirability value of the system. In this
study, the LTB type target was set for the responses X; (% antibiotic Removal) and X, (anti-
biotic adsorption capacity) optimization.

3.5.3. Adsorption of Batch Experiments and Data Analysis

In the present study, a total of 30 experiments in the batch mode were conducted as designed
by CCD/RSM, and % antibiotic removal (X;) and adsorption capacity (X;) were measured.
For each set of experiments, in 100 ml antibiotic solution of specified initial concentration and
previously adjusted desired pH known dose of adsorbent (as per design matrix) was added.
The mixture was then agitated at a constant speed of 150 rpm and 303 K temperature in a
temperature-controlled orbital shaker incubator (Remi Elektronik Ltd., India; CIS-24 Plus).
For initial pH adjustment, 0.1 N H,SO,4 and 0.1 N NaOH solutions were used. The maximum
absorption of OFL and DOX was found at Amax = 288 nm and Amax = 345 nm respectively.
For each set of experiments, after the equilibrium/predetermined time of the adsorption pro-
cess, the mixture was drawn and the adsorbent was separated by filtration. Further, the ab-
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sorbance of the filtrate was observed using a UV-visible spectrophotometer (Electronic Cor-
poration India Ltd.), and equilibrium/residual adsorbate concentration was evaluated from the
calibration curve. Adsorbate % removal (X;) and adsorption capacity (X,) of adsorbent was
then calculated using the following relation:

% Removal (x,) = £ x 100 (3.2)

Furthermore, the equilibrium adsorption capacity, q. (mg/g) was calculated as:

Absorption capacity, q, (X;) = (C“m;ce) XV (3.3)

Where, C,, Cs, and C, represent the initial, final, and equilibrium adsorbate concentrations
(mg/L) in the aqueous phase, respectively, V represents the volume (L) of the adsorbate solu-

tion and m (g/L) to the mass of adsorbent.

3.5.4. Solidification/Stabilization (S/S) Studies of Exhausted adsorbent

The appropriate management of exhausted adsorbent waste is essential to avoid the release of
antibiotics in ecosystems and its adverse impacts on human beings. For this purpose, the so-
lidification/stabilization (S/S) technique was adopted due to its well-known advantages

. Loaded adsorbent (having different adsorbate concentrations) and Portland
cement were mixed in different mass ratios (Table 3.1) to observe the effect of binder on the
leachability behavior of adsorbate. For this purpose, loaded adsorbent and cement were mixed
using the required amount of water to make the paste. The beads of approximately 2 cm diam-
eter were made and incubated at room temperature for 24 h. The incubated beads were then
soaked in 100 ml distilled water for 15 days maintaining water level throughout the experi-
mentation. After 15 days, the concentration of adsorbate in water was measured using a UV-
visible spectrophotometer to observe the leachability of the adsorbate. Step by step procedure
for the S/S process is represented in Fig. 3.7.

The capsulation percentage of adsorbate was calculated using the following relation:

Capsulation percentage = (C“C;Cl) x 100 (3.4)

a

Where, C, and C; represent the adsorbate concentrations (mg/L) in adsorbent and leachate

respectively.

43



Table 3.1. Different combinations of exhausted adsorbent and cement for solidification
study.

Sample No.  Mass of adsorbent + cement ~ Mass ratio of adsorbent to

in the mixture cement
1 1 g adsorbent + 5 g cement 1:5
2 2 g adsorbent + 4 g cement 1:2
3 3 g adsorbent + 3 g cement 1:1
4 4 g adsorbent + 2 g cement 2:1
5 5 g adsorbent + 1 g cement 5:1

Portland Cement
(7 (solidifying agent)

Spectrophotometer
Beads Dipped beads into for leachate
Exhausted (din~ 2 can) DW analysis

adsorbent

Fig. 3.7. Various steps involved in S/S process procedure.

3.5.5. Bacterial Toxicity Test

After solidification, the toxicity of leachate samples was also determined by bacterial toxicity
analysis using the agar cup method . The use of different types of micro-
bial strains (procured from the department of biotechnology, Thapar Institute of Engineering
& Technology, Patiala) was revived in nutrient broth. Mueller and Hinton agar (MHA) was
sterilized and 25 mL media was poured in Petri plates. The 24 h old culture was spread on
agar plates. Further, four to five holes were made in each plate with the help of a cork borer.
0.25 pL of each leachate sample from various experiments were added to each hole. Plates
were then incubated at 35 + 0.1°C for 24 h, and observed the zone of inhibition through bacte-
rial growth. Similarly, toxicity analysis of adsorbate solutions of different concentrations
(0.1-10 ppm) was also studied for comparison purposes with leachate toxicity. Step by step
procedure for the toxicity assessment process is represented in Fig. 3.8.
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Fig. 3.8. Various steps involved in toxicity assessment of leachate.

3.5.6. Reusability studies

The reusability studies of the adsorbents were examined from three to five cycles by two
methods. First is the adsorption/desorption process was studied at three different temperatures
like 100, 150 and 200 °C. In this process, the used adsorbent was revived at different tempera-
tures in a hot air oven overnight. Afterward, the adsorption process was accompanied in a
shaker with an agitation rate of 150 rpm for 12 hours at optimized conditions. In the second
method, it involves the use of NaOH as a desorbing agent to remove the adsorbed adsorbate
from the adsorbent surface. For adsorption studies, 0.25 g of adsorbent was included in 50 mL
of adsorbate solution having the original concentration of adsorbate in the orbital shaker with
an agitation speed of 150 rpm for 1 h. After then, the adsorbate-loaded adsorbent was separat-
ed by filtration and adsorbed amount g (mg/g) was determined using a UV-vis spectropho-
tometer. For desorption, the adsorbate-loaded adsorbent was frequently washed with distilled
water to eliminate any unadsorbed adsorbate molecules. Now, 0.05 M NaOH solutions were
added and stirred at 150 rpm for one hour. Additionally, the revived adsorbent was separated
by filtration, repetitively washed, finally dried at 100°C for 2-3 h and kept in an airtight con-
tainer for next adsorption-desorption cycles.
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Chapter — 4
ADSORPTION OF OFL AND DOX USING AGRI-
RESIDUE BASED ADSORBENTS

4.1. GENERAL

This chapter deals with the results of adsorption process that is used for the removal of phar-
maceutical compounds from aqueous medium. It involves Ofloxacn (OFL) and Doxycycline
hydrochloride (DOX) antibiotics as a model compounds. It presents the performance of dif-
ferent agri-residue based adsorbents (RHA, PJAC, PSSAC) for adsorption of antibiotics (OFL
and DOX). It includes the effect of relevant operating parameters on performance of different
adsorbents. Kinetics, isotherms, S/S, bacterial toxicity and reusability studies of these adsor-

bents are also summarized in this chapter.

4.2. BATCH ADSORPTIVE REMOVAL OF WASTEWATER COMPRISING OFL BY
RHA

4.2.1. Adsorbent Characterization

The Brunauere Emmette Teller (BET) surface area and Barrette Joynere Hanlenda (BJH) ad-
sorption/desorption surface area of RHA was found to be 32.6 and 10.96 m?/g, respectively.
The average BET pore diameter was found 6.5 nm, indicating that RHA is mesoporous and
appropriate adsorbent for the adsorption of OFL having a high molecular weight

. The XRD spectra (Fig. 4.1) of bare RHA showed a single diffuse band centered at
around 22°. This indicates that the silica in the sample was in an amorphous state. Although
weak peaks at 21°, 27° and 31°, 36°, 68° were identified as trydimite and cristobalite phases
respectively . No change was observed in the XRD spectra of OFL loaded
RHA (Fig. 4.1).
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Fig. 4.1. X-ray diffraction (XRD) analysis of bare RHA and RHA loaded with OFL
(Trydimite — T, Cristobalite — C).

FTIR (Fourier transform infrared) spectra provide the information of various existing func-
tional groups. FTIR spectra of bared and OFL-loaded RHA are presented in Fig. 4.2. A broad-
er peak between 3000 to 3700 cm™ is attributed to the existence of free and hydrogen-bonded
OH group and Si-OH, owing to adsorbed water on the surface

. A broader, but not intensive, the peak can be seen at 1636 cm™ is due to the
carbonyl groups stretching from aldehydes and ketones. Another broader and intense peak at
1092 cm™ represents the Si—-O-Si and —C—O—H stretching and —OH deformation. However,
comparatively lower intense and narrow peaks at ~ 795 and 469 cm™ are attributed to the Si—
H . Shifting in all the peaks can be seen in Fig. 4.2 due to the loading
of OFL on RHA, which indicates that the functional groups present on the surface of RHA are

participating in the adsorption.
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Fig. 4.2. FTIR spectra of RHA and RHA loaded with OFL.

4.3. Model fitting and Statistical Analysis

Experiments advocated as per CCD (Table 4.1), were performed and responses (X3) and (X2)
were determined. Experimental results with process parameters were then statistically analyzed
using RSM Design expert 13 (DX10). Sequential F-test, model summary statistics, and subse-
quent ANOVA (Table 4.2) analysis suggested a quadratic model fit the experimental data. The
adequate precision, 35.509 and 34.373, for the responses X; and X,, respectively, revealed the
capability and efficiency of the suggested quadratic model in analyzing variables and responses
relation. Further, other tools such as outlier residual plots, Studentized residuals plots, and nor-
mal probability (plots are not shown here) well explained the efficiency of quadratic model
fittings. Model F- the value of 94.61 and 75.12, for responses X; and Xj, respectively, (Table
4.2) supported the significance of the quadratic model. Further, the coefficient of determination
Rz, predicted R? and Adjusted R? showed a good correlation of actual and predicted responses
(Table 4.3).
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Table 4.1. Experimental design for the adsorption of OFL by RHA.

Std Run pH Doseof OFL Time % OFL Adsorption
RHA conc. (min) Removal Capacity (X)
(9/L) (mg/L) (X1)
10 1 80 100 30.0 565.0 92.85 2.78
25 2 6.0 150 50.0 380.0 93.97 3.13
24 3 6.0 150 50.0 750.0 85.37 2.84
15 4 40 200 70.0 565.0 92.57 3.24
5 5 40 100 70.0 195.0 68.65 4.80
2 6 80 100 30.0 195.0 71.09 2.13
13 7 40 100 70.0 565.0 93.40 6.53
28 8 6.0 150 50.0 380.0 93.34 3.11
6 9 80 100 70.0 195.0 59.71 4.18
3 10 40 200 30.0 195.0 82.28 1.23
4 11 80 200 30.0 195.0 87.47 1.31
1 12 40 100 30.0 195.0 74.28 2.22
18 13 100 150 50.0 380.0 93.48 3.11
14 14 80 100 70.0 565.0 82.93 5.80
22 15 6.0 150 90.0 380.0 85.98 5.15
11 16 40 200 30.0 565.0 83.52 1.25
16 17 80 20.0 70.0 565.0 92.97 3.25
23 18 6.0 150 50.0 010.0 55.34 1.84
20 19 6.0 250 50.0 380.0 91.28 1.82
30 20 6.0 150 50.0 380.0 93.80 3.12
21 21 6.0 150 10.0  380.0 87.71 0.58
17 22 20 150 50.0 380.0 98.91 3.29
26 23 6.0 150 50.0 380.0 93.00 3.10
19 24 60 050 50.0 380.0 67.14 6.41
9 25 40 100 30.0 565.0 93.19 2.79
12 26 80 200 30.0 565.0 87.38 1.31
7 27 40 200 70.0 195.0 89.97 3.14
8 28 80 200 70.0 195.0 89.87 3.14
29 29 6.0 150 50.0 380.0 93.20 3.10
27 30 6.0 150 50.0 380.0 93.65 3.12
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Table 4.2. ANOVA for the % OFL removal and capacity.

% OFL removal (X;) Adsorption Capacity (X,)

Source Sum of DF Mean FValue Prob>F | Sum of DF Mean F Value Prob > F

Squares Square Squares Square
Model 3504.26 14  250.30 94.61 <0.0001 | 62.40 14 4.46 75.12 < 0.0001
A 24.88 1 24.88 9.40 0.0078 0.12 1 0.12 1.98 0.1796
B 582.37 1 582.37 220.12 <0.0001 | 21.17 1 21.17 356.87 < 0.0001
C 1.23 1 1.23 0.46 0.5057 33.17 1 33.17 559.08 < 0.0001
D 1008.03 1 1008.03  381.01 <0.0001 | 1.93 1 1.93 32.54 < 0.0001
A? 17.49 1 17.49 6.61 0.0213 4.136x10° 1 4.136x10°  0.070 0.7954
B2 326.15 1 326.15 123.28 <0.0001 | 1.58 1 1.58 26.65 0.0001
c? 64.98 1 64.98 24.56 0.0002 0.14 1 0.14 2.36 0.1455
D? 879.38 1 879.38 332.39 <0.0001 | 1.14 1 1.14 19.18 0.0005
AB 65.15 1 65.15 24.62 0.0002 0.16 1 0.16 2.73 0.1191
AC 37.90 1 37.90 14.33 0.0018 0.12 1 0.12 2.00 0.1777
AD 0.016 1 0.016 0.0059 0.9393 3.473x10° 1 3.473x10°  5.853x10*  0.9810
BC 165.48 1 165.48 62.55 <0.0001 | 0.86 1 0.86 14.48 0.0017
BD 418.30 1 418.30 158.11 <0.0001 | 1.19 1 1.19 20.05 0.0004
CD 8.80 1 8.80 3.33 0.0882 0.34 1 0.34 5.67 0.0309
Residual 39.69 15  2.65 0.89 15 0.059
Lack of Fit 38.98 10 3.90 27.79 0.0009 0.89 10 0.089 570.39 < 0.0001
Pure Error  0.70 5 0.14 7.794x10* 5 1.559x10™
Cor Total 354395 29 63.29 29

A: pH, B: dose of RHA (m, g/L), C: OFL conc. (Co, mg/L), D: Time (t, min)

Table 4.3. Various R-squared values suggested by CCD for different responses.

Responses R-Squared Adj R-Squared Pred R-Squared
% OFL removal (X;) 0.99 0.98 0.94
Adsorption Capacity (X5) 0.98 0.97 0.92

Values of “Prob>F” higher to 0.1 designate the parameters in the model insignificant. The
significant quadratic model terms from ANOVA were observed as X:: pH, m, t, pH?, m2, C?,

t2, pHxm, pHXC, mxC, mxt, and X,: m, C, t, m2, t*, mxC, mxt, Cxt. Therefore, based on the

above, the quadratic model equation can be represented given below.
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X, = 14.9 — (4.04 * pH) + (440 + m) + (0.046 * C) + (0.23 * t) + (0.19 * pH?) —
(0.18 x m?) — (3.85 x 1073 x €2) — (1.65* 10~* * ¢2) + (0.20 * pH * m) — (0.04 * pH * C)
+(8.50* 1075 * pH * t) + (0.03 * m* C) — (553 * 1073 * m * t) + (2.0 * 10~** C * ) (4.1)

X, =1.17 — (0.11 * pH) — (0.30 *m) + (0.11 % C) + (8.54 1073 x ) + (3.07 1073 «
pH?) + (9.60 * 1073 * m?) — (1.79 * 10~* % C2)— (5.95 * 1076 * £2) + (0.01 * pH * m) —
(2.15* 1073* Ph *C) — (3.98 * 10~ * Ph * t) + (2.32 *1073 * m * C) — (2.95 * 10~* * m * ¢
+(3.92* 1075* C * ) (4.2)

4.4. Effect of Various Parameters and Optimization

Values of responses X; and X, with various process parameters i.e. pH, t (min), C, (mg/L),
and m (g/L) values for the adsorptive removal of OFL antibiotic are shown in Table 4.1, and
the corresponding 3-D response surface graphs obtained from RSM is shown in Fig. 4.3.
These plots were further analyzed for individual and interactive effects of the adsorption pa-

rameters on responses X; and X.
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Fig. 4.3. 3D-graph for the adsorptive removal of OFL from aqueous solution (a, b, c) % removal versus pH, OFL concentration, dose, t
and (d, e, f) capacity versus pH, OFL concentration, dose, t.
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Fig. 4.3 (a-f) shows the interaction of pH, m (g/L), t (min) and C (mg/L) on the % OFL removal
(X1) and capacity (Xz), respectively. The simultaneous effects of pH and C on the responses %
OFL removal and capacity are shown in Fig. 4.3 (a) and (d), respectively, at constant m and t val-
ue. At any pH, the % OFL removal was observed increasing sharply with the increase in C value
up to more than 90%. However, at higher C, % OFL removal starts decreasing. This indicates that
the adsorption of OFL is limited by the adsorbate concentration, and the RHA possesses higher
adsorption capacity. Whereas, the capacity was always found increasing at all pH with increased
C. On the other hand, there is no significant change in capacity with pH change at any C value
(Fig. 4.3 d). Further, to confirm the presence of silica and integrity of the RHA in respect to the
dissolution/precipitation at high pH, elemental analysis through EDX was conducted for both the
bare and loaded RHA (Table 4.4). The elemental analysis showed the presence of same elements
i.e. C, O, Na, Mg, Si, K and Ca in the bare RHA and loaded RHA after adsorption. The presence
of Si in loaded RHA after adsorption, with the nearly same weight % explains the wholesomeness
of the RHA after adsorption. The slight decrease in the Si weight % value may be due to the load-

ing of Ofloxacin on the RHA which in turn increased the weight % value of C.

Table 4.4. Elemental analysis of bare and loaded RHA.

Elements Weight %
Bare RHA Loaded RHA
C 14.26 20.07
@) 51.57 47.73
Na 0.20 0.13
Mg 0.11 0.09
Si 33.24 30.51
K 0.41 1.35
Ca 0.2 0.12

Fig. 4.3 (b) and (e) explains the m and t interaction on the % OFL removal and capacity, respec-
tively. At lower m values, an increase in adsorption time t increases the % OFL removal, which

becomes nearly constant at higher t values. However, at higher m values, % OFL removal first in-
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creases with t, and at higher t values, it starts decreasing. This behaviour in % OFL removal at
higher t values may be due to the desorption of OFL from the RHA at higher t values. The capacity
was found increasing with t at a lower value of m, and capacity was observed first marginally in-
creasing and then after decreasing with t at higher m values (Fig. 4.3 e). This may be because at

higher m the % OFL removal first increases and then decreases with t value (Fig. 4.3 b).

Fig. 4.3 (c) and (f) describes the interaction of m and C on the % OFL removal and capacity. %
OFL removal decreases with an increase in C value at lower m value. However, at higher m, %
OFL removal increases with increased C. This change in % OFL removal is due to the higher ac-
tive sites availability at a higher dose and the adsorption of OFL on RHA can be regarded as ad-
sorbate limiting. Whereas, at lower m, capacity increases with an increase in C, and negligible
change were observed in capacity at higher m with increased C value. This indicates the higher
adsorption capacity of RHA towards OFL. OFL adsorption on RHA was optimized for maximiz-
ing responses X; (% Removal) and X, (adsorption capacity) by the RSM. The constraints applied

for optimization are mentioned in Table 4.5.

Table 4.5. Optimization Constraints applied.

Variables Goal Lower Limit Upper Limit
pH is in range 6 8

Dose of RHA minimize 5 25

OFL conc. is in range 10 90
Time minimize 10 750

% Removal maximize 55.34 98.91
Capacity maximize 0.58 6.53

The optimum values in the study range, as suggested by RSM, were found to be m=7.94 g/L, t =
430 min, and pH = 6 with responses X; and X, being 79.54 % and 6.01, respectively. The optimum
result from RSM was further validated by conducting three experiments on optimum parameters,
and the average value of responses X; and X, were found to be 79.71 % and 6.28 which is in good

agreement with the suggested values (Table 4.6).
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Table 4.6. Experimental and predicted responses values comparison at optimized condition
(m=7.94 ¢g/L, t =430 min and pH = 6, OFL concentration = 62.5 mg/L).

Responses Predicted value Experimental value
% removal (Xy) 79.54% 79.71%
Capacity (X5,) 6.01 6.28

4.5. Adsorption Kinetics and Diffusivity

Kinetics of adsorption and hence kinetic parameters are necessary for designing of adsorption col-
umns. At optimum parameters (m = 7.94 g/L, t = 430 min and pH = 6), the kinetics of OFL adsorp-
tion on RHA was studied using Pseudo first order and pseudo-second-order kinetic models (Eq.
4.3 and 4.4) at three OFL initial concentration (C,) 10, 40 and 70 mg/L.

The Pseudo-first-order model is given as

g, =g, 1-exp(-k,t)) (4.3)

Where g;and g are the amount of OFL adsorbed (mg/g) at any time (t) and at equilibrium, respec-

tively, and kg is the rate constant (per min).

Pseudo second order model is represented as

q tksde
" 1+tk,q, (44)
Where, Ks is the rate constant (g/mg/min).
The initial adsorption rate, h (g/mg/min), is defined as;
h= ke’ (4.5)

Fitting of experimental data to the kinetic models was performed using nonlinear regression. Here-

in, Marquardt’s percent standard deviation (MPSD) error function was applied. The calculated ki-
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netic parameters, coefficient of determination (R?) and error values as MPSD are presented in Ta-
ble 4.7 and fitting is shown in the Fig. 4.4.

Table 4.7. Kinetic parameters for ofloxacin (OFL) adsorption on RHA at optimized parame-
ters (m =7.94 g/L, t = 430 min and pH = 6).

Co (mg/L)
10 40 70
Pseudo first order
K (min') 0.0136 0.0054 0.0051
Ge.exp (MQ/Q) 0.964 2.90 4.34
Gecar (Ma/Q) 0.963 2.95 4.39
R? (non-linear) 0.997 0.998 0.999
MPSD 19.96 18.84 8.015
Weber Morris
kia1(mg;g min1/2) 0.070 0.154 0.223
I 0.053 0.348 0.512
R? 0.973 0.9991 0.997
kia2(mg)g min1/2) 0.005 0.018 0.038
I 0.821 2.418 3.269
R? 0.625 0.842 0.735
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Fig. 4.4. Kinetics of OFL adsorption on RHA at optimized parameters (m =7.94 g/L, t = 430

min and pH = 6). (Experimental results are shown by data points, Solid line shows pseudo-
first-order kinetic model fitting)

High R?, low MPSD values at all C, values (10, 40, and 70 mg/L) for Pseudo first-order kinetic
model fitting concludes the suitability of the pseudo first-order kinetic model for OFL adsorption
on RHA. From Table 4.7, it is observed that the g, and k; values were found increasing with C,,
indicating the adsorption is limited by the adsorbate concentration of OFL antibiotic. Pseudo sec-
ond order kinetic modeling was also performed and experimental data were found in good agree-
ment at lower OFL concentration. However, at higher concentrations very poor fitting was ob-

served (not shown here).

Further, the adsorption process is controlled by the intra-particle diffusion when adsorbate is pre-
sent in high concentration and adsorbents are of larger particle sizes
During adsorption of OFL on RHA, Intra-particle diffusion may be the rate-controlling, since RHA

is granular. The intra-particle diffusion model is expressed by the following equation

qe = kijgt®® +1 (4.6)

1/2

Where k;,: intra-particle diffusion rate constant (mg/g min™); I: intercept representing the bound-

ary layer thickness on RHA. The larger the intercept, the thicker is the boundary layer
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Plot of g vs. t'

, if linear, intra-particle diffusion controls the process. In
the present study, two linear portions can be seen (Fig. 4.5). The first linear part shows the gradual
reach of adsorption equilibrium, however, the second part is attributed to the final adsorption equi-
librium stage originated due to lower intraparticle diffusion owing lower OFL concentration left

. Also, for these linear parts, intercepts I; and I, are not zero (Table 4.7), which
indicates surface adsorption is also controlling the adsorption rate of OFL on RHA. Further, Kig1
and Kjq2, slopes of the linear portions (Table 4.7), were found increasing with C, due to increased

driving force and adsorption of OFL in meso and micropores of RHA.

|®10mg/L
4 |m40mgiL P el
1A 70 mg/L
%3' mpatt-u
é 4
T 2 -
1' W
0 10 20 30 40

Time%5 (min®5)

Fig. 4.5. Weber—Morris plot for the adsorption of OFL by RHA at optimized parameters (m
=7.94 g/L, t =430 min and pH = 6).

4.6. Isotherm Modelling and Thermodynamics

Adsorption isotherms provide the necessary information for adsorption system designing. For this
purpose, various isotherms such as Langmuir, Redlich-Peterson (R-P), and Tempkin
isotherms (Table 4.8) were studied and analyzed for the adsorption of OFL on
to RHA at 288-318 K temperatures (T) with Cy = 5-70 mg/L. All the other experiments were con-
ducted at optimum conditions (m = 7.94 g/L, t = 430 min and pH = 6).
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Table 4.8. Isotherms and Thermodynamics parameters for OFL adsorption on RHA at op-
timized parameters (m = 7.94 g/L, t = 430 min and pH = 6).

ISOTHERMS
Langmuir _ dm K Ce
e 1+K; C,
T(K) KL (L/mg) Am(Ma/g) R? CHI?
288 K 0.0574 5.6833 0.982 0.440
303K 0.0597 7.2162 0.989 0.399
318K 0.0709 8.4785 0.982 0.773
Redlich-Peterson _  KrCe
e = B
1+ag C,
T (K) Kr (L/g) ar (L/mg)"? B R CHF
288 K 0.5014 0.1641 0.887 0.988 0.291
303K 0.4450 0.0773 0.936 0.987 0.423
318K 0.6048 0.0744 0.987 0.982 0.779
Temkin RT
ao- (5-) k. )
T
T (K) Kr(L/mg) Bt (J/mol) R? CHI?
288 K 1.0623 0.990 0.992 0.195
303K 0.7950 1.4191 0.995 0.190
318K 0.9267 1.6928 0.993 0.397
_ARO 0 0
Thermodynamic Parameters InK, = U
RT R R T
T(K) Kx10°(L/kg) AG® (kJ/mol) AH® (kJ/mol)  AS°(J/mol)
288 K 569.1775 -15.191
303 K 1370.7379 -18.196 35 205 175.392
318K 2266.8332 -20.427
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Further, the experimental isotherm data were then fitted to various isotherm models using nonline-
ar regression techniques (Fig. 4.6). CHI? error function was used for this purpose and the estimated

isotherm parameters with R and CHI error values are presented in Table 4.8.

It can be observed that, at a higher T value, OFL adsorption capacity is higher, which indicates the
endothermic nature of OFL adsorption onto RHA (Fig. 4.6). At higher T value, new active surface
creation and increased intra-particle diffusion enhance the adsorption capacity

. From Table 4.8, Temkin isotherm was found best fitting the experimental isotherm data
with the highest R? and lowest CHI? values at all the temperatures (Table 4.8). However, other iso-
therms, Langmuir and R-P are also in good agreement. qm and K_ of Langmuir isotherm explain
the affinity of OFL to the RHA . Increasing T value from 288-318 K, in-
creases the gn, and K. values 5.68-8.48 mg/g and 0.0574-0.0709 L/mg, respectively, indicating
strong affinity and hence strong bonding of OFL molecule to RHA. B, R-P isotherm model’s pa-

rameter, was found between 0-1, which signifies favorable OFL adsorption on to RHA

Table 4.8 represents thermodynamic parameters at different temperatures calculated from classical
thermodynamics. A positive value of AH® and AS° indicates the endothermic and favorable ad-

sorption and the negative AG° concludes spontaneous nature of OFL adsorption
onto RHA
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Fig. 4.6. Equilibrium adsorption isotherms for OFL adsorption on RHA at optimized pa-
rameters (m = 7.94 g/L, t = 430 min and pH = 6) (a) Langmuir isotherm model (b) Tempkin
isotherm model (c) RP isotherm model. Experimental data points are given by symbols and
the lines predicted by the isotherm model.
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4.7. Solidification/Stabilization and toxicity test

The leachability of OFL from the solidified adsorbent, as explained above in chapter 3, the solidi-
fied beads were examined by measuring the OFL concentration in leachate and the capsulation
percentage of OFL was calculated. Results depicted in Fig. 4.7 indicates that cement could suc-
cessfully stabilize the OFL present in the exhausted adsorbent. Even at a higher OFL to cement
ratio (5:1) significant amount of OFL (> 95%) was encapsulated for all three studied adsorbent

concentrations.

100

=10ppm =40 ppm w70 ppm

98 -

96 A

% Capsulation

94 -

7
T

92 A

(=Y
(92}
[y

1:5 1:2 1:1
Adsorbent to cement ratio

Fig. 4.7. % Capsulation of OFL in cement for different adsorbent to cement mass ratios.

To ensure the safe disposal of stabilized adsorbent, further toxicity analysis of leachate was per-
formed using the agar cup method. The toxicity of prepared OFL solutions of different concentra-
tions (0.1-10 ppm) was also studied for comparison purposes. For prepared OFL solutions, the
maximum zone of inhibition (around the agar cup) was observed 28 mm and 25 mm for E.coli and
Bacillus subtilis respectively, obviously, for 10 ppm OFL solution, (Fig. 4.8 (a and b). The mini-

mum inhibition observed in E.coli and Bacillus subtilis were 12 mm (for 0.4 ppm OFL) and 11
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mm (for 1 ppm OFL), respectively. No zone of inhibition was found for OFL concentration less
than 0.4 ppm for E.coli and less than 1 ppm for Bacillus subtilis. The results for toxicity analysis of
leachate are represented in Fig. 4.8 (c) and (d). It can be seen that no inhibition in the growth of
E.coli and Bacillus subtilis was observed on plates, which indicated that a sufficient amount of
OFL was not present in the leachate to kill the growth of bacteria around the agar cup. This study
concludes that the exhausted/OFL loaded RHA encapsulation/stabilization with cement can be a
better approach to fix the exhausted/loaded OFL RHA.

Agar cup

Zone of inhibition of bacteria

Bacterial growth

Fig. 4.8. Zone of inhibition on E.coli (EC) and Bacillus subtilis (BC) bacterial strains (a) for
OFL samples on E.coli (b) for OFL samples on Bacillus subtilis (c) for leachate on E.coli (b)
for leachate on Bacillus subtilis.
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4.8. BATCH ADSORPTIVE REMOVAL OF WASTEWATER COMPRISING DOX BY
RHA

4.8.1. Characterization of the RHA

The FTIR spectrum of fresh RHA and DOX loaded RHA are shown in Fig. 4.9. Before adsorption,
the presence of a wide peak amid 3100 to 3700 cm™ is recognized as the both free and H-bonded
OH bands present on the exterior of RHA . In the RHA sample, the pre-
dominantly noticeable peaks correlate with the Si-O, Si-H and Si-O-Si groups at regions 1095.1
and 795.8 cm™ respectively. According to the reported literature, the main component of RHA is
silicon that exists in the form of SiO,. After the adsorption process, shifting in peaks from 1095.3
to 1092.3 cm™ and 795.8 to 794.7 cm™ changes the deformation of Si-O, Si-H groups that shows
the slight changes observed in peak patterns after loading of the antibiotic

This points out that DOX antibiotic has been positively performed. XRD diffraction patterns (Fig.
4.10) of blank RHA showed SiO,, cristobalite and Trydimite. On the other hand, some sharp and
narrow peaks seen in the loaded sample at 2 theta 20.25 and 37.2 explain the amorphous nature of
RHA due to the presence of SiO; and cristobalite. These were the deviations observed between
blank RHA and loaded RHA adsorbent. The specific surface area of the DOX was evaluated by
using the nitrogen adsorption-desorption method well-established on the BET model at tempera-
ture 77 K in the presence of liquid nitrogen. As a result, the specific surface area and average BET
pore diameter of adsorbent were evaluated as 32.6 m?/g and 6.5 nm, respectively. Thus, it indicates
the mesoporous nature of RHA due to d < 20 A° and proves to be a suitable adsorbent for the sorp-
tion. Moreover, the SEM-EDX pattern of RHA and DOX-RHA are shown in Fig.4.11. The parti-
cles have well-arranged pattern on the external surface of RHA which is shown in Fig. 4.11 (a), the
internal surface of particle is highly porous and fibrous in nature. Therefore, the existence of mes-
opores and macropores is supportive for the sorption of DOX molecules on their surface. Fig. 4.11
(c) represents that all the pores are filled with DOX adsorbate and it forms a well-structured net-
work on the RHA surface. Furthermore, the EDX spectrum of both samples (Fig. 4.11 (b, d)) indi-
cates that the major constituents of RHA are silica and oxygen that are accumulated as SiO,. The
main differences are seen in these both (Si and O) components and some other components were

also found in lesser concentrations as shown in figures (Fig. 4.11 (b, d)).
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Fig. 4.9. FTIR spectra of RHA and DOX loaded RHA.
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Fig. 4.10. X-ray diffraction (XRD) analysis of blank RHA and DOX — RHA loaded.
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Fig. 4.11. SEM-EDX analysis of RHA and DOX loaded RHA (a, b, c and d).

4.9. Model suitability and statistical investigation

The experimental runs suggested by the CCD model of RSM were completed, and the responses
(X1) and (X2) were calculated (Table 4.9). The statistical analysis results of experimental data were
found using the variance of the ANOVA table generated by the RSM. It involves a sum of squares,
F-value, probability values etc., these were analyzed (Table 4.10) and it was recommended by the
sum of squares (sequential model) that the quadratic model was the most suitable for the experi-
mental data. The calculated values of 52.36 and 25.11 were found for acceptable precision of both
responses (X1) and (X>) individually. On the other hand, the model F — values for X; and X, were
148.87 and 37.17 as listed in table 4.10.
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Table 4.9. Design of Experimentation for the adsorption of DOX by RHA.

Std Run pH Dose DOX Time % DOX Adsorption

(o/L)  conc. (min) Removal Capacity

(mg/L) (X1) (X2)
14 1 8.0 10.0 70.0 565.0 96.66 6.76
3 2 40 20.0 30.0 195.0 91.70 1.37
11 3 40 20.0 30.0 565.0 92.21 1.38
4 4 80 200 30.0 195.0 90.67 1.36
18 5 100 15.0 50.0 380.0 95.31 3.17
25 6 6.0 15.0 50.0 380.0 94.08 3.13
22 7 6.0 15.0 90.0 380.0 95.88 5.75
9 8 40 10.0 30.0 565.0 94.42 2.83
27 9 6.0 15.0 50.0 380.0 94.21 3.14
12 10 8.0 20.0 30.0 565.0 90.47 1.35
5 11 40 100 70.0 195.0 98.12 6.86
19 12 6.0 5.00 50.0 380.0 96.87 9.68
1 13 40 100 30.0 195.0 94.98 2.84
23 14 6.0 150 50.0 10.0 95.47 3.18
29 15 6.0 150 50.0 380.0 94.28 3.14
24 16 6.0 15.0 50.0 750.0 94.99 3.16
30 17 6.0 150 50.0 380.0 94.31 3.14
7 18 4.0 20.0 70.0 195.0 96.86 3.39
10 19 80 10.0 30.0 565.0 93.30 2.79
17 20 20 15.0 50.0 380.0 96.60 3.22
21 21 6.0 150 10.0  380.0 87.64 0.58
20 22 6.0 250 50.0 380.0 92.31 1.84
15 23 4.0 20.0 70.0 565.0 95.73 3.35
26 24 6.0 15.0 50.0 380.0 94.13 3.13
8 25 80 200 70.0 195.0 95.67 3.34
2 26 80 100 30.0 195.0 93.94 2.81
13 27 40 100 70.0 565.0 97.14 6.80
16 28 80 20.0 70.0 565.0 94.87 3.32
28 29 6.0 150 50.0 380.0 94.26 3.14
6 30 80 100 70.0 195.0 97.69 6.83
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Table 4.10. ANOVA tables for the % DOX removal and capacity.

% DOX removal (Xy)

Adsorption Capacity (X,)

Source Sum of DF Mean FValue Prob>F | Sum of DF Mean F Value Prob > F

Squares Square Squares Square
Model 154.49 14 11.03 148.87 <0.0001 | 116.42 14 8.32 37.17 <0.0001
A 458 1 4.58 61.78 <0.0001 | 4.491x10° 1 4.491x10°  0.020 0.8892
B 30.77 1 30.77 415.17 <0.0001 | 52.12 1 52.12 232.97 < 0.0001
C 94.09 1 94.09 1269.34 < 0.0001 | 48.87 1 48.87 218.40 < 0.0001
D 1.41 1 1.41 19.05 0.0006 3.101x10° 1 3.101x10°  0.014 0.9078
A? 6.31 1 6.31 85.15 <0.0001 | 0.017 1 0.017 0.076 0.7872
B? 0.53 1 0.53 7.19 0.0171 | 10.45 1 10.45 46.71 <0.0001
c? 8.87 1 8.87 119.65 <0.0001 | 0.029 1 0.029 0.13 0.7255
D? 2.45 1 2.45 33.09 <0.0001 | 0.026 1 0.026 0.12 0.7375
AB 0.19 1 0.19 2.60 0.1276 1.430x10° 1 1.430x10°  6.391x10®°  0.9937
AC 0.24 1 0.24 3.26 0.0913 5.407x10° 1 5.407x10°  2.416x10* 0.9878
AD 0.016 1 0.016 0.22 0.6474 1.589 x10° 1 1.589x10°  7.101x10° 0.9979
BC 1.64 1 1.64 22.16 0.0003 | 4.04 1 4.04 18.05 0.0007
BD 0.16 1 0.16 2.15 0.1633 8.163x10* 1 8.163x10”  3.649x10°  0.9526
CD 0.58 1 0.58 7.86 0.0134 1.965x10° 1 1.965x10°  8.782x10°  0.9266
Residual 1.11 15 0.074 3.36 15 0.22
Lack of Fit  1.07 10 011 12.62 0.0060 3.36 10 0.34 35643.63  <0.0001
Pure Error  0.042 5 8.47 x 4708 x10° 5 9.416 x 10°®

103

Cor Total ~ 155.60 29 119.78 29

A: pH, B: dose (m, g/L), C: DOX conc. (Co, mg/L), D: Time (t, min)
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Thus, it supported the value of the quadratic model. So, the final equations are given in the form of

following second-order polynomial quadratic model:

X, =99.52 — (1.61 * pH) — (0.52 *m) + (0.19 * C) — (6.47 * 1073 = t) + (0.11 * pH?) +
(5.57 * 1073 *+m?) — (1.42 * 1073 = C?) + (8.73  107° * t2) + (0.01 * pH * m) — (3.06 *
1073* pH *C) — (8.58 * 1075 * pH * t) + (3.20 *107 3 * m * C) + (1.07 * 10™* * m * t) + (5.15 *
1073* C *t) (4.7

X, = 5.27 — (0.06 * pH) — (0.78 *m) + (0.15 % C) + (6.62 * 10™* x t) — (6.20 * 1073 «
pH?) + (0.02 +m?) — (8.07 * 1075 % C?)+ (9.01 % 1077 * t2) + (9.45  107>* pH * m) —
(459 * 1075* pH *C) — (8.51 * 1077 * pH * 1) - (5.02*1073 *m* C) + (7.72* 10~ * m * 1) -
(2.99 * 1076* C * 1) (4.8)

The close to unity values of R?, Ruq” and Rye” confirmed that the quadratic polynomial model to
signify the positive associations towards both responses. It is shown in table 4.11. Further assess-
ment of the model adequacy has been investigated by plotting actual versus predicted values. Ex-
cellent correlation shown in Fig. 4.12 reveals the adequate relationship among the experimental

and calculated values (Table 4.12).

Table 4.11. Various statistic R-squared values suggested by CCD for different responses.

Responses R-Squared Adj R-Squared Pred R-Squared
% DOX removal (X;) 0.99 0.98 0.96
Adsorption capacity (Xy 0.97 0.94 0.83

Table 4.12. Comparison of experimental and predicted responses values at optimized condi-
tion (m =5 g/L, t =85.85 min, pH = 6, DOX concentration = 89.73 mg/L).

Responses Predicted value Experimental value
% removal (X3) 99.51% 98.85%
Capacity (X») 16.25 17.74
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Fig. 4.12. The actual data versus predicted data for (a) Removal (%) and (b) Capacity
(mg/g) of DOX.

4.10. Response Surface analysis and optimization
The 3-D response surface plots found from RSM/CCD model for two responses % DOX re-
moval (X;) and capacity (Xz) with different adsorption parameters i.e., C (mg/L), m (g/L), t
(min) and pH values are shown in Fig. 4.13. These graphs illustrate the variations within dif-
ferent dependent and independent parameters which facilitates the analysis for single and sim-
ultaneous influence of the parameters on studied responses. The corresponding values of both
the responses with these parameters for DOX uptake are summarized in Table 4.9.
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Fig. 4.13. The 3D surface response for the adsorptive uptake of DOX from aqueous solution (a, b, ¢) % removal vs C, m, t and
pH, (d, e, f) capacity vs C, m, t and pH.
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Figures 4.13 (a) and (d) represent the interactive influence of C and m on the responses X; and
X, respectively. At any adsorbent dose DOX uptake increases rapidly with enhancement in ini-
tial DOX concentration. This increment is continuous for high adsorbent dose but at low dose,
% removal becomes ultimately constant at very high DOX concentrations. From fig. 4.13 (d) it
may be seen that increasing RHA dosage results in a decreasing adsorption capacity, whereas, it
increases with the DOX amount in solution. The maximum DOX removal was observed at the
minimum RHA dosage and maximum DOX concentration. At constant RHA dose (5 g/L) and
DOX concentration (90 mg/L), a maximum DOX uptake capacity of >13 mg/g was obtained.
Further, the relations between DOX initial concentrations (mg/L) and time (min) were studied
and is represented in fig. 4.13 (b) and (e). As can be seen from fig. 4.13 (b), DOX removal %
enhanced rapidly with increment in its initial concentration till =~ 80 mg/L, because of larger
amount of DOX competing for the available adsorption sites on RHA. Moreover, it was also
noted that for very high initial concentrations, less adsorption time favors the DOX uptake,
which might be ascribed to the desorption at more adsorption time. The interaction between so-
lution pH and initial concentration of DOX has been exhibited in Fig. 4.13 (c) and (f). As it is
evident from figures, when initial DOX concentration increases, the removal rate of DOX by
RHA increases significantly regardless of the changes in solution pH. In general, the influence
of initial DOX concentration on DOX adsorption is greater than that of solution pH.

In DOX — RHA adsorption, optimization study was also performed for enhancing the perfor-
mances X; and X using the RSM. The optimization restrictions set for this purpose are given in
table 4.13. The conditions were evaluated as m =5 g/L, t = 85.85 minute and pH = 6 with both
responses as 99.51 % and 16.25 mg/g respectively. Then further examined the results of re-
sponses percentage removal and capacity were 98.85 % and 17.74 mg/g respectively, which are

agrees well with the advised values (Table 4.12).

Table 4.13. Optimization Limits applied.

Variables Goal Lower Limit Upper Limit
pH is in range 6 10
Dose (g/L) minimize 5 25
DOX conc. is in range 10 90
(mg/L)

Time (min) minimize 10 750
Removal (%) maximize 90 100
Capacity maximize 0.5 10
(mg/g)
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4.11. Kinetics of DOX adsorption

To understand the kinetics of adsorption between DOX — RHA and calculate the kinetic parameters,
pseudo first order and pseudo second order kinetics models were used. It was performed under op-
timized conditions (pH = 6, m =5 g/L and time = 85.85 min) at different stock concentrations of
DOX (40, 70 and 100 mg/L). These two model equations can be given by the following expres-

sions:

Pseudo I* order model is represented as :
. = 0.[t-exp -k 1)) (4.9)
Pseudo 2" order model is signified as

tks 07

=_—>T 4.10
1+tksq, ( )

t

The initial adsorption rate, h (g/mg/min), may be calculated with the help of K and g magnitudes

and are given as;

h=ksqe’ (4.11)

Where ¢ and q; (mg/g) refers to the equilibrium amount of DOX adsorbed in duration t minues, k¢
(min™) and ks (g/mg/min) are the reaction constant rates for Pseudo I** and Pseudo 2™ orders. As
shown in Fig. 4.14 (a), initially, sharp increase in sorption takes place due to the availability of high
number of the active site on the adsorbent surface and equilibrium was attained within 30 minutes.
The experimental data were correlated with these kinetic models with the help of nonlinear regres-
sion. It is evident from figure that Pseudo 2™ order kinetic model fitted better with the experimental

I** order model. All the evaluated kinetic parameters, R and error values are

values than Pseudo
listed in Table 4.14. High R? values and low MPSD error at all concentrations (40, 70 and 100

mg/L) confirms that DOX sorption on the RHA follows the second order kinetics.

In addition, the Intra-particle diffusion (IPD) model was utilized to analyse the rate-controlling step
in the DOX-RHA adsorption process. The IPD model is represented by following equation

qe = kigt®® +1 (4.12)
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Where k;q (mg/g min~*) denotes to IPD rate constant and | (mg/g) is the intercept of intraparticle

diffusion plot, which also represents the width of boundary layer. In the Weber and Morris plot, if

1/2

the q; vs t™ graph is linear and it crosses through the origin, it confirms that sorption is controlled
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solely by internal diffusion. The process of the DOX sorption on surface can be confirmed in two
steps by the Weber and Morris plot in fig. 4.14 (b). The initial step represents the quick adsorption
due to the higher number of active sites on the sorbent surface. This is denoted as intra-particle dif-
fusion mechanism. The second part diminishes the intraparticle diffusion and attains the ultimate
stability point as represented in the 2™ linear fragment in the figure. The second segment of the
curves showed the equilibrium diffusion process. So it can be said that the kinetic sorption process

of DOX antibiotic onto RHA follows a multistep mechanism. The magnitude of IPD parameters k;q
and I are listed in Table 4.14.

30 30
*40 mg/L 1 ®40mglL
m 70 mg/L 25 { ®70mg/L
A 100 mg/L A 100 mg/L
20 20 -
> = | s & il
S 5
E S — ol [E———
&-J \_‘:J -
° >0 7101
D R —
5 -
0 . . . .
0 30 60 90 120 150 0 : T - - .
Time (min . .
(min) Time%s (min®?)
(a) (b)

Fig. 4.14. (a) Pseudo-first and second-order adsorption kinetics at different initial concentra-
tions (b) Weber—Morris plot versus t for DOX removal by RHA.
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Table 4.14. Kinetic model parameters for DOX adsorption on RHA at optimized parameters
(m=5g/L, t=285.85 min and pH = 6).

Co(mg/L)

40 70 100
Pseudo first order
k: (min™) 1.190 0.910 0.802
Qe.exp (MQ/Q) 7.849 13.716 19.694
Oecat (MQ/Q) 7.794 13.370 19.200
R? (non-linear) 0.988 0.992 0.990
MPSD 16.91 6.157 8.695
Pseudo second order
Ks (9/mg/min) 0.580 0.360 0.276
h (mg/g/min) 35.771 67.042 102.622
Oecat (MQ/Q) 7.853 13.644 19.287
R? (non-linear) 0.999 0.999 0.998
MPSD 0.928 3.790 7.315
Weber Morris
K;q1 (Mg/g min™/?) 0.081 0.078 0.202
I; 7.397 12.911 18.011
R? 0.884 0.644 0.950
Kiq2 (Mg/g min?) 0.001 0.012 0.026
I, 7.822 13.546 19.282
R? 0.326 0.481 0.451

4.12. Isotherm Modelling and Thermodynamics

The adsorption of the DOX on RHA was examined at distinct temperatures and concentrations and
the suitability of equilibrium data were evaluated with the various isotherm models as shown in
Fig.4.15. Freundlich , Redlich- Peterson (R-P) , and

Langmuir isotherms are represented by the following equations.
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Langmuir model:

_9mKLCe (4-13)
Qe = 1+Kp,Ce
Redlich-Peterson model:
q _ Xrece (4.14)
e=——=—
1+ aRCeB
Freundlich model:

Where, q. (mg/g) is the specific equilibrium quantity of adsorbate, C. (mg/L) is the equilibrium
concentration of adsorbate, gm (mg/g) is the maximum adsorption uptake. K., K, ar, Kg are con-

stants, and “n” represents to the empirical constant.

The isotherm studies were performed at a temperature range of 288-318 K with DOX initial con-
centration of 40 - 300 mg/L. These experiments were directed at optimum conditions as m =5 g/L,
time = 85.85 minutes and pH is 6. As displayed in Fig. 4.15, with the enhancement in temperature,
the sorption rate increased due to the endothermic type of the operation. The non-linear fitting was
performed and the experimental data suits well with the Langmuir, Freundlich and R-P isotherm
models with the high R? values. The values of parameters relevant to different isotherm models and
correlation coefficient values are given in table 4.15. The high R? values represent stronger interac-
tions between adsorbate — adsorbent and as the value of B lies between 0-1 for R-P isotherm it signi-

fies that the sorption of DOX on RHA is favorable operation.
The thermodynamic criterion is examined by Van't Hoff equation (Eq. (4.16)).
_ —AG® _ AS®  AHC 1

and = RT ? - T % (4.16)

Where, K4 is the equilibrium constant, T is the temperature in K, R represents to gas constant in
J/mol/K, AG® AH° and AS° and are changes in Gibb's free energy, standard enthalpy and standard
entropy.

Moreover, the evaluated thermodynamics parameters for DOX-RHA adsorption are listed in Table
4.15. It is visible from the parameters that, as the temperature increases AG°value increases, which
indicates the enhancement in sorption performance at higher temperatures. The positive value of

AH° demonstrate that sorption of DOX on adsorbent surface is of endothermic type. Moreover, the
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+ ve value of AS® approves the increment in the haphazardness of the DOX molecules at the solid-
liquid interfaces . So from the thermodynamic investigation it is concluded

that adsorption of DOX on rice husk ash is spontaneous and endothermic process.
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Fig. 4.15. Equilibrium adsorption isotherms for DOX adsorption on RHA at optimized pa-
rameters (m =5 g/L, t = 85.85 min and pH = 6) (a) Langmuir isotherm model (b) Freundlich
isotherm model (c) RP isotherm model. Experimental data points given by symbols and the
lines predicated by isotherm model.
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Table 4.15. Isotherms and Thermodynamics parameters for DOX adsorption on RHA at op-

timized parameters (m =5 g/L, t = 85.85 min and pH = 6).

ISOTHERMS
q, — Gm K. C.
Langmuir 1+ K. C,
T(K) K. (L/mg) m (Mg/g) R’ CHI?
288 K 0.036 73.631 0.999 0.137
303K 0.019 128.934 0.997 0.321
318 K 0.022 130.116 0.997 0.131
q. = KrC.
Redlich-Peterson ) 1+agCl
T (K) K (L/9) ar (L/mg)"? B R? CHI?
288 K 2.861 0.077 0.752 0.999 0.136
303 K 3.157 0.133 0.584 0.998 0.320
318 K 2.854 0.012 1.162 0.999 0.122
e = KFCel m
Freundlich
T (K) Ks (L/mg) 1/n R? CHI?
288 K 3.541 0.733 0.998 0.307
303 K 3.367 0.783 0.997 0.394
318 K 3.797 0.783 0.997 0.524
Thermodynamic Parameters InKp = ~AG0 = ECPLE
RT R R
T(K)  Kx10°(L/kg) AG® (kJ/mol) AH® (kJ/mol)  AS° (I/mol)
288 K 1.985 -18.182
303 K 2.069 -19.234 6.226 84.519
318 K 2.544 -20.733
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4.13.  Mechanism of Adsorption

The amphoteric quality of DOX permits the presence of several ionic species at distinct ranges of
pH. The point of zero charges of RHA was evaluated as 8.1. On the other hand, DOX shows three
pKa values (pK; =3.5, pK; = 7.7, pK3 = 9.5) . RHA has predominantly +ve charge
at pH < pHpzc and -ve charge when pH > pHpzc. At acidic pH, the interactions between the RHA
and DOX are weak due to the presence of the same charges on both compounds. Under neural con-
ditions, the greater removal is obtained at that point because of the interactions between the RHA"
and DOX?° forms. At this pH, it shows that the H-bonding and electrostatic interactions are respon-
sible for the adsorption of DOX by RHA as shown in Fig. 4.16. Further, the existence of electrostat-
ic interactions are there amid the -OH and ketone groups of the DOX and silane groups present in
the RHA. On the other hand, the formation of H-bonding takes place among the —OH and amine
groups of the doxycycline molecule and O; in the siloxane groups on the RHA adsorbent.

H-bonding Electrostatic interaction
1. X
8. H

A | <
b by i e
H R

v ok G

S

L o ,;{'

Fig. 4.16. Adsorption mechanism for DOX on RHA surface.

4.14. Solidification/Stabilization performance and toxicity tests

To ensure the safe disposal of exhausted adsorbent, it is necessary to capsulate the antibiotic
present in it to avoid its further mixing in the atmosphere. Results of solidification study are
shown in fig. 4.17, which shows that for all the studied concentrations (40, 70, and 100 mg/L)
the encapsulation percentage was > 98 %. Above results demonstrate that Portland cement can
be used as potential solidifying agent for almost complete encapsulation of antibiotics present in
exhausted adsorbents.
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Fig. 4.17. % Capsulation of DOX in cement for different adsorbent to cement mass ratios.

The leachate was further tested to evaluate its toxicity for possible presence of DOX into it. The
comparative zone of inhibitions were observed on petri plates having EC and BC bacterial strains.
From the results, it is evident that higher zones were found at 10 ppm (30 mm, 28 mm) and lower at
0.1 ppm for EC and 1 ppm for BC (11mm, 14 mm) in both cases EC and BC (Fig.4.18 (a & b)). In
Fig. 4.18 (c) and (d), there were no inhibition zones seen in the growth of EC and BC bacterial
plates. Therefore, it is indicated that S/S process is a viable method for handling exhausted adsor-
bents as it could successfully capsule the antibiotic and no harmful effects against the selected bac-

terial strains were observed.
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Fig. 4.18. Zone of inhibition on E.coli (EC) and Bacillus subtilis (BC) bacterial strains (a) for
DOX samples on E.coli (EC) (b) for DOX samples on Bacillus subtilis (BC) (c) for leachate on
E.coli (d) and Bacillus subtilis.
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4.15. BATCH ADSORPTIVE REMOVAL OF WASTEWATER COMPRISING OFL BY
PJAC

4.15.1. Prosopis juliflora based activated carbon characterization

Fig. 4.19 represents the XRD spectrum of PJAC and OFL loaded PJAC. The XRD patterns were
obtained to explain the nature of PJAC adsorbent, i.e. amorphous or crystalline. A high intensity
peak seen at ~ 26 (20) and low intensity peaks at ~ 31 and 42 (20) regions designate the crystalline
behavior of the adsorbent . Some variations were observed in the
loaded sample (PJAC-OFL) due to the deformation in structure of adsorbent after the adsorption of
OFL.

——PJAC
—— PJAC - OFL|

e

Intensity (a.u.)

N
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Fig. 4.19. X-ray diffraction (XRD) analysis before and after loading of OFL onto PJAC.

The FTIR spectral examination of PJAC was designated at 1026.4, 1636.04 and 3431.5 cm * while
OFL loaded PJAC showed absorption at 1033.4, 1501.2 and 3398.2 cm*. As depicted in fig. 4.20,
the differences between the peak intensities were found to be 7, 134.84 and 33.3 cm* respectively.
These seen changes confirms the complexation of OFL with the existing functional groups present
on the PJAC surface. For PJAC, peaks at 1026, 1636, 2102 and 3431 cm * indicates to C-O, C=C
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stretch, N-H stretching and O-H functional group respectively . Conversely,
peaks at 1033.4, 1501.2 and 3398.2 cm ™ direct the presence of C-O, C=C and O-H functional
groups. So, the main identified functional groups are C=C, C-O, N-H and O-H. It has resulted that

the observed functional groups are involved in the sorption of the main compound (OFL) on the ad-
sorbent surface.

——PJAC
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Fig. 4.20. FTIR spectra of PJAC and PJAC — OFL.

The SEM and EDX images of PJAC and OFL loaded PJAC are shown in fig. 4.21. SEM pictures of
PJAC adsorbent represent the crystalline and porous texture on its surface as shown in fig. 4.21 (a).
From the SEM pictures of OFL loaded PJAC (Fig. 4.21 (c)) it is evident that all the pores are filled
with adsorbate (OFL) molecules after the adsorption. On the other hand, EDX spectrum of both
samples is revealed in fig. 4.21 (b, d). While comparing the EDX mapping of both samples, main
differences were observed in the peaks of Si, Ca, C and other components which were also found in
lesser concentrations as shown in fig.4.21 (b, d). These elements are responsible for the removal of
OFL from its aqueous phase. Moreover, porosimetry analysis was done to determine the specific

surface area, pore diameter and volume of the PJAC. The BET surface area of PJAC was evaluated
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to be 320.49 m?/g. From the BJH model, the calculated pore volume and pore diameter were evalu-

ated as 0.176 cc/g and 2.65 nm, respectively.
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Fig. 4.21. (a, b) SEM-EDX analysis of PJAC (c, d) PJAC loaded with OFL.

4.16. Model result and Statistical analysis

Based on the CCD model the suggested experiments were performed and values of evaluated re-
sponses as given in table 4.16. From the RSM generated ANOVA table, the quadratic polynomial
regression model was established to calculate the influence of applied independent parameters for

both responses (X; and X»).
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Table 4.16. Design of experiments for the adsorption of OFL by PJAC.

Std Run pH Doseof OFL Time % OFL Adsorption
PJAC conc. (min) removal Capacity (Xy)

(L) (mg/L) (X1)
15 1 4.0 20.0 70.0 565.0 77.87 2.72
13 2 4.0 10.0 70.0 565.0 58.97 4.12
28 3 6.0 15.0 50.0 380.0 72.57 2.41
22 4 6.0 15.0 90.0 380.0 53.42 3.20
5 5 4.0 10.0 70.0 1950 56.95 3.98
10 6 8.0 10.0 30.0 565.0 68.71 2.06
9 7 4.0 10.0 30.0 565.0 72.61 2.17
4 8 8.0 20.0 30.0 195.0 61.95 0.92
26 9 6.0 15.0 50.0 380.0 72.62 2.42
2 10 8.0 10.0 30.0 195.0 54.80 1.64
18 11 100 150 50.0 380.0 77.57 2.58
30 12 6.0 15.0 50.0 380.0 72.65 2.42
6 13 8.0 10.0 70.0 1950 50.65 3.54
16 14 80 20.0 70.0 565.0 73.30 2.56
20 15 6.0 25.0 50.0 380.0 78.71 1.57
24 16 6.0 15.0 50.0 750.0 71.57 2.38
1 17 40 10.0 30.0 1950 61.33 1.84
19 18 6.0 5.0 50.0 380.0 44.11 441
8 19 8.0 20.0 70.0 1950 67.26 2.35
25 20 6.0 15.0 50.0 380.0 72.40 2.41
29 21 6.0 15.0 50.0 380.0 72.45 2.41
23 22 6.0 15.0 50.0 100 53.65 1.78
21 23 6.0 15.0 10.0 380.0 57.01 0.38
27 24 6.0 15.0 50.0 380.0 72.51 2.41
17 25 20 15.0 50.0 380.0 87.42 2.91
12 26 8.0 20.0 30.0 565.0 76.76 1.15
11 27 40 20.0 30.0 565.0 83.09 1.24
3 28 4.0 20.0 30.0 195.0 67.23 1.08
14 29 80 10.0 70.0 565.0 50.65 3.54
7 30 4.0 20.0 70.0 195.0 76.02 2.66

The final equations for both responses in terms of coded factors are given by following second-
order polynomial quadratic model:

X, = 27.64 — (9.06 * pH) + (2.95 *m) + (0.88 * C) + (0.09 = t) + (0.65 * pH?) —

(0.10 x m?) — (0.01 * C%)- (690 * 107> * ¢t2) +(8.50 * 10~** pH * m) — (9.20 * 10~3* pH *C)
+(6.27*107**pH*t) + (0.02*M*C) + (7.68* 107 **m*t) - (7.75* 107**C *1) (4.17)
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X, =1.62 — (0.26 * pH) — (0.25 * m) + (0.10 * C) + (3.45 % 1073 % t) 4 (0.01 * pH?) +

(536 % 1073 + m?) — (4.14 * 10™* % C?)- (2.69 * 107® * t2) + (4.35 * 1073* pH * m) — (1.56 *
1073*pH *C) + (1.13* 1075 *pH * 1) - (9.45*10™**m * C) - (1.08 * 107> * m * t) - (1.34 *
1075* C * 1) (4.18)

Experimental data were analyzed from the ANOVA table, and the findings are displayed in Table
4.17. The significant F-values (3349.83, 26.13) and P-values < 0.0001 (same for both responses)
have confirmed the acceptation of the developed polynomial quadratic model equation. The close
unity values of R? (0.988, 0.986), Rqgi® (0.977, 0.973) and Ry’ (0.932, 0.920) confirmed that the
quadratic polynomial model indicates the positive associations for both responses as shown in table
4.18. The adequate precisions were carried out to be 36.27 and 36.01 (greater than 4), which also
identify the reasonable agreement of the developed quadratic polynomial model. Moreover, the

model accuracy was also investigated by actual versus predicted plots, shown in fig 4.22 (a, b). The

best fitting of the experimental versus predicted data is presented in table 4.19.

Table 4.17. ANOVA and statistical values for batch adsorption of OFL onto PJAC.

% OFL removal (Xy) Adsorption Capacity (X,)

Source Sum of DF Mean FValue Prob>F | Sum of DF Mean F Value Prob > F

Squares Square Squares Square
Model 3349.83 14 239.27 90.44 <0.0001 | 26.13 14 1.87 76.87 <0.0001
A 202.42 1 202.42 76.51 <0.0001 | 0.29 1 0.29 11.91 0.0036
B 1319.80 1 1319.80 498.83 <0.0001 | 8.13 1 8.13 334.71 <0.0001
C 73.40 1 73.40 27.74 <0.001 15.21 1 15.21 626.46 <0.0001
D 430.31 1 430.31 162.64 <0.0001 | 0.33 1 0.33 13.73 0.0021
A? 186.51 1 186.51 70.49 <0.0001 | 0.15 1 0.15 6.10 0.0261
B? 194.63 1 194.63 73.56 <0.0001 | 0.49 1 0.49 20.34 0.0004
c? 487.03 1 487.03 184.08 <0.0001 | 0.75 1 0.75 31.08 <0.0001
D? 153.26 1 153.26 57.93 <0.0001 | 0.23 1 0.23 9.62 0.0073
AB 1.15x10° 1 1.15x10° 4.37x10™ 0.9836 | 0.030 1 0.030 1.25 0.2809
AC 2.17 1 2.17 0.82 0.3795 | 0.063 1 0.063 2.59 0.1284
AD 0.86 1 0.86 0.33 0.5765 | 2.81x10™ 1 2.81x10* 0.012 0.9156
BC 130.15 1 130.15 49.19 <0.0001 | 0.14 1 0.14 5.89 0.0283
BD 8.09 1 8.09 3.06 0.1009 | 1.60x10°% 1 1.60x10° 0.066 0.8009
CD 131.78 1 131.78 49.81 <0.0001 | 0.040 1 0.040 1.64 0.2203
Residual 39.69 15 2.65 0.36 15 0.024
Lack of Fit 39.64 10 3.96 399.09 <0.0001 | 0.36 10 0.036 3299.08 <0.0001
Pure Error  0.050 5 9.93x10°° 5.51x10° 5 1.10x10°
Cor Total 338951 29 26.49 29

A: pH, B: dose of PJAC (m, g/L), C: OFL conc. (Co, mg/L), D: Time (t, min)
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Predacted

Table 4.18. Validation of proposed CCD model by various statistic parameters.

Responses R-Squared Adj R-Squared Pred R-Squared
% OFL removal (Xj) 0.988 0.977 0.932
Adsorption Capacity (X5) 0.986 0.973 0.920

Table 4.19. Comparison of RSM/CCD experimental and predicted responses values at opti-
mized condition (m = 16.23 g/L, t = 336 min, pH = 6 and OFL concentration = 57 mg/L).

Responses Predicted value Experimental value
% removal (X;) 7241 % 72.38 %
Capacity (X5) 2.51 2.54
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Fig. 4.22. The actual data versus predicted data for (a) % removal (b) capacity (mg/g) of OFL.

4.17. Response Surface analysis

3-D surfaces and contour plots are the graphic illustrations of regression equations and are most
useful approach for optimizing the process parameters of the adsorption system. The effects of the
relationship between four independent variables i.e., OFL Concentration (mg/L), PJAC mass (g/L),
time (min), solution pH and dependent variables are shown in Fig. 4.23.

Fig. 4.23 (a) and (d) represents the interaction effect between PJAC dosage (m) and OFL concen-
tration (C) on the percentage OFL uptake and adsorption capacity. The percentage OFL uptake de-
clines with enhancement in OFL concentration at low PJAC dose. Nevertheless, at higher PJAC
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dose, percentage OFL uptake enhances with increase in C value. This variation in OFL removal
could be explained by the availability of more adsorption sites at high PJAC dosage so the sorption

of OFL on PJAC surface can be regarded as adsorbent restricting.

While, at low PJAC dose, capacity improves with enhancement in original OFL concentration in
solution, and minute variation was noticed in capacity at greater dose with enhanced OFL concen-

tration (Fig. 4.23 d). Results demonstrates the greater sorption capacity of PJAC towards OFL.

According to Fig. 6 (b) and (e) the OFL concentration (C) and time (t) interactions on the percent-
age OFL uptake and sorption capacity shows that at reduced C values, the rise in sorption duration
(t) enhances the OFL uptake, that attains almost constant value for larger durations. Nev-
ertheless, at high OFL concentrations, % OFL uptake increased firstly and then declines marginally
with contact time. This aspect was associated to thedesorption of OFL after equilibrium was at-
tained. On other hand, with the increase of t the capacity was found to increase (Fig. 4.23 €). Possi-
bly this is because when the C value is more the OFL uptake first enhances and afterwards dimin-
ishes with time (Fig. 4.23 b). Moreover, it also noted that for very high initial concentrations, less
adsorption time favors the OFL uptake, which might be ascribed to the desorption at more adsorp-
tion time. Fig. 4.23 (c) and (f), show the simultaneous interaction effects of pH and OFL concentra-

tion on responses X; and X respectively at fixed PJAC dose and adsorption time.

At a constant pH, the OFL uptake was noticed enhancing continuously with the increment in OFL
concentration. Nevertheless, at high initial concentration, OFL uptake appears decreasing with in-
crease in pH. Such pattern shows that the sorption of OFL is restrained by the OFL concentration,
and the PJAC acquires greater sorption capacity. While on the contrary, the capacity was observed
continuously growing at different pH with enhancement in C value. Conversely, there is no substan-

tial alteration in adsorption capacity with variation in pH at any OFL concentration (Fig. 4.23 f).

From the above, it is to be noted that out of different parameters, PJAC dose, original OFL concen-
tration, solution pH and sorption time, the interactive effects of initial OFL concentration and PJAC
dose was significant on both the responses (X; and X;) as compared to effects of other variates (pH

and time).
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Fig. 4.23. Response surfaces and contour plots for the % removal of OFL (a, b, ¢) and capacity (d, e, f).
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4.18. Adsorption mechanism

The adsorption mechanism of OFL on PJAC has been shown in fig. 4.24. The point of zero charge
(pHpzc) of PJAC was found as 8.5. The availability of several functional groups such as C-C, O-H,
C=C, C-N and C-O on PJAC surface played a significant role in the sorption of OFL antibiotic. The
OFL represents two pKa values, 6.08 (pKa;) and 8.25 (pKay). It is in cationic form (OFL") below
pH < 6.08, anionic (OFL ) above pH > 8.25 and in between (8.25< pH >6.08) it exists in non-ionic
form (OFL°) . In the present study, maximum OFL uptake was obtained at neu-
ral pH. At acidic pH, both OFL and PJAC are positively charged and there is not any possibility of
electrostatic interaction between adsorbate and adsorbent molecules. But under neutral conditions
(OFL") acts as a i electron acceptor . This OFL" behavior causes i - 1 EDA inter-
actions with the PJAC surface. Moreover, H-bonding between aromatic rings in the OFL molecule
and O-H functional groups onto PJAC surface plays an influential role in increasing the adsorption
performance. Furthermore, at alkaline conditions (pH > 8.5), both OFL and PJAC are negatively
charged. As a result, OFL" and existing deprotonated functional groups of PJAC express the de-
crease in OFL uptake. Hence, i - 1 EDA interactions and H-bonding are the dominating adsorption
mechanisms between OFL and PJAC systems.

) »-D ~
~ Py T A
Ny ;
» e ,,,.-'s' "
H - bonding S e

Fig. 4.24. Adsorption mechanism for OFL on PJAC surface.
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4.19. Adsorption kinetics, equilibrium and Diffusivity studies

Adsorption Kinetic is an imperative aspect to investigate the design of an operative adsorption sys-
tem and determine the adsorption rate and mechanism of the process. The variations observed in the
adsorption capacity of OFL at different time intervals are demonstrated in Fig. 4.25 (a). The adsorp-
tion capacity increased quickly in first 60 min due to the availability of many binding sites during
the initial stages of the adsorption process. Subsequently, the removal rate becomes slower from 60
to 120 min, and ultimately the equilibrium point was achieved in 240 min. The experimental data
were fitted with pseudo-first-order, pseudo-second-order and intraparticle diffusion models as ex-

pressed by the following Equations.

ISt

Pseudo I” order model is represented as

g, =g, 1-exp (- k1) (4.19)

Pseudo 2" order model is signified as

_ tksq

T 1+tkyq, (420)

t

Where g and g: (mg/g) refers to the equilibrium quantity of OFL adsorbed at time t (min), k¢ (per
min) and ks (g/mg/min) are the reactions constant rates for Pseudo I and Pseudo 2" orders. Fig.
4.25 (a) displays the Pseudo I* order and Pseudo 2™ order kinetic models. The values for both ki-
netic models are described in Table 4.20. From comparing the experimental values (R?) it was de-

tected that adsorption of OFL onto PJAC followed pseudo-second-order kinetics.

Likewise, the intra-particle diffusion model (IDM) is usually used to recognize the rate-controlling

diffusion step of the adsorption process, and the equation is expressed as

gy = kijgt®® +1 (4.21)

Where k;; (mg/g min*?

) is the intra-particle diffusion rate constant and | (mg/g) is the intercept of
the intra-particle diffusion plot. Mainly, the sorption system is measured by intra particle model if
this plot shows the linear profile passing through the origin. Conversely, the adsorption of OFL onto
PJAC represented that intra particle diffusion plots did not move across the origin. Thus, it follows

the multi-linearity mechanism of the adsorption process as shown in fig. 4.25 (b). The results rec-
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ommended that the sorption process was governed by different steps such as intraparticle diffusion

and boundary layer

4 4
¢ 10 mg/L  Dashed line - pseudo first order ¢ 10 mg/L
{m40 mg/L  model ]
A70 mg/L  Continuous line - Pseudo second m 40 mg/L
3 order model 3 1 A70 mg/L rf""m
~ S 2 |
S 13 L
é &F ..ll"
o 1
*00—0 00000
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— 0 5 10 15 20 25 30
0 100 200 300 400 Time%5 (min®%)
Time (min)
(b)
(@)

Fig. 4.25 (a) Kinetics of OFL adsorption on PJAC at optimized parameters (m = 16.23 g/L, t =
336 min and pH = 6) (b) Intraparticle diffusion model for the adsorptive removal of OFL by
PJAC at optimized parameters (m = 16.23 g/L, t = 336 min and pH = 6).

Table 4.20. Kinetic parameters at different OFL concentrations under optimized parameters
(m=16.23 g/L, t =336 min and pH = 6).

Co(mg/L)
10 40 70

Pseudo first order

ke (min™) 1.20 2.23 6.25
Geexp (MY/Q) 0.379 1.799 2.919
Qe.cal (MQ/Q) 0.376 1.634 2.767
R? (non-linear) 0.986 0.972 0.970
MPSD 27.85 23.78 11.61
Pseudo second order

ks (g/mg/min) 1.656 0.101 0.062
h (mg/g/min) 0.239 0.338 0.536
e,cal (MQ/g) 0.380 1.822 2.912
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R? (non-linear) 0.998 0.999 0.999

MPSD 1.97 6.77 4.23
Weber Morris

k;q41 (Mg/g min'?) 0.003 0.043 0.057
I, 0.336 1.288 2.040
R? 0.868 0.924 0.945
k;q» (Mg/g min™?) 0.001 0.009 0.018
I, 0.358 1.611 2.547
R? 0.691 0.617 0.694

4.20.  Analysis of the adsorption Isotherms and Thermodynamics

Adsorption isotherms are utilized to investigate the dispersion of adsorbate (OFL) amid adsorbent
and liquid phase at different temperatures. The equilibrium sorption investigations of OFL on PJAC
were carried out at different temperatures (288 K - 318 K) under optimum experimental conditions
with diverse original OFL concentrations at 10 to 100 mg/L. Langmuir, , Redlich
and Peterson, and Freundlich isotherm models

were utilized to evaluate the fitting of the experimental values as given in Egs. (4.22) — (4.24), re-

spectively.

Langmuir model:

_qmKiCe (4.22)
€ T 14K Ce
Redlich-Peterson model:
qd  Kgrc, (4.23)
e=—RCe
1+ aRCeﬁ
Freundlich model:
q, - KpC,M/m (4.24)

Where, g, (mg/g) denotes to specific equilibrium mass of adsorbate, C, (mg/L) is the equilibrium

concentration of adsorbate, g,, (mg/g) is the maximum adsorption uptake. K;, Kr, ag, Kz are con-
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stants, B represents to the exponent value of which lies in the range of zero to unity (L/mg), and n is
the empirical constant. Under optimized conditions, the calculated experimental data were well

suited into the Langmuir, Redlich and Peterson and Freundlich isotherm models.

Fig. 4.26 indicates that the non-linear fitting of experimental data with these isotherms and values
of associated model variables are given in table 4.21. The magnitude of constants increasing with
the rise in temperature, which defines the endothermic behavior of the sorption operation. It occurs
due to the presence of C-O and hydroxyl functional groups and heterogeneity of the PJAC adsor-
bent.

Moreover, the magnitude of thermodynamic parameters analyzed the type of the sorption operation.
Three thermodynamic variables, containing Free energy change (AG®), enthalpy change (AH®),

entropy change (AS°) were evaluated by employing equations given below:

AG, = -RT InK (4.25)
Ink =25 _AHo 1 (4.26)
RT R T

Here T denotes to temperature in Kelvin, R stands for universal gas constant (8.314x10°° kJ/mol.K)
and K=(q,/C,)
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Fig. 4.26. Adsorption equilibrium isotherms at different temperatures for OFL onto PJAC
through (a) Langmuir, (b) Freunlich and (c) R-P isotherm model (m = 16.23 ¢g/L, t = 336 min

and pH = 6).
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Table 4.21. Isotherms studies for OFL adsorption on PJAC at optimized parameters (m =

16.23 g/L, t = 336 min and pH = 6).

ISOTHERMS
. _ qm K LCe

Langmuir 9 =7k c_ K._C.
T (K) K (L/mg) dm (My/g) R CHI?
288 K 2.407 4.982 0.991 0.089
303K 7.162 12.721 0.992 0.098
318 K 9.188 14.262 0.993 0.064

_ 1/n

Freundlich qe = KrC,
T (K) Kr (mg/g) (L/mg)"" 1/n R’ CHI?
288 K 0.022 1.090 0.991 0.067
303 K 0.058 2.902 0.993 0.076
318 K 0.127 3.429 0.995 0.083

__KgC.

Redlich-Peterson 9e =17 a,C/
T (K) K (L/9) ar (L/mg)"? B R’ CHI?
288 K 1.336 10.124 1.12 0.991 0.089
303 K 2.346 20.231 4916  0.992 0.086
318 K 3.295 22.240 7.696  0.996 0.083

The negative values of AG°at all studied temperatures (Table 4.22) attested that OFL adsorption
on PJAC was spontaneous and endothermic by nature. Moreover, the values AG°decreased from -
12.27 to -19.72 (KJ/mol) with elevation in temperature and explained the feasibility of sorption op-

eration. The +ve value of AH® showed the endothermic nature. On the other hand, when the en-
thalpy values exist between 20.0 to 418.4 kJ/mol it resulted that the chemical reactions are the dom-
inating factor in the adsorption process, whereas 20 kJ/mol value directed the physical reaction.
Moreover, the positive value of AS°® expressed the haphazardness and affinity between the adsor-

bent and adsorbate.
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Table 4.22. Thermodynamics parameters for the adsorption studies of OFL by PJAC (m =
16.23 g/L, t = 336 min, C, = 5-70 mg/L and pH = 6).

-AG®  AS®  AHO 1

Thermodynamic Parameters InK, = ——— =
RT R R T
T (K) K x 10 (L/kg) AG® (kJ/mol) AH® (kJ/mol) AS® (J/mol)
288 K 0.168 -12.278
303 K 0.199 -13.341 58.277 242.211
318 K 1.734 -19.720

4.21. Effect of solidification on capsulation of OFL and toxicity of leachate

As described in section 2.6, the leachability studies of antibiotic out of the stabilized adsorbent was
done and the encapsulation % of OFL was evaluated. Outcome of study is illustrated in fig. 4.27
which shows that Portland cement positively fixed the antibiotic that was existing on exhausted
PJAC. For 5:1 mass ratio of adsorbent to cement greater than 95 % encapsulation was obtained at

all studied concentrations.

100
10 ppm 40 ppm 70 ppm
QB8 A

96 A

94

% Capsulation

92 A

gD T 1 T 1 T 1 T 1
1-5 1-2 1-1 2-1 5-1

Adsorbent to cement ratio

Fig. 4.27. % Capsulation of OFL in cement for different adsorbent to cement mass ratios.
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Moreover, the cytotoxicity test was accomplished through agar well diffusion assay against both
microbial strains (Bacillus halodurans (strain KG1) and Escherichia coli (strain K12)). For the tox-
icity assessment of leachate, difference in zones of inhibition between solutions of known OFL
concentration and leachate (after adsorption and solidification) were observed. For this purpose,
pure OFL solutions of different concentrations (0.025 to 0.1 ppm) were prepared. The observed
zones of inhibition were like, for 0.1 ppm (27 mm and 25 mm), 0.05 ppm (24 mm and 20 mm) and
0.025 ppm (18 mm and 15 mm) in both cases for KG1 and K12 (Figure 4.28 (a & b). On the other
hand, there were no zone of inhibition seen in case of leachate solutions. Consequently, it indicates
that OFX leachate solution samples did not have any toxicity, as shown in figure 4.28 (¢ & d), be-

cause it didn’t present any effect on the bacterial strains plates.

Agar cup
Zone of inhibition
of bacteria
Bacterial growth

(@

Fig. 4.28. Toxicity assessment by microbes Bacillus halodurans (strain KG1) and Escherichia
coli (strain K12) (a, b) for OFL standard samples, (c, d) for leachates on Bacillus halodurans
(strain KG1) and Escherichia coli (strain K12).
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4.22. BATCH ADSORPTIVE REMOVAL OF WASTEWATER COMPRISING DOX BY
PJAC

4.22.1. Adsorbent characterization

Micromeritics instrument and software (ASAP 2010) was used to determine the surface area and
pore diameter. It was calculated by using nitrogen adsorption-desorption analysis at 77 K. Single
point Brunauer-Emmett- Teller (BET) model was used to compute the surface area of PJAC and
was found to be 320.49 m?/g. Pore volume and pore diameter were found as 0.176 cc/g and 2.65
nm, respectively and was determined using BJH model.

—— PJAC
—— PJAC-DOX

~Ld

Intensity (a.u.)
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Fig. 4.29. X-ray diffraction (XRD) analysis before and after loading of DOX onto PJAC.

From the XRD diffraction patterns of PJAC (Fig 4.29), presence of Aragonite (CaCOs), Silica
(SiOy), Akdalaite ((Al,03)4.H,0) and CazMg (SiO4) was revealed as the main components. The
high and low intensity peaks were observed at 26.23° and 31.12° respectively, which explained the
crystalline nature of PJAC due to existence of mainly cristobalite and SiO,. On the other hand, a
typically sharp peak at 20 = 40.12° presented reformation of N-H functional group onto adsorbent
surface reviewed the crystalline calcium-bearing phases in PJAC

Additionally, some other narrow peaks also observed in PJAC belongs to SiO,, cristobalite and
CaO. In addition, CaCO3 was also observed at angles 63.22° and 80.21° due to deformation of load-
ed DOX onto PJAC adsorbent. These were the deviations observed between PJAC and PJAC load-
ed with DOX
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Fig. 4.30. FTIR spectra of PJAC and PJAC loaded with DOX.

FTIR spectra of PJAC and DOX loaded PJAC are presented in Fig. 4.30. The broad bands at the
3600-3100 cm* region and intensive peak visible at -1636 cm™ confirms the stretching of C=C
group . A broad band was observed at nearly 2102 cm™ in Prosopis juliflora which
was deformed in DOX loaded PJAC sample, this can be assigned to —NH stretching. The bands
from -1505 to 1423 cm™ indicate the presence of branched chain aromatic radicals having strong
stretching of N-O nitro compound . In PJAC sample, the intensive band at
-1026 cm™ is possibly representing the polysaccharides, i.e. it could be ascribed to C-O, C=C and
C-C-O stretching in cellulose, hemicellulose and lignin . On other hand in
DOX loaded PJAC, the shifting in peak in loaded sample at -1033 cm ™ can be corresponded to Si—
O-Si vibrations . Moreover, some narrow peaks at -700-750 cm * and -790-
895 cm* were also observed due to strong bending vibrations of C-H and C=C functional groups.
Also, the stretching band at -565 cm ™ can be attributed to the Si-O-Al bonds, and aluminosilicates
existing in PJAC. As shown in Fig. 4.30, shifting in the peaks can be dedicated to adsorption of
DOX antibiotic onto the PJAC surface.
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Fig. 4.31. SEM-EDX analysis of (a, b) PJAC and (c, d) PJAC loaded with DOX.

The morphological and elemental studies of PJAC and DOX loaded PJAC has been explored
through scanning electron microscopy (SEM) and energy-dispersive X-Ray (EDX) analysis respec-
tively and is shown in Fig. 4.31 The crystalline porous nature of the PJAC surface can be seen in
Fig 4.31 (a). On the other hand, the DOX loaded PJAC surface confirms the deposition of adsorbate
layer on the surface of PJAC, which is depicted in Fig. 4.31 (c). Meanwhile, EDX mapping ob-
served is also presented in Fig 4.31 (b). The prominent difference in peaks of C, Ca and Si between
PJAC and DOX loaded PJAC samples show the adsorption of DOX antibiotic onto active sites of
PJAC surface (Fig. 4.31 (d)). Moreover, SEM analysis (Fig 4.31 (a, c)) proposes that the change in
surface structure before and after sorption of DOX and the EDX results also confirm the feasibility
of DOX sorption process (Fig. 4.31 (b, d).
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4.23. Model validation and diagnostic analysis

The experiments were carried out and the results were statistically analysed by using RSM/CCD
model. The investigations suggested as per CCD were 30 (8 axial points, 16 cube points and 6 rep-
licates) with the values of responses X; and X,. The program recommended use of quadratic model
for all dependent parameters. The realistic association between DOX and PJAC for both responses
X1 and Xa, in sort of actual factors are stated by second — order polynomial quadratic relationship as

given below:

X, =94.71 + (0.04 *xpH) — (0.24 *m) + (0.18 x C) + (2.63 * 10™* x t) — (0.01 x pH?) +

(1.45% 1073 + m?) — (1.68 * 1073 % C?) + (5.63 * 1077 * t2) + (4.11 * 1073* pH * m) + (2.11
* 1073* pH *C) - (5.45* 1075 * pH * t) + (1.84 *1073 * m * C) - (1.77* 1075 * m * t) - (3.16 *
1076* C * t) (4.27)

X, =515+ (0.12 * pH) — (0.79 *m) + (0.15 * C) + (9.43 x 10~* = t) — (0.01 * pH?) +
(0.02 + m2) — (116 + 10~* * C2)- (1.23 * 1076 * t2) + (3.69 * 10~** pH * m) + (3.46 * 10~5*
OH *C) - (5.39* 107 * pH * ) + (5.01 * m * C) + (5.79 * 10~7 * m * t) - (3.09 * 10~7 * C * 1)

(4.28)

ANOVA results predicted from second order quadric model of response surface shown in Table
4.23 were significant, as directed by the low possibility values (Prob > F < 0.0001). When the val-
ues of Prob > F is less than 0.05 it indicate that the model terms are significantly important. On the
other hand, for DOX-PJAC, good closeness between R? and Rzadj (Table 4.24), confirms a suitable
correlation of the polynomial quadratic model to the experimental data. This means that the connec-
tion between the independent parameters and both responses are with great significance of the mod-
el. Further, to investigate the model adequacy, experimental data were plotted against predicted re-
sults for both the responses Fig 4.32 (a, b). Excellent correlations were observed and are listed in
Table 25.
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Table 4.23. ANOVA for the % DOX removal and capacity.

% DOX removal (Xy) Adsorption Capacity (X,)

Source Sum of DF Mean FValue Prob>F | Sum of DF Mean F Value Prob > F

Squares Square Squares Square
Model 51.33 14  3.67 40.63 <0.0001 | 119.24 14 8.52 36.32 <0.0001
A 0.25 1 0.25 2.73 0.1193 | 2.34x10* 1 2.34x10™ 9.99x10™ 0.9752
B 4.98 1 4.98 55.23 <0.0001 | 53.43 1 53.43 227.84 <0.0001
C 32.09 1 32.09 355.62 <0.001 | 49.97 1 49.97 213.08 <0.0001
D 3.02x10° 1 3.02x10° 0.033 0.8573 | 8.79x107 1 8.79x107 3.75x10°® 0.9985
A? 0.17 1 0.17 1.93 0.1849 | 0.057 1 0.057 0.24 0.6286
B? 0.036 1 0.036 0.40 0.5346 | 10.62 1 10.62 45.30 <0.0001
c? 12.53 1 12.53 138.88 <0.0001 | 0.059 1 0.059 0.25 0.6224
D? 0.010 1 0.010 0.11 0.7412 | 0.049 1 0.049 0.21 0.6554
AB 0.027 1 0.027 0.30 0.5914 | 2.18x10* 1 2.18x10™ 9.32x10"  0.9760
AC 0.11 1 0.11 1.26 0.2786 | 3.07x10° 1 3.07x10° 1.31x10*  0.9910
AD 6.52x10° 1 6.52x10° 0.072 0.7917 | 6.37x107 1 6.37x107 2.71x10°  0.9987
BC 0.54 1 0.54 6.01 0.0269 | 4.03 1 4.03 17.17 0.0009
BD 4.32x10°% 1 4.32x10°  0.048 0.8297 | 459x10° 1 4.59x10° 1.95x10°  0.9965
CD 2.19x10° 1 2.19x10° 0.024 0.8783 | 2.09x10° 1 2.09x10° 8.94x10°  0.9926
Residual 1.35 15 0.090 3.52 15 0.23
Lack of Fit 1.35 10 013 173.50 <0.0001 | 3.52 10 0.35 4.65x10° < 0.0001
Pure Error  3.89x10% 5 7.78x10™ 3.77x10° 5 7.55x107
Cor Total ~ 52.69 29 122.76 29

A: pH, B: dose of PJAC (m, g/L), C: DOX conc. (Cy, mg/L), D: Time (t, min)

Table 4.24. Various R-squared values suggested by CCD for different responses.

Responses R-Squared Adj R-Squared Pred R-Squared
% DOX removal (X;) 0.97 0.95 0.85
Adsorption Capacity (X2) 0.97 0.94 0.83

Table 4.25. Experimental and predicted responses values comparison at optimized condition
(m=5g/L,t=120 min and pH = 6, DOX concentration = 63 mg/L).

Responses Predicted value Experimental value

% removal (Xy) 99.55 % 99.10 %
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Fig. 4.32. The actual data versus predicted data for (a) removal (%), (b) capacity (mg/g) of
DOX.

4.24. Effect of various parameters and optimization

To explore the effects of various adsorption parameters and their interactions on both responses,
removal % (X;) and capacity (X;), three dimensional (3-D) response surface plots was drawn. The
Values of X; and X, responses with different parameters i.e. pH, C (mg/L), dose (g/L) and time (t)
are shown in Table 4.26. The experimental results showed the good agreement with the predicted
data. Different constraints were applied for the optimization of process parameters are stated in Ta-
ble 4.27. The 3D graphs obtained were additionally investigated to understand the individual and
interactive influence of these parameters on both the responses.

Table 4.26. Range of Variables and Levels of the Design Model.

Range of actual and coded variables

Factors Variables -2) 1) (0) (+1) (+2)
A pH 2 4 6 8 10
B Dose of PJAC (g/L) 5 10 15 20 25
C DOX conc. (mg/L) 10 30 50 70 90
D Time (min) 10 195 380 565 750
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Table 4.27. Optimization Constraints applied.

Variables Goal Lower Limit Upper Limit
pH IS in range 4 8

Dose of PJAC minimum 10 20
DOX concen- IS in range 30 70
tration

Time minimum 10 565

% removal maximum 92.61 99.17
Capacity maximum 0.62 9.92

Fig. 4.33 (a-f) represents the interactive effect of pH, m (g/L) and C (mg/L) on the DOX uptake
percentage (X;) and PJAC capacity (X3). The coetaneous influence of PJAC dose and DOX concen-
tration on the responses, % DOX uptake and capacity are depicted in Fig. 4.33 a and d, respectively,
at constant pH and t value. At any PJAC dose, DOX uptake increases with increase in C value, but
at lower PJAC dose it attains a constant value at nearly 70 mg/L concentration. On the other hand,
at high dose, % DOX removal continuously increases with increase in C value due to the availabil-
ity of more adsorption sites. So the adsorption of DOX on PJAC surface can be observed as adsorb-
ate limiting. Conversely, at low PJAC dose, capacity boosts sharply with enhancement in DOX

concentration, but at higher dosage this increment was not substantial.

Fig. 4.33 b and e describes the interaction between pH and DOX concentration on the % DOX up-
take and capacity, respectively. It shows that, at any pH, % DOX uptake increased drastically with
an increase in DOX concentration till > 98%. Whereas, at higher concentrations, DOX uptake de-
creases further. This behavior signifies that the adsorption of DOX is restricted with the DOX
amount in solution, and also that PJAC own high adsorption capacity. However, the adsorption ca-
pacity was observed rising continuously at each and every pH with enhancement in DOX concen-

tration. On the other hand, there is no significant change in capacity with pH change at any C value.

Fig 4.33 (c) and (f) represents the simultaneous effect of the pH and PJAC dose on % DOX uptake
and adsorbent capacity. As it is evident from the figure 4.33 (c), at any PJAC dosage, DOX removal
increases with increase in solution pH and then declines as solution pH goes beyond 6. Moreover,

DOX removal capacity decreases with enhancement in PJAC dosage (Fig 4.33 (f)). DOX adsorp-
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tion on PJAC was optimized for maximizing both the responses (percentage removal (X;) and ca-
pacity (X)) by the RSM/CCD model. The optimum suggested conditions were found to be m =5
g/L, t = 120 min and pH = 6, showing results X; = 99.10% and X,= 12.44 mg/g respectively. These
experiments demonstrate that both results were in good agreement as shown in Table 4.25.
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Fig. 4.33. The 3D response surface graph for the % removal of DOX (a, b, ¢) and capacity (d, e, f) from aqueous solutions
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4.25. Mechanism for adsorption of DOX on PJAC

For elucidating such behaviour of the DOX adsorption on PJAC, solution pH and pHzpc of
PJAC might be very useful. The point of zero charge (pHpzc) of PJAC was found 8.5 (Fig
4.34). Different functional groups such as O-H, C-O, C=C, C-N, C-C present on PJAC sur-
face played important role in the adsorption of DOX. Nearly below 8.5 pH most of the func-
tional groups are protonated and attains +ve charge. Moreover, DOX represents three pKa
values (pKa1 = 3.5, pKg = 7.7, pKaz = 9.5) . DOX has three different ionic
forms, it is in protonated form (DOX") below pH value 3.5, in deprotonated form (DOX)
above 9.5 and in non-ionized form (DOX®) between 7.7 to 9.5 pH. In this study, the maxi-
mum removal was obtained at pH 6. As shown in Fig 4.34, when the solution pH goes be-
yond 2, the DOX removal % increases, it reaches at a maximum at 6 pH and declines further
with increase in solution pH. At acidic pH, both DOX as well as PJAC are positively charged
and there is no scope of electrostatic interaction between substrate and adsorbent. But at the
same time, in the acidic to neutral pH range, cationic (DOX") as well as zwitterionic (DOX°)
forms of doxycycline are i electron acceptors . These influential i electron
acceptors causes i - 1 EDA interactions with the PJAC. Beyond 8.5 pH when PJAC becomes
deprotonated, the electrostatic interaction may cause but in very small pH range. At higher
pH, the electrostatic repulsion among DOX" and deprotonated functional groups of PJAC ex-
presses the decrease in DOX uptake. Moreover, hydrogen bonding between aromatic rings in
the DOX molecule and hydroxyl group on PJAC surface plays an important role in enhancing
the adsorption performance. This adsorption behaviour demonstrates that DOX uptake on

PJAC was mainly governed by i - 1 EDA interactions and hydrogen bonding.
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Fig. 4.34. Effect of the solution pH on adsorption efficiency of DOX by PJAC and zeta
potentials of DOX, PJAC at different pH, Co (DOX) = 63 mg/L, t =120 min, T = 303 K.

4.26. Sorption Kinetics representation

It is important to evaluate the adsorption kinetics as it can predict the adsorption rate and also

can explicate the mechanisms involved in DOX-PJAC adsorption. The adsorption time pro-

file of DOX over PJAC was obtained experimentally at three different initial concentrations

(Co) 40, 70 and 100 mg/L under optimized conditions. The experimental data was fitted with

Pseudo first order and Pseudo second order kinetic models using nonlinear regression model

and are given below.

Pseudo 1% order model is represented as

0, = . [1-exp (- k,t)]

(4.29)

Where g;and ¢, are the amounts of DOX antibiotic (mg/g) at any instant time (t) and equilib-

rium point, respectively, and ks is the Pseudo 1% order reaction rate constant (per min).

Pseudo 2" order model can be represented as

_ tksqy
- 1+tksq,

t

(4.30)

Where, ks is the Pseudo 2™ order reaction rate constant (g/mg/min).

The initial adsorption rate, h (g/mg/min), is defined as;
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h = ke e’ (4.31)

During the Kinetic studies, the adsorption time profile of DOX (adsorption capacity vs time)
indicated that equilibrium was attained in 30 min. As shown in fig. 4.35 (a), the kinetic be-
havior of DOX-PJAC was better described by pseudo — second order model with R* ~1 as
compared to pseudo 1% order kinetic model. Also, MPSD value for pseudo — second order
model fitting was found lower as compared to 1% order kinetic model for all studied concen-
trations. The evaluated Kinetic constraints are listed in Table 4.28 and the experimental data
fitting is shown in Fig. 4.35. It is observed that the values of ge and K increases with in-
crease in C,. Therefore, the adsorption is limited by the original concentration of DOX. The
initial adsorption rate h (g/mg/min) was also found rising with increasing in C, value. This is
the further provision of inference that the adsorption is limited by the C, of DOX in aqueous
solution.
For the investigation of diffusion mechanism and the rate governing steps in the course of
DOX adsorption on PJAC, the intra-particle diffusion (IPD) model was used. The IPD model
equation can be given as following

qe = kigt®™® +1 (4.32)
Where k;; and ! are constants of intra-particle diffusion model (mg/g min*?) and the
boundary layer thickness of an adsorbent. Higher the intercept, greater will be the boundary
layer thickness. By the Weber—Morris model for IPD, when the linear plot of g; vs t*° passes
through origin while joining all the data points, it approves that internal diffusion is the sole
rate-controlling step.
The Weber and Morris IPD plot (g; and t°°) shown in Fig. 4.35 (b), indicates that dispersal
pattern of the DOX onto PJAC surface is governed by various steps as it shows two-step line-
arity and doesn’t pass through origin. In first linear segment rate of adsorption enhanced due
to presence of vacant porous spaces onto external surface of the PJAC and then achieved the
equilibrium due to lower DOX concentrations left behind. In this way, there are two linear
curves where first one describes the mesoporous diffusion and the second demonstrating the

microspores diffusion of the adsorbent.
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Fig. 4.35. (a) Kinetics of DOX adsorption on PJAC at optimized parameters (m =5 g/L,
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PJAC at optimized parameters (m =5 g/L, t = 120 min and pH = 6).
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Table 4.28. Kinetic parameters for Doxycycline hydrochloride (DOX) adsorption on
Prosopis juliflora at optimized parameters (m =5 g/L, t = 120 min and pH = 6).

Co (mg/L)

40 70 100
Pseuso first order
ke (min‘) 0.489 4.46 6.85
Geexp (MY/Q) 7.795 13.348 19.415
Gecal (Mg/g) 7.573 13.253 19.41
R? (non-linear) 0.999 0.999 0.999
MPSD 29.85 9.664 10.547
Pseuso second order
ks (9/mg/min) 7.936 10.23 17.289
h (mg/g/min) 456.422 1800.149 6430.146
Ge.cal (MY/Q) 7.583 13.26 19.285
R? (non-linear) 1 0.999 0.999
MPSD 3.75 0.217 2.189
Weber Morris
k;41 (mg/g min™?) 0.057 0.0893 0.390
Iy 7.373 12.939 18.194
R? 0.977 0.992 0.907
k;4» (Mg/g min™?) 0.0349 0.002 0.001
I, 7.421 13.352 19.449
R? 0.775 0.976 0.991

4.27. Equlibrium isotherms and Thermodynamics

The adsorption isotherms were used to find out the distribution of adsobate (DOX) onto the
suface of PJAC with varying temperatures. The equilibrium adsorption experiments were ex-
ecuted at distinct temperatures (288 K, 303 K and 318 K) at optimum conditions and different
original DOX concentrations. Freundlich , Redlich - Peterson (R-P)

, Langmuir and Temkin isotherms

given in Eq. 4.33 to 4.36 respectively, were examined to access the experimental data.
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Langmuir isotherm model:

_9mK[Ce (4-33)
€ T 14K Ce
Redlich-Peterson isotherm model:
q  Kgrc, (4.34)
e =—
1+ aRCeﬁ
Freundlich isotherm model:
Qe = Kpc,t/m (4.35)

Temkin isotherm model:
RT
Ge- (5-) In(K. Co) (4360

Where, ge (Mmg/g) is the specific equilibrium amount of adsorbate, Ce (mg/L) is the equilibri-
um concentration of adsorbate, g, (mg/g) is maximum sorption capability, K., K, ar, Kg are
constants, B is the exponent which lies between 0 and 1 (L/mg) and n is the empirical con-
stant. Higher 1/n value indicates, the higher affinity between adsorbent — adsorbate and vice
versa. By is the variation of adsorption energy (J/mol); kr is the equilibrium binding constant
(L/g) corresponding to the maximum binding energy and R is the universal gas constant
(8.314 J/mol-K).

Non-linear fitting of these isotherms with the experimental data are shown in fig. 4.36. The
evaluated isotherm parameters, R? and CHI® error values for different isotherm models are
listed in Table 4.29. It is evident from fig. 4.36 that, as the temperature increases, DOX up-
take also enhances, this behavior demonstrates that adsorption of DOX on PJAC is of endo-
thermic nature. Out of all the used isotherm models, Langmuir, Freundlich and R-P isotherms

fitted better with the experimental data as compared to Tempkin.
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for DOX onto PJAC (a) Langmuir, (b) Freundlich and (c) RP isotherm model (m =5
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Table 4.29. Isotherms and Thermodynamics parameters for DOX adsorption on
Prosopis juliflora at optimized parameters (m =5 g/L, t = 120 min and pH = 6).

ISOTHERMS
. q m K LCe
L e =T ————
angmuir a 1+ K,_C,
T (K) K (L/mg) dm (My/g) R CHI?
288 K 0.059 60.789 0.985 2.137
303K 0.038 118.81 0.990 2.230
318 K 0.115 81.587 0.984 2.147
_ 1/n
Freundlich qe = KrC,
T(K) Kr (mg/g) (L/mg)™" 1/n R’ CHI?
288 K 4.951 0.643 0.992 0.679
303 K 6.048 0.724 0.992 0.998
318 K 10.601 0.600 0.997 0.429
KRCe
. q = —_— =
Redlich-Peterson ¢ 1+agC/l
T (K) K (L/9) ar (L/mg)"? B R? CHI?
288 K 8.414 2.610 0.056 0.993 4.683
303 K 29.523 3.980 0.314 0.992 1.067
318 K 40.186 2.859 0.470 0.996 0.488
Temkin RT
Qo= () tnke Co)
T
T(K) K+(L/mg) B+ (J/mol) R? CHI?
288 K 2.753 6.643 0.925 6.292
303K 1.857 11.042 0.925 9.321
318 K 2.483 13.154 0.960 4.447
—AGY AS© AHO®
Thermodynamic Parameters InK, = ¢ L Al
RT R R T
T(K)  Kx10°(L/kg) AG® (kJ/mol) AH° (kJ/mol) AS® (I/mol)
288 K 2.405 -18.642
303 K 5.620 -21.751 30.167 170.080
318 K 7.835 -23.706
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To evaluate the change in energy during the DOX-PJAC adsorption and identify the feasibil-

ity of process, thermodynamic study was performed. Different thermodynamic adsorption
parameters like enthalpy change (AH®), entropy change (AS°) and free energy change (
AG®) were estimated as they provide the information about nature and type of adsorption

process. These were estimated with the help of equilibrium adsorption constant (K) using

following equations:

AG, = —RT InK (4.37)
Ink =25 AHo 1 (4.38)
RT R T

Where, T is the absolute temperature (K), R is the universal gas constant (8.314x10°3

kJ/mol.K) and K (=q,/C,)

The values of evaluated thermodynamic parameters at different temperatures (288-318 K) are
listed in Table 4.30. Positive values of AH® and AS° shows the endothermic nature and fa-

vorable DOX adsorption on PJAC. Moreover, negative value of AG® in —ve confirms the

spontaneity and feasibility of process.

4.28. Identification of solidification/stabilisation technique and cytotoxicity

For the proper disposal and management of DOX loaded PJAC, it was solidified using the
method explained earlier . To study the leachability of DOX from stabi-
lised adsorbent, leachate sample was tested for the DOX concentration using spectropho-
tometer and encapsulation percentage was calculated using eg. 5. As it is evident from Fig
4.37, Portland cement could successfully stabilize the DOX present in the exhausted PJAC.
Even at the highest DOX to cement ratio (5:1) = 99% DOX was encapsulated for all three

studied adsorbent concentrations.
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Fig. 4.37. DOX % Capsulation in cement for different adsorbent to cement mass ratios.

Further, to ensure the safe disposal of stabilized PJAC, cytotoxicity test of leachate was per-
formed by using microbial species Escherichia coli (strain K12) and Bacillus halodurans
(strain KG1) on MHA media. The zone of inhibition of leachate sample and synthetically
prepared DOX solution of known concentrations (0.015 ppm and 0.5 ppm) were determined
and compared. The comparative zone of inhibition for leachate and DOX solution are shown
in Fig. 4.38. As seen in Fig.4.38 (a, b), for 0.5 ppm DOX solution higher zones were ob-
served (28 mm, 26 mm) and for 0.015 ppm (12 mm, 10 mm) for Escherichia coli and Bacillus
halodurans respectively. For the leachate samples no inhibition zone was observed (Fig. 4.38
¢, d) in case of both the strains. From this study it can be concluded that Portland cement
could successfully encapsulate DOX loaded PJAC can be a better approach to fix the ex-
hausted/loaded DOX-PJAC.
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Fig. 4.38. Toxicity assessment by microbes Bacillus halodurans (strain KG1) and Esche-
richia coli (strain K12) (a, b) for DOX standard samples, (c, d) for leachates on Bacillus
halodurans (strain KG1) and Escherichia coli (strain K12).
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4.29. BATCH ADSORPTIVE REMOVAL OF WASTEWATER COMPRISING DOX
BY PSSAC

4.29.1. Microwave-assisted pyrolyzed PSSAC characterization

4.29.1.1. Surface chemistry analysis (FTIR)

FT-IR spectral data of PSSAC and DOX adsorbed PSSAC is represented in Fig. 4.39. Be-
cause of the existence of functional groups (hydroxyl, sulphonate, phosphate, amino, carbox-
yl and sulphydryl) on PSSAC surface, it serves as binding spots for the doxycycline hydro-
chloride molecules. FTIR spectra of PSSAC represents peak at 3024 cm™, that is attributed to
the existence of free and hydrogen-bonded OH groups, peaks visible at 2923 cm™ are credit-
ed to the stretching of the methyl group (—CHs). The bands at 1740 cm™ and 1215 cm™ cor-
respond to the stretching frequency of —C=0 and —C—N groups. One other sharp band seen at
483 cm™ represents the presence of alkyl and alkynes halides bending vibrations. Moreover,
few intense peaks perceived at 2923, 1740, 1215 and 483 cm™ primarily plays the role in the
adsorptive uptake . In loaded PSSAC spec-
tra, the appearance of an additional peak at 3430 cm™* corresponded to O—H stretching vibra-
tions of H-bonded hydroxyl groups on DOX. Peaks in the regions 2918 cm™ and 1621 cm™
could correlate with the stretching in -NH; groups and the presence of C=C stretching vibra-
tions in the aromatic region of DOX . The band near
1167 cm * corresponds to the strong stretching of the C-O group. Furthermore, the prominent
new broadband that emerged at 567 cm™* can be entrusted to the Si-O-Al stretching vibra-
tions and aluminosilicates existing on the adsorbent surface. This band was observed after
adsorption, and it is assigned to DOX adsorption on the PSSAC. This indicates that DOX ad-
sorption has successfully been performed.
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03 By : 16218 ||
R 06 34305 / 2918.9 / \
[
04 3024.2 174p1 12134
29333
1167.8
02 ] ) 483 .8
——PSSAC — Loaded PSSAC 567 3 '
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Wavenumber (cml)

Fig. 4.39. FT -IR spectra of PSSAC and loaded PSSAC.
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4.29.1.2. XRD analysis

XRD patterns of bare PSSAC and DOX adsorbed PSSAC were determined employing X-ray
diffraction (XRD) with the intensity of diffracted X-ray plotted against 20 angle and is de-
picted in Fig. 4.40. The diffraction patterns of PSSAC and loaded PSSAC both represented
strong, broad peaks between 20° to 30° (260), which correspond to the presence of quartz, Ka-
olinite and illite. Moreover, the presence of aluminophosphates and smectite was developed
because of the existence of SiO,, TiO,, K;0, Fe,03 and CaO; elements on the adsorbent sur-
face . It represents the mesoporous and amorphous nature of the adsor-
bent. There is not any great difference between the PSSAC and loaded PSSAC samples. A
weak peak is seen at 80° (20) in the loaded sample that determines the existence of interac-
tions between the DOX and PSSAC through C=0 and -OH functional groups.

-~ PSSAC
Loaded PSSAC

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
2 theta (degree)

Fig. 4.40. X-ray diffraction (XRD) analysis of PSSAC and loaded PSSAC.

4.29.1.3. BET surface area and FESEM

The N, adsorption-desorption measurements for PSSAC was determined at 77 K. In this re-
gard, Brunauere Emmette Teller (BET) surface area of adsorbent was estimated to be 967.89
m?/g, and it belongs to type IV isotherm as shown in Fig. 4.41. Likewise, the PSSAC adsor-
bent has a pore diameter of 4.86 nm, and the total pore volume was 0.39 cm®/g. Moreover, it
is worth observing that the PSSAC reveals the mesoporous framework that attests as a suita-

ble material for the adsorption of doxycycline hydrochloride drug.
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Fig. 4.41. The adsorption/desorption isotherm of N, on PSSAC.

FESEM pictures of PSSAC and loaded PSSAC (Fig. 4.42) were tested to detect the surface
morphology of the adsorbent. As shown in Fig. 4.42, a uniform pattern of cavities was dis-
tributed all over the adsorbent's surface. It indicated the excellent opportunity for the DOX to
be adsorbed by the PSSAC. On the other hand, after the loading of DOX, the size of cavities
reduced, and their pores got completely filled up by DOX molecules. These two figures con-
clude that the surface texture of bare PSSAC modifies after the adsorption of DOX.

(@) (b)

Fig. 4.42. FESEM images for PSSAC and loaded PSSAC (a, b).
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4.30. Adsorption experiments

4.30.1. Effect of PSSAC dose on adsorption of DOX

The consequence of PSSAC dose on the adsorptive uptake of DOX was evaluated by keep-
ing other parameters constant (C, = 25 mg/L, pH = 8, contact time = 600 min). An increment
in the dose of adsorbent resulted in enhanced DOX uptake till a definite value, and thereafter
the adsorption efficiency becomes almost constant. So the maximum removal rates achieved
for PSSAC adsorbent was 85.82% at a DOX dose of 2.5 g/L as depicted in fig. 4.43(a).

At PSSAC dose of more than 2.5 g/L, the incremental DOX uptake was very less because the
DOX concentration on the adsorbent surface and in the bulk solution reaches equilibrium
with each other. Therefore, the increase in DOX adsorption becomes very less. This is due to
the fact that for dose > optimum dose, the removal efficiency mainly depends upon the solu-
tion concentration (DOX) and less depends upon the dosage of adsorbent

From the results, 2.5 g/L adsorbent dosage was considered optimum; thus, further experi-

ments were performed with this optimum PSSAC dose.

4.30.2. Effect of contact time on the DOX adsorption

In adsorption processes, the study of contact time enables the evaluation of the adsorbent ef-
ficiency. The time required for complete saturation of the adsorbent by adsorbate is the time
at which the highest adsorption is observed. The removal rate of DOX by PSSAC at initial
concentration = 25 mg/L, optimized dose = 2.5 g/L and pH = 8 for 600 min is presented in
Fig. 4.43(b). It can be observed from the figure that adsorption of DOX was quite rapid in the
first 300 min, because of the large number of available vacant active sites and later succes-

sively approaches almost stable value.

Rapid adsorption occurs because of high driving forces between the adsorbate and adsorbent
molecules . After 300 min, the adsorption reached an equilibrium state, and
with further increase in contact time, there is no additional enhancement in adsorption capaci-
ty due to the repulsive forces between the adsorbate and adsorbent molecules

. Based on these results, 300 min time was taken as the equilibrium time for ahead

batch adsorption studies.
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Fig. 4.43. DOX removal with varying adsorbent dosage at C, = 25 mg/L, pH = 8, con-
tact time = 600 min (a), Effect of contact time on adsorptive uptake of DOX at C, =25

mg/L, dose = 2.5 g/L, pH =8 (b).
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4.30.3. Effect of solution pH on adsorption of DOX

It is a well-known fact that the surface charge of adsorbent and species distribution of ad-
sorbate effects with the variation in the solution pH . Hence, its influence
on the adsorptive performance of PSSAC for DOX was evaluated, and findings are depicted
in Fig 4.44.
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Fig. 4.44. Effect of solution pH on the sorption of DOX on PSSAC (C, = 25 mg/L, dose
= 2.5 g/L, contact time = 300 min at temperature 303 K).

The DOX adsorption on the PSSAC surface was highly pH-dependent. The removal effi-
ciency first enhances and then slowed down with the increment in solution pH, and the high-
est adsorption performance was obtained at pH 8. The point of zero charges of PSSAC was
found 6.1. The presence of various functional groups on PSSAC like carboxyl, hydroxyl,
phosphate, amide, amine and sulphonate played significant roles in the adsorption process.
Nearly below the neutral pH, the majority of the functional groups is protonated and present
the positively charged form. At alkaline pH, due to the deprotonation of functional groups,
the surface becomes negatively charged. Moreover, DOX represents three pKa values (pKa1 =
3.5, pKa2 = 7.7, pKaz = 9.5) . On the condition of acidic pH, DOX is present
in its protonated form, while near the neutral pH, it would be non-ionized, and at alkaline pH
(>9.5), the dominant type of DOX is deprotonated. When the pH of the solution increases
(>2) initially, the removal percentage enhances slightly; beyond a certain value, it increases

and at pH >8, it decreases apparently. In the acidic and neutral pH conditions, the DOX" and
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DOX?° species both are m electron acceptors. The particular efficacious m-electron-acceptors
may cause stable n-t EDA interaction with the PSSAC surfaces . Moreover, at
pH >8, the electrostatic repulsion between DOX" species and deprotonated functional groups
of PSSAC might describe the decline in adsorption performance. The weak physical forces
like H-bonding and van der Waals forces are also participating in the adsorption mechanism.
H-bonding causes because of the presence of polysaccharides on the PSSAC surface and ar-
omatic rings in the DOX molecule . Hence, H-bonding and = — m EDA in-
teractions heavily affected DOX adsorption on PSSAC and the mechanism is represented in
Fig. 4.45.

H-bonding ?H? ?H?“? C.J

NH,

HCI _ i - i
Electrostatic interaction m — 7 Interaction

CH © Cl'l'bl_? 0
OHO OO O B SN
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l :I I | [ OoH g A
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Fig. 4.45. Schematic representation of adsorption mechanism for DOX over PSSAC.

4.31. Adsorption kinetic studies, equilibrium studies and Diffusivity

In the adsorption kinetics study of DOX on the PSSAC, experimental results were fitted with
the pseudo 1% order and pseudo 2™ order kinetic models. The model parameters obtained by

fitting the experimental results are given in Table 4.30.

The fitting with these models is represented in Fig. 4.46 (a), in which variation in adsorption
capacities (q;) are represented with time. Solid lines represent to the second-order and dotted
line to the first order. It is visible that, pseudo 2" order model fitted better than the pseudo
1% order model because the correlation coefficient (R?) magnitudes are high for 2™ order

model that is close to unity (R? = 0.99). Thus, these results suggest that the pseudo 2™ order
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kinetic model provided an adequate correlation for DOX adsorption onto the PSSAC

Table 4.30. Kinetic parameters for adsorption of DOX by PSSAC (m = 2.5 g/L, t = 600
min and pH = 8, orbital shaking at 150 rpm, incubation at 303 K).

Co(mg/L)

10 25 50
Pseuso first order
Ke (min'l) 0.0140 0.0084 0.0250
Ceexp (MQ/Q) 4.80 8.45 12.49
Gecal (Mg/g) 4.79 8.40 11.01
R? (non-linear) 0.995 0.993 0.973
MPSD 10.035 22.928 85.23
Pseuso second order
ks (g/mg/min) 0.0030 0.0011 0.0026
h (mg/g/min) 0.088 0.111 0.45
Qe cal (MY/Q) 5.45 9.80 13.09
R? (non-linear) 0.998 0.997 0.992
MPSD 8.745 11.002 18.583
Weber Morris
k;41 (mg/g min™?) 0.238 0.4006 0.424
I 0.624 0.709 4.685
R? 0.947 0.986 0.963
k;q» (mg/g min™?) 0.007 0.087 0.0058
I, 4.625 6.399 12.351
R? 0.914 0.609 0.954

The intra-particle diffusion (IPD) mechanism was employed for the analysis of the adsorption
process of DOX onto PSSAC. The Weber-Morris model for IPD verifies that the internal dif-
fusion is the only rate-controlling step, if the graph between g and t*/ passes through all the
data points, remains linear and moves across the origin. In the plots of q; vs t“? (Fig. 4.46
(b)), two-step linearity was noticed, and it did not move across the origin. Results described

that the rate of the adsorption was not controlled by a single adsorption mechanism. The first
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phase of the adsorption involves the diffusion of DOX molecules from the external surface of

PSSAC into its pores, referred to as intra-particle diffusion, film diffusion/boundary layer dif-

fusion . As shown in Fig. 4.46 (b), the first region represents the gradual

adsorption of DOX and that the intraparticle diffusion is rate-limiting.
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Fig. 4.46. Pseudo-first and second-order adsorption kinetics at different initial concen-
trations (a) Weber—Morris plot g; versus t*? for DOX treatment by PSSAC (b).
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Further, quite low DOX concentrations remaining in the solution lessens the intraparticle dif-
fusion and achieves the final equilibrium step of adsorption, as shown by the second linear
region in the figure. This adsorption occurred on the interior surfaces of the adsorbent and is
called the equilibrium diffusion mechanism. The values of intra-particle diffusion parameters
k;q and I (slopes and intercepts of linear portions) are given in Table 4.31. The values of
k;q 1 and k;4 , enhances with initial DOX concentration due to the increment in driving force
for adsorption. Moreover, because linear lines do not move across the origin, IPD is not the
only rate-limiting step involved in the adsorption of DOX on PSSAC. Surface adsorption also

controls the adsorption process.

4.32. Adsorption isotherms

The adsorptive uptake of DOX on PSSAC at distinct temperatures in a range of 288 K-318 K
and concentrations (10 to 100 mg/L) was investigated and shown in Fig. 4.47. The equilibri-
um data were fitted with the Langmuir, Freundlich, Temkin and RP isotherm models, and the
associated model parameters are presented in Table 4.31. Experimental data displayed good
fitting with the Freundlich and R-P isotherm models in comparison with Temkin and Lang-
muir isotherm models. The findings of the study suggested the multilayer adsorption of DOX
on the PSSAC. Moreover, it can be seen from Fig. 4.47; the affinity of DOX on PSSAC was
dependent on the reaction temperature. The absorptivity of the DOX was found to increase
with an increase in temperature. In general, adsorption is an exothermic process. Neverthe-
less, when the process is governed by diffusion, also, the adsorption capacity shows en-

hancement with increment in temperature.
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Table 4.31. Langmuir, Freundlich, Redlich-Peterson (R-P) and Temkin isotherm pa-
rameters for the adsorption of DOX by PSSAC (m = 2.5 ¢g/L, t = 300 min and pH = 8).

ISOTHERMS
K,C
1+ K, _C,
T (K) K (L/mg) dm (My/g) R CHI?
288 K 0.074 12.491 0.985 0.282
303 K 0.075 18.464 0.958 0.666
318K 0.080 26.154 0.990 0.178
_ 1/n
Freundlich 9e = KpCe
T(K) Kr (mg/g) (L/mg)™" 1/n R’ CHI?
288 K 1.907 0.420 0.993 0.07
303 K 2.784 0.424 0.984 0.32
318K 4.564 0.386 0.992 0.25
_ KRCe
Redlich-Peterson e = 1+ a,C’”
T (K) K (L/9) ar (L/mg)"? B R? CHI?
288 K 2.677 0.870 0577  0.991 0.073
303K 3.231 2.372 0.720  0.984 0.322
318K 5.223 2.823 0.777  0.992 0.245
Temkin RT
.- () ke )
T(K) K+(L/mg) B+ (J/mol) R? CHI?
288 K 0.903 2.535 0.986 0.201
303K 0.766 3.980 0.971 0.454
318 K 0.787 5.713 0.997 0.072
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Fig. 4.47. Langmuir, Freundlich, Tempkin and RP isotherm models (a, b, ¢, and d) plot
of DOX by PSSAC at various temperatures.

4.32.1. Thermodynamic study

The corresponding values of thermodynamic parameters are presented in Table 4.32. If AH®
IS a positive value, it confirms that the overall adsorption process's behavior is endothermic

by nature. In physisorption, the van der Waals interactions are responsible for adsorbate and
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adsorbent interactions where the adsorption energy usually lies between 5 to 10 KJ/mol. On
the other hand, in chemisorption, the adsorption energy is typically between 30 to 70 KJ/mol.
The positive value of AS? offered the enhancement in the degree of freedom as well as the
randomness of adsorbate molecules on the adsorbent surface and an affinity of the PSSAC
towards DOX components . Moreover, the decline in a negative value of AG°
with enhancement in temperature designated that DOX uptake on the PSSAC surface was
instinctive and thermodynamically favorable. Usually, when the magnitude of AG® ranges
from -20 kJ/mol to -40 kJ/mol type of adsorption is regarded as physisorption, and if less than
-40 kJ/mol chemisorption. The evaluated magnitude of AG°, demonstrates that the mechanism
involved in this adsorption is physisorption. Hence, from the Thermodynamic study, the ad-

sorption of DOX on PSSAC surface was endothermic and instinctive.

Table 4.32. Thermodynamics parameters for the adsorption studies of DOX by PSSAC
(m=25g/L, t=300 min, C, = 10-100 mg/L and pH = 8).

-AG®  AS®  AH® 1

Thermodynamic Parameters InKp, = ———=
RT R R T
T(K)  Kx10®(L/kg) AG® (kJ/mol) AH® (kJ/mol) AS° (J/mol)
288 K 6.247 -14.023
303 K 0.405 -14.795 14.158 97.112
318 K 2.052 -16.983

4.33. Recyclability of adsorbent

Regeneration studies are very useful to calculate the reusability of adsorbents for its practical
applications in distinct areas. Herein, the reusability of exhausted PSSAC was conducted for
five adsorption-desorption cycles, as presented in Fig. 4.48. While regenerating, the reduction
in adsorption of DOX after 5 adsorption-desorption cycles were 3.48%, 5.71%, 11.48%,
15.39% and 17.37% respectively. These results designate that the PSSAC can be easily re-
covered and reused. It may also be applied on the industrial scale for the management of
pharmaceutical pollutants. The low cost of PSSAC and the possibility of its recoverability

makes it an extremely economical adsorbent.
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Fig. 4.48. DOX removal by PSSAC up to five adsorption-desorption cycles.

4.34. Comparison of PSSAC with previously studied adsorbents

For comparison purposes, the performance of PSSAC was collated with some previously
used adsorbents for the adsorption of DOX. Table 4.33 presents the adsorption capacity of
many earlier described adsorbents for DOX uptake from aqueous solutions in a batch process.
From the study, it is realistic to propose that the PSSAC bio-sorbent is an appropriate adsor-
bent for removing antibiotics.

Table 4.33. Comparison of PSSAC with previously studied adsorbents.

Adsorbents Maximum capacity References
(mg/g)
Cobalt oxide 5.20
Raw biochar (BC) 11.48
Spent black tea leaves (SBTL) 12.53
Pomegranate Peel (PP) 18.11
Silica Coated Fe304 MNPs 21.5
(Fes0,@Si0y)
PSSAC 23.6
Graphene oxide 35.50
Copper nitrate modified biochar 52.37
(Cu-BC)
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Chapter — 5
ADSORPTION USING DES FUNCTIONALISED
ADSORBENTS

5.1. GENERAL

This chapter covers the study of modified agri-residue adsorbents for adsorption of selected
antibiotics (OFL and DOX). Modifications were done by using deep eutectic solvent as func-
tionalization agent. RHA and PSSAC were selected as base materials for DES functionalisa-
tion and named as DES-RHA and DES-PSSAC respectively. Further analysis about parame-
ters optimization, Kinetics, isotherms and reusability studies of the DES modified adsorbents

are also presented in same chapter.

5.2. CHARACTERIZATION RESULTS OF SYNTHESIZED DES

Synthesized DES (GC3:1) was characterized for various relevant properties. The thermal sta-
bility of GC3:1 was evaluated using TGA analysis (PerkinEImer, STA6000) and is depicted
in Fig. 5.1.
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Fig. 5.1. TGA of DES (GC3:1) from 25°C to 400°C temperature at atmospheric pres-
sure.

The TGA analysis has mainly three different steps of mass reduction i.e., removal of moisture
content, the discharge of volatile substance and burning of material

TGA was performed from 25 °C to 400 °C at the heating rate of 10 °C min™ in N, gas envi-
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ronment using 25 mg of DES sample. The combustion profiles of GC3:1 represented its high
thermal stability. The moisture content of synthesized DES was evaluated using Karl-Fisher
titrator (Esico model 1760) and was found as < 0.3 wt %.

To verify the H- bonding between ChCI and glycolic acid, FT-IR was performed, and the
spectra are revealed in Fig. 5.2. The bands signify distinctive broadband around 3292 cm™,
which indicates H-bonding among the ChCl and glycolic acid in the DES. In the medium re-
gion, intense bands with peaks at 1744, 1173, and 1088 cm* wavenumbers were noticed.
This demonstrates the carbonyl group of glycolic acid and H-bond among the OH group of
glycolic acid and CI™ of ChCl, respectively

100 1
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Fig. 5.2. FT-IR spectra of DES (GC3:1).

The structure of prepared DES was determined by *H NMR spectra and is shown in Fig. 5.3.
Regardless of the dilution of DMSO, the molecular structure of DES was found unaffected.
The possible hydrogen bonding in GC3:1 and its optimized chemical structure (using Gaussi-
an 16 software) are represented in Fig. 5.4 (a) and (b), respectively.
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5.3. CHARACTERIZATION RESULTS OF RHA and DES-RHA

5.3.1. FTIR studies

FT—IR spectra of RHA and DES-RHA is illustrated in Fig. 5.5. The presence of a broad peak
at 3425 and 3457 cm* shows the stretching vibration of O—H and Si-OH. In DES-RHA
spectra, the existence of a peak at 3002 cm ™ is assigned to the coupling of DES with the sur-
face hydroxyl group of rice husk ash. The band around 1092 cm ™ is related to Si-O-Si bond-
ing vibrations and at 468 and 794 cm™ to Si-H bonds in RHA. A prominent new peak that
appeared in the DES-RHA at 1739 cm ™ is due to the presence of -COOH group of glycolic

acid on the surface.
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Fig. 5.5. FT-IR spectra of RHA and DES-RHA.
5.3.2. XRD studies

XRD spectra of RHA and DES-RHA samples are represented in Fig. 5.6. The XRD pattern
of the samples exhibited wide peaks between 22° and 27° (20) for RHA and DES-RHA both,
which correspond to the presence of cristoballite (SiO,). Because of the addition of DES in
the RHA matrix, two extra peaks were observed at little high 20 (around 29.34° and 44.34°)
that explain the aggregation of RHA particles with DES because of the existence of function-
al groups (C=0, -OH) and wrapping of DES onto the RHA surface . The
results indicate that RHA and DES—-RHA are having the characteristic of an amorphous, dis-

ordered structure that is capable of adsorption of materials
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Fig. 5.6. X-ray diffraction (XRD) analysis of bare RHA and DES-RHA.

5.3.3. BET surface area

The specific (BET) surface areas of RHA and DES-RHA was 32.6 m%g and 23.12 m?/g, re-
spectively. As expected, the specific surface area of DES—-RHA diminishes as compared to
the bare RHA because the condensation of adjoining silanol groups at the pore openings
forms siloxane bonds that essentially close the narrower pores. These narrow pores are thus
not available for adsorption by nitrogen . The average pore diameter
was found 6.5 nm, and 1.44 nm, representing that RHA is mesoporous by nature and is an
appropriate sorbent for the adsorption of OFL. In addition, the pore volume was decreased
from 5.22 to 0.030 cc/g after the functionalization by DES, which is further proof that DES
was embedded inside the pore hole of RHA . The comparative ad-
sorption efficiency of the bare RHA and DES-RHA was examined. It is seen that both adsor-
bents exhibited different adsorption capacities where the DES-RHA had higher adsorption
capacity than RHA.

5.3.4. FESEM, EDX and HR-TEM

FESEM figures of RHA, DES-RHA and OFL adsorbed DES-RHA are depicted in Fig. 5.7.
(a, b), (c, d) and (e, f), respectively. The bare surface of RHA possesses a membranous fis-
sure and vesicular nature, which has a plate-like morphology. On the other hand, in the
FESEM images of DES-RHA, the agglomerated masses are attached due to hydrogen bond-
ing among ChCI and glycolic acid. This provides evidence of the capability of DES to func-
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tionalize RHA without changing physical and chemical properties with non—destructive way.
The irregular agglomerations can be perceived for bare RHA while DES-RHA exhibited
fewer agglomerative behaviour, which recommends a superior distribution and a greater per-
formance of the DES-RHA adsorbent for OFL removal. There is not any type of definite
damage to the structure or morphology after treating the RHA with DES. After adsorption, all
the porous surfaces are completely occupied with OFL molecules, as shown in Fig. 5.7 (e, f).
The EDX test of washed and dried RHA was performed to analyze its elemental composition
and is presented in Table 5.1.

Table 5.1. Elemental analysis of used rice husk ash.

Elements C Na Mg Si K Ca O
Weight | 11.78 | 0.17 0.10 | 34.14 | 0.34 0.17 53.3
%

Results revealed the presence of different elements such as silica, calcium, sodium, magnesi-
um, potassium, carbon and oxygen. Nevertheless, the highest inorganic constituent present in
RHA was silica after oxygen.
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Fig. 5.7. FESEM images for bare RHA (a, b), FESEM images for DES-RHA (c,
d), FESEM images after adsorption of OFL (e, f).

For a better understanding of the morphology of RHA and DES-RHA, high-resolution imag-
ing was also recorded. It provided evidence of a successful functionalization of DES over
RHA. As shown in Fig. 5.8, in contrast to the TEM micrographs of RHA samples (a), the im-
ages of DES-RHA clearly showed a dark texture of DES uniformly covering the entire RHA
surface. This uniform distribution of DES activated the surface particles and sorted them to-
gether in a uniform manner throughout. Hydrogen bonding onto the RHA surface completely
treated the rice husk ash, as shown in Fig. 5.8 (d) and (e). The presence of dark black spots
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determines how deep the effect of DES penetrated the rice husk ash matrix without any ag-
gregation. These TEM observations are in agreement with the results from the different char-

acterization results discussed above.

51/nm

(f)

Fig. 5.8. HR-TEM images and SAED patterns of RHA particles (a, b, ¢), HR-TEM im-
ages and SAED patterns of DES-RHA (d, g, f).
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5.4. BATCH ADSORPTIVE REMOVAL OF OFL FROM ITS AQUEOUS SOLUTION
BY DES-RHA

5.4.1. Optimization of operating conditions

The influences of DES-functionalized RHA dosage, solution pH and adsorption time for the
uptake of OFL drug were examined by performing batch adsorption studies. For comparison,
results for bare RHA were also represented for all experimental conditions. The effect of dif-
ferent parameters was evaluated, and the experimental condition was optimized. The experi-
ments were repeated twice, and a good reproducibility was achieved with a 5% of average

standard deviation.

5.4.1.1. Effect of RHA and DES-RHA dose on OFL removal

The influence of adsorbent dosage on OFL removal efficiency was evaluated for DES-RHA
and RHA both, by maintaining remaining variables constant (C, =25 mg/L, pH = 2, time
period = 720 min). Fig. 5.9 represents the % OFL removal with varying adsorbent dosage. An
increase in adsorbent dosage leads to increasing active site concentration, which helps to en-
hance the OFL elimination up to a definite range and thereafter, the removal rate became
nearly stable. At dose > 2 g/L for both adsorbents, the gradual OFL removal becomes ex-
tremely less as the OFL antibiotic amounts on the adsorbent and in the bulk, solution ap-
proaches equilibrium with each other . Furthermore, DES-RHA represented
high removal efficiency, with 77.03% of the OFL using the DES-RHA dose of 2 g/L. On the
other hand, at a 2 g/L dose of RHA, the % removal was only 51.51%. Opposite to this, g, de-
clines as the amount of adsorbent increases (not presented here). Consequently, 2 g/L dosage
of DES-RHA was optimum; thus, all the further experimental studies were performed with 2
g/L dosage for DES-RHA and RHA both for OFL removal.
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Fig. 5.9. % OFL removal with varying adsorbent dosage at C, = 25 mg/L, pH = 2, con-
tact time = 720 min.

5.4.1.2. Influence of pH on removal efficiency

The solution pH plays a prominent role in the adsorption process because it can affect the up-
take capacity of the adsorbent. The removal of OFL by DES-RHA and bare RHA was deter-
mined at distinct solution pH (2 to 10) by keeping other variables constant (C, = 25 mg/L,
the dosage of adsorbent = 2 g/L, time period = 720 min), and the OFL deduction percentage

is illustrated in Fig. 5.10.
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Fig. 5.10. Effect of solution pH on adsorptive uptake of OFL at €, = 25 mg/L, dose =2
g/L, contact time = 720 min.
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It can be seen that for DES-RHA, with enhancement in pH up to 4, the OFL removal (%) is
close to = 70 %. Nevertheless, when pH increased beyond 4, the OFL uptake started rising,
being maximum (= 77%) at pH = 6.5. Moreover, for pH > 6.5, the OFL elimination (%) was
found to reduce and becomes nearly constant to ~ 61 % at all pH beyond pH = 8. For bare
RHA, the maximum OFL removal (%) of = 59 % was observed at pH = 2. However, for all
the pH > 2, a continuous decrease in performance was observed. This variation in perfor-
mance can be attributed to DES functionalization. The acid dissociation constants for Ofloxa-
cin (OFL) are 6.08 (pKa;) and 8.25 (pKay). Therefore, OFL is mainly cationic (OFL") for pH
< 6.08 and anionic (OFL") for pH > 8.25. In-between (6.08 < pH < 8.25), the OFL is a zwit-
terionic compound (OFL°) . Further, in the aqueous solution of OFL, the
distribution of different forms of OFL is not very sharp, and OFL° formation starts from pH =
4.0 and OFL starts from pH = 6.5.

Because DES used in this work is a combination of glycolic acid and ChClI, so it indicates
high electronegativity due to the existence of CI ion. As displayed in Fig. 5.10, for pH less
than 4, OFL removal is the result of electrostatic forces within DES and OFL". As pH rises
more (pH > 4), the OFL particles begin to achieve zwitterionic form, and at this pH value (4
< pH < 6.5), electrostatic relationships between DES and OFL reduces because of the few
opportunity of OFL", and adsorption is directed by H-bonding within OFL° and DES-RHA
combination as shown in Fig. 5.11. This occurs because of the reality that, DES has great H-
bonding chances while the adsorbate nature is zwitterionic . Beyond pH >
6.5, the development of OFL" starts, and subsequently the sorption due to H-bonding weakens

causing diminished OFL elimination (%).

143



.J-‘
4
@’ J L :
¥ 3 'JJ — =1
$3 J J DES Ilé:H‘)KﬁJII
L % 3 ’“J A Hydrogen
& J.i '3 Bonding
J'.i‘, 4 '-xl_“ “
* X
r i
DES — RHA OFL CH?/“HJ-J T~ ch,

Fig. 5.11. Schematic representation of adsorption mechanism for OFL over DES-RHA
via H-bonding.

It is concluded from the outcomes that the highly acidic and nearly neutral pH favours the
OFL removal, whereas, at alkaline pH lower OFL removal (%) occurred in both the bare
RHA and DES-RHA system. As a result, in the present work, it is proposed that adsorption
studies of both adsorbents (RHA and DES-RHA) are pH dependent and performed the major
role in the adsorption of OFL. The DES—RHA presented greater removal (77.03 %) than bare

RHA. Finally, natural pH range (6.5) was selected for all experiments in this study.

5.4.1.3. Effect of time period on removal efficiency

Fig. 5.12 represents the influence of adsorption time on OFL uptake of DES-RHA and RHA
adsorbents. The optimum dose of adsorbents (2 g/L) and pH (6.5) was considered for the
study of the effect of time. The time profile of adsorption (Fig. 5.12) represents that adsorp-
tion of OFL on DES-RHA was fast. The results showed that OFL uptake increased during
the first 480 min and reached the maximum because of the available vacant active adsorbent
sites and after 480 min, the adsorption reached an equilibrium state

. From BET analysis results, it is evident that surface area and pore volume of RHA is
more than DES-RHA, but the adsorption performance of DES-RHA is superior to RHA. It
indicates that the trapping of OFL in pores is not the main adsorption mechanism. Thus, this
quick adsorption observed can be attributed to the attraction force among the OFL and DES—
RHA (electrostatic interaction among the positively charged adsorbent surface and the nega-
tively charged molecules of OFL at their respective pH).
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Fig. 5.12. Effect of contact time on adsorptive uptake of OFL at €, = 25 mg/L, dose = 2
g/L, pH =6.5.

5.4.2. Kinetic representation

Analyzing the adsorption kinetics is an essential step, to estimate the removal rate of OFL
from the water ecosystem and to explore the adsorption procedure. Fitting of experimental
findings to the pseudo-first-order and pseudo-second-order kinetic models were performed
using nonlinear regression. The data sets and fittings are represented in Fig. 5.13, where the

adsorption capacities are plotted against time.
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Fig. 5.13. Pseudo-first and second-order adsorption kinetics at different initial concen-
trations.

The correlation coefficients, R* found a good fit with the studied data to the pseudo-first-
order and pseudo-second order kinetic studies and resultant model variables are given in Ta-
ble 5.2. While matching the correlation coefficients R? values, it demonstrated that for pseu-
do-second-order it was close to unity (R?> = 0.99), which indicates that sorption of OFL on
DES-RHA follows pseudo-second-order. The results of the kinetic study indicate that the
sorption procedure doesn’t only depend on electrostatic interactions within adsorbate and ad-
sorbent, but on other mechanisms as well (hydrogen bonding)

Table 5.2. Kinetic parameters for adsorption of OFL by DES functionalized RHA (m =
29/ L, t=720 min and pH = 6.5, orbital shaking at 150 rpm, incubation at 303 K).

Co(mg/L)
10 25 50
Pseuso first order
Ks (min'l) 0.0077 0.0051 0.0079
Ueexp (mg/ g) 3.54 9.60 14.06
Qe.cal (MQ/Q) 3.04 9.85 13.47
R? (non-linear) 0.982 0.993 0.986
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MPSD 59.81 31.15 35.93

Pseuso second order

ks (g/mg/min) 0.00144 0.00053 0.0007
h (mg/gmin) 0.029 0.075 0.18

Je.cal (MQ/Q) 4.46 11.89 15.80
R? (non-linear) 0.991 0.992 0.992
MPSD 35.95 28.07 36.25
Weber Morris

k;41 (mg/g/min) 0.1588 0.4237 0.5529
I4 0.1413 0.0582 1.915
R? 0.986 0.9958 0.9928
kiq4> (mg/g/min) 0.0184 0.1031 0.0761
I, 3.0668 6.9018 12.086
R? 0.9375 0.9628 0.8184

To analyze the diffusion mechanism during the adsorption process of OFL on DES-RHA,
The intra-particle diffusion (IPD) model was used to investigate the rate governing steps in

the adsorption process. The use of Weber and Morris plot; g versus t'/2

(Fig. 5.14) approves
that adsorption is solely controlled by internal diffusion if the graphs represent linearity and
crosses via origin. The mechanism of the OFL adsorption on DES-RHA is explained in two

steps as shown in Fig. 5.14.

15

€10 mg/L
1 m25mg/L

10 - A 50 mg/L

=)
>
£
& 5
O W

0 10 20 30
Time®> (min©?)

Fig. 5.14. Weber-Morris plot g; versus t for OFL treatment by DES-RHA.
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Where the first step shows the rapid sorption rate because of the presence of a higher no. of
active sites on the adsorbent surface. It is called as intra-particle diffusion process

. Further, intra-particle diffusion diminishes and attains the final equilibrium stage
of adsorption as shown by the second linear segment in the figure. This portion of the graph
represented the equilibrium diffusion mechanism where OFL molecules slowly diffused
through the pores of the DES-RHA and was adsorbed by its internal surfaces. Thus we can
say that the adsorption mechanism of OFL follows a multistep mechanism. The magnitude of
intra-particle diffusion variables is shown in Table 5.2. Where the obtained values of con-
stants k;q, and k;4, increases with initial OFL concentration because of enhancement in
driving force for adsorption process. Furthermore, the linear lines do not cross across the
origin. Thus, it is concluded that in the adsorption of OFL on DES-RHA intra-particle diffu-

sion is not the sole rate-limiting step but surface adsorption also plays its role in sorption.

5.4.3. Equilibrium isotherms

The adsorption of the OFL on DES-RHA at several temperatures and concentrations was ex-
amined and is represented in Fig. 5.15. The equilibrium data were well suited with the Lang-
muir, Temkin, RP and Freundlich isotherm models, and the related constraints are listed in
Table 5.4. It is recognized from Table 5.3 that except Freundlich isotherm model, all other
isotherm models fitted well with the experimental data with the high correlation coefficients
(R?>0.99). The better fitting of experimental data with the Langmuir isotherm model as com-
pared to Freundlich indicates that DES-RHA surface had a large number of adsorption active
sites and the adsorption process of the OFL was dominated by monolayer adsorption

. It is observed from Fig. 5.15, that the interactions between OFL on DES-RHA
was related to reaction temperature. The sorption ability of the OFL improved with the in-
crease of reaction temperature, demonstrating that high temperature is best for enhancing the

adsorption capacity.
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Fig. 5.15. Langmuir, Tempkin and RP isotherm models (a, b, c) plot of OFL sorption on
DES-RHA.

Table 5.3. Langmuir, Redlich-Peterson (R-P) and Temkin isotherm parameters for the
adsorption of ofloxacin (OFL) by DES functionalized RHA (m =2 ¢g/L, t = 720 min and
pH =6.5).

ISOTHERMS
. _ q m K LCe
Langmuir de “1IiK C_ K _C.
T (K) K (L/mg) dm(Mg/g) R CHI?
288 K 0.058 25.097 0.995 0.183
303 K 0.063 30.249 0.990 0.549
318K 0.063 35.769 0.993 0.516
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1/n

Freundlich 9e = KpCe
T(K) Ke(mg/g) (L/mg)*" 1/n R? CHI?
288 K 2.614 0.509 0.98 0.99
303 K 2.850 0.551 0.98 1.31
318 K 3.492 0.548 0.97 1.67
_ K RCe
Redlich-Peterson e = 1+ agC/Z
T(K) Kr (L/g) ar (L/mg)"? B R? CHI?
288 K 1.407 0.046 1.046 0.995 0.179
303 K 2.058 0.091 0.929 0.991 0.536
318K 2.344 0.053 1.063 0.993 0.424
Temkin RT
.- (5) k. C)
T(K) Kr(L/mg) Bt (J/mol) R’ CHI?
288 K 0.606 5.419 0.998 0.1
303 K 0.697 6.395 0.992 0.317
318K 0.795 7.232 0.996 0.228

5.4.4. Thermodynamics

The calculated thermodynamics constraints are mentioned in Table 5.4. The -ve value of AG®
at each reaction temperature directed that adsorption of OFL on the DES-RHA surface was
instantaneous in nature and thermodynamically favorable. Usually, when the AG® value rang-
es between -20 kJ/mol to -40 kJ/mol it indicates that the adsorption process is physisorption
by nature. On other hand, when the AG® values less than -40 kJ/mol then it follows the chem-
isorption adsorption process. The determined values of AG® are close to -20 kJ/mol, demon-
strating that the adsorption mechanism of OFL on DES-RHA is by physisorption. The de-
crease in AG® value with the enhancement in temperature from 288 K to 303 K indicated, in-
crease in adsorption efficiency at high temperatures. Moreover, the +ve value of parameter
AH?° established the endothermic nature of OFL adsorption onto DES-RHA. Furthermore,
the increase in the randomness of the adsorbates molecules at the liquid-solid interface was
approved by the positive AS® values . Thus, from the thermodynamic study, it
can be determined that the sorption of OFL on DES-RHA was endothermic and spontaneous

by nature.
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Table 5.4. Thermodynamics parameters for the adsorption studies of ofloxacin (OFL)
by DES functionalized RHA (m =2 g/L, t = 720 min, C, = 10-100 mg/L and pH = 6.5).

-AG®  AS®  AH? 1

Thermodynamic Parameters InKp = ———=
RT R R T
T(K) Kx10°(L/kg) AG° (kJ/mol) AH® (kd/mol)  AS® (J/mol)
288 K 2151.425 -18.375
303K 2050.013 -19.210 27.454 157.481
318K 6478.243 -23.203

5.4.5. Reusability of DES-RHA

The exhausted DES-RHA represented very good regeneration behavior (Fig.5.16). After 3
adsorption-desorption cycles, the OFL uptake of DES-RHA was reduced slightly at lower
regeneration temperatures. While regenerating at 100 °C, 150 °C and 200 °C temperatures the
reduction in removal percentage of OFL after 3 cycles were 14.2%, 18.2% and 26.1% respec-
tively. With the rise in regeneration temperature, a decrease in the removal efficiency of OFL
was observed. It may be because of the reduction in the active sites of the DES—-RHA surface
or slight degradation of DES at high temperatures. These results confirm that DES—-RHA has
good recycling ability and can be reused repeatedly for the removal of pharmaceutical wastes

from industrial effluents.
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Fig. 5.16. Regeneration tests for heat treatment at temperatures of 100, 150 and 200 °C.
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5.4.6 Comparative study

The adsorption capacity of DES-RHA was compared with different types of earlier used
sorbents for OFL uptake. Table 5.5 represents the OFL removal capacity of DES—-RHA with
other sorbents reported in the literature. From this study, it is practical to recommend DES-

RHA as an appropriate adsorbent for the removal of pharmaceutical waste.

Table 5.5. Comparison of DES-RHA with previously studied adsorbents.

Adsorbents Removal References
Zeolite 50%

Titanium oxide 65%

CNTs 20-70%

ZnO nanoparticles 70%

DES-RHA T1%

Carbon Nanotubes (CNTSs) 20-80%

Moringaoleifera pod husk (MOP) 90.98%

HCl-treated sawdust (SD) 96%

5.5. CHARACTERIZATION RESULTS

5.5.1. Surface chemistry analysis (FTIR)

FTIR spectroscopy analysis was performed to recognize the intensities and functional groups
existing on the adsorbent surface. Understanding functional groups of adsorbent are quite im-
portant because they govern their surface properties. The FTIR spectra of synthesized DES
were performed to identify the hydrogen bonding between HBD and HBA and are shown in
Fig. 5.17. (inset). The spectra represent characteristic broadband at 3292 cm™* wavenumber,
and this designates hydrogen bonding between the glycolic acid and ChCI in the DES. At
lower wavenumber, three peaks at regions 1744, 1173, and 1088 cm * were detected. It con-
firms that the carbonyl group of glycolic acid and hydrogen bonding between the OH group
of glycolic acid and CI" of ChCl
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Fig. 5.17. FT-IR spectra of DES-PSSAC, DES-PSSAC loaded, PSSAC and DES (inset).

Besides, FTIR spectra of bare PSSAC were also generated and are depicted in Fig. 5.17. The
PSSAC consists of various lipids, proteins, and polysaccharides comprising many functional
groups like hydroxyl, amino, carboxyl, sulphydryl, phosphate, and sulphonate can act as
binding sites for DOX molecules. The spectrum of PSSAC has a peak at 3024 cm™, which is
ascribed to the presence of a free and hydrogen-bonded OH group. Peaks at 2923 cm™ (—CHj
stretching), 1740 cm™ (—C=0 stretching), 1596 cm™ (~CO-NH bonding vibrations), 1215 cm’
! (—~C—N stretching vibrations), 959 cm™ (-COOH vibrations) and at 483 cm™ (due to exist-
ence of alkyl and alkynes halides bending vibrations) were observed. The strong bands were

seen at 2923, 1740, 1215 and 483 cm™ mainly participate in the adsorption process

To discover the changes in the surface characteristics of PSSAC after functionalization and
DOX loading, FTIR spectra of DES-PSSAC and DOX loaded DES-PSSAC were generated
and are shown in Fig. 5.17. The DES-PSSAC showed almost the same characteristic peaks in
the FTIR spectrum as the bare PSSAC, which indicates that various lipids, proteins, and pol-
ysaccharides remain intact during the processing steps to form DES-PSSAC. The FT-IR
spectrum of DES-PSSAC shows the various major peaks at 2920, 1736, 1215, and 488 cm™.
Peaks at regions 2920 cm™ and 1736 cm™ could correspond to the presence of stretching in -

NH, groups and the existence of stretching in the —C=0 and -COOH groups
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Furthermore, after the adsorption of DOX, strong and long absorption bands at 3000-3600
cm™ with a maximum at near 3443 cm™ are attributed to O—H stretching vibrations of hydro-
gen-bonded hydroxyl groups. Some new peaks seen at 3443, 2918, 2031, 1626, and 1035 cm’
! were also found on the spectrum (Fig. 5.17). Other peaks could be attributed at 2031 cm™
for NH- stretching and 1035 cm™ for —C—O stretching. One strong band is also seen at about
1626 cm™ due to C=C vibrations in the aromatic region

. According to the results, it can be perceived that some peaks were shifted or disap-
peared, and certain new peaks were also detected while comparing the loaded DES—PSSAC
spectrum with DES-PSSAC and bare PSSAC. These changes demonstrate the possible con-
tribution of all the functional groups on the surface of the DES-PSSAC in the adsorption
process. Both new and shifted peaks might be due to the formation of bonds between DES—
PSSAC and DOX molecules.

5.5.2. XRD analysis

X-ray diffraction (XRD) patterns and phase analysis of DES—PSSAC and DOX loaded DES—
PSSAC was studied. The intensity of diffracted X-ray plotted against 2 theta angle for both
are represented in Fig. 5.18. The diffraction patterns for the samples showed strong, broad
peaks between 20°to 30° (20) for DOX-loaded and unloaded DES-PSSAC. The results indi-
cated the presence of smectite, kaolinite, ilitite, and quartz. This was determined by the inten-
sity of peaks that represents the amorphous and microporous nature of the adsorbent. Also,
the existence of aluminophosphates and smectite was formed due to the occurrence of ele-
ments as SiO,, TiO,, K,0, Fe,03 and CaO, on the adsorbent surface

. Moreover, due to the introduction of DOX into the DES-PSSAC matrix, two addi-
tional peaks at slightly higher 20 (around 43.50° and 84.56°) causing deformation of kaolinite,
ilitite, and aluminophosphates compound bond on to the adsorbent surface. These were some
deviations observed between the DES—PSSAC and DOX loaded DES—PSSAC.

5.5.3. BET surface area and FESEM

The Brunauere Emmette Teller (BET) surface area and Barrette Joynere Hanlenda (BJH) ad-
sorption/desorption surface area of DES—PSSAC was found to be 629.90 and 322.82 m?/g,
respectively. The average BET pore diameter was found at 2.19 nm, indicating that DES—

PSSAC is microporous and an appropriate adsorbent for the adsorption of DOX antibiotic.
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Fig. 5.18. X-ray diffraction (XRD) analysis of DES-PSSAC and DES-PSSAC loaded.

FESEM images of bare PSSAC, DES functionalized PSSAC and DOX loaded DES-PSSAC
are shown in Fig. 5.19 (a), (b), and (c), respectively. These were studied to detect the surface
morphologies before and after functionalization and adsorption. Fig. 5.19 (a) shows that the
whole surface of bare PSSAC was covered with dark black colour cavities. After modifying
PSSAC by DES, its deposition on the surface can be observed, as shown in Fig. 5.19 (b). No
categorical change in the morphology or structure of PSSAC was observed after functionali-
zation with DES. This indicates that used DES is capable of modifying PSSAC without com-
promising its basic structure. Before adsorption, DES-PSSAC possesses several heterogene-
ous pores where there is a good possibility for DOX antibiotic to be trapped and adsorbed.
The surface of DOX-loaded adsorbent Fig. 5.19 (c) shows that the complete surface and
voids are covered with a layer of antibiotic . Therefore it confirms, the
better dispersion and higher performance of DES functionalized PSSAC adsorbent for DOX
uptake.
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Fig. 5.19. FESEM images for PSSAC (a) DES-PSSAC (b) DES-PSSAC loaded (c).

5.6. OPTIMIZATION OF DES AMOUNT FOR PSSAC FUNTIONALISATION

“DES intercalated PSSAC was prepared by modifying PSSAC at different DES modification
levels (2.5 mL/g to 6 mL/g). The adsorption performance of these DES-loaded PSSAC sam-
ples were evaluated for DOX uptake. As shown in Fig. 5.20, adsorption capacity for DOX
increased continuously as DES concentration increased up to 5 mL/g; beyond this DES load-
ing, no further improvement in performance was observed.” This behavior might be due to
unavailability of any sites for functionalization beyond 5 mL/g.
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Fig. 5.20. Uptake of DOX by DES-PSSAC functionalized with different DES loading.

5.7. BATCH ADSORPTIVE REMOVAL OF WASTEWATER COMPRISING DOX
BY DES-PSSAC

5.7.1. Effect of Different Parameters
5.7.1.1. Effect of adsorbent dosage on DOX removal

The effect of DES-PSSAC dosage on the adsorption performance of DOX was investi-
gated at an initial DOX concentration of 25 mg/L, time = 600 min, agitation rate =
150 rpm, pH = 7.5 and temperature = 303 K, with varying adsorbent dosage from 0.1 to
4 g/L.
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Fig. 5.21. DOX removal with varying adsorbent dosage at €, = 25 mg/L, pH = 7.5, con-
tact time = 600 min. (a) Effect of contact time on adsorptive uptake of DOX at €, = 25
mg/ L, dose =2 g/L, and pH = 7.5 (b).

As shown in Fig. 5.21 (a), an increase in adsorbent dosage resulted in increased DOX re-
moval up to a certain value and after that the removal efficiency remained almost constant.
The highest removal obtained was 96.22% at an adsorbent dose of 2 g/L. At a dose > 2 g/L,
the DOX removal becomes almost constant as the surface concentration and the bulk solution
concentration of DOX antibiotic come to equilibrium with each other. The enhancement in
removal percentage with an increase in the adsorbent dose by keeping other parameters con-
stant can be accredited to the higher availability of adsorption sites and larger surface area of
the adsorbent. Whereas the amount of free ions in solution remains almost constant

. Opposite to this, the adsorption capacity (q.) decreases
with an increase in the adsorbent dose because of the saturation of adsorption sites during the
adsorption process, where the particle-particle interaction leads to aggregation of solid parti-
cles that decrease in total surface area of the adsorbent (not shown here)
As a result, 2 g/L DES-PSSAC dose was found to be optimum, and further experimental

studies were undertaken with this optimum dose for DOX adsorption.
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5.7.1.2. Effect of contact time on adsorptive uptake of DOX

The effect of contact time is an important parameter, which enables examination of the ad-
sorbent efficiency for wastewater treatment. The time that takes the adsorbent to be saturated
by the adsorbate is the point (time) at which maximum adsorption is noticed. The time-profile
for adsorption of DOX on DES-PSSAC was examined at optimized parameters (adsorbent
dose =2 g/L, pH =7.5, C, = 25 mg/L and temperature = 303 K) and is presented in Fig. 5.21
(b). Results represent that DOX removal efficiency sharply rose during the first 240 min due
to the availability of more vacant active adsorbent sites and then gradually approached a more
or less constant value. Therefore, 240 min time can be assumed to be equilibrium time for
DOX adsorption onto DES-PSSAC

5.7.1.3. Effect of solution pH on adsorptive uptake of DOX

The pH of the aqueous medium is one of the most important controlling parameters of the
adsorption processes that could stimulate the adsorbent's adsorption capacity. The effect of
solution pH on adsorptive uptake of DOX was investigated at different solution pH ranging
from 2 to 12 by keeping rest parameters constant (C, = 25 mg/L, adsorbent dose = 2 g/L,
contact time = 240 min) and the DOX removal efficiency is depicted in Fig. 5.22.
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Fig. 5.22. Effect of solution pH on adsorptive uptake of DOX at C, = 25 mg/L, dose = 2
g/L, contact time = 240 min.

It is evident from the figure that, with an increase in pH up to 4, the DOX removal (%) in-

crement is very less and remains nearly constant to = 85 %. However, for pH > 4, the DOX
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removal (%) was found increasing being maximum (= 96.3 %) at pH = 7.5. Further, for pH >
7.5, the DOX removal (%) was observed decreasing due to the the same charges on DOX and

adsorbent in this pH range.

The molecular structure of DOX shown in Fig. 5.23 represents its amphoteric nature. Due to
the presence of different ionizable functional groups like phenol, alcohol and amino groups,
DOX exist as cations, anions and zwitterion at different pH. There are three acid dissociation
constants for DOX (pKa; = 3.5, pKa, = 7.7, pKaz = 9.5) “DOX is primarily
cationic (DOX™) for pH < 3.5, and anionic (DOX") for pH > 7.7. In between (3.5 < pH < 7.7),
DOX is a zwitterionic compound (DOX®) and at pH > 9.5 it exist as DOX? in solution. DES
which is a mixture of glycolic acid and choline chloride represents high electronegativity due
to the presence of chloride anion. As shown in Fig. 5.22, for pH < 4, DOX uptake is due to
the electrostatic forces between DES and DOX". As pH increases beyond pH > 4, the DOX
molecules start attaining zwitterionic form, and in this pH range (3.5 < pH < 7.7), electrostat-
ic interaction between DOX and DES-PSSAC diminishes due to the less availability of
DOX". Further increase in adsorption efficiency in this pH range indicates that electrostatic
interaction is not the only mechanism of adsorption between DOX and DES-PSSAC. In this
pH range, adsorption is governed by hydrogen bonding between DOX® and DES-PSSAC
system. This happens due to the fact that GC3:1 DES represents high hydrogen bonding op-

portunity when the substrate is in zwitterionic form

OH O OHO

.‘0 )

OI-I_IN

HCI

Fig. 5.23. Molecular structure of Doxycycline hydrochloride.
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The hydrogen bonding mechanism of DOX° and DES-PSSAC is shown in Fig. 5.24. Beyond
pH > 7.7, the formation of DOX" starts, and consequently, the adsorption due to hydrogen
bonding weakens, resulting in decreased DOX removal (%). The above results conclude that
7.5 pH favours the DOX removal. Therefore in the present study, it is suggested that sorption
studies of DOX on DES-PSSAC is pH-dependent and played the predominant role. Finally, a

nearly natural pH value (7.5) was used to carry out further experiments.

Moreover, the FTIR spectra of DES-PSSAC before and after adsorption of DOX are dis-
played in Fig. 5.17. After adsorption of DOX, the peaks of aromatic C=C bonds shifted from
1620 to 1626 cm™, indicating that the m—m electron-donor-acceptor interaction between DOX
and DES-PSSAC was the significant force for DOX adsorption . At alka-
line pH, the deprotonated form of DOX was anionic species. The dominant form of DOX
would be zwitterionic and cationic species at neutral and lower pH, which were both availa-
ble and effective m-electron-acceptors, which could induce strong n-7 electron-donor-acceptor
interaction with the DES—PSSAC.

5.7.2. Representation of adsorption Kinetics and Diffusivity

It is important to explore the adsorption kinetics to predict the rate of removal of DOX from
its aqueous solution and understand the adsorption mechanism. The adsorption kinetics ex-

periments were conducted for three different initial concentrations (C,) 10, 25, and 50 mg/L
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at optimized conditions (m = 2 g/L, pH = 7.5) at 303 K temperature and agitation rate of 150
rpm for 600 min. The kinetic studies of DOX adsorption onto DES-PSSAC were examined
using pseudo 1% order, , pseudo 2" order and intra-
particle diffusion models . The pseudo 1% and pseudo 2" non-

linear kinetic models were calculated by applying Egs. 5.1 and 5.2 respectively.

qp =4dp [1—exp(=K¢t)] (5.1)

Where g, and g, are the amounts of DOX adsorbed (mg/g) at any time (t) and at equilibrium,

respectively, and k is the rate constant (per min).

Pseudo 2" order model is represented as:

_ tksqd (5.2)
At _1+tks Je

Where, k; is the rate constant (g/mg/min).
The initial adsorption rate, h (g/mg/min), is defined as;
h=ksQ’ (5.3)

The experimental results and fitting of the models are represented in Fig. 5.25 (a), where the

adsorption capacities (g, (mg/g)) are plotted against time (t (min)).
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Fig. 5.25. Pseudo-first and second order adsorption kinetics at different initial concen-
trations (a). Weber—Morris plot g; versus t2 for DOX adsorption by DES—PSSAC (b).
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At high DOX concentrations, the enhanced removal efficiency was observed. This was likely
due to the enhanced driving force from the solution to the adsorbent surface, which enabled
the speedy transfer of the DOX to the DES-PSSAC surface.

Table 5.6. Kinetic parameters for adsorption of DOX by DES-PSSAC (m =2 ¢/L, t = 600
min and pH = 7.5, orbital shaking at 150 rpm, incubation at 303 K).

Co(mg/L)

10 25 50
Pseuso first order
ke (min™) 0.0230 0.0661 0.2300
Qe.exp (MO/Q) 4.78 12.02 19.89
Qe.cal (MY/Q) 4.12 12.01 19.89
R? (non-linear) 0.993 0.979 0.991
MPSD 20.551 8.795 3.973
Pseuso second order
ks (9/mg/min) 0.230 0.0159 0.0219
h (mg/g/min) 4.085 2.350 8.74
Qe.cal (MY/Q) 4.21 12.14 19.97
R? (non-linear) 0.997 0.993 1.00
MPSD 10.798 6.335 2.347
Weber Morris
k;41 (Mmg/g min™?) 0.0795 0.136 0.253
14 3.8497 9.481 16.71
R? 0.646 0.940 0.797
k;4» (mg/g min™?) 0.0062 0.0204 0.0296
I, 4.641 11.578 19.246
R? 0.747 0.336 0.541
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The correlation coefficients (R?) obtained by fitting the experimental data to the pseudo 1°
order and pseudo 2™ order kinetic models, and corresponding model parameters are summa-
rized in Table 5.6. While comparing the R® values for both the kinetic models, it indicated
that adsorption of DOX on DES—PSSAC favours 2" order kinetics, because its R* values was
close to unity. These results suggest that adsorption process doesn’t solely depends on elec-

trostatic attraction between DOX and adsorbent, but on other mechanisms also

Furthermore, to determine the rate-controlling step and intra-particle diffusion (IPD) mecha-
nism, Weber-Morris model was adopted . The parameters of the Weber-

Morris model are usually analyzed by the following equation:

q, = kgt /2 + 1 (5.4)

Where k;4: intra-particle diffusion rate constant (mg/g min*?

); I: intercept representing the
boundary layer thickness on DES—-PSSAC. The larger the intercept, the thicker is the bounda-
ry layer. The Weber-Morris model for IPD confirms that the sole rate-determining step is in-

ternal diffusion if the plot of g, versus t'

composed of all data points is linear and passes
through the origin. From the Weber-Morris plot shown in Fig. 5.25 (b), two linear regions
were observed and it did not pass through the origin. This demonstrates that the adsorption
process is governed by more than one mechanism. An initial, steep linear adsorption region

was followed by a steady horizontal adsorption region with different rates.

From Fig. 5.25 (b) it is clear that in the first region where the adsorption capacity of DES—
PSSAC increased sharply the process was controlled by film diffusion/boundary layer diffu-
sion . Due to the capture of DOX molecules by exterior adsorbent sur-
face. In the second region, the DOX molecules successively passed into the pores of DES—
PSSAC and were further trapped by the interior surfaces by equilibrium diffusion mecha-
nism. The values of rate constants of pore diffusion in terms of I; and I, rise as the initial
DOX concentration increases from 10 mg/L to 50 mg/L (Table 5.6). This can be recognized

as the high driving force for sorption associated with the high DOX concentration.
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5.7.3. Adsorption isotherms

The equilibrium adsorption isotherms have been widely applied to explain how adsorbent in-
teracts with adsorbate and also give a complete description of equilibrium concentration in
the reaction system. The batch adsorption isotherm experiments of DOX on DES-PSSAC
were carried out at temperatures of 288 K, 303 K, and 318 K. The initial DOX concentration
was varied from 10 to 100 mg/L at an adsorbent dose of 2 g/L and pH 7.5. Several isotherm
models, Langmuir, Freundlich , Temkin

and Redlich and Peterson were applied to ana-
lyse the equilibrium data from the adsorption isotherm experiments, as given in Egs. (5.5) -

(5.8), respectively.

qe = ks (55)
Qe = gpc, 2/ (5.6)
e - (5-) In(ke C.) )
Ge = To ez 58)

Where ge (Mmg/g) is the specific equilibrium amount of DOX adsorbate; g,, (mg/g) is the max-
imal adsorption capacity of DOX on DES-PSSAC adsorbent; K; (L/mg) indicates the Lang-
muir constant which is correlated with the adsorption energy; C. (mg/L) represents the ad-
sorbate (DOX) equilibrium concentration; Kg (L/mg) is the Freundlich constant which associ-
ates with the adsorption capacity of DES-PSSAC (mg/g); n (g/L) is an empirical constant
that indicates the adsorption effectiveness; By is the variation of adsorption energy (KJ/mol);
kr is the equilibrium binding constant (L/g) corresponding to the maximum binding energy.
Furthermore, Kg and  are the R—P constants; Where the value of B is equal to 1 and the val-
ue of the parameter aRCeﬁ is much bigger than 1. The ratio of Kg/agr indicates the adsorption
capacity and R is the universal gas constant (8.314 J/mol/K). All these parameters of the iso-

therm models were evaluated using nonlinear regressions.
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Fig. 5.26. Langmuir (a) Freundlich (b) Tempkin and R-P isotherm(c, d) models plot of
DOX adsorption by DES-PSSAC at different temperatures.

The adsorption of the DOX on DES-PSSAC investigated at different temperatures and con-
centrations are shown in Fig. 5.26 (a, b, c and d). The parameters obtained by fitting of exper-

imental data into Langmuir, Freundlich, Tempkin and R-P isotherm models are summarized

in Table 5.7.
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Table 5.7. Langmuir, Freundlich, Redlich-Peterson (R-P) and Temkin isotherm param-
eters for the adsorption of DOX by DES-PSSAC (m =2 ¢g/L, t = 240 min and pH = 7.5).

ISOTHERMS
q — q m K L Ce
Langmuir © 1+K.C,
T (K) KL (L/mg) Om (Mg/g) R® CHI?
288 K 0.048 31.166 0.989 0.177
303 K 0.202 27.878 0.988 0.230
318 K 4.189 17.275 0.991 0.413
_ 1/n
Freundlich qde = KpC,
T(K) Ke (mg/g) (L/mg)™ 1/n R? CHI?
288 K 2.188 0.614 1.0 0.02
303 K 8.295 0.307 1.0 0.05
318 K 13.124 0.219 1.0 0.02
q — K RCe
e B
Redlich-Peterson 1+ agC]
T(K) Kg (L/g) ar (L/mg)"'? B R? CHI?
288 K 1.277 0.010 1.337 0.992 0.093
303 K 4.825 0.110 1.123 0.988 0.547
318 K 95.347 5.929 0.839 0.996 0.221
RT
e = (57) In(k: C.)

Temkin

T(K) K+(L/mg) B+ (J/mol) R? CHI?

288 K 6.853 0.496 0.991 0.3

303K 6.361 1.557 0.981 1.185

318 K 3.959 39.354 0.997 0.292
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It is inferred from the results that adsorption data fitted best with the Freundlich and RP iso-
therm models as compared to Langmuir and Tempkin isotherms, thereby suggesting multi-
layer adsorption. The adsorption capacity of the DOX enhanced with the increment in reac-
tion temperature, indicating that high temperature was favorable for the increase of adsorp-

tion capacity. The maximum adsorption capacity (qmax) Was obtained to be 30.35 mg/g.

5.7.4. Thermodynamic study

Temperature is one of the key parameters which can affect the performance of the adsorption
process. The thermodynamic study, can express the change in energy during the adsorption
process and identify the feasibility of the process. The adsorptive behavior of DOX on DES—
PSSAC was evaluated by studying experimental results at different temperature ranges. The
thermodynamic adsorption parameters, changes of enthalpy (AH®), changes in the entropy
(AS°), and changes in Gibb's free energy (AG®) were evaluated because these are the real in-
dicators for understanding the nature and type of adsorption process. These parameters were
determined by the Van't Hoff equation (Eqg. 5.9).

—AGY  AS®  AHO 1
InK; = = ——— =
d RT R R T

(5.9)

Where Kj; is the equilibrium constant, R is the gas constant (8.31