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Abstract

Detection of pharmaceuticals in surface and ground water has become very frequent
worldwide. The elevated concentration of pharmaceuticals is also raising concerns among
researchers. These active organic compounds have become a major concern owing to their
toxicity towards aquatic and human life. Excretion and improper disposal by the manufacturers
are the main contributors. Most pharmaceuticals are found in the aquatic environment in their
original or slightly modified form due to ineffective treatment in the urban wastewater
treatment plants. Various processes have been applied for the degradation of pharmaceuticals.
The formation of toxic metabolites and low mineralization were the main issues to be tackled.
The development of an efficient and economical technique to mineralize
pharmaceutical compounds is the need of the hour. Over the last three decades, advanced
oxidation processes (AOPs) have proven to be an excellent technique for removing refractory
organic compounds from synthetic and real effluents. The hydroxyl radical is generated as the
primary oxidant in most AOPs. The non-selective nature of the AOPs and the prospect of a
high degree of mineralization have made them appealing. Ozone alone has been recognized as
a strong oxidant, and it is capable of degrading recalcitrant organic compounds. Ozone
selectively attacks organic compounds having a high electron density, whereas hydroxyl
radical is a non-selective oxidant, and the latter reacts with a variety of organic compounds.
This work focuses on the degradation of pharmaceuticals synthetic and real industrial
effluents by ozonation system. Three best-selling pharmaceuticals, naproxen, diclofenac, and
ranitidine have been degraded by ozone in the presence of H>O.. To analyze the mass transfer
of ozone from gas to a liquid, volumetric mass transfer coefficients were calculated in pure
water for a pH range of 4-9. Concentration of pharmaceuticals was measured during and after

ozonation by HPLC. Pseudo-first-order rate constants were calculated for all three

il
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pharmaceuticals. Effect of pH (i.e, 4 — 9), ozone dosage (i.e., 0.44 — 0.50 mg s7'), initial drug
concentration (i.e., 50 — 125 mg dm™), and hydroxyl radical generation were assessed for
ozonation process. The contribution of hydroxyl radicals in the degradation process was
analyzed in a scavenging agent. Metabolites formed after ozonation were identified with the
help of HR-LCMS. Probable mechanisms of their formation were predicted for all drugs. At
pH 9 and 48 — 50 mg s~! ozone supply, all three drugs were completely removed in less than
10 min. Degradation follows the pseudo-first-order reaction rate for NPX, DCF, and RNT, with
rate constants ranging from 0.043 to 0.0979 min~'. A model had been developed to analyze the
effect of operation parameters on the rate of degradation. Decarboxylation, dichlorination, and
hydroxylation are the major mechanisms involved in the degradation process.

After achieving efficient degradation of NPX, DCF, and RNT in ultra-pure water, a
separate set of experiments was conducted in wastewater to ensure the degradation of drugs in
real systems. The present study focused on degrading real pharmaceutical industrial effluent
efficiently and economically. Real pharmaceutical industrial effluents were procured from two
leading drug manufacturers in India. Characterization of effluents revealed that it contains
mainly anti-cancer, anti-psychotics, anti-depressants, painkillers, and antibiotics. Water quality
parameters were estimated for raw effluents, i.e., COD, TSS, TDS, color, alkalinity, ammonia,
phenolic contents, etc. In the case of the first effluent, ozonation was used as a pre-treatment
followed by adsorption by activated char. COD removal efficiencies were in the range of 75 —
88.5% in 3 h by ozonation. The minimum value of COD for the hybrid process achieved was
190 mg dm™. Recalcitrant metabolites were formed, which were removed by adsorption on
activated char.

Ozonation was used as a post-treatment technique for the second effluent, and

coagulation was used to remove TSS as pre-treatment. Coagulation with FeCl3.6H20O removed

v
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10% COD and 63% TSS at optimum circumstances. At pH 11, Oz + H202 removes 91.6% of
COD. After the treatments, no toxicity was discovered in any effluent.
In the present work, synthetic and real effluents pharmaceuticals were successfully

degraded by ozonation techniques.
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Chapter 1

Chapter I

Introduction and Literature Review

This chapter represents a general outline of the wastewater released from the pharmaceutical
industries and its treatment techniques. The characteristics of the wastewater, its fate in the
aquatic environment, and the health hazards created by its presence are discussed in detail.
Advanced oxidation processes and their use in wastewater treatment are also reviewed. A
literature review of the AOPs for each target compound and pharmaceutical wastewater is

summarized. The objectives of the present research work are also defined.

1.1. Background

Advances in lifestyle and disease profiling have resulted in a shift in medication use patterns.
In 2020, the worldwide pharmaceutical industry was valued at USD 1265.2 billion, with a
projected growth rate of 3-6% by 2024 [1-3]. Figure 1.1 presents the global market of
pharmaceuticals for the last 20 years [1-3]. An increased sale of antibiotics was also recorded
due to the ongoing breakout of COVID-19. 216 million excess doses of antibiotics were sold

between June and September 2020 in India [4].
This picture is ommited due to copyright issue
Figure 1.1. Revenue of the pharmaceutical industries in last 20 years around the world [1-3].

Pharmaceutical plants are considered low-volume, high-value, and multi-product,
which generally use the batch process for production. Various types of catalysts, solvents,
reactants, and water are involved in the production processes. The impurity present in the drug

is the major cost-deciding factor, which makes the separation and purification steps vital.
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Ultrapure water is used as the extractant and solvent for purification. It cannot be reused due
to the strict regulations for the purity of the drug. The discharged water from the pharmaceutical
industries contains non-biodegradable recalcitrant organic substances, which have high toxicity
towards aquatic and human life. The ratio of treated and untreated wastewater discharged

worldwide is shown in Figure 1.2.

This picture is ommited due to copyright issue

Figure 1.2. The ratio of treated and untreated wastewater discharge [Source: UNEP-GPA,

2004].

60 — 80% of the prescribed pharmaceuticals are excreted as parent drugs, and they make
their way to the sewage treatment plants and environment [5]. Most of the pharmaceuticals are
found in the aquatic environment in their original or slightly modified form due to the
ineffective treatment in the wastewater treatment plants (WWTPs) [6,7]. The primary concern
is that the effluent from the pharmaceutical industry contains many antibiotics, which can
develop resistance in pathogens and mammals. According to a survey conducted by World
Health Organization (WHO), 7 lac people die every year due to anti-microbial resistance, and
the fatality can increase up to 10 million by 2050 [8]. The main contributors to pharmaceutical
contamination in the surface and groundwater are lenient regulations for the treatment,
improper disposal, and inefficient removal technologies. Pharmaceuticals were first detected
as a pollutant in the aquatic system in 1970 [9]. Nowadays, pharmaceuticals are frequently
detected in freshwater bodies such as lakes, ponds, and rivers around the world [10-13].
Several researchers [ 14—17] have detected pharmaceuticals in the ground and surface water in
the range of 15 — 1200 ng dm=3. Although the amounts of pharmaceuticals were in the range of

90 — 31000 pg dm=, the chronic effects of these compounds were caused by their long-term
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exposure [18,19]. The current situation predicts that the number of deaths due to anti-microbial
resistance will surpass the combined number of deaths due to cancer and diabetes. Villages
adjacent to the pharmaceutical industries are in alarming condition due to the highly
contaminated groundwater, which leads to serious health problems such as cancer, miscarriage,
and skin disorders [20]. There are many confirmed cases of fish death in the water bodies and
resistance developed in humans towards antibiotics [20].

For the past two decades, active organic compounds in aquatic bodies have drawn many
researchers' attention. A robust, efficient, and cost-effective technology is needed to overcome

the inefficiency of conventional wastewater treatment methods for removing pharmaceuticals.

1.2. Pharmaceuticals in wastewater: sources, occurrence, and fate

Due to the extensive use of pharmaceuticals, their demands have been increasing for the past
two decades. Industries have been adopting unethical ways of wastewater disposal and
treatment to meet the demands. The effluent generated after one process needs to be discarded
to retain the qualitative parameters of drugs produced. Continuous discharge of effluent creates
problems in the treatment of wastewater. It is also essential to characterize the wastewater and
recognize its components before applying the degradation techniques. The nature of
wastewater generated is not uniform due to the vast variety of pharmaceuticals produced,
various solvents, and different processes [21]. On the other hand, pharmaceutical residues
present in urban wastewater show recalcitrant behaviour towards the wastewater treatment
facilities [22]. Hence, they make their way out either untreated or in slightly modified form.
Apart from industrial pharmaceutical wastewater, contamination of surface water,
groundwater, and soil occur by various pathways from several sources. Figure 1.3 shows the

possible ways of pharmaceutical contamination in surface and potable water.

This picture is ommited due to copyright issue
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Figure 1.3. Possible pathways of pharmaceutical contamination in surface and groundwater.

The reliability of global healthcare on the pharmaceutical system is increasing day by
day. The major factors behind the higher pharmaceutical usage are increasing population,
higher disease profiling, and a constantly-growing market. Increased healthcare activities have
led to the generation of large quantities of hospital wastewater. Hospital wastewater contains a
higher amount of antibiotics, analgesics, steroids, and gene modifiers than household
wastewater. These effluent streams can act as a threat due to improper handling and partial
treatment. Reports from WHO suggest that the requirement of water is 40 — 60 dm? d-! for each
in-patient in well-functioned healthcare units. For operating theatres, the water usage can
increase up to 100 — 400 dm? d-! [23,24].

Cattle manure is often used as solid and liquid fertilizers, and it may contain veterinary
pharmaceutical residues. Residues present in soil can further leach into the groundwater.
Pesticide sprays and agricultural runoff water from contaminated soil can contaminate
surrounding water bodies. Recycling treated wastewater for irrigation purposes also contributes
to the contamination of pharmaceuticals into groundwater. It is reported that 200 million
hectares of land are irrigated with treated or raw wastewater worldwide [25]. Treated effluent
from the wastewater treatment plant is disposed of into sewer or surface water bodies. These
treated streams can have pharmaceuticals and their metabolites and can act as the source of
contamination. Expired and unused therapeutic doses of drugs and personal care products are
sometimes thrown out in the garbage, sewer, and household drains [26], which can make their
way to potable and surface water in their original or slightly modified form.

Currently, there is no law or regulatory guidelines enforcing the upper limit of the

concentration of these contaminants in effluents, surface, and groundwater. However, studies
4
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reporting frequent detection of pharmaceuticals in the surface and groundwater are drawing the
attention of the government. In the United States, a preparatory regulation was brought into
action to eliminate the invasion of endocrine disruptors in wildlife and people [27]. The Water
Framework Directive and its amended versions have outlined 45 priority substances and ten
variable harmful substances to assess the risk imposed by them [28]. Further, European Union
(EU) also restricts the upper limit of pharmaceuticals in surface water (10 ng dm=>) and soil (<
1 ngkg™"). Metabolites formed after the treatment of pharmaceuticals can also impose a higher
risk than the parent compound itself. Thus, the presence of metabolites is also regulated by
WHO and EU [29]. Various pharmaceuticals such as diclofenac (DCF), ibuprofen (IBF),
carbamazepine (CBZ), atenolol, naproxen (NPX), and erythromycin were categorized as the

prime contaminants in the water cycle by the Global Water Research Coalition [30].

1.3. Characteristics of pharmaceutical wastewater

Characterization of a pharmaceutical effluent is crucial for understanding its composition
before applying the treatment techniques [61]. Pharmaceutical industries produce various
products. Thus, the effluents discharged are usually different in nature. They may contain a
variety of antibiotics, lipid regulators, hormones, solvents, phenol, and micro plastic used for
packaging. Generally, the organic content of the effluent is more than its inorganic content.
These effluents may also contain micro plastics, PVC, and nano-particles, which have
endocrine-disrupting and gene-altering effects on aquatic organisms [62].

Various studies have found that the pharmaceutical industry effluents not only contain
active pharmaceutical ingredients but are also laced with various solvents, metabolites,
impurities, catalysts, and raw materials used [61,63]. Figure 1.4 exhibits the types of pollutants
present in pharmaceutical wastewater. Table 1.2 summarizes the characteristics of industrial,

pharmaceutical wastewater [21].
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Figure 1.4. Pollutants present in pharmaceutical effluents [21].

1.4. Health hazards due to pharmaceutical contamination

Traces of pharmaceuticals in potable water and the active food chain pose a great risk to
humans. One of the major concerns is the increasing anti-microbial resistance (AMR) cases.
AMR can be defined as the resistance developed by the bacteria, fungi, viruses, and parasites
against medication, making infections difficult to treat. As a result of AMR, antibiotics and
other medications become ineffective towards infections, and they can cause severe illness,
spread disease, and fatalities.

In 2014, WHO had raised a concern over growing AMR. Other health experts also
warned that we are entering a "post-antibiotic era,” resulting in millions of deaths per year. In
India, particularly, the most vulnerable elements of society are suffering because of the rising
AMR. The Washington-based Center for Disease Dynamics, Economics, and Policy published

its first 'State of the World's Antibiotics' report in 2015, noting that 58,000 infants had died in
6
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India in 2013 as a result of drug-resistant bacterial infections [64]. Pharmaceuticals' probable
source and fate must be considered in the regulation and environmental risk assessment
strategy. The formation of non-extractable residues (NERs) causes the pharmaceuticals to
dissipate to other natural sources [65]. NERs are the main reasons for increased bio-availability,
bio-magnification, and bio-accumulation of pharmaceuticals in plants, mammals, animals, and
soil. The pharmaceuticals' ability to amplify and bio-accumulate has been studied in top food
chain members such as top predators, large mammals, predatory fish, and birds of prey.
According to a report, the most vulnerable species to the pharmaceuticals were found in the
Arctic region, such as polar bears, polar foxes, and whales [66].

IBF is proven to pose a risk of chronic toxic effects on aquatic organisms and hinder
postembryonic development in the amphibians [6,67]. NPX and ketoprofen are harmful in the
aquatic environment [6,67]. Reduction in hemacrotic values in fishes and Asian vultures are
reported due to contamination of DCF [67—69]. Unwanted doses of ciprofloxacin affect the
lungs and kidneys of humans [6,67]. Resistant bacterial strains can harm both terrestrial and
aquatic creatures due to the presence of azithromycin [67,70]. Traces of atenolol can hamper
embryonic stem cell growth in humans [71,72]. Propranolol can slow down the process of cell

regeneration [67,72].

1.5. Treatment technologies for pharmaceutical removal

It is a well-established fact that pharmaceuticals are increasing their presence in the surface
and groundwater. An efficient removal technique should be prioritized inasmuch as the
conventional techniques are failing. The composition of wastewater is the key factor for the
selection of the removal technique. Various conventional and modern techniques are described

in the sub-sections that follow.

1.5.1. Activated sludge process
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This is one of the most common methods used in municipal wastewater treatment facilities. In
this process, sludge laced with microorganisms is mixed with wastewater to degrade the
carbon-containing organic matter. This method is designed to target organic contaminants,
flocculants, and suspended solids. The removal efficiency achieved for the pharmaceuticals is
in the range of 30 — 70% for long retention time [73,74]. The removal of pharmaceuticals
depends on the pharmaceuticals present in the stream, microorganism used, COD, BOD, DO,
pH, and temperature [75,76]. Some studies have reported the aerobic and anaerobic degradation
of IBF, NPX, and bezafibrate at low concentrations in the effluent streams [77]. At high
concentrations of antibiotics, the microorganism becomes inactive and restricts the process.
Some pharmaceuticals, i.e., DCF, CBZ, and CA, show recalcitrant behaviour towards the
microorganism and leave the treatment facility unaltered [78]. Thus, it can be concluded that
the activated sludge processes are rather inefficient for pharmaceutical removal, especially the
antibiotics. Pre-treatment of pharmaceuticals is required in order to improve their

biodegradability.

1.5.2. Sequencing batch reactor (SBR) treatment

SBR is a modern activated sludge method with a completely mixed system such as the CSTR.
It offers various advantages over conventional activated sludge methods. In SBR, all the unit
operations such as reaction, settlement, and aeration take place in one tank independently. The
major advantage of SBR over the activated sludge method is that no sludge reduction takes
place during the process, and a lesser amount of space is required for equipment installation.
Wastewater streams with a low concentration of pharmaceuticals can be treated in SBR
with 63 — 69% COD removal [73]. Total 94% BODs and 83% COD removal were achieved
when a highly contaminated non-penicillin pharmaceutical wastewater was treated in SBR with

a retention time of 24 h [79]. Some researchers have used SBR in a hybrid process to improve
8
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biodegradability. Wastewater with a low COD load (100 mg dm~) was treated in an SBR
coupled with the solar-photo-Fenton process. The COD removal was found to be 98%, and
BOD3/COD was increased to 0.54 [79]. The SBR technique is practised in various countries
for wastewater treatment as an alternative to conventional activated sludge. Although SBR
provides a better removal efficiency than the conventional process, the removal of

pharmaceuticals and their metabolites was not satisfactory.

1.5.3. Membrane biological reactor (MBR) treatment

MBR treatment technology is a hybrid process consisting of membrane separation and an
activated sludge process. Membrane filtration traps the microorganism into the reactor in the
effluent to provide an unhindered medium for the activated sludge process. Nowadays, these
processes are gaining more attention due to cost-effectiveness, high removal rate, and lesser
sludge generation. MBR treatment process can be classified into three categories on the basis
of the mechanism, i.e., rejection, extraction, and diffusive MBR. Until now, MBR has been
effectively used by many countries for industrial and urban wastewater treatment. MBR
provides 15 — 42% higher removal efficiency (for the micro-pollutants) than the activated
sludge method [80]. However, in the case of wastewater containing antibiotics, the removal
efficiencies for both methods were found to be poor. To improve the removal efficiency, MBR
is used as a pre-treatment step before ozonation, Fenton, and reverse osmosis [81]. The
efficiency of the membrane reactor depends on hydraulic and sludge retention time. The main

drawbacks of the MBR reactor are membrane blockage and a high maintenance cost.

1.5.4. Electro-coagulation (EC) treatment

Electro-coagulation (EC) is a wastewater treatment technique in which electricity is applied to

alter the surface charge of the pollutants and allow agglomeration without adding any
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chemicals. This technology has been widely practiced in the United States and European
countries for the last two decades for the removal of metal from industrial wastewater [82].
Electrodes are made of aluminium, stainless steel, and iron in the EC process due to their low
cost and easy availability [83]. The EC process has various advantages over the conventional
treatment processes, i.e., low operation cost, no requirement of pH adjustment, lesser sludge
production, no chemical requirement, and higher efficiency of pollutant removal [84]. It has
also been reported that the EC has been employed for wastewater treatment in the mining, pulp
and paper, textile, and petroleum industries [85-88]. COD removal for the textile and
petroleum industries was found to be in the range of 74 — 99% [89] and 77% [90], respectively.
In recent times, EC has been used as the treatment technique for recalcitrant organics such as
antibiotics, estrogens, and natural organic matter. Doxycycline has been degraded by EC, and
90% removal was achieved in 80 min at pH 7 [91]. TOC removal of 80 — 90% was recorded

for atenolol, acetaminophen, and antipyrine after the application of Fe- assisted EC [92].

1.5.5. Adsorption by activated carbon (AC)

Adsorption is emerging as a sustainable and effective technique for the treatment of complex
wastewater treatment. In this method, the pollutants present in the wastewater build up on the
surface of the adsorbent by physical or chemical binding. This process is often used as a
polishing step for the removal of organic contaminants present in low concentrations, without
leaving any by-product. Adsorption has various benefits, such as a good removal efficiency,
possibility of reuse and regeneration, and requirement of low operation energy [93]. Many
types of adsorbents are available, but AC is the most common adsorbent used for wastewater
treatment. AC can be produced from a variety of carbonaceous materials such as wood chips

[94], and agricultural waste, tea, and paper-mill wastes [95-97]. Operational parameters (i.e.,
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adsorbent dose, pH, temperature, loading of pollutant, and ionic strength) play an important
role in the adsorption process. Some studies also highlight the good adsorption capacity of AC
for pharmaceuticals [98,99]. One of the critical aspects of the adsorption process is its kinetics.
However, in the case of pharmaceutical adsorption, the controlling factors are mass transfer
and the overall area available for adsorption. Generally, adsorption is coupled with oxidative
removal techniques. The latter degrade the recalcitrant compound followed by the former
technique to eliminate the toxicity efficiently. Several studies have shown that the recalcitrant
micro-pollutant can be removed by adsorption on AC. However, the efficiency for removal

declines due to the blockage of pores [100,101].

1.5.6. Ozonation

Ozone has emerged as one of the most popular treatment techniques for complex compounds.
Ozone has been replacing chlorine for water treatment in the last two decades due to its
environmental advantages. For any treatment application, ozone has to be generated in situ due
to its unstable nature. Ozone has a high oxidation potential (i.e., 2.07 V) and follows two
mechanisms of degradation, i.e., direct attack by molecular ozone and via the generation of
hydroxyl radicals (from the decomposition of ozone). Ozonation has several advantages
inasmuch as it generates a lesser amount of sludge, removes the recalcitrant pharmaceutical
efficiently, and low operating cost. Mass transfer of ozone from the gas to the liquid phase
plays an important role in its availability for reacting with the organic compound. Although the
selective reaction tendency of ozone restricts the robust degradation of some pharmaceutical
compounds, the addition of H>O,, UV, and catalyst enhances the generation of hydroxyl

radicals resulting in higher removal efficiency.

1.5.7. Advanced oxidation processes (AOPs)
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It has been highlighted earlier (Sec. 1.1) that the conventional methods often fail to treat the
wastewater containing pharmaceuticals. AOPs have the capability to degrade a variety of

organic and inorganic compounds. These treatments are based on the generation of free radicals

(i.e., *OH, O3, and HOj). The most common and effective method is the generation of

hydroxyl radicals. They have a high oxidation potential, and they are non-selective in nature.
Various studies indicate that the hydroxyl radicals successfully degrade various
pharmaceuticals, including antibiotics [102—104]. A detailed discussion on the different AOPs

is given in Section 1.6.

1.6. AOPs and their mechanisms

These processes remove pollutants using hydroxyl radicals. In 1980, the AOPs came into the

limelight when they were used in water treatment [105]. Afterward, processes that involved
the generation of SOZ2 were also considered as AOPs. Nowadays, AOPs are replacing the

conventional oxidation and chlorination methods. Both chlorine and ozone have good
oxidation and disinfection properties, but in the case of chlorination, the intermediates
produced exhibit more toxicity than the parent compound. Ozone is a relatively selective
oxidant, whereas the hydroxyl radical is non-selective in nature, and it has a higher oxidation
potential than ozone. Hydroxyl radicals have a very short lifetime, which leads to a low
concentration of these radicals for the degradation of the pollutant [106,107]. To overcome the
low concentration of the oxidant, the generation of radicals should be continuous and in situ.
The hydroxyl radicals are considered to be very powerful because they convert the recalcitrant
pollutant into almost non-toxic products [108]. Previous studies [108] have described the
various AOPs with plausible mechanisms. Various AOPs for water treatment are given in
Figure 1.5.

12
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This picture is ommited due to copyright issue

Figure 1.5. Various AOPs for wastewater treatment.

1.6.1. Hydroxyl-radical-based AOPs

Hydroxyl radical is considered an ultimate oxidizing agent because of its non-selective and
vigorous reactivity, which can break the aromatic ring. The rate constant for this oxidation
process is in the range of 108 to 10'° mol~! dm? s~!. Hydroxyl radicals generally react via four
basic paths, i.e., radical addition, hydrogen abstraction, electron transfer, and radical
combination. The reaction of hydroxyl radicals with an organic compound leads to the
formation of carbon-centred radicals. Upon reacting with oxygen, these radicals can be
transformed into peroxide radicals. These highly-reactive radicals lead to high degradation

rates and efficient mineralization despite their short half-life [108].

1.6.2. Ozone-based AOPs

Ozone is a very selective oxidant, and the rate constant of the reactions involving ozone usually
lie in the range of 1.0 — 10° mol~! dm? s7!. Ozone reacts with the organic compounds in either
ionized or dissociated form. A mechanism has been proposed for the generation of hydroxyl

radicals, as shown below [109].

30, +2H,0 —> 2HO++40, (1.1)

In the presence of another oxidizing agent, H2O» can also be used to yield the HOes. The

production of HOe in the presence of H2O:2 occurs as follows:
H,0, > HO, +H" (1.2)

HO, +0; = HO++0O; + 0, (1.3)
13
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Sometimes, radiation is also used for producing the HO-.

O, +H,0+hv—>H,0, +0, (1.4)

The generation of hydroxyl radical was found to be enhanced at basic conditions since
the presence of hydroxyl ions initiates the decomposition of ozone [108]. The generation of
hydroxyl radicals favoured the degradation process due to their higher oxidative power than
ozone. The presence of hydroxyl radicals reduced the lifetime of ozone in the aqueous phase.
Hence, higher dissociation of ozone was achieved. The initiation of ozone decomposition in

the alkaline medium involves multiple steps, as follows:

O0,+0OH — OH, +0, (L.5)
0,+HO, - 07 +HO; (1.6)
HO,+OH < 0O, +H,0 (1.7)
O0,+0; - 0; +0, (1.8)
O + HO-— O +HO’ (1.9)
O + HO+— O,+HO"™ (1.10)

1.6.4. Fenton-based AOPs

Some metals are capable of activating the H>O, to produce HO-. Iron is the most extensively
used metal as an activator. The Fenton reagent is a combination of H>O» with ferrous ion as

catalyst. This highly reactive process produces the HO« via the following reactions:
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Fe** + H,0, — Fe’* + HO«+OH" (1.11)
Fe** +H,0, —» Fe** + HO; + H* (1.12)
HO++Fe** — Fe’* + OH (1.13)
Fe’* + HO, — Fe’" + O,H" (1.14)
Fe’* +HOS + H" — Fe’* + H,0, (1.15)
2HO; - H,0, +0, (1.16)

The generation of hydroxyl radicals is shown in Equation (1.11), and the quenching of these
radicals is described by Equations (1.12) and (1.13). Excess of hydroxyl radicals may lead to
poor efficiency. That is why scavenging of hydroxyl radicals is required because an optimum
ratio of iron ions and hydroxyl radicals has to be maintained. Production of Fe*" and its
reduction in Fe?" is described in Equations (1.12) and (1.11). The effectiveness of hydroxyl
radicals is high in acidic conditions. Iron cannot be used as a catalyst in wastewater treatment
due to sludge formation. Due to these restrictions, three modified Fenton processes were
proposed, i.e., Fenton-like reaction, electro-Fenton system, and photo-Fenton system. Fe?* was
replaced by Fe’* in the Fenton-like reactions. The UV-based photo-Fenton radiation is used for
the enhancement of reduction of Fe’" to Fe?*. In the electro-Fenton process, both ions are

generated electrochemically.

1.6.5. Ultrasound (US)-based AOPs

Other unconventional methods like US beam irradiation can also perform advanced oxidation.

Three stages like, nucleation, growth, and implosive, were generated due to the compression
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and amplification of sound waves. Cavities are generated by these stages, which are made of
vapour and gas microbubbles. High temperature and high-pressure conditions are achieved by
the collapsing microbubbles. Under this condition, water molecules can be fragmented into

hydroxyl radicals.

H,0 —> HO++H. (1.17)

1.6.6. AOPs based on sulfate radicals

Sulfate ion is one of the strongest oxidants with an oxidation potential of 2.01 V. Activation
by heat, ultra-sonication, UV radiation, high pH, and transition metals can form powerful

sulfate radicals having an oxidation potential of 2.6 V [110].

S,02" —2% 5950, (1.18)
S,02” +M"* 805 + M1 (1.20)

A poorly-defined mechanism for the generation of activated sulfate radicals was presented in
the literature [111]. According to this mechanism, the generation of activated persulfate is
possible in the temperature range of 308.15 to 403.15 K. Metal activation method is less
effective than heat and UV radiation methods. Sulfate radicals have a very short lifetime like
the hydroxyl radicals, but they follow a different mechanism. The hydroxyl radical absorbs the
H atom from the C—H bond or attaches to the C=C during the reaction. On the other hand, the

sulfate radical removes the electron from the carbon and tends to produce organic radicals.

SO; +H,0 — HO«+SO; +H" (1.21)

SO; +OH — HO++802 (1.22)
16
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From Equation (1.22), it is clear that in the alkaline solution, the yield of hydroxyl radical is

higher than that in the acidic medium.

1.7. Literature survey

1.7.1. AOPs for pharmaceutical removal

In recent years, the use of AOPs for pharmaceutical degradation has increased. AOPs are found
to be effective for the removal of various pharmaceuticals from real as well as synthetic
wastewater. Various studies have been conducted for the removal of pharmaceuticals by using
AOPs. Generally, AOPs have the capacity of completely removing the pharmaceuticals, but
complete mineralization may not be achieved. In several cases, the intermediates generated are
more biodegradable and less toxic than the parent compounds, thus implying that
biodegradation may be feasible as a post-treatment technique for achieving complete
mineralization. Although the removal of pharmaceuticals by the AOPs is generally studied on
synthetic wastewater, the real effluents from the industries have received less attention. In the
case of natural wastewater, various factors, i.e., water matrix and a cocktail of drugs,
compromise the removal efficiency. While, in the case of synthetic wastewater, the AOPs
perform extremely well.

The most common and best-selling pharmaceuticals are IBF, NPX, DCF, CBZ, and
17 S-estradiol. IBF is a non-steroidal anti-inflammatory drug generally used for headaches,
fever, and inflammation. Various studies have suggested that it is frequently detected in the
aquatic medium [112-114]. The low rate constant of IBF degradation (i.e., 9.6 mol~! dm?® s7!)
for ozonation suggests its recalcitrant nature towards ozonation [104]. Ozonation was used to
degrade a mixture of IBF and CA. Three sets of tests were conducted. The first test used

atmospheric air as the feed for ozone production. The second test used H>O; as the catalyst,
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and the third test used concentrated O2 for Oz production. When compared to the first and
second methods, the third method showed a 99% increase in degradation within 150 s, i.e., a
60% increase in mineralization for the same initial concentration and 75% reduction in
hydraulic retention time. The degradation rate for the third case was found to be higher than
the first and second. The mineralization rate was the same for the second and third methods,
i.e., 60% in 10 min. According to the results of toxicity tests with S. capricornium, the
compounds formed by ozone treatment led to an increase in toxicity in the first case. It was
also reported that ozonation alone was not sufficient for countable degradation. It was reported
that the 1 mg dm™ ozone dose resulted in only 12% removal of IBF when its initial
concentration in water was 2 pg dm~>. The addition of H,O> and a high dose of O3 might
improve the removal efficiency.

AOPs with optimized operating conditions were applied for removing sixteen common
pharmaceuticals [115], i.e., CA, clarithromycin (CAM), CBZ, DCF, fenoprofen (FEP),
gemfibrozil (GFZ), IBF, indomethacin (IDM), isopropyl antipyrine (IPA), ketoprofen (KEP),
NPX, phenobarbital (PB), phenacetine (PNC), and phenytoin (PNT). Two personal care
products were present in the medium, i.e., triclocarban (TCC) and triclosan (TCS). This study
has suggested the best method of degradation for individual drugs. DCF, NPX, IDM, IPA, and
TCS were easier to remove, whereas the removal of IBF and PB was found to be very
challenging. CA, FEP, KEP, PNT, and TCC had high mineralization with the UV-based
techniques, but the Os-based techniques were not efficient. On the other hand, the O3 based
techniques were found to be effective for the degradation of CAM, CBZ, GFZ, and PNC.

Ozonation of lincomycin was found to be dependent on the pH (ko3 > 10° at pH > 7).

However, the contribution of hydroxyl radical was negligible [116]. There was a primary
attacking site for ozone, i.e., pyrolidine nitrogen. The possibility of additional ozone attacking
18
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sites was suggested, such as sulfur of the methylthio group. Based on the kinetic model, the

second-order rate constants for lincomycin were reported to be 3.26 x 10° and 2.43x10° mol™!
dm?® s7!, for the neutral and acidic media, respectively. Lincomycin was also degraded by the
catalytic photo process using a TiOz catalyst [117]. It was reported that TiO2 strongly enhanced
the degradation since complete removal was achieved within 120 min at pH 6 and 293.15 K.
A mechanism for degradation was also proposed, involving S-oxidation of the methylthio
group and oxidation of the pyrrolidine ring, followed by breaking of the amide bond. Advanced
oxidation of other antibiotics such as penicillin, amoxicillin, and sultamicillin was studied to
enhance their biodegradability [118]. Degradation of penicillin G-procaine was conducted by
a photo-Fenton-like reaction by using a 125 W black-light-emitting UV-A in the range of 300
to 370 nm. By optimization of the reaction conditions, 56% of the COD and 42% of the TOC
were removed within 30 min of the process. It was also reported that the process became less
effective in the absence of UV-A. Biodegradability was also improved from 0.25 to 0.45.
Ozonation of amoxicillin was performed to analyze its kinetics [119]. It was observed that the
reaction rate constant was strongly dependent on the pH of the system (4 x 10° mol™' dm? s~
at pH 2.5 to 6 x 10° mol~! dm? s7! at pH 7). The addition of H2O2 and UV led to the generation
of hydroxyl radicals and a higher rate constant (3.93 x 10° mol~! dm?® s™! at pH 5.5). No clear
evidence for S-oxidation of the amoxicillin was observed, but hydroxylation of the phenol ring
was confirmed. It was suggested that there was no further degradation, maybe due to the short
reaction time and absence of hydroxyl radicals.

Ceftriaxone, a f-lactam antibiotic, was degraded by ozonation, and the extent of
mineralization was studied [120]. TOC and COD were reduced by 50 and 74%, respectively,
when an ozone dose of 2.96 g dm was applied at pH 7. The highest COD removal (i.e., 82%)

was recorded at pH 11. A higher COD removal at the alkaline medium suggested the role of
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hydroxyl radicals in the degradation process. Biodegradability was also improved from 0 to 0.1
after the ozonation treatment. A comparative study was conducted for the removal of five other
pharmaceuticals containing ofloxacin, i.e., CBZ, propranolol, CA, DCF, and SMX, by O3,
H>02/UV, and TiOz-aided photo-catalysis [121]. It was observed from their study that the
ozonation and H>O2/UV processes were capable of removing ofloxacin completely at pH 7.4
at 298.15 K, whereas TiO2 photo-catalysis was found to be inefficient.

Complete removal of sulfadiazine was achieved by electrochemical oxidation in 60 min
[122]. Titanium suboxide mesh and stainless-steel plate were used as anode and cathode,
respectively. Electrochemical oxidation of SMX was performed by using a boron-doped
diamond anode and stainless steel cathode. Complete removal of SMX was obtained in 180
min [123]. Toxicity studies on electrolyte solutions were conducted to get insight into the
intermediates produced during the process, and the results demonstrated that the solution was
well within the safety limits. Ultrasonication-assisted electrochemical oxidation was used for
the degradation of ofloxacin on Ti/RuOx> catalyst [124]. 91.2% removal was recorded at the
optimum condition, whereas the COD removal was 70%. It was also concluded that the
synergistic effect enhanced the removal.

In recent times, hybridization of several processes has been applied to improve removal
efficiency and mineralization. A combination of processes, such as ozonation followed by
adsorption, application of AOP followed by biodegradation, and simultaneous AOP and
adsorption, were found to perform better than the individual approaches. The sono-photo-
Fenton process was used to degrade ampicillin and nafcillin in a real wastewater matrix [125].
The anti-microbial activities of nafcillin and ampicillin were reduced to 96.3 and 90.5%,
respectively. The initial concentration of both antibiotics was 30 ug, and the ultrasonic power

was kept at 24.4 W for the removal. A quinolone-based antibiotic, enrofloxacin, was subjected

20

TH-2904_166107013



Chapter 1

to ozonation followed by adsorption on zeolite [126]. It was observed that the 2.96 g dm™ of
ozone dose at pH 7 decreased 90% of the COD and 50% of the TOC in 60 min. The removal
of COD at pH 3 and 11 was found to be low, i.e., 65 and 79%, respectively. The presence of
hydroxyl radicals did not affect the degradation process. Biodegradability was increased from
0.07 to 0.38. Decontamination of enrofloxacin was done successfully from the drug-loaded
zeolite in 30 min. It was concluded that the zeolite—ozone method was useful for the

degradation of antibiotics.
1.7.2. Removal of DCF by AOPs

DCF is an NSAID, which is used to treat mild to moderate pain. It is also prescribed for the
symptoms of theumatoid arthritis and osteoarthritis. It limits prostaglandin biosynthesis in vitro
and in vivo, and this inhibitory activity accounts for the mechanism of action. The chemical

structure of DCF is given in Figure 1.6.

COCH
Cl

ZT

Cl
Figure 1.6. Structure of DCF.
In animal studies, the sodium salt of DCF was found to have a wide therapeutic range. Although
it is a proven fact that DCF can be removed by natural photolysis [136,137], yet it is one of the
most frequently detected pharmaceuticals in the water bodies such as groundwater [137,138]
and surface water [139,140], at concentrations up to 1.2 pg dm= [5,141]. Although its
concentration detected in the water bodies has been found to be much lower than the effective

concentration limit, DCF can exhibit acute toxicity to the organisms due to the cocktail effect
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in the presence of other pharmaceuticals [ 142]. In addition, there is evidence that the persistent
exposure of DCF can affect the health of fish, including the development of tumours and
distortion of gills even at the lowest detected concentration (i.e., 5 pg dm=3) [143]. The removal
efficiencies of DCF in the conventional biodegradation processes were found to be very low
(i.e., 20 — 40%) in WWTPs due to poor biodegradability and low sorption efficiency [144].
Frequent detection of DCF in the aquatic environment and its acute toxicity towards the
organisms necessitates an economical and efficient removal technique. Various removal
processes based on physical or chemical methods, including membrane filtration [145],
adsorption [146-149], coagulation [150], ion exchange [151], activated sludge [152,153], and
photocatalytic oxidation [154,155], have been extensively studied for the degradation of DCF
present in wastewater. DCF was highlighted by the Water Frame Work Directive in a list of 33
active chemicals, which can be a possible threat to the aquatic environment in the next ten years
[156]. Many researchers have suggested that DCF has a high reactivity towards ozone and other
AOPs [104,128,130].

A bench-scale experiment to degrade various pharmaceuticals using O3/H>O; was
performed [157]. It was reported that only DCF was degraded by O3 but with very low
efficiency (i.e., 3%). The combination of O3/H>O, was effective and led to a higher degradation
(i.e., 80 — 90%) than ozone alone. It was concluded that the degradation of pharmaceuticals
could be improved by using O3/H20, but the degradation efficiency of AOPs was found
limited to the radical scavenging capacity. It was suggested that the concentration of O3 should
be at least the same as the dissolved organic carbon (DOC) for a better degradation of the
pharmaceuticals (i.e., > 90%). A comparative study was conducted to assess the DCF
degradation by UV/H20O> and O3[121]. It was reported that both the processes led to significant

degradation of DCF. The degree of mineralization was 32 and 39% for ozonation and
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UV/H203, respectively, after 9 min of ozone treatment. Both reactions followed a similar
pathway (but not identical) and led to the formation of the hydroxylated intermediates and C—N
cleavage products. The reported values of the kinetic constants for this reaction were in the
range of 1.76 x 10* —1.84 x 10* s™! for DCF ozonation, in the pH range of 5 — 6. Similarly, the
second-order rate constant for the ozonation of DCF was 1 x 106 mol~! dm? s™! at pH range of
5 — 10 [104] at 298 K. However, some investigators have reported lower values of the rate
constant under identical operating conditions (i.e., 1.76 x 10* to 1.84 x 10* mol~' dm® s™! at pH
5—6at298.15 K) [121]. Information on the intermediates and their path of formation is scarce
in the literature. One study has identified the steps during the ozonation of DCF. These steps
include the hydroxylation of the aromatic rings and cleavage of diphenyl amine followed by
ring-opening resulting in 95% chlorine removal and 30% removal of TOC in 90 min [121].
Various investigators have also implemented additional techniques in order to achieve high
mineralization. The impact of H2O» on the ozonation process was also investigated, with the
conclusion that H2O> increased the formation of hydroxyl radicals, resulting in a higher
elimination of DCF [121,130]. Degradation of DCF was performed by H202/UV and direct
photosynthesis. It was found that the addition of H>O> led to higher mineralization (i.e., 40%
TOC and 50% chlorine removal). However, the conversion of DCF achieved in this process
was found to be lower than ozonation. Since the acidic degradation environments affected Fe,
the Fenton-type methods yield unsatisfactory results [133]. It was found that the acidic and
neutral media had a negligible effect on the conversion of DCF because of the precipitation of
iron hydroxide instead of the drug [135]. When the pH of the system was not lowered by the
buffer, the system performed better than the acidic media for the degradation, and the optimum
pH was found to be 4.5 — 5 for higher degradation.

Various processes such as photocatalytic ozonation, photocatalytic oxidation, and non-

thermal dielectric barrier discharge (DBD) have achieved the degradation of DCF and IBF
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[158]. It was reported that the degradation of both drugs by direct ozonation resulted in a higher
removal efficiency than photocatalytic oxidation. A combination of ozonation and photo-
catalysis gave an enhanced rate of mineralization and degradation. It was also emphasized that
the degradation achieved by the DBD reactor was dependent on the gaseous environment and
energy input. The presence of Fe*? accelerated the degradation in the case of the DBD reactor.
It was also discovered that ozonation in the absence of light was the best strategy for degrading
DCF, but some carboxylic acids generated as intermediates impeded the process yield,
resulting in less mineralization.

Four pharmaceuticals, i.e., CBZ, DCF, SMX, and trimethoprim, were eliminated by
advanced oxidation using O3 at different experimental conditions [159]. Various intermediates
were formed during ozonation that had not been reported previously in the literature. The initial
concentration of the pharmaceutical was 5 mg dm= for the O3 doses of 1.6, 2.3, 2.8, and 4.5
mg dm3, respectively, while the final concentration of each pharmaceutical was less than 1 mg
dm™. The majority of the intermediates exhibited strong resistance to Os. It was also suggested
that the combination of oxidation processes with other techniques might increase the
degradation.

Three different techniques, i.e., O3, UVA, and TiO,, were employed for the
decomposition of DCF under various operational conditions [160]. It was observed that 100%
removal of DCF and 60 — 75% elimination of TOC were achieved within 60 min. The optimum
concentration of TiO, was in the range of 0.5 — 2.5 g dm™, and the O3 consumption was
approximately 6 mg for the removal of 1 mg of TOC. It was also suggested that DCF has some
nucleophilic sites, and 100% removal was achieved in 10 min by the UVA, whereas 90% of

the TOC was eliminated within the first 15 min.
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Ozonation, sonolysis, and a combination of both were applied to degrade DCF [161].
Under the specified condition, the extent of mineralization was found to be 22 and 36% by
ozonation and sonolysis, respectively, after 40 min of the treatment. From the combination of
both the processes, the total mineralization achieved was 40% at the same time, which was
more efficient than the individual techniques. The rate constants were calculated in terms of
TOC removal, which were 0.169, 0.106, and 0.211 mg dm™— min~! for US, O3, and US + O3,
respectively. A combination of US and O3 yielded a higher removal due to the synergistic
effect, which led to collapsing bubbles for the generation of free radicals. It was found that
some metabolites produced during the degradation were highly recalcitrant to almost all
degradation techniques. To achieve higher mineralization, removal of these metabolites was
necessary. Adsorption, as a post-treatment technique, was found to be efficient in removing the
metabolites generated during the AOP.

An integrated process of ozonation and adsorption was applied to degrade DCF [162].
Three types of AC were used in these experiments, and it was reported that AC named P110
Hydraffin had the highest BET surface area. Non-catalytic ozonation led to 100% removal of
DCF in 15 min, whereas a combination of Oz and AC gave better TOC and DCF removal rates.
The influence of pH was also discussed, with the conclusion that there was only a minor effect
of pH in ozonation alone. It was also stated that it was difficult to find the rate constant in the
catalytic ozonation due to the mass transfer resistance. The combination of ozonation and
adsorption gave better results than adsorption or ozonation carried out individually. By
adsorption, 100% removal of DCF was achieved in 20 min, whereas by ozonation, it took 15
min. 90—-95% TOC was removed in 120 min. Intermediates such as maleic, malonic, pyruvic,
and carboxylic acids were detected. Most of the acids were degraded with time except oxalic

and pyruvic acids.
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A comparative investigation of DCF ozonation in the presence and absence of the HO»
scavenger, -BuOH, was carried out to assess the involvement of hydroxyl radicals in the
degradation of DCF [163]. In this study, most of the intermediates formed in the degradation
process were identified. The second-order rate constant was estimated to be 6.8 x 10° mol™!
dm? s7! at 293.15 K. 100% mineralization of DCF was achieved when the ratio, O3/DCF, was
5:1 in the presence of -BuOH, and it was found to be 8:1 in its absence. The intermediates and
their quantity were estimated, which were DCF-2, 5-iminoquinone, 5-hydroxy DCF, and 2,6-
dichloroaniline, and their quantities were 32, 7, and 19%, respectively, in the presence of #-
BuOH. In the presence of HO-., the detected intermediates were 5-hydroxy DCF, DCF-2, 5-
iminoquinone, and 2,6-dichloroaniline, and their quantities were estimated to be 4.5, 2.7, and
6%, respectively. In the presence of HO-, 95% of chlorine was released whereas, in its

absence, 45% of the same was released.
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1.7.3. Removal of NPX by AOPs

OH

Figure 1.7. Structure of NPX.

NPX, a derivative of propionic acid (Figure 1.7), is one of the bestselling non-steroidal anti-
inflammatory drugs. It is present in the range of 0.1 ng dm—to 7.69 pug dm= in wastewater
[112,168,169] and 0.1 — 0.25 ug dm=3 in surface water [112,170]. It was listed among the top
four pharmaceuticals found in the wastewater streams in the range of 7.0 — 1301.8 g d~! [171].
Although the conventional wastewater treatment methods can remove more than 90% of NPX,
it requires primary treatments and longer retention times (e.g., S — 10 d) [172-174]. The
biodegradation methods require a very high retention time. Sedimentation and coagulation
have been found to be ineffective for NPX removal. However, ozonation, chlorination, and
adsorption can remove it effectively [170]. Some recent works have shown the low removal
efficiencies of various treatment methods, e.g., anoxic—aerobic photo-bioreaction (28 — 35%)
[39], chlorination and UV/chlorine (43.1 — 56.9%) [175], and membrane bioreaction (32 —

40%) [171].

A comparative study was conducted for the NPX removal by hydrodynamic cavitation
(HC) and ozonation [176]. Only 28.9% removal of NPX was achieved in 120 min on the
application of HC alone, whereas the complete removal of NPX was achieved within 40 min
of reaction when a combination of HC and O3z was used. The integrated HC—aerobic oxidation
method was also found to be more efficient for the full mineralization of NPX from the aqueous

solution. Because of the pre-treatment with HC + O3, the biodegradability index increased from
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0.35 to 0.70. These findings demonstrate that the HC-based pre-treatment could transform the
non-biodegradable contaminants into biodegradable intermediates. Overall, it can be stated that
the use of HC in combination with ozone, followed by conventional aerobic oxidation, is one
of the most effective methods for removing NPX and reducing COD.

CuFe204 was used as a catalyst to activate peroxymonosulfate and oxidize NPX [177].
In the presence of 0.3 g dm= CuFe>04 and 2 mmol dm~ peroxymonosulfate, 92.3% of NPX
was degraded, and 50.3% of organic carbon was eliminated in 60 min. This degradation system
performed well throughout a wide pH range of 4 to 10. According to the free radical scavenger
studies and electron spin resonance analyses, the primary active species were hydroxyl and
sulfate radicals. The degradation path was also suggested, which involved hydroxylation, chain
cracking, and ring-opening.

UV-based AOPs were used to degrade NPX [178]. As an alternative to the H202-based
AOPs, a combination of UV and chlorine was used to degrade NPX. The pathways of
degradation and metabolites formed were predicted and compared for both processes. Both
AOPs degraded NPX via pseudo-first-order kinetics. The first-order rate constant (k') for the
UV/chlorine method was 4.9 times higher than that for the UV/H2O» method at pH 7. In the
UV/chlorine process, the hydroxyl radical and reactive chlorine species contributed 15.9 and
76.3% of the NPX degradation, respectively. At the pH range of 6 — 9, UV/chlorine had better
efficiency than UV/H20z, but when the pH increased from 6 to 9, £’ in the UV/chlorine method
declined from 6.10 x 10%s~! t0 2.98 x 10° s~!. However, in the UV/H202 method, pH had only
a minor effect on k. The k' increased linearly with increasing oxidant dosages (i.e., chlorine or
H20:) from 20 to 200 mol dm= in both the AOPs. The water matrix had less impact on the
UV/H20; process than the UV/chlorine process. The value of £’ was reduced by 23.2 and 9%
in the UV/chlorine and UV/H,0; processes, respectively, in tap water.
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Different AOPs were used to explore the degradation of NPX as a target compound,
i.e., UV (254 nm), VUV (172 nm), and UV/VUV (254/185 nm) photolysis [179]. For the
highest concentration studied (i.e., 1.0 x 10~* mol dm™?), total photodecomposition of NPX was
achieved after 20 min of UV, 10 min of VUV, and 8 min of UV/VUYV photolysis. Four aromatic
by-products and some aliphatic carboxylic acids were detected during these processes. The
rate of degradation of NPX was determined by its initial concentration. Only the maximum
concentration of dissolved O; had an effect on UV photolysis. It significantly reduced the
transformation rate during VUV photolysis and had minor effects while applying the combined
technique. The UV/VUYV degradation rates of NPX were similar to those reported during VUV
photolysis in deoxygenated conditions, but a synergistic impact of UV and VUV lamps was
found in the presence of dissolved O:. The radical pathway appears to dominate during the
UV/VUV photolysis of NPX in the absence of Oa. In contrast, direct photolysis appears to
contribute more to the overall transformation of NPX in solutions saturated with O2. The initial
rate of mineralization was highest under UV/VUYV photolysis. However, only the VUV light
could remove the TOC completely.

NPX was successfully mineralized by thermally activated persulfate (TAP) [180]. The
TAP system can be a great oxidant regardless of the aqueous matrix in which pollutants are
dissolved. In a highly charged non-treated hospital wastewater, the results demonstrated
complete degradation of NPX. According to the TOC data, complete mineralization of
pharmaceutical wastes and hospital wastewaters was achieved in optimum conditions.
Inorganic additives such as MgNOs3 increased the NPX degradation rate constant by 154%,

while CaCl, lowered the rate constant by 18.5%. All of the reactions followed pseudo-first-

order kinetics. At 343 K, the highest achievable & , was 0.0214 mmol~' dm? s~!. Both hydroxyl

obs

and sulfate radicals played a key role in the degradation process. However, the dominance of
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sulfate radical was observed. This finding was reinforced by the fact that no hydroxylated NPX
species were found in the transformation products. Mainly decarboxylated NPX molecules
were discovered as metabolites.

The use of TiO: as a photocatalyst in the heterogeneous photocatalytic degradation of
NPX was also studied [181]. As the operating parameters, the effects of TiO: loading,
volumetric flow rate, temperature, and dissolved oxygen content were investigated in a 0.078
dm? Duran reactor. 90% removal of NPX with only 5% mineralization after 3 h of photolysis
was achieved. On the other hand, photo-catalysis using TiO; resulted in a lower removal (i.e.,
40%) but improved mineralization (i.e., 20%). According to the by-product analysis,
demethylation and decarboxylation were the primary steps in the degradation of NPX. The
Microtox test (based on the bioluminescent bacterium Vibro fisheri) was used to assess the
toxicity of the treated solution to examine the acute toxicity of NPX and its photo products.
Under the operational parameters examined, photo-catalysis did not improve biodegradability.

Mineralization data, on the other hand, looks interesting for future research.

Various studies on NPX degradation have suggested that the NPX could be removed
by most of the AOPs. Nevertheless, the rate of mineralization was found to be low, and the
information on the intermediates has been scarce.

1.7.4. Removal of ranitidine (RNT) by AOPs

(o)

O

CH,

H;C

Z L

NO,

Figure 1.8. Structure of RNT.
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RNT (Figure 1.8), with the pKa values of 8.13 and 1.95 [182], is often used in the treatment of
ulcers, gastrointestinal hyper-secretory disorders, and gastroesophageal refluxes (popular trade
names are Zantac, Taladine, Nu-Ranit, and Raniplex) [183,184]. RNT works as a histamine
Hs-receptor antagonist due to the presence of a furan ring [185]. RNT has been discovered in
surface waters and wastewaters, according to many investigations [75,186]. STP effluents in
Greece had a median concentration of 1059 ng dm= [187], and river waters in Spain had a
median concentration of 396.5 ng dm~ [188]. In urine and excreta, it is excreted partly as an
unaltered (i.e., 30 — 70%) compound and partly as its primary metabolites, RNT N-oxide, N-
desmethyl RNT, and RNT S-oxide [189,190].

Electrochemical methods [191], photochemical oxidation [192], photolysis
[193], ozonation [184], and solar photo-catalysis have already been used to remove RNT from
ultrapure water and wastewater effluent. The AOPs showed good removal rates of RNT.

Ozonation of RNT was conducted under various operating conditions, i.e., system pH
and ozone supply rate [194]. The elimination rate of RNT during ozonation was strongly
impacted by the ozone concentration and pH. High pH and ozone concentration resulted in a
higher removal rate. Mineralization reached 22% at neutral and acidic pH. When water
matrices reacted with ozone, the total elimination of RNT was reduced, especially at the higher
RNT concentrations. Inorganic ions in the aqueous matrix appeared to have little effect on the
ozonation of RNT. Eleven transformed products (TPs) have been discovered, and their
structures were deduced. The oxidation of the alkyl-part of the RNT molecule, more
specifically at the double bond or the neighbouring secondary amine, with the abstraction of
the NO, moiety, produced TPs with an aldehyde moiety and an imine C=N bond in most of the
cases. The synthesis of oxidized derivatives of RNT with a carboxylic group in their structure

resulted from further oxidation. The structure of RNT S-oxide had been validated through the
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study of a reference standard. It had also been recognized as an ozonation product.

Some more parameters were studied for the ozonation of RNT, i.e., initial concentration
of RNT and presence of free radical inhibitors [ 184]. The evolution of RNT over time indicates
that it has high reactivity with molecular ozone. Mineralization levels of 20 — 25% indicate that
the (CH3)>-N—CH>— moiety linked to the furan ring might be isolated from the remainder of
the RNT structure and mineralized further. Only alkaline conditions (e.g., pH 11) are capable
of increasing the TOC conversion to levels around 70%. The competitive kinetic method for
determining the direct ozonation rate constant for RNT demonstrated an undesirable reliance
of the aforementioned constant on the reactivity of the reference molecule.

Radiation-based techniques also exhibited a high removal rate for RNT. UV light was
used to irradiate aqueous solutions of RNT and other pharmaceuticals (i.e., tetracycline and
lincomycin) in homogeneous and heterogeneous environments [117]. Two commercial
polycrystalline TiO2 powders (supplied by Degussa P25 and Merck) were employed as
photocatalysts. After 300 min, tetracycline and RNT showed a significant photolytic
degradation, while the degradation of lincomycin was substantially lower. In terms of
mineralization, tetracycline showed a slight drop in the TOC values, whereas lincomycin and
RNT showed no differences. Tetracycline was almost totally mineralized in the presence of the
Degussa P25 TiO,, but lincomycin and RNT had a 60% drop in their initial TOC. When the
Merck TiO2 was used, there was less substantial mineralization.

In a pilot plant scale Compound Parabolic Collector (CPC) reactor, the mechanisms of
solar photo-degradation of RNT were investigated. Catalyzed by a titanium dioxide
semiconductor and Fenton reagent (Fe>*/H»0»), two types of heterogeneous photocatalytic tests
were carried out both with the distilled water and synthetic wastewater effluent matrix [195].

RNT was degraded at a comparable pace in both procedures. However, it was slower in the
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synthetic effluent than in distilled water, owing to the negative effects of other organic
molecules commonly found in municipal wastewater effluents. This suggests the importance
of analyzing kinetics while considering the influence of the matrix before applying the AOPs
for wastewater treatment. In both TiO» and photo-Fenton processes, the early steps of
photocatalytic degradation of RNT were hydroxylation (i.e., attack by HOe+), deamination,
dealkylation, and oxidation by HO* and Os. Additional unidentified products generated by the
reduction of RNT by conductive band electrons were identified in the case of TiO»-assisted
photo-catalysis. Carboxylic acids were found at the end of the TiO» and photo-Fenton studies,
implying that the high molecular weight intermediates were either mineralized or converted to
the products (of reduced molecular weight) that are less damaging to the environment.

In the case of RNT degradation, it was observed that the few metabolites produced
during the process imposed more threat than RNT itself. NDMA (i.e., N-
nitrosodimethylamine) is a carcinogenic disinfection by-product that poses a major hazard to
human health and the environment. RNT is a key precursor of NDMA. Photo-catalysis was
found to be a useful and effective technology for degrading RNT and eliminating its potential
to form NDMA [196]. A simple hydrothermal process was used to make MoS2/RGO
composites with various mass ratios. The MoS>-RGO-3 heterojunction has the best
photocatalytic performance for RNT degradation among the composites. Under visible light,
the MoS>-RGO-3 composite (with 23.2 wt% RGO) achieved the best photocatalytic
degradation of RNT, with 74% degradation in 60 min. In addition, this composite had the
highest RNT mineralization efficiency (i.e., 50%) and the least NDMA formation probability
(i.e., 6.76%). Furthermore, the generated hydroxyl and superoxide radicals were involved in
the RNT photocatalytic degradation reaction, where the hydroxyl radical was the most active

component.
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1.7.5. Industrial wastewater treatment by the AOPs

Organic wastewater generated by the industries has caused numerous environmental issues as
civilization has progressed. The great majority of organic contaminants found in the water
bodies persist in the environment, providing a health risk to humans and animals. As a result,
effective treatment solutions for highly concentrated organic wastes are critical. AOPs are
becoming increasingly used in the treatment of organic wastes. They have a high oxidation
efficiency and produce no secondary pollutants when compared with other chemical
techniques. Various studies have been conducted on the treatment of real industrial
pharmaceutical wastewater by the AOPs. In most cases, AOPs are used for pre-treatment to
improve the biodegradability of the recalcitrant effluent followed by biological treatments or a
simultaneous application.

A biological activated-sludge system was used to treat wastewater released from a
pharmaceutical manufacturing factory (i.e., TevaKS, Israel). It was followed by ozonation
[197]. Before discharging the effluent to the municipal wastewater treatment plant, the purpose
was to minimize the quantities of the medicines, i.e., CBZ and VLX. Both pharmaceuticals
were found in the raw wastewater at unusually high amounts (i.e., [CBZ] = 0.84 = 0.19 mg
dm=3; [VLX] = 11.72 + 2.2 mg dm™), and they defied the biological treatment. CBZ was
efficiently decomposed by ozone: the concentration of CBZ was reduced by more than 99% at
an O3 dose-to-dissolved organic carbon ratio (i.e., 03/DOC) of 0.55. VLX had a lower removal
rate, which was reduced by 98% at the higher O3/DOC ratio of 0.87. The ozone degradation
rate of CBZ was significantly increased when the pH of the biologically-treated effluent was
reduced from 7 to 5, while the ozone degradation rate of VLX was decreased considerably for
the same decrease in the pH. The concentrations of DOC and filtered chemical oxygen demand

in the effluent did not change after the ozone treatment (COD). However, after ozonation, the
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effluent's biological oxygen demand (BODs) and BODs/COD ratio both increased
significantly. Several organic by-products were generated following the reaction of ozone with
the target medicines and the organic matter present in the effluent. However, these by-products
were predicted to be eliminated through the biological treatment in the municipal WWTP.

Real pharmaceutical wastewater containing the antibiotic amoxicillin was treated in a
multistage treatment system by ozonation and ozonation coupled with aerobic biodegradation
[198]. The wastewater had a high concentration of organic matter (i.e., TOC = 803 mg dm
and COD = 2775 mg dm™?), a high amoxicillin content (i.e., 50 mg dm~2), and acute ecotoxicity
(Aliivibrio fischeri aTU: 48.22). Ozonation was found to be successful for amoxicillin
destruction (up to 99%), as well as complete removal of the original colour of the wastewater,
with an average ozone consumption of 1 g for dm? of the effluent. On the other hand, the
ozonation system was unable to accomplish complete mineralization on its own. As a result, a
multistage method combining ozonation and biodegradation was developed to reduce the cost
and improve treatment efficiency. With roughly 500 mg of ozone consumption, the multistage
treatment system achieved degradation of more than 99% of the amoxicillin, more than 98%
of the original COD, and 90% of the initial toxicity.

Pharmaceutical wastewater based on antibiotic fermentation was treated using
continuously-operated laboratory size anaerobic and aerobic moving bed biofilm reactors
(MBBRs) using an O3/H20: process [199]. Under the optimum conditions of the anaerobic
MBBR at an influent pH of 6.5, hydraulic retention time (HRT) of 12 h, and organic loading
rate of 13 kg COD /(m? d) for the hydrolysis/acidification process, 26.6% of COD was
removed, and 931.75 mg dm™ of volatile fatty acids (VFAs) was produced. Furthermore, the

aerobic MBBR eliminated 91% of COD at a rate of 1.5 m® h™! of aeration. Ultimately, the non-
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biodegraded pollutants were mineralized using an O3/H20; oxidation reaction with an H202/03
molar ratio of 0.5 and a 15 min reaction period. The total COD and color removal efficiencies
were 99.2 and 98.7%, respectively. The findings of this study suggest that the total
mineralization could be achieved by a hybrid AOP technique.

A study of the treatability of pharmaceutical effluent was conducted [200]. Both
industrial (6000 m?®) and municipal wastewater (128 m?®) were discharged untreated into an
adjacent evaporation pond per day. COD, TSS, and oil grease content were found to be in the
range of 4100-13,023 mg dm3, 20-330 mg dm, and 17.4-600 mg dm3, respectively in the
raw wastewater. The presence of refractory chemicals lowered the BOD/COD ratio (0.25—
0.30). The findings revealed that the refractory chemicals and their by-products were resistant
to biological treatment and always remained in the treated effluent. It was also observed that
the Fenton process, as a pre-treatment, enhanced biodegradability.

Ozone coupled with Fe?* and nano zero-valent iron (nZVI) were used to enhance the
biodegradability of pharmaceutical industrial wastewater [201]. BI was improved from 0.18 to
0.63 on the application of O3 + nZVI. COD and toxicity were reduced by 62.3 and 82%,
respectively. Spinach seeds were used for toxicity assessment, and a better germination rate in
the treated effluent paved the removal of toxicity.

Photocatalytic oxidation of a pharmaceutical synthetic effluent was performed using
silver decorated g-C3N4/ZnO nanorods [202]. The heterostructure of the silver nano-particles
and nanorods was synthesized using environment-friendly methods. Efficient degradation of
amoxicillin (i.e., 85.3%), cefalexin (i.e., 71.74%), and paracetamol (i.e., 41.36%) was achieved
using a very small dosage (i.e., 0.08 mg dm™>) of Ag/g-C3N4/ZnO nanorods. The initial
concentration of the drugs in the effluent was high (i.e., 40 mg dm3). The recyclability of the
nanorods was found to be significantly good as they removed 78% of the paracetamol after 5
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cycles. Although the experiments were not performed on the real wastewater, it was
emphasized on the scale-up for treatment of real effluent.

It can be concluded that although many research works have been performed on
synthetic wastewater employing various treatment methods, including the AOPs, studies on

real pharmaceutical effluents are still scarce in the literature.

1.8. Scope of the work

The degradation of pharmaceuticals in synthetic wastewater by various technologies was
studied previously. The ozone-based technologies were also used to treat synthetic wastewater,
and they exhibited good efficiency. Information on the metabolites produced during ozonation
and their formation pathways are also very limited in the literature. Very few studies have been
conducted on the treatment of real industrial effluents from the pharmaceutical industries. A
qualitative analysis of the effluents plays a key role in the degradation process and its
efficiency. It is essential to analyze the pharmaceuticals present in the wastewater stream and
other water matrix to achieve a high degree of removal. In some cases, it has been observed
that the metabolites generated during the AOPs have recalcitrant behaviour. These types of
effluents have toxicity despite higher removal efficiencies. To overcome the recalcitrant
metabolites, hybridization of technologies is a useful way to degrade stubborn effluents. This
type of approach is not yet explored by the researchers.

The research on the degradation of three pharmaceuticals (i.e., NPX, DCF, and RNT)
in the real wastewater and the effect of operating parameters such as the pH of the system,
ozone dose, concentration of hydrogen peroxide, and initial concentration of the pollutant is
not yet reported in detail. Degradation pathways and identification of intermediates of the

above-mentioned pharmaceuticals are also missing from the literature. It is essential to study

37

TH-2904_166107013



Chapter 1

the feasibility of degradation of pharmaceuticals present in the real effluents released from the

pharmaceutical industries using hybrid technologies such as O3/H20,.

1.9. Objectives of the study

The main objectives of the present work are as follows:

[1] Intensification of degradation of naproxen aided by the ozone in a plant prototype: its
kinetic and mass transfer studies
[2] Ozonation of diclofenac in a laboratory-scale bubble column: intermediates, mechanism,
and mass transfer studies
[3] Ozonation of ranitidine and development of a kinetic model for degradation
[4] Treatment of a real effluent released from the pharmaceutical industry by a hybrid process

of advanced oxidation and adsorption by activated charcoal

[5] Treatment of a mixture of effluents released from the pharmaceutical industries by a

combination of coagulation and O3/H>0>

1.10. Organization of the thesis

The present work deals with the removal of pharmaceuticals from synthetic and real industrial
wastewater by AOP (i.e., O3 + H202) coupled with other pre-and post-treatment (i.e.,
adsorption and coagulation). Literature relevant to the target compounds and applied

techniques have been reviewed. The chapter-wise outline of the thesis is given below.

Chapter I (Introduction): This chapter presents an overview of pharmaceutical effluents and
the techniques for the treatment of wastewater. The application of different types of AOPs for

wastewater treatment is also discussed. A brief review of the literature is presented for each
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target pharmaceutical and real industrial effluent. This chapter also presents the objectives of

the present research work.

Chapter II (Materials and Methods): This chapter describes the experimental setup used for
the ozonation. The list of the chemicals used, as well as their source and purity, is provided. A
detailed description of the preparation of samples and experimental procedures is presented.
The steps for carrying out the experiments and analyzing the samples are also given in this

chapter.

Chapter I1I (Ozone Microbubble-aided Intensification of Degradation of NPX in a Plant
Prototype: Kinetic and Mass Transfer Studies): In this chapter, degradation of NPX in
synthetic wastewater is conducted by the ozone microbubble system in the presence of H2Ox.
The effect of various operating parameters such as the pH of the medium, ozone supply rate,
and the effect of H,O, are analyzed. The pseudo-first-order reaction rate constants are
estimated at different pH and ozone doses. The axial variation of ozone concentration in the
reactor is analyzed by the dispersion model. Mass transfer study of ozone from the gas to the
liquid phase is also discussed in detail. The volumetric mass transfer coefficients for the
ozonation of pharmaceuticals by the ozone microbubbles are also determined. Identification of

intermediates and the mechanism of their formation are predicted and reported in detail.

Chapter IV (Ozonation of DCF in a Laboratory-scale Bubble Column: Intermediates,
Mechanism, and Mass transfer study): The effects of various parameters on the degradation
of DCF in the aqueous medium are reported in this chapter. The effect of the pH of the medium,
initial concentration of DCF, presence of radical scavenger, and water matrices are studied in
detail. The present study aims to predict the degradation pathways of DCF during ozonation

and detect the metabolites formed. The kinetic parameters for the ozonation of DCF are
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determined, and a kinetic model is developed for the ozonation process. The involvement of
the hydroxyl radicals in the degradation process is also investigated. Mass transfer of ozone in
the aqueous phase is analyzed, and the parameters for mass transfer are calculated. Removal of

TOC and release of chloride ions during the reaction are also studied.

Chapter V (Degradation of RNT by O3 + H20:2: Kinetics, Modelling, and Mechanism): A
synthetic wastewater containing RNT is treated with O3/H2O:. The effect of several parameters
such as ozone dose, initial RNT concentration, system pH, and water matrices are studied. A
few intermediates are also predicted during and after ozonation. Pseudo-first order rate
constants are also calculated for the pH range of 4 — 9 and ozone supply (0.44 — 0.50 mg s7').
Elimination of TOC and toxicity are also analyzed. A model is developed for RNT ozonation

to account for the effect of hydroxyl radicals on the reaction rate.

Chapter VI (Treatment of a Real Pharmaceutical Industrial Effluent by a Hybrid Process
of Advanced Oxidation and Adsorption by Granular Activated Char (GAC)): A real
industrial effluent is treated with a hybrid process of O3/H20; and adsorption on GAC. This
chapter includes the complexities encountered for real wastewater treatment, i.e., the presence
of matrices and interference of other organic compounds. The pharmaceuticals present in the
effluent are identified and classified. The presence of anti-cancer, anti-psychotic, anti-
depressant, and antibiotic drugs is confirmed in the effluent. The effluent was treated with
ozone in the presence of H>O,. The pretreated wastewater is passed through a bed of GAC for
further reduction of the COD. The effects of pH, the concentration of H2O», and ozone feed
rate are studied. The water quality parameters of the raw and treated wastewater are analyzed

and discussed.
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Chapter VII (Treatment of Mixture of Pharmaceutical Industrial Effluents with a
Combination of Coagulation and O3/H202): A mixture of two pharmaceutical effluents is
treated with a hybrid technology consisting of coagulation by FeClsz and O3/H20». This study
aims for the higher removal of TOC, COD, and toxicity of the effluent. In the pre-treatment
process, coagulation is done by FeCls. Next, oxidation is performed by using O3/H202. The
effect of the pH of the medium and the dose of FeCl3 on COD removal are studied during the
coagulation treatment. The concentrations of various metals in the effluent are detected before
and after the treatment. Toxicity analysis with the help of E. coli is also performed to assess

the removal of the same.

Notations

Abbreviations

AC Activated char

AMR Anti-microbial resistance
AOQOP Advanced oxidation process
BI Biodegradability index
BDL Below detection limit
BET Brunaur-Emmett-Teller
BOD Biological oxygen demand
CA Clofibric acid

CAM Clarithromycin

CBZ Carbamazepine

COD Chemical oxygen demand
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COVID-19  Coronavirus disease

CPC Compound parabolic collector
CSTR Continuous stirring tank reactor
DBD Dielectric barrier discharge
DCF Diclofenac
DO Dissolved oxygen
DOC Dissolved organic carbon
EC Electro-coagulation
EU European Union
FEP Fenoprofen
GAC Granular activated carbon
GFZ Gemfibrozil
HC Hydro cavitation
HRT Hydraulic retention time
IBF Ibuprofen
IDM Indomethacin
IPA Isopropyl antipyrine
KEP Ketoprofen
MBR Membrane batch reactor
MBBR Moving bed biofilm reactor
nNZVI Nano zero valent iron
NSAID Non-steroidal anti-inflammatory drug
NDMA N-nitrosodimethylamine
NPX Naproxen
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NRE
PB
PNC
PNT
PVC
RGO
RNT
SBR
SXM
STP
TAP
TCC
TCS
TOC
TP
TSS
uUsS
USD
uv
VFA
VLX
VUV
WHO

WWTP

TH-2904_166107013

Non-extractable residue
Phenobarbital
Phenacetine

Phenytoin

Polyvinyl chloride
Reduced graphene oxide
Ranitidine

Sequencing batch reactor
Sulfamethoxazole
Sewage treatment plant
Thermally-activated persulfate
Triclocarban

Triclosan

Total organic carbon
Transformation product
Total suspended solids
Ultra-sonication

United States dollar
Ultraviolet

Volatile fatty acid
Venlafaxine

Visible ultraviolet

World health organization

Wastewater treatment plant
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CHAPTER 11

Materials and Methods

This chapter contains the details of the experimental setup used to degrade synthetic and real
wastewater. The reagents and chemicals used in the present work have been listed with their
sources. The experimental methods used to degrade various drugs have been described in
detail. The details of the analytical instruments used for the various analysis are also described

along with the analysis procedure.
2.1. Experimental setup

2.1.1. Ozonation setup

Ozonation system used to degrade pharmaceutical wastewater consists of an oxygen
concentrator, an ozone generator connected with a sparger, a glass reactor, and an ozone
destructor to diminish the excess ozone. Figure 2.1 represents the setup for ozonation process.

An assembly of an oxygen concentrator (make: Oz-Air, model: HG 03, country: India)
and an ozone generator (make: Oz-Air, model: ISM 10 Oxy, country: India) was used to supply
ozone to the reactor vessel. The oxygen concentrator worked on the pressure swing adsorption
method [203,204], which isolated the oxygen from air based on its molecular characteristics
and affinity towards the adsorbent. It produced pure oxygen and fed it to the ozone generator.
The ozone generator worked on the corona discharge method [205]. In this method, the applied
voltage generated nascent oxygen, and it combined with the oxygen molecule to generate
ozone. The ozone thus generated was supplied through a sparger to a glass reactor of 1 dm?

volume. The excess ozone escaping from the reactor was captured and passed into the ozone
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destructor (make: Oz-Air, model: Dest 50, country: India), which converted the unreacted
ozone to oxygen. A rotameter (make: Instrumentation Engineers Pvt. Ltd., model: 1114C,
country: India) was used to measure the flowrate of the mixture of ozone and oxygen coming
out from ozone generator. The range of the rotameter was 8—80 cm? s~!. The pore size of the
sparger (make: Oz-Air, model: S4, country: India) used in this study was 40 um. It was resistant
to ozone. It was observed that the pores were distributed nonuniformly throughout the sparger
surface. The pH of the samples was monitored by an inline pH meter (make; Equiptronics,
model: EQ 610, country: India).

The surface morphology and pore structure of the sparger used were analyzed by

FESEM (make: Jeol, model: JSM-7610F, country: Japan).
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This picture is ommited due to copyright issue

Figure 2.1. Schematic of the experimental setup for ozonation process.
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2.2. Chemical and reagents used

All the chemicals and reagents used in the present work have been listed in Table 2.1 and their
purity and source. All the chemicals were of analytical grade and solvents used in HPLC
analysis were of HPLC grade. Synthetic wastewater and control solutions were prepared in

milli-pore water (make: Millipore, model: Elix-3, country: USA) of pH 6.5.

Table 2.1. List of chemicals and reagents (for water quality test) used in present work

Chemical Purity (%) Source
Acetonitrile (HPLC grade) 99.8 Merck (India)
Diclofenac (DCF) 98 MP biomedical (France)
Glacial acetic acid (HPLC 99.8 Merck (India)
grade)
Glacial ammonium acetate 99.6 Merck (India)
(HPLC grade)
Granular activated char 98% Loba chemicals (India)
Hydrogen peroxide 30 Merck (India)
Hydrochloric acid 35 Merck (India)
Isopropyl alcohol 99.5 Merck (India)
Manganese di oxide 99 Merck (India)
Methanol (HPLC grade) 99.8 Merck (India)
Naproxen (NPX) 98 Sigma-Aldrich (India)
Ranitidine (RNT) 98 MP biomedical (France)
Sodium thiosulfate 99.9 Merck (India)
pentahydrate
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Sodium hydroxide pallets 99 Rankem (India)

Reagents Source

Alkalinity Palintest (UK)

Ammonia Palintest (UK)

Chloride ion Palintest (UK)

Colour Palintest (UK)

COD Hach (USA)

Nitrate ion Palintest (UK)

Phenols Palintest (UK)

DPD-4 Palintest (UK)

2.3. Analytical methods

2.3.1. Measurement of NPX, DCF, and RNT concentration

For quantitative analysis of NPX, DCF, and RNT, 5 cm? of the sample was withdrawn from
the reactor and quenched with bubbling nitrogen gas to remove the residual ozone. Samples
were filtered by a 0.2 um syringe filter. Then, the sample was analyzed in the high-pressure
liquid chromatograph-UV (HPLC-UV) (make: LC-20AD, model: Shimadzu, country: Japan),
equipped with a C18 column (make: Agilent, model: XDB C18, country: USA). The
dimensions of the column were 5 mm % 4.6 mm % 250 mm. Sample injection volume was kept
at 20 mm?>. Analysis was performed in the isocratic elution mode. All experiments were
replicated at least three times. Analysis conditions for NPX, DCF, and RNT are given in Table

2.2. The detection limits for NPX, DCF, and RNT were 2.2 x 107, 5.0 x 1075, and 5.6 x 107>,
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respectively. Figures 2.2a, 2.2b, and 2.2¢ show the HPLC peaks for NPX, DCF, and RNT,

respectively.

Table 2.2. Operating conditions for HPLC analysis

HPLC analysis conditions

Compound Mobile phase Flow rate Ratio Wavelength  Retention
(em? s71) (nm) time (min)
NPX aqueous solution of 1.2 50:50 260 8.574
1% acetic acid and
acetonitrile
DCF aqueous solution of 1.0 30:70 276 5.024
1% acetic acid and
acetonitrile
RNT 100 mM ammonium 1.0 35:65 322 3.16

acetate and methanol

This Figure is ommited due to copyright issue

Figures 2.2. HPLC peaks for (a). NPX, (b). DCF, and (c). RNT.

2.3.2. Characterization of real pharmaceutical effluents

Both pharmaceutical effluents were qualitatively analyzed by HR-LCMS at the Sophisticated

Analytical Instrument Facility (SAIF) of IIT Bombay (India). The separation of the
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pharmaceuticals was achieved by the HPLC using an analytical C18 column (100 mm x 2.1
mm % 3 um) (make: Thermo Fisher Scientific, model: Hypersil, country: USA). The details of
the mobile phase composition and the gradient method are given in Table 2.3. In the mass
spectrophotometer (make: Agilent Technologies, model: G6550A; country: USA), the
capillary voltage applied was 3500 V, the gas flow rate was 13 dm>® min~! (at 523 K), the sheath
gas flow rate was 11 dm’® min~! (at 573 K), the nebulizer pressure was 2.4 bar, and the nozzle

voltage was 1000 V.

Table 2.3. Details of the mobile phase composition, and the gradient method of flow

Time 1% formic 90% acetonitrile + 10% Flow rate Pressure
acid in water H20 + 0.1% formic acid

(min) (Flowrate %) (Flowrate %) (em® min™") (MPa)
1.0 95 5 0.3 120
20.0 0 100 0.3 120
25.0 0 100 0.3 120
26.0 95 5 0.3 120
30.0 95 5 0.3 120

The properties of the raw wastewater were measured by a photometer (make: Palintest, model:

7100, country: UK).

For the chloride test, the samples were acidified to avoid interference from the reducing
and complexing agents. Then, a reagent containing silver nitrate was added, and the chloride
present in the sample reacted with it forming a turbid dispersion of silver chloride. The turbidity
thus developed, was measured in terms of the chloride concentration. The samples were filtered

through a glass fiber filter for color intensity measurement to remove the suspended solids. In
65

TH-2904_166107013



Chapter 11

the ammonia test, it reacted with salicylate and gave a green—blue color due to the formation
of indophenol in the presence of chlorine. Phenol and phenol substitutes gave red color by
reacting with 4-amino-antipyrine. Before analysis, the sample was neutralized to prevent

hindrance of the metal ions. A photometer measured the intensity of the red color.

2.3.3. Measurement of COD, BOD, TOC, and dissolved ozone

The properties of the raw wastewater were measured by a photometer (make: Palintest, model:
7100, country: UK). The samples were filtered with Whatman filter paper (Grade 1, pore size:
0.45 pum) for the COD analysis and diluted with Milli Q water. The COD reagents were added
carefully in the COD vials and digested for 2 h in the COD digester (make: Velp Scientifica,
model: ECO 25, country: India) at 423 K. Then, the digested samples were kept at room
temperature to cool, and the COD was measured. BOD (biological oxygen demand) of effluent
was measured by the respirometric method [206]. A known amount of wastewater and inocula
were used in 0.3 dm? bottles.

The TOC studies were carried out using a TOC (make: O. I. Analytical, model: Aurora
1030, country: USA) analyzer equipped with a non-dispersive infrared (NDIR) detector
according to the procedure described in the literature [207]. To convert the total inorganic
carbon (TIC) in the sample to CO», it was acidified with phosphoric acid (5 % v/v) and sparged.
The TIC-free sample was next oxidized with heated sodium persulfate (10% v/v, 373 K), where
the organic compounds were oxidized and the carbon was converted into CO». The NDIR
detector then evaluated and quantified it. The instrument displays the carbon content present
in the sample as TOC content in mg dm™>.

A photometer was used to quantify the concentration of dissolved ozone in the reactor
using an ozone-specific reagent DPD (diethyl-p-phenylenediamine). As per standard procedure

[208], the measurements were taken shortly after the samples were collected. The colorimeter
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measured dissolved ozone levels in the range of 0—10 mg dm=3. Higher dissolved ozone
concentrations required adequate dilutions using Milli-Q water, as per the colorimeter

supplier's guideline.

2.3.4. Identification of intermeddles for NPX, DCF, and RNT ozonation

The intermediates formed during NPX ozonation were identified by a liquid chromatography-
mass spectrophotometer (LC—-MS) (make: Waters, model: Q-Tof Premier, country: USA). The
electrospray ionization source operated in negative and positive modes. The intermediates
formed during NPX ozonation were scanned in the negative mode. For MS, the desolvation
gas flow rate, cone gas flow rate, capillary voltage, desolvation temperature, and source
temperature were 0.111 dm? s7!, 0.0139 dm? s, 2.45 kV, 623 K, and 358 K, respectively. The

sample injector volume was set at 20 mm?.

Intermediates formed during DCF and RNT were analyzed using a mass
spectrophotometer in positive mode (make: Agilent Technologies, model: G6550A; country:
USA) established in SAIF IIT Bombay. The parameters for source and scan source are already

mentioned in Sec 2.3.2.

2.3.5. Toxicity analysis

The toxicity of effluent before and after treatment was measured by the well test with E. coli
and S. Aureus. Effluent pH was kept neutral with the help of Naand HCI. Nutrient broth was
prepared with beef extract (10 g dm=), peptone (10 g dm=3), and NaCl (5 g dm=?) for E. coli
growth. The concentration of E. coli was 108 cfu cm™ and it was placed in Mueller-Hilton agar
(MHA) [209]. Sample was collected after the ozonation for the assessment of toxicity. Sterile

discs were prepared with inoculated MHA to be impregnated of 20 udm= sample. Then, the
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plates were kept in incubation for 24 h at 310 K [210]. The zones of inhibition were formed

due to toxicity.

2.4. Experimental methods

Ozonation of NPX, DCF, RNT and real effluents were carried out in 1 dm? glass reactor
equipped with a sparger of pore size of 40 um that was capable of generating fine bubbles
[211]. The reaction time was 10 — 120 min that varied with the target drug, ozonation system,
and the pH. The pH of the aqueous solutions varied from 4 to 11. Three different ozone supply
rates (0.42-0.78 mg s') were applied for ozonation. The samples were withdrawn after a
certain time, depending on the ozone supply rate. All the experiments were repeated 3 —4 times
to ensure their repeatability. The experiments were carried out at room temperature (i.e., 298
K).

In case of hybrid process treatment of real effluents, adsorption was performed. The
ozonated water was further treated by activated carbon in a glass column (length: 15 cm,

diameter: 2 cm) for pH range of 5—11.
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Abbreviations

BOD Biological oxygen demand

COD Chemical oxygen demand

DCF Diclofenac

DPD Diethyl-p-phenylenediamine

FESEM Field emission scanning electron microscope
HPLC High-performance liquid chromatography
HR-LCMS  High-resolution liquid chromatograph-mass spectrometer
1T Indian institute of technology

LC-MS Liquid chromatograph mass spectrometer
NDIR Non-dispersive infrared

NPX Naproxen

RNT Ranitidine

SAIF Sophisticated analytical instrument facility
TOC Total organic carbon

uv Ultra-violet
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CHAPTER I11

OZONE MICROBUBBLE-AIDED
INTENSIFICATION OF DEGRADTION OF
NAPROXEN IN A PLANT PROTOTYPE:

KINETICS AND MASS TRASNFER

[1] S. Patel, S. K. Majumder, P. Ghosh, P. Das, Ozone microbubble-aided intensification of degradation of
naproxen in a plant prototype, J. Environ. Chem. Eng. (2019), 7 (3), 103102. DOI: 10.1016/j.jece.2019.103102.
[2] S. Patel, R. Agarwal, S. K. Majumder, P. Ghosh, P. Das, Kinetics of ozonation and mass transfer of
pharmaceuticals degraded by ozone fine bubbles in a plant prototype, Heat and Mass Trans. (2019), 56, 385-397.
DOI: 10.1007/s00231-019-02718-7.
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CHAPTER III

Ozone Microbubble-aided Intensification of
Degradation of NPX in a Plant Prototype: Kinetic

and Mass Transfer Studies

This chapter contains the study of naproxen (NPX) removal by a combination of ozone and
hydrogen peroxide in a microbubble system. The effects of different parameters such as system
pH, ozone supply rate, and H>O: doses have been studied thoroughly. Gas to liquid mass
transfer of ozone was also studied and a model was also developed for the same. The Hatta
number was calculated for various operational parameters to assess the mass transfer of
ozone. The metabolites generated were identified along with their path of formation. The
pseudo-first-order reaction constants were also computed for the ozonation of NPX at different

pH and ozone supply rates.

3.1. Introduction

NPX is a nonsteroidal anti-inflammatory medicine (NSAID) that works by decreasing
hormones in the body that induce inflammation and pain. NPX is a pain reliever used to treat
illnesses like arthritis, tendinitis, ankylosing spondylitis, bursitis, and menstrual cramps. Traces
of NPX have been found in the water bodies due to extensive use of it as a pain reliever. The
inefficiency of conventional treatment methods and toxicity of metabolites generated during

oxidation have been reported in previous studies [174,212,213].
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The primary objective of this study was to investigate the degradation of NPX using a
combination ozone and hydrogen peroxide. This work focuses on the complete removal of
NPX under different operation variables, and the intermediates generated during the process.
Furthermore, the kinetic parameters, mass transfer for ozonation, and degradation pathway
have been investigated. The results have demonstrated that the combination of O3 and H>O»

was an effective treatment technique for NPX removal.
3.2. Results and Discussion

3.2.1. Hydrodynamics characteristics of the microbubble

A photographic technique was used for measuring the size of the microbubbles. The images of
the microbubbles were captured by a digital camera (D5300 24 MP, Nikon, India) in an
illuminating field created by a halogen lamp (500 W). The camera was positioned at a distance
of 0.5 m from the reactor wall. To obtain clear images, the background was set black. The
captured images were enhanced and analyzed by an image processing software (Digimizer
version: 4.2, MedCalc Software, Belgium). The boundaries of the microbubbles were clearly
marked, avoiding their overlap. The size distribution was calculated by analyzing 300 — 500
microbubbles at each flow rate. For each flowrate, 4 — 6 images were captured and the images
having the best quality were chosen for the analysis. A typical size analysis of the microbubbles

is shown in Figure 3.1. The Sauter mean bubble diameter (d32) can be expressed as

n

z nid;i
dy, = T—— G.1)
Z nidbzi

i=1

This Figure is ommited due to copyright issue
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Figure 3.1. A typical example of image analysis for measuring the size of the microbubbles.

The size range of the microbubbles was 0.44 — 1.06 mm and the Sauter mean diameter was

found to be 0.63 mm. The size distribution of the microbubbles is shown in Figure 3.2, which

was fitted by the log-normal distribution, given by

~ i {in(d, / p)}’
fn(d,,)—a+db5\/ge><p[ > . ] (3.2)

where f, is the distribution density function, and ¢, 3, , and J are the parameters of the log-

normal distribution, which are functions of the superficial gas velocity (u g) . As per the

a=0.015-1.78u, (3.3)
p =2.04exp(—155.79u,) (3.4)
y =0.046exp(1318.22u,,) (3.5)
6 =0.13-31.16u, (3.6)

This Figure is ommited due to copyright issue

Figure 3.2. Size distributions of the microbubbles at different superficial gas velocities at pH

4,

The pressure drop across the reactor was determined by using Equation (3.7), given below.

AP=p,gH,(1-¢,) (3.7)
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The effect of gas flow rate on the gas holdup in the reactor is shown in Figure 3.3. The gas
holdup increased almost linearly with the increasing gas flow rate from 0.02 to 0.08 dm? s~
The maximum average gas holdup (i.e., 0.4) was attained at the maximum gas flow rate of 0.08
dm?s7!. The pressure drop, calculated from Equation (3.7) was 588 Pa. Pressure drop and gas
hold up have significant effects on the bubble size, and play important roles in mass transfer.
A higher pressure drop can lead to the formation of larger bubbles, which would affect the
interfacial area and rate of mass transfer of ozone. As the volume of the aqueous phase in the

bubble column was increased, the holdup also increased. Superficial gas velocity and gas

holdup can be related by Equation (3.8), given below.

g, = au;’, (3.8)
Using the experimental data, the correlations for the coefficients a and b are as follows:
a=1.13x10° -1.12x10*V (3.9)

b=1.93-0.55V (3.10)

where ¥ is the initial volume of liquid in the reactor.

0.45
1 Symbol Initial Volume
00 0.636 dm’
63 | —o—  0.509 dm’
] == 0382dm’
0.301
0.25
3 J
50020
0.15
0.10
0.05 -
000 T T 1 T T T

8
u, x 10° (m s’])
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Figure 3.3. Effect of superficial gas velocity on gas holdup at different initial volumes of the

liquid.

The FESEM (JSM-7610F, Jeol, Japan) images of the sparger (S4, Oz-Air, India) surface and
pore are shown in Figures 3.4a and 3.4b, respectively. The pore size of the sparger was 40 um
(specified by the manufacturer). It was resistant to ozone. It was observed that the pores were

distributed non-uniformly throughout the sparger surface.

Figure 3.4. FESEM images of (a) sparger surface, (b) pore, and (c) sparger.

3.2.2. Mass transfer studies

The concentration of ozone dissolved in water increased with time and became constant,
corresponding to the steady-state concentration of ozone dissolved in water, ¢ at £ —> . The

steady-state concentration was reached when the solute concentrations in the gas and the liquid
were constant. For the determination of the volumetric mass transfer coefficient of ozone, two
phenomena are important, i.e., the mass transfer of the gaseous ozone into the aqueous phase
and the rate of self-decomposition of ozone absorbed into the solution. Many researchers have
reported that the decomposition of ozone in water is a function of pH and temperature, which
follows a first-order reaction rate [214,215]. When ozone in the gas phase was absorbed in
water and it simultaneously underwent decomposition reaction in a completely mixed semi-

batch reactor, the mass balance equation can be written as:

dc

%3

dt

=kLa(c:;3 —COB)—kDCO3 (3.11)
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The diffusivity of ozone in gas was much larger than that in water, so the resistance to
mass transfer in the gas phase is negligible, compared to that in the liquid phase. The

equilibrium concentration of ozone in water can be calculated from the following equation.

. k oa .
ss kLCl + kD (O (312)

The solubility of ozone in water was several times higher than that of oxygen (i.e., the
mole fraction solubility of oxygen in water is 2.3x10> and the same for ozone is 9.1x107° at
298 K and atmospheric pressure). Therefore, when a mixture of ozone and oxygen was passed
into water in the form of microbubbles, ozone preferentially dissolves in water. The
concentration of ozone in the aqueous phase can be described by Henry’s law: p = He. Henry’s
law constant, H, depends on pH and temperature. The equilibrium concentration of ozone in

the aqueous phase is given by [214]

c, =(%)% (3.13)

The Henry’s law constant, /H, depends on pH and temperature, which is given by [214]

—2428) G.14)

H =3.84x10"c2> exp [T

From Equations. (3.11) and (3.12), the mass balance Equation for 0zone can be written as

dc,,

= (ka+k)(e =) (3.15)

Integration of Equation (3.15) with the boundary condition, at =0, C, =0, yields

Cc
ln(%]=(kLa+kD)t (3.16)

— 003
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The concentration of ozone in water increases with time and attains equilibrium after a
certain time. A plot of In (Css /(e —¢o, )) versus ¢, gives a straight line with a slope of kLa + kp.
The value of kj at different pH can be calculated from the correlation suggested by previous

study [216,217]. The volumetric mass transfer coefficients can be calculated by subtracting the

kp from the value of slope for all pH and ozone generation rates.

3.2.3. Determination of rate constant for ozonation of pharmaceutical drug

The rate Equation for the oxidation of pharmaceutical drug with ozone can be expressed by

d[PH]
dt

=—k[PH]c,, (3.17)

Ozone dissolution in water undergoing a self-decomposition process is first-order in
nature. The self-decomposition of ozone depends on pH, temperature and ionic strength [218].
Ozone decomposition is initiated either thermally (in acidic media) or by the hydroxyl ion, OH"
(in alkaline media). The diffusivity of ozone in the gas phase is much higher than that in water.
Therefore, the resistance to mass transfer in the gas phase is negligible as compared to the
aqueous phase. Incorporating the ozone decomposition and the rate of mass transfer of ozone,

the mass balance Equation of ozone can be written as

d[0,]
dt

= kLa(cg3 ) )—chO3 —k[PH]c03 (3.18)

Equations (3.17) and (3.18) are simultaneously solved by the Runge-Kutta fourth-order
method to obtain the best-fit values of kia and k based on the concentration profiles of
pharmaceuticals and ozone in the reactor. The direct reaction of ozone with a compound

pharmaceutical is expressed as

PH + a0, — Products (3.19)
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Here a is the stoichiometric coefficient representing the ozone molecule consumed per
molecule of pharmaceutical transformed to products. The stoichiometric coefficient allows the
establishment of the kinetic regime of ozone absorption when ozone undergoes fast reactions
in water. Equation (3.19) represents a general reaction where the by-products have been
omitted from the series-parallel reactions of the ozonation. The rate Equation of the reaction

can be written as

d|PH

_—[dz ]:k[PH]co3 (3.20)
_ld[os]_

T = k[PH]c,, (3.21)

In order to obtain the reaction rate constant (k), the denominated absolute rate constant
method under pseudo-first-order conditions was used. According to the method, the
concentration profile of a pseudo-first-order reaction performed with excess drug or oxidant in

a batch reactor can be expressed as

)
In| 0 =k 1 (3.22)

[PH]

A plot of ln([PH]o /[PH]) versus ¢ gives a straight line with a slope of kapp. The reaction rate

constant of ozonation was then calculated by
__app
ko, = (3.23)

If neither compound is in excess, the Equation (3.21) can be written as

[PH]

([P ]J ] Codi (3.24)
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A plot of In([PH], /[PH]) versus IC03 dt represents a straight line with a slope of k.

3.2.4. Axial concentration of ozone in liquid

To observe the concentration profile of ozone in aqueous phase, the axial dispersion model
derived by Wang [219] was used. The final form of model equation based on basic mole

balance at steady-state operation is given by:

d’c. d(c.Pe
dZZG + ( . G) —Pe Sppc; +Pesgge, =0 (3.25)
d* de
dziL +PGLEL+P6L§¢CG —Pe, (¢, +Da)c, =0 (3.26)

where Peg, Per, & { Cq, Ci, Da, and z are dimensionless parameters which are defined by

3 ? RT Vak HC, V. k

PeG=QG—L,PeL=QLL v VQkL’é,: a’L,CG:&,CLZ—b,DaZL,

VGbDeG I/LbDeL HQG QL pa pa QL
z=1-2

b
Other parameters are defined by
@, = cosh(Ha) (3.27)
@, = AHasinh(Ha) + cosh(Ha) (3.28)
¢ =(xlcosh(Ha)Jrsinh(Ha)/Ha)_1 (3.29)
The Hatta number for the first-order reaction is given by
1/2

k, D

Ha = M (3.30)

k

L
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Damkohler number Da is related to Hatta number as Da =Ha® / ¥ . The parameters A
and y are defined by A= RTk, /(Hk,) andy=6,0, (D,V,,).
For the calculation of Hatta number, the value of k,= 3x10“ m s [217,220] and D,

= 1.3x107 m? s~ [217] were used. As can be seen, Ha is always lower than 0.3, which means
the ozone reactions are slow. The usual Danckwerts boundary conditions were used to integrate

the differential equations (Equations (3.25) and (3.26)). The boundary conditions are:

2=0; deg _dc, _0
dz dz
1 dc 1 d
2=l c,=1-—%a o 2 % (3.31)
Pe; dz Pe, dz

The boundary-value problem (Equations (3.25) and (3.26) with Equation (3.31)) was solved
analytically by means of the eigenvalues of the differential equations. From Equation (3.25):
1 dc, 1 d’c,

C, =QCr ——
L =PC ip &= EgPe, e (3.32)

From Equations. (3.32) and (3.26)

4 3 2
ch( 1 j+ch[I+PeL]+ch{(pl+PeL+ Pe, (((p(p2+Da)}+

dz* \ EpPe, ) d’ \Ep EpPe, ) d2’ Ep  EpPe,

(3.33)

de. | 1 Pe
G{—PeLgo1 +L({(o(oz+Da)}—cG(PeL§(o+PeLé’(o(olgo2+(01DaPeL)=O
dz (Sp 0

It is a linear, homogeneous, constant-coefficient ordinary differential equation, which can be

solved by characteristics equation:
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d'c;, d d’
dZC‘;G dZC;G (PCG"FPGL)'FchzG{(:m +PCGPCL +PeL (§WZ +Da)}+
&{Pec —Pe Pe, Epp, +PePe, (Spp, +Da)} - (3:34)

dz
C (PeGPeL§§¢’2 +PeGPeL§§¢2¢1¢2 +‘§(/X/’1DaPeGPeL) =0

From Equation (3.34)
s* 45 (Peg +Pe, )+ {f(o(ol +Pe,Pe, +Pe, (Lo, +Da)} +
s{PeG —Pe,Pe,Epp, +Pe Pe, (Lpp, +Da)| - (3.35)

(PeGPeL§§¢2 + PeGPeL§§¢2¢1¢2 + SppDaPe Pe, ) =0

The simplified Eigen Equation for the differential Equations (3.25) and (3.26) can be written

as:
(sz +Pe_s —Per¢(pl){s2 +Pe,s—Pe, ({dp, + Da)} —Pe_Pe, &4 =0 (3.36)
which has four real roots s, 52, 53 and s4. Hence, they obtained general solutions as follows:

CG: Aleslz + Azeszz n A3es3z + A46s4z (3 37)

CL :141ﬁeslz +A2ﬂzeszz +143@6S3Z +I4z‘ﬂ‘eS4Z (3.38)

s; +Pegs; —Pe Epp —Pe, ¢ (i=1,2,3,4) (3.39)

where . =
£ Si2 +Pe,s;, —Pe;Sp—Pe, (Chp, + Da)

A linear Equation system can be represented by using the boundary conditions (Equation

(3.31)). The four integration constants A; are calculated by solving the Equations for the co-

current flow as:
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s s, S5 S,

B s,5 RN s,

e (1 + LJ e” (1 + S—ZJ e [1 + S—3j e (l e ]
Pe, Pe, Pe, Pe,
. s s . s s
L1+ | "B |1+ | B |1+—=| "B, |1+—+
R R R e

3.2.5. Ozone concentration profile in bulk liquid and mass transfer coefficient

(3.40)

EN NN
oS = O O

Typical model parameters and constants those were used to calculate the ozone concentration

profile are shown in Table 3.2.

Table 3.2. Typical model parameters and constants

Variable Value
Ha 0.000116
¢ 2
¢ 6
A 0.01
y 0.003
r 1

After solving the equations, the parameters obtained as per the present experimental condition

at Ha = 0.000116 are shown in Table 3.3.

Table 3.3. Calculated values of other parameters which are used in various Equations at Ha =

0.000116
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Variable Calculated value Variable Calculated value
¢1 1 i 0.0039
¢ , 1 ﬂz 6.1693
¢ 1 B, 0.1353
Da 0.0003 ,3 0.9999

4
S —-104.4081 A4, 0.0009
1
s, —39.4393 A, 0
S5 3.8473 A3 0.024
S, 0.0002 A, 0.1665

By using these calculated parameters, one can obtain the ozone concentration profile in the

aqueous phase as a function of reactor coordinate (z) according to the Equation (3.41)

C, =3.52x107°e "% 1324107 & %77 —0.17e"** (3.41)

The plot of In(C,, /(C,—C,)) versus ¢, gives a straight line with a slope of kza + kp according

to the Equation (3.22). The value of the first-order decomposition rate constant of ozone, kp at
pH 5 is 2.33x107* s7! from [217]. From the values of slope, the mass transfer coefficient was
obtained. It was seen that the mass transfer coefficient varied with ozone flowrate at different
pH as shown in Figure 3.5 for NPX. The mass transfer coefficients at different ozone flowrates,

at different Hatta numbers and different pH for various pharmaceutical drugs are shown in

Table 3.4.
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Mass transfer coefficient (s™)

02|l 5 0 gﬁ =
A aipH 7 As per model
Vv atpH=8
0.271 4 as per model
0.270 1
am
a.
0.269 - &
2
2
Q
0.268 =
0.267

I |
0.38 0.40 0.42

Ozone flowrate (mg S

| |
0.44 0.46

|
0.48

0.50

Figure 3.5. Variation of volumetric mass transfer coefficient with ozone flowrate at different

pH values in case of NPX.

Table 3.4. The mass transfer coefficient for NPX at different pH and at ozone flowrate 0.39 mg

s7! and H,0,=0.0012 dm?

Pharmaceutical Ozone flowrate pH value  kappx10°  Hax10*(-)  kpa (s™)
drugs (mg s™) ™
NPX 0.39 5 0.056 1.161 0.26780
6 0.099 1.544 0.26772
7 0.165 1.993 0.26783
8 0.231 2.358 0.26737
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0.42 1.100 5.146 0.26835

1.935 6.825 0.26892

3.218 8.802 0.26885

4.502 10.411 0.26849

0.44 1.818 6.616 0.26862

3.198 8.774 0.26885

5.319 11.316 0.26913

7.440 13.383 0.26892

0.48 11.368 16.543 0.27004

19.995 21.940 0.27072

33.257 28.295 0.27166

46.520 33.465 0.27189

CBZ 0.39 0.472 26.099 0.03877
IBP 0.39 1.070 39.314 0.04147
MIT 0.39 69.000 315.700 0.04027
RNT 0.39 15.050 147.441 0.04857

TH-2904_166107013
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A general correlation is developed to predict the volumetric mass transfer coefficient at

different pH which can be expressed as

kya=0.2497 pH" "> My, (3.42)
where
n=39x10" pH'** (3.43)

3.2.6. Effect of pH on NPX degradation

The ozonation of NPX was carried out at various pH (i.e. 5-9). The pH of the system was
adjusted before ozonation by using HCI and Nasolutions. The degradation of NPX was highly
affected by the pH of the reaction medium. For the same amount of ozone supply and retention
time, the degradation was comparatively slower in the acidic medium than the alkaline
medium. As shown in Figure 3.6a, for 0.39 mg s~ ozone supply rate, after 100 min, the
degradation achieved was 30% at pH 5, which increased to 75% at pH 9. From Figures 3.6b,
3.6c, and 3.6d, it is apparent that the degradation accelerated as the pH of the reaction medium
increased.

This Figure is ommited due to copyright issue

Figure 3.6. Effect of pH on NPX degradation for different rates of ozone supply: (a) 0.39, (b)

0.41, (¢) 0.44, and (d) 0.48 mg s~!. [NPX]o = 50 mg dm~3; 7= 300 K.

In the acidic reaction system, NPX was degraded by molecular ozone, while at alkaline pH, the

hydroxyl radicals played an important role in the degradation. The alkaline medium facilitated

hydroxyl radical generation [221], which favored the degradation process due to their higher
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oxidative power than ozone. The presence of hydroxyl radicals reduced the lifetime of ozone
in the aqueous phase. Hence, higher dissociation of 0zone was achieved. The initiation of ozone

decomposition in the alkaline medium involves multiple steps, as follows:

0,+0OH —OH, +0, k2 = 40 dm?3 mol! 5! (3.44)
O, +HO, —+O; +HO; k2 =2.2 x 107 dm3 mol ! 57! (3.45)
HO,+0OH <0, +H,0 pK =4.8 (3.46)
0, +:0,” »+0; +0, k2=1.6 x 10° dm* mol~' s~ (3.47)
O, +H,0 > HO++0O,+OH™  =20-30s" (3.48)
«O; +HO-—+0, + HO, ka =6 x 10° dm?® mol ! 5! (3.49)
«O; + HO+— O ,+-OH" k2 =2.5 % 10° dm? mol™' s (3.50)
O, +HO«— O, +HO; k2 =3 x 10° dm® mol~' s~! (3.51)

At basic pH, the HOe is generated by a single step only, as given by Equation (3.47). A high

concentration of hydroxyl ion leads to the generation of O, HO, , O; , and HOe [221]. For
pH <7, the generation of HOe is slow, which is reflected by the low-rate constant, as given by
Equation (3.48). However, the steps involved in the propagation and termination [i.e.,
Equations (3.49) — (3.51)] are very fast.

In the acidic medium, a different mechanism of ozone decomposition is involved, i.e.

via the thermal decomposition of ozone into oxygen [222]:
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O, <<0+0, (3.52)

O+H,0 — 2HO- (3.53)

An oxygen atom is formed during the decomposition, which further reacts with water to form

HOe. A perhydroxyl radical is generated by the reaction of HOe with Os.

HO++0, —» HO’ + 0, k2= 1.1 x 108 dm? mol! 5! (3.54)
HO® +0; »> HO++20, k <10*dm’mol's (3.55)
HO' < -0, +H' pK=438 (3.56)

In the acidic medium, the hydroxyl radicals are mainly generated by the reaction given by
Equation (3.53). However, they may be generated by the propagation step [i.e., Equation

(3.55)] as well.

3.2.7. Effect of ozone flow rate

High rates of ozone supply led to a drastic increase in the degradation efficiency. The ozone
generation rate was varied in the range of 0.39 — 0.48 mg s~! to assess the effect of ozone
concentration in the reactor. For 0.39 mg s~ ozone supply rate, 30 — 75% removal of the drug
was recorded in 100 min for pH 5 — 9, whereas 99% removal was achieved within 10 min for
0.48 mg s~ ozone supply rate for the same pH range. Therefore, it can be concluded that a
small change in the ozone supply rate led to a very high removal rate as a result of the high
reactivity of NPX with ozone. The degradation of NPX for different ozone supply rates is

shown in Figure 3.7. It is clearly observed that the extent of NPX removal increased up to 99%
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at high ozone supply rate. For example, at 0.48 mg s~!, the NPX concentration was reduced to
below the detectable range within 4 min. The degradation increased 1.32 — 3.3 times when the

ozone supply rate was increased by 1.2 folds.

This Figure is ommited due to copyright issue

Figure 3.7. Effect of ozone supply rate on NPX degradation at different pH: (a) pH 5, (b) pH

6, (¢)pH 7, (d) pH 8, and (¢) pH 9. [NPX]o = 50 mg dm™3; 7= 300 K.

Some chromatograms obtained by the HPLC analysis at different times during the degradation
of NPX are shown in Figure 3.8. The peak for pure NPX appeared at 8.5 min at # = 0 (Figure
3.8a). After 2 min of ozonation (ozone supply rate = 0.48 mg s™!), two peaks appeared (i.e. at
2.25 min and 4.70 min), showing the formation of two significant degradation products. It is
also seen that the intensity of the NPX peak decreased, which signifies the degradation of NPX.
After 4 min of ozonation, one intermediate converted to another inasmuch as one of the peaks
diminished and the other strengthened. The NPX peak disappeared after 6 min of ozonation.
The chromatogram suggests the formation of two degradation intermediates, one of which

converted to the other. After 10 min, only one degradation product was formed.

This Figure is ommited due to copyright issue

Figure 3.8. ( () itograms for NPX ozonation at (a) =0, (b) t=2,(c)t=4,and (d) t=6
min. [NPX]o = 50 mg dm=3; 7= 300 K; ozone supply = 0.48 mg s!; pH = 7; [H202] = 1.2

cm’.

The LC-MS analysis was carried out for identifying these intermediates, discussed further in

Section 3.5. For a low ozone supply rate (i.e. 0.39 mg dm™?), the formation and conversion of

&9
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the degradation products were very slow comparatively. For the ozone supply rate of 0.39 mg
s~!, the chromatograms were analyzed for 50, 100, and 150 min of ozonation. The NPX peak
was reduced after 150 min of ozonation. Both the intermediates were present after 150 min,
which suggests that some more ozone was required to convert one product into another, as
shown in Figure 3.9.

This Figure is ommited due to copyright issue
Figure 3.9. Chromatograms for NPX and the intermediates formed during ozonation at (a) ¢ =

0, (b) =150, (c) =100, and (d) ¢ = 150 min. [NPX]o = 50 mg dm=3; 7'= 300 K; ozone supply
rate = 0.39 mg s'; pH = 7; [H202] = 1.2 cm®. )

3.2.8. Effect of H202 on NPX degradation

In alkaline medium, the addition of H>O; increased the generation of hydroxyl radicals, which
influenced the degradation process significantly. In addition, it increased ozone consumption
because the addition of H2O» decreased the lifetime of Os. In acidic conditions, the addition of
H>0, did not affect the degradation, as shown in Figure 3.10. It may be due to the low ozone

dissociation and less amount of hydroxyl radicals. In pure water, ozone decomposition was
initiated by the hydroxyl ions, but in the presence of H>O», it was initiated by the anion (OH;)
, which has a much higher rate constant than the hydroxyl ion. To illustrate,

=(5.541.0)x10° dm® mol' s and K, o, =210£20 dm® mol' s for pH 6 — 11.6

0,,0H;
[223]. At higher pH, the H>O» consumption increased by 10 folds for every increase in pH by
unity. This increased the generation of HO* rapidly, which accounts for the higher degradation

efficiency after the addition of H2O: in the alkaline medium.

This Figure is ommited due to copyright issue

90

TH-2904_166107013



Chapter 111

(e
Figure 3.10. Effect of H2O2 on NPX degradation : rent pH: (a) pH 5, (b) pH 6, (c) pH 7,

(d) pH 8, and (e) pH 9. [NPX]o = 50 mg dm™3; T'= 300 K; ozone supply rate = 0.39 mg s7!;

[H20:2] = 1.2 cm’.

The mechanism of ozone dissociation by OH, is as follows:
H,0, & HO, +H" pK=11.6 (3.57)

O, +HO, - HO++:0; + O, k. . =(55%1.0)x10°dm? mol™! 57! (3.58)

0;,0H,

3.2.9. Kinetics of ozonation

The rate constant for ozonation of NPX was determined for the semi-batch operation, in which
ozone was continuously supplied to the reactor. The ozone concentration with respect to time
was found to be constant due to its continuous supply to the reactor and consumption. The
concentration of NPX was much higher than that of ozone. The kinetics of the bimolecular

reaction between ozone and NPX can be written as

% ——k, [0, ]NPX] (3.59)

It can be considered as a pseudo-first-order reaction [224], i.e.

1 _ = k
n [ ] appt (3 60)
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where kapp is the apparent rate constant, given by kapp Zko3 [03]. It was calculated from the

[NPx],

slope of the plot between In and ¢ as shown in Figure 3.11.
[NPX ]

This Figure is ommited due to copyright issue

NPX
Figure 3.11. Plot of ln{[ ]0} versus ¢ for the calculation of kapp. [NPX]o =50 mg dm=3; T

[NPX]

=300 K; ozone supply rate = 0.39 mg s~'; [H202] = 1.2 cm’.

This Figure is ommited due to copyright issue
Figure 3.12. Effect of pH and ozone supply rate on the pseudo-first-order rate constant, kapp.

For higher ozone supply rates (i.e., > 0.55 mg s7!), the ozone concentration did not remain
constant. So, the reaction cannot be considered as pseudo-first-order for these systems. kapp
increased with increasing ozone supply rate and pH (see Figure 3.12). The values of the reaction

rate constant for different pH and ozone supply rate are summarized in Table 3.5.

Table 3.5. Values of kapp for different pH and ozone supply rate with [NPX]o = 50 mg dm™

Ozone supply rate pH
(mg s7") 5 6 7 8 9
0.39 0.0034 0.0064 0.0098 0.0115 0.0131
0.41 0.0203 0.0224 0.0318 0.0484 0.0536
0.44 0.058 0.069 0.106 0.133 0.199
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0.48 0.109 0.243 0.342 0.442 0.677

In alkaline medium, degradation of NPX takes place by the reaction with hydroxyl radicals. It
is mentioned in Section 3.2.6, that alkaline medium favors the degradation of NPX. The values
of kapp confirm this. The values of the rate constant for the O3/ H2O; system were always higher
than those for Oz alone (see Figure 3.13) due to the involvement of the hydroxyl radicals. In
alkaline medium (i.e. pH 8 and 9), this difference was large. It may be due to the insufficient

amount of hydroxyl radicals in the alkaline medium for ozone alone.

14 -

I Without HO,

12 With HO,

AR
s
CRRELS

%

%

o2

R

o

Figure 3.13. Effect of H>O; on the pseudo first-order rate constant, kapp.

3.2.10. Identification of intermediates using mass spectrometry

The full-scan ESI mass spectrum of the NPX metabolites (negative ions) was performed on the
samples collected from the reactor. These are shown in Figure 3.14. Initially two main peaks

of the products were observed due to the loss of CO; (m/z = 185.10, 2-methoxy-6-methyl
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napthalene), and the losses of one CO2 molecule and one CHj3 group (m/z = 170.7, 2-methoxy-
6-methyl naphthalene) [225,226]. After 8 min of ozonation, only one high-intensity peak was
observed, which corresponds to 1-(6-methoxynaphtalen-2-yl) ethyl-hydroperoxide (m/z =

216.6) [179]. The value m/z represents the ratio of mass to charge number of ions.

This Figure is ommited due to copyright issue

Figure 3.14. Full scan electrospray ionization mass spectrum of the NPX intermediates: (a) ¢
=4 min; (b) ¢ = 8 min. [NPX]o = 50 mg dm=3; 7= 300 K; ozone supply rate = 0.48 mg s7';

[H202] = 1.2 cm?.

3.2.11. Mechanism of reaction

Figure 3.15 shows the proposed reaction mechanism for NPX degradation. In the first step,
NPX was attacked by the hydroxyl radical and an unstable intermediate was formed. This
intermediate was converted to 2-methoxy-6-ethyl naphthalene (m/z = 185.1) and 2-methoxy-
6-methyl naphthalene (m/z = 170.7) by the loss of one molecule of CO2, and one molecule of
CO; with one methyl group, respectively. Intermediate B further forms 1-(6-
methoxynaphthalene-2-yl) ethyl hydroperoxide (m/z = 216.6) due to the combination of the

oxygen radicals. These products were also confirmed by other studies [179,225,226].
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This Figure is ommited due to copyright issue

Figure 3.15. Proposed mechanism of NPX degradation and the intermediates formed.
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3.3. Conclusion

Degradation of NPX was studied by using ozone microbubbles in the presence and absence of
H>0,. The rate of degradation increased with increasing pH (i.e. 5 to 9) of the medium and the
ozone supply rate (i.e. 0.39 to 0.48 mg s™'). NPX was degraded to below the detection limit
within 4 min of commencement of reaction for 0.48 mg s~ ozone supply rate at pH 9. 50-99%
conversion was recorded for ozone supply rates in the range of 0.39 — 0.48 mg s™! and the
corresponding reaction times were found to be 100, 750, 30, and 10 min. The hydroxyl radicals
present in the reaction system controlled the degradation process significantly, which justifies
the higher removal efficiencies in the alkaline medium. From the model, it can be concluded
that the concentration of ozone in aqueous phase became constant after 0.27 min; so that we
can consider that the ozone concentration is constant as compared to drug concentration
throughout the reaction. For the ozone supply rate of 0.39 mg s~!, the kapp ranged from 2.89 x
1073 to 6.44 x 107> min~! for O3 alone whereas, for the O3 + H»0, system, it varied from
3.39x1073to 13.1x107* min~'. Mainly three intermediates were produced during the ozonation

due to decarboxylation of NPX.
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Notations

Symbols

a Coefficient used in Equation (3.8) (-)

ai Interfacial area per volume of reactor (m? dm™)

b Coefficient used in Equation (3.8) (-)

Ce Concentration of ozone in the gas phase (mg dm=3)

CL Concentration of dissolved ozone in aqueous phase at time ¢ (mg dm™)

Co,  Equilibrium ozone concentration in aqueous phase (mg dm™3)
C, Steady state ozone concentration in aqueous phase at t—oo (mg dm=>)
D Molecular diffusion coefficient in the film (m™2 s7!)

D, Damkohler number (-)
dp Bubble diameter (m)

ds2 Sauter-mean diameter (m)

Ju Frequency distribution function (-)
g Gravity constant (m? s7!)
H Henry’s law constant (Pa mol fraction™)

Hy Height of gas-liquid mixture (m)

k Rate of reaction (M~!s™!)

kapp ~ Pseudo-first-order rate constant (s7!)

ke First-order decomposition rate constant of ozone (s™')
k,a Volumetric mass transfer coefficient of ozone (s™)
Kou  Rate constants with HO radicals (M~'s™)

K, Rate constants with O3 (M's™!)
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M Molecular weight of water (kg mol™!)

n Number of bubbles (-)

L Length of the reactor (m)

P Pressure (Pa)

P Partial pressure of ozone in the gas phase (Pa)
P Total pressure of the system (N m~2)

pK  Equilibrium constant (-)

0 Volumetric flow rate (dm? s7!)

R Gas constant (J mol™' K1)

Re Reynolds number

t Time (s)

T Temperature (K)

Ug Superficial gas velocity (m s!)

V Reactor volume (dm?)

Greek letters

a Parameter for log normal distribution (-)
p Parameter for log normal distribution (-)
y Parameter for log normal distribution (-)
o Parameter for log normal distribution (-)
& Gas holdup (-)

e Density of mixture (kg dm™)

P Density of water (kg dm™>)

o Surface tension of the liquid (N m™")

&g Fractional gas holdup
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y Dimensionless number (-)
) Thickness of diffusion film (m)
4 Dimensionless number (-)
& Dimensionless number (-)
A Dimensionless number (-)

¢ Symbol used in Equation (3.35)

Abbreviations

CBZ Carbamazepine

FESEM Field emission scanning electron microscope
HPLC High-performance liquid chromatography
IBP Ibuprofen

LC-MS Liquid chromatography—mass spectrometry
MIT Methylisothiazolone

NPX Naproxen

NSAID Nonsteroidal anti-inflammatory medicine
PH Pharmaceutical

RNT Ranitidine
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CHAPTER 1V
OZONATION OF DICLOFENAC IN A

LABORATORY-SCALE BUBBLE COLUMN:
INTERMEDIATES, MECHANISM, AND MASS

TRANSFER STUDIES

[11 S. Patel, S. K. Majumder, P. Ghosh, Ozonation of diclofenac in a laboratory-scale bubble column:
Intermediates, mechanism, and mass transfer study. J. Water Process. Eng. (2021), 44, 102325. DOI:
10.1016/j.jwpe.2021.102325.
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CHAPTER 1V
Ozonation of DCF in a Laboratory-scale Bubble

Column: Intermediates, Mechanism, and Mass

Transfer Studies

This chapter presents the degradation of diclofenac (DCF) using ozone in the presence of
hydrogen peroxide. Effects of various operational parameters, i.e., pH, ozone dose, H20;
concentration, and initial concentration of DCF on the removal rate, were investigated. The
removal efficiencies of COD and TOC during ozonation were also reported. The role of
hydroxyl radical in the DCF degradation process was confirmed by using a radical scavenger.
The release of ammonia and chlorine gas was estimated during the ozonation. The
intermediates formed during the degradation were identified, and the path of degradation was
also predicted. A kinetic model for DCF ozonation was developed, and the kinetic parameters

were determined.

4.1. Introduction

DCF is one of the extensively used analgesic, antiarthritic, and anti-inflammatory non-steroidal
drugs (NSAID). Although it is a proven fact that DCF can be removed by natural photolysis
[136,137], yet it is one of the most frequently detected pharmaceuticals in water bodies such
as groundwater [137,138] and surface water [139,140], at concentrations up to 1.2 pg dm™
[5,141]. Traces of DCF pass through the conventional wastewater treatment facilities without
any alteration due to its resistance and high stability.

Photo-Fenton, O3, O3/H20», catalytic ozonation, and UV/H»0O> are some of the proven
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tools for removing stubborn organic compounds from wastewater with a good mineralization
efficiency. Complete mineralization has been found to be expensive due to the extreme reaction
conditions [8]. However, in partial degradation, more biodegradable and less toxic
intermediates were formed, which was the key to removing toxicity. The potential of the AOPs
for the degradation of pharmaceuticals from wastewater has been well-established in previous
studies [119,227-231]. Recently, the ozonation of DCF has been reported by many researchers
[150,163,232-234]. However, only a limited extent of studies is available for the intermediates
and the mechanism of degradation.

The present study aims to predict the degradation pathways of DCF during ozonation
and detect the metabolites formed. The effects of system pH, ozone supply rate, and initial
concentration of the substrate were studied in detail. A kinetic model was developed for the
ozonation of DCF, and the kinetic parameters of the model were determined by using the
experimental data. The involvement of the hydroxyl radicals in the degradation process was
also investigated. Mass transfer of ozone in the aqueous phase was analyzed, and the
parameters for mass transfer were calculated. For the toxicity analysis, the seed germination
technique was used. Removal of total organic carbon (TOC) and the release of chloride ion

during the reaction were also studied.

4.2. Results and Discussion

4.2.1. Effect of pH of the medium

The oxidation of DCF was conducted in the pH range of 4 — 9. The results are shown in Figures
4.1a — c. The degradation efficiency was usually above 90%. The pH of the solution had a
strong effect on the degradation. The impact of the pH on ozone lifetime and its decomposition

rate were enunciated by Von Sonntag and Von Gunten [235]. It has been reported that the
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lifetime of ozone decreases with the increasing pH of the aqueous phase [236].

Although ozone s short-lived in the alkaline medium, the time required to achieve 99%
degradation was less than that in the acidic medium. The increase in the rate of degradation of
DCF with the pH of the medium suggests in sifu generations of the hydroxyl radicals. Non-
selectivity and higher oxidizing power of the hydroxyl radicals make them a better oxidizing
agent than molecular ozone for the oxidation of DCF. The pseudo-first-order rate constant was
increased by 32% when the pH was increased from 4 to 9 (see Figure 4.2). Involvement of the
hydroxyl radical in the oxidation of DCF was also confirmed by adding a catalyst and a
scavenging agent for the hydroxyl radical (see Section 4.2.2).

This Figure is ommited due to copyright issue

Figure. 4.1. Removal of DCF by ozonation in the pH range of 4 — 9 at the ozone supply rate

of (a) 0.44, (b) 0.48, and (c¢) 0.50 mg s'. Initial concentration of DCF = 50 mg dm™>.

This Figure is ommited due to copyright issue

Figure 4.2. Variation of the pseudo-first-order rate constant (k with the pH of the

a0p)
medium for the ozone supply rate of 0.44 mg s~! and initial DCF concentration of 50 mg

dm3.

However, system pH was found to be declining during the ozonation process due to the
generation of acidic metabolites and NOx since the reaction solutions were not buffered during
the ozonation. It was also reported in a previous study that during ozone generation, NOx
production occurred due to electric discharge, which also contributed to the decline in pH

[237].
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4.2.2. Effect of hydroxyl radical generation in-situ

H>0; was added to the aqueous phase for the generation of hydroxyl radicals, and isopropyl
alcohol was used for scavenging them. Figure 4.3 shows the effect of hydroxyl radicals present
in the reaction system. The addition of isopropyl alcohol (IPA) slowed down the reaction by

consuming the hydroxyl radicals. This led to a lower value of the reaction rate constant. Kapp

dropped from 0.4485 to 0.3947 min~' when isopropyl alcohol at a concentration of 13 mol m=

was added to the reaction medium. The addition of 42 mol m— H>O; led to an increase in kapp

by 7%. This variation in the rate constant confirmed the involvement of hydroxyl radicals in

the degradation of DCF.

Figure 4.3. Effect of addition of H,O2 and IPA on the degradation of DCF at pH 7. Initial

concertation of DCF = 50 mg dm, [H202] = 42 mmol dm~, and [IPA] = 13 mmol dm=.

4.2.3. Effect of initial concentration of DCF

To analyze the effect of loading of the target pollutant, the concentration of DCF was varied in
the range of 50 — 125 mg dm™ at pH 9 for the ozone supply rate of 0.44 mg s~!. It was observed
that the degradation efficiency of DCF dropped from 99 to 90%, when the initial concentration
of DCF was increased from 50 to 125 mg dm~ (see Figure 4.4). These results indicate that the
ozone demand increased as the initial concentration of DCF increased. A lesser degradation
efficiency at the higher concentration of the target pollutant suggests the unavailability of a
sufficient amount of the oxidants (i.e., molecular ozone and hydroxyl radicals) in the aqueous
phase for reacting with DCF. To achieve a higher degree of removal of DCF, an optimized

ratio of ozone dose and DCF loading is required. Although the degradation efficiency for 125
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mg dm~> DCF was decreased by only 10%, a low mineralization efficiency (i.e., 9%) was
recorded for this system. It implies that the intermediates formed during ozonation required a

higher dose of the oxidant(s) for complete mineralization.

This Figure is ommited due to copyright issue

Figure 4.4. Effect of the initial concentration of DCF on its removal at pH 7 and 0.44 mg s~!

ozone supply rate.

4.2.4. Effect of ozone supply rate

Ozonation of DCF was conducted at three different ozone supply rates, i.e., 0.44, 0.48, and
0.50 mg s~ !. It was found that the removal of DCF was highly sensitive to the ozone supply
rate. A slight increase in the ozone supply rate led to a shorter reaction time for the removal of
DCF. For all ozone supply rates, complete removal of DCF was achieved. However, the time
required for the removal showed significant differences. When the ozone dose was increased
by 0.04 mg s~!, the time needed for complete removal of DCF was reduced to 15 min from 70
min. When the ozone dose was increased further by 0.02 mg s~!, the reaction time was 6 — 10
min. An identical behavior was observed for the pH range of 4 — 7. A higher ozone supply rate
led to the higher values of the apparent rate constant. The increase in the rate constant with
ozone supply rate can be described based on the two-film theory [238]. According to this
theory, the higher concentration of ozone at the interface led to an increase in the mass transfer
coefficient. However, at a certain value of ozone supply, the water would be saturated with
ozone completely. At this point, ozone concentration in water will be constant, and a further
increase in the ozone dose will not affect the mass transfer. After achieving the ozone
saturation, the degradation process would become dependent on the reaction rate constant.

Hence, a further increase in the ozone dose does not affect the degradation efficiency. The other
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major factor is the enhanced production of hydroxyl radical, which takes part actively in the
degradation process. The effect of ozone supply rate on DCF degradation efficiency at different

pH is shown in Figure 4.5.

This Figure is ommited due to copyright issue

Figure 4.5. Effect of ozone supply rate on the degradation efficiency of DCF for (a) pH 4, (b)
pH 5, (c) pH 6, (d) pH 7, (e) pH 8, and (f) pH 9 at the initial DCF concentration of 50 mg

dm3.

4.2.5. Production of ammonia and chlorine during DCF d¢ (¢) ion

Figure 4.6 shows the ammonia and chloride ion concentration in the reaction medium during
the ozonation of DCF. 88% of the total chlorine and 72% of the total nitrogen were released
during the mineralization process. In the first 25 min of the reaction, the chloride concentration
increased rapidly due to the probable substitution of chloride by the oxygen-containing groups.
After 25 min of reaction, the concentration dropped slightly as some chloride ions reacted with
the other metabolites (aniline) and formed products such as dichloro aniline, a major
intermediate detected. Various chlorine-containing intermediates were detected in the proposed
mechanism (see Section 4.2.6). Detection of ammonia reflects the loss of nitrogen atoms in the
structure of DCF. The elimination of nitrogen is considered an essential step in the
mineralization process because it signifies the rupture of two : ) ¢ rings. Although the final
products did not contain nitrogen, a loss of only 72% of the nitrogen illustrates the formation

of intermediate nitrogen-containing compounds, which went undetected.

This Figure is ommited due to copyright issue
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Figure 4.6. Production of ammonia and chloride ion during the ozonation of DCF at pH 7,

0.44 mg s~! ozone supply rate, and 50 mg dm™ initial DCF concentration.

4.2.6. Mineralization (TOC) and COD removal during ozonation

Figures 4.7a and 4.7b show the TOC and COD removal from the DCF solution for various
ozone supply rates. The maximum TOC removal was 60%, achieved at the ozone supply rate
of 0.50 mg s~'. For a lower ozone supply rate (i.e., 0.44 mg s7!), the TOC removal was only
20%, which indicates that the recalcitrant intermediates were formed after 30 min of ozonation
at the lower ozone supply rate. It can also be observed that at the initial stage of ozonation (i.e.,
0.48 and 0.50 mg s™'), the mineralization rate was higher due to the availability of the easily-
degradable parent compound. The behavior of COD removal also followed the same pattern as
it was found to be maximum, i.e., 80% for the highest ozone supply rate (i.e., 0.50 mg s™"). For
a lower ozone supply rate, the COD removal was 40 — 50% only. Direct ozonation of the parent
compound led to the production of less degradable intermediates, which can be partially

removed by the hydroxyl radicals. This would result in a partial TOC elimination and lower

COD removal [239,240].
This Figure is ommited due to copyright issue
This Figure is ommited due to copyright issue
Figure. 4.7. TOC and COD removal during ozonation for various ozone supply rates (i.e.,

0.44, 0.48, and 0.50 mg s~') at pH 9.

4.2.7. Identification of the intermediates and the mechanism proposed
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Metabolites formed during the ozonation of DCF were identified in order to propose the
probable degradation pathways. To ensure mineralization and determination of the level of
toxicity, it is crucial to find the final products and intermediates (formed during ozonation).
For the identification study, a separate experiment was conducted without altering the pH. The
ozone supply rate was 0.50 mg s~!, and the concentration of H,O, was 42 mol m~—3. HR-LCMS
(coupled with the National institute of standards and technology (NIST) library) was used to

identify and detect the intermediates, and the chromatogram obtained is shown in Figure 4.8.

This Figure is ommited due to copyright issue

Figure 4.8. HR-LCMS chromatogram of the intermediates produced during the ozonation of

DCEF.
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This Figure is ommited due to copyright issue

Figure 4.9. Mechanism of the ozonation of DCF and the proposed structure of the metabolites.
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Although the metabolites formed during oxidation depend on the technique applied for
degradation, the metabolites detected for sonolysis, Fenton, and ozonation are common
[232,241,242].

During the reaction, the solution turned orange after 10 min, which disappeared within
10 min. It was found that the production of diclofenac-2, 5-iminoquinone (M3) was responsible
for this color, which also agrees with the recent studies [163,243]. The disappearance of M3
suggests its further degradation. In the HR-LCMS spectrum, eight distinct peaks were visible,
out of which five had low intensity. The positive ion spectrum from the LC-MS shows a peak
at 9.93 min (m/z = 312) for [M+H]. Further fragmentation shows the loss of a water molecule
(m/z = 294) as [M—H>0]. Both the mass spectroscopic results indicate the presence of 5-
hydroxy DCF (M2), which is an unstable compound in the oxidative atmosphere. It tends to be
oxidized into DCF-2, 5-iminoquinone, which was also detected as a metabolite in the present
study. M2 may also produce the phenyl acetic acid derivatives (M7 and M11, m/z = 152.1).
DCF-2, 5-iminoquinone (M3) was detected at RT = 9.8 min (m/z = 310). The probable attack
of ozone at the acetate group attached to the benzene ring may release a CO2 molecule and
oxidize the carbon attached to the ring into the aldehyde group (M1). M1 was converted to M4
(i.e., N acetyl 2-amino salicylic acid, m/z = 218, RT = 7.58 min) and 2-chloro benzoate (i.e.,
M5, m/z =177, RT = 7.10 min) at the advanced stages of oxidation. Further oxidation breaks
the C—N bond and produces various products containing one benzene ring. Cleavage of the
C-N bond leads to the generation of a major product, i.e., dichloro aniline (i.e., M6, m/z =
161.9, RT = 7.024 min). Dichloro aniline was commonly found as a metabolite in the previous
studies as well [242]. Further degradation of M6 produced 2, 6-dichloro quinone (i.e., M8, m/z
= 178), 4-amino, 3, 5-di chlorophenol (m/z = 177), and 2-chloro aniline (m/z = 127). After the

C—N cleavage, the ring-opening reactions take place and generate smaller acids (i.e., M13,
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M14, and M15). Thus, the ozonation of DCF involves the decarboxylation, dechlorination, and
hydroxylation steps. Cleavage of the C—N bond and opening of the benzene rings generated
the compounds of lower molecular weight. Smaller carboxylic acids, such as acetic acid, formic
acid, and oxalic acid, were produced at the final stage of ozonation, which further mineralized
to carbon dioxide and water. Dechlorination was also confirmed by the presence of the chlorine

the reaction medium. Figure 4.9 represents the probable mechanism for DCF ozonation.

4.2.8. Kinetic study of ozonation of DCF

The reaction of the target pollutant with ozone is a function of various macroscopic parameters,
i.e., ozone supply rate, pollutant loading, and system pH. The ozone in the aqueous phase
depends on the extent of mass transfer of ozone from the gas to the liquid phase. The pH of the
system also plays a vital role in ozone dissociation and mass transfer. Thus, the kinetics of the
DCF degradation reaction was studied under different operating parameters. The dependence

of the pseudo-first-order rate constant on the operational parameters was also studied.

Since it is a fact that both molecular ozone and hydroxyl radical act as oxidants, the rate

of oxidation of DCF can be written as

d[DCF]
dt

= —k,, [DCF][0, ]~ kyo. [DCF][HO:] (4.1)

where [DCF], [HO-] ,and [0,] denote the concentration of diclofenac, hydroxyl radical, and
ozone, respectively at time ¢. k, and ki, are the rate constants for the reactions involving
ozone and hydroxyl radical, respectively.

Equation (4.1) can be simplified to equation (4.2) by considering the reaction as pseudo-
first-order.
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d[DCF
[dt ]:—(k03 [0, ]+ k0. [HO+])[DCF] (4.2)
d[DCF] _

dDEH_ ., [peF) 43)

Upon integration, we get

ln[m]:_ka, (4.4)
[DCF], PP

[DCF]

The value of &, can be determined from the slope of the plot of In ([ ] versus . The

0
experimental data for the ozonation of DCF fitted equation (4.4) well for different operating
conditions. The coefficient of determination was greater than 0.93 in all cases. Therefore, it
can be concluded that the degradation of DCF by ozone and hydroxyl radical follows the

pseudo-first-order kinetics. The values of &, were in the range of 0.0742 — 0.48 min~'. The

highest value of &, was found to be 0.48 min~! at the ozone supply rate of 0.50 mg s~! and pH

9.

Degradation of DCF by ozone is a complex process that involves various direct and
indirect parameters. Due to the unstable nature of ozone and the constraints encountered during
the measurement of the concentration of the hydroxyl radicals in the reaction medium, the
ozone supply was considered an independent variable. System pH, ozone dosage, and the initial

concentration of DCF were considered as the main parameters that affected &, [244]. The

nature of dependency of all three parameters was estimated, and an empirical model was

developed for k, . This model is given as

E Qo tx V[ oy Qo tn \'( 1y
_ _Za || =0 R = 3 4.5
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where O, is the ozone supply rate (mg s71) to the system, [DCF]o is the initial concentration

E
of DCF (mg dm™), and (— R}j was considered as a constant since all experiments were
performed at the constant temperature of 298 K.

From the multiple regression, the values of a and b were estimated as 0.59 and 0.35, with 7* =

0.922, respectively. Therefore, equation (4.5) can be written as

QO t 0.59
k,, =099 —>X | (pH) Kk, (4.6)
[DCF], 7,

To verify the developed model, the values computed from it were compared with the
experimental data. It was found that the relative error for model was < 7%. Therefore, the
kinetic model for DCF degradation was considered to be accurate for the range of the operating
parameters studied in this work, i.e., ozone supply rate of 0.44 — 0.50 mg s~!, system pH of 4 —

9, and initial concentration of DCF 50 — 125 mg dm™.
4.2.9. Effect of water matrix on the degradation of DCF

To analyze the effect of the water matrix, a separate experiment was conducted with real
wastewater (COD = 50 — 55 mg dm~®) spiked with DCF, and compared with the degradation
efficiency achieved in ultra-pure water (COD = 0 mg dm~ and electrical resistivity = 0.0055
uS cm™). One run was conducted with a lower concentration of DCF, based on the DCF
concentrations present in the water bodies [245-247]. The effect of water matrix on the removal
efficiency and mineralization is shown in Figure 4.10. It was observed that the organic and
inorganic materials present in the real wastewater inhibited the ozonation of DCF to some

extent. The removal efficiency was dropped by 17% when the ozonation was conducted in
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wastewater instead of ultrapure water. Although the removal efficiency was lower, 83%
removal of DCF was achieved in 60 min of the reaction. It can be concluded that the substances
present in the wastewater competed with DCF for consuming the oxidant present in the
solution. Therefore, the availability of ozone and hydroxyl radicals for oxidizing DCF
decreased, and a reduced removal rate was observed. It can be anticipated that the presence of
other contaminants inhibited the degradation process, so the removal efficiency achieved in the

case of ultra-pure water could not be achieved in real wastewater.

This Figure is ommited due to copyright issue

Figure 4.10. Effect of wastewater matrix on the degradation of DCF at pH 7. Ozone supply

rate = 0.44 mg s~'; Initial concentration of DCF = 50 mg dm™.

4.3. Conclusions

Ozonation was found to be a very effective method for removing DCF from water. The removal
efficiency was in the range of 95 — 99% in the alkaline as well as acidic media. However, the
reaction time required for the complete removal of DCF was less in the alkaline medium. The
volumetric mass transfer coefficient was in the range of 1.150 x 10°—2.717 x 10° s~! for pH 6
—9 and ozone supply rate of 0.44 — 0.5 mg s~'. The values of the pseudo-first-order rate constant
were in the range of 0.0742 — 0.0979 min~!. The results also confirmed the active participation
of the hydroxyl radicals in the degradation process. The rate constant dropped by 11% when
13 mmol dm™ IPA was added as the radical scavenger. The rate of ozone supply to the reactor
was proved to be a key factor for the degradation time. An increase of 0.06 mg s™! in the ozone
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supply rate led to a rapid fall in the reaction time (i.e., from 60 to 6 min). 88% of the total
chlorine and 72% of the total nitrogen were released during the degradation process. With a
real effluent having 50 mg dm™> COD, the removal efficiency was dropped by 17%. The
mineralization of DCF by ozone mainly consisted of three steps, i.e., attack of the oxidant,
cleavage of the C—N bond, and ring-opening. The major intermediates detected in HR-LCMS
were dichloro aniline, 5-hydroxy DCF, DCF-2 5-iminoquinone, 2-chloro benzoate, derivatives
of phenylacetic acid, and carboxylic acids (e.g., acetic, formic, and oxalic acids). The primary

mechanism involved in the degradation process included decarboxylation, dechlorination, and

hydroxylation.

Notations

Symbols

A Pre-exponential factor in the Arrhenius equation (s7')

A Coefficient in the correlation given by Equation (4.6) (s™')
a Coefficient in the correlation given by Equation (4.6) (-)

b Coefficient in the correlation given by Equation (4.6) (-)
Co, Concentration of ozone in the aqueous phase (mg dm=)
Ea Activation energy (kJ mol™")

Koo Pseudo-first-order rate constant for DCF ozonation (s7!)
k.on Rate constant for oxidation of DCF by ozone (mol~! dm? s7!)
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ko, Rate constant for oxidation of DCF by hydroxyl radical (mol~! dm? s7!)
0o, Ozone supply rate (mg s!)

R Universal gas constant (kJ mol™' K1)

T Temperature (K)

t Time (s)

Iy Residence time for DCF degradation (s)

Ve Volume of the reactor (dm?)

Abbreviations

AOP Advanced oxidation process

COD Chemical oxygen demand

DCF Diclofenac

IPA Iso-propyl alcohol

NSAID Non-steroidal anti-inflammatory drugs

NIST National institute of standards and technology
TOC Total organic carbon

130

TH-2904_166107013



Chapter 1V

TH-2904_166107013



CHAPTER YV

DEGRADATION OF RANITIDINE BY O3 + H20::

KINETICS, MODELLING, AND MECHANISM

TH-2904_166107013



TH-2904_166107013



TH-2904_166107013



Chapter V

CHAPTER V

Degradation of Ranitidine by O3 + H,0»: Kinetics,

Modelling, and Mechanism

In this chapter, synthetic wastewater containing ranitidine (RNT) is treated with O3/H>0: to
degrade the drug. The effects of several parameters on the degradation process such as ozone
dose, initial RNT concentration, system pH, and water matrix are studied. The model for the
ozonation of RNT is also developed to assess the effect of operation conditions on RNT
degradation. Intermediates formed during ozonation are also identified, and the mechanism of

their formation is also predicted.

5.1. Introduction

The advanced living style of the developed nations includes daily utilization of synthetic
compounds like pharmaceuticals, personal-care products, chemicals, and pesticides [244]. Due
to this, the remains of these organic compounds act as contaminants in the wastewater since
the conventional wastewater treatment plants fail to degrade them efficiently [245-248].
Although there are many groups of contaminants and organic micro-pollutants of concern, most
research works are mainly attracted towards the destiny of the active pharmaceutical
compounds in wastewater due to its serious hazards [244,249,250]. These pharmaceuticals and
personal-care products (PPCPs) are extensively present in the aquatic environment and
perceived as a rising global issue [251-253]. Despite performing separation processes like
partial degradation, adsorption, and transformation to remove these organic micro-pollutants,

PPCPs are often being traced in the treated water and even in the drinking water [254,255].
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Even though the concentration of PPCPs and other pharmaceuticals are found to be in minimal
quantities (ng dm= to pg dm=>) [256], there may be some potential risk in drinking water on
the health as the PPCPs are biologically active [257,258]. The conventional methods of treating
drinking water, such as flocculation and adsorption, were less effective in eliminating these

pharmaceutical compounds due to their recalcitrant nature [259-261].

Many works have been conducted on the treatment of wastewater by biodegradation
removing the pharmaceuticals and other contaminants, but it was found that these
pharmaceuticals have resistance towards these approaches, which led to the ineffective
treatment of wastewaters [262,263]. One of the suitable approaches for the removal of some
specific pharmaceuticals like diclofenac, RNT, ketoprofen, gemfibrozil, and ofloxacin is based
on membrane separation, but the requirement of a high retention time may lead to concentration
polarization during the operation [222,249]. Most commonly, advanced oxidation processes
(AOPs) have been found to efficiently treat wastewater that contains bio-refractory pollutants.
Ozonation, UV photocatalysis, and Fenton are some of the types of AOPs, which have also
been examined for wastewater treatment, removing the pharmaceuticals very efficiently [264].
AOPs are now considered as an alternative to the conventional water treatment methods for
removing the pharmaceuticals [265,266].

Among all the AOP methods, results obtained from ozonation have been very
encouraging and prove to be an alternative for wastewater treatment. No sludge generation and
the decomposition of residual ozone into oxygen make it a more efficient process. The
oxidation potential of 2.07 V makes ozone a powerful oxidizing agent. It interacts with the
organic micropollutants present in wastewater either directly as an ozone molecule or indirectly
by converting into hydroxyl free radicals via a series of chain reactions. These hydroxyl free

radicals have an even more oxidizing potential than ozone itself [267]. The decomposition of
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ozone via the chain reactions consists of three steps, i.e., initiation, propagation, and chain

cleavage [222].

In the present work, the ozonation process has been used to remove RNT, a histamine-
2 blocker, by a combination of ozone and hydrogen peroxide. The effect of various operational
factors like the pH of the system, initial concentration of RNT, and ozone flow rate on the rate
of degradation of RNT had been studied and analyzed. The intermediates formed during the
reaction were also identified along with their path of formation. Finally, by studying the
dependency of the degradation process on the operational parameters, a mathematical model

for the degradation of RNT has been proposed.

5.2. Results and discussion

The effect of degradation of RNT on the various operational factors, i.e., pH of the initial
solution, initial concentration of RNT, and ozone flowrate, was studied and analyzed. The

results obtained are discussed in the following sub-sections.

5.2.1. Effect of initial pH

One of the significant factors affecting the degradation of RNT is the initial pH of the
wastewater. The performance of ozonation depends on the initial pH of the wastewater. The
effect of the initial pH of wastewater was studied by fixing the initial concentration of RNT at

50 mg dm~ and varying the pH from 4 to 9. At this initial concentration of RNT, the effect of

I as shown

pH was studied at three different flowrates of ozone, i.e., 0.44, 0.48, and 0.50 mg s~
in Figure 5.1. The results obtained from the experiment indicate that the degradation rate was

more pronounced in the alkaline conditions than the acidic and neutral conditions at all three

ozone flow rates. At the ozone flow rate of 0.44 mg s™!, 99.54% of RNT was degraded in 50

143

TH-2904_166107013



Chapter V

min when the pH of the solution was 9. On the other hand, 90, 92, and 98% removal of RNT
occurred when the pH was 4, 5, and 8, respectively. At the ozone flow rate of 0.48 mg s7!,
100% degradation of RNT occurred in 17 min at pH 9, while the same reduced to 96% at pH
4 in the same time i.e., the degradation rate was higher when the solution was alkaline. Similar
results were obtained for the ozone flow rate of 0.50 mg s~!. This behavior confirms the
involvement of hydroxyl radicals. In the alkaline medium, ozone decomposes rapidly and
produces hydroxyl radicals in situ, which is a better oxidant than ozone itself [234,268,269].
In the acidic medium, molecular ozone was found to be responsible for the degradation.
Molecular ozone is a selective oxidant and attacks only a few sites [266]. The presence of

hydroxyl ions accelerates the decay of ozone into hydroxyl radical, as shown in Equations (5.1

—5.5) [231].

O,+OH — OH,+O0, 5.1
O,+HO, - HO- + O] +0, (5.2)
0,+07 - 0 ++0, (5.3)
Oy =—=0" +0, (5.4)
O' +H,0 > HO++ OH" (5.5)

This Figure is ommited due to copyright issue
(a)
Figure 5.1. Degradation of RNT by ozone at pH 4 - [RNT]o = 50 mg dm~3 for the

ozone supply rate (a) 0.44 mg s™!, (b) 0.48 mg s}, and (c) 0.50 mg s~

5.2.2. Effect of initial concentration of RNT
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The results from the experiment indicated that the degradation of RNT was favorable at the
lower initial concentration of RNT. Also, from Figure 5.2, it is observed that the degradation
rate was highest for the initial concentration of 50 mg dm™3, followed by 75 and 100 mg dm™3,
and lowest for 125 mg dm™, at 0.44 mg s~ ozone flow rate. The lower degradation rate at a
higher initial concentration of RNT may be due to the formation of more intermediates that
consume more hydroxyl radicals. At a lower initial concentration of RNT, the concentration of
the intermediates formed would be lower. Therefore, more hydroxyl radicals would be

available for degradation, and thus a higher rate was observed.

This Figure is ommited due to copyright issue

Figure 5.2. Effect of initial concentration of RNT on the degradation of RNT at 0.44 mg s~!

ozone flow rate.

5.2.3. Effect of ozone dosage

The degradation of RNT and its reactivity towards ozone was assessed for three ozone dosages.
A higher dosage of ozone in the reaction system increased the rate of formation of hydroxyl
radical. Thus a higher degradation rate was observed [270]. The ozone supply was varied from
0.44 to 0.50 mg s~'. This variation of ozone supply was studied on solutions having initial pH
ranging from 4 to 9 (Figures 5.3a — 5.3f). For the ozone flow rate of 0.44 mg s™', the rate of
degradation reached 90% in 50 min for pH 4, whereas no RNT was detected after 7 min of
reaction at pH 9 when the ozone supply rate was increased to 0.50 mg s~'. A higher dose of
ozone favored the mineralization process. At the high ozone concentration, recalcitrant
metabolites were also degraded, which increased the mineralization efficiency. The results

demonstrate that the RNT can be degraded successfully even at a low ozone dose (i.e., 0.44 mg
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s7"). However, the reaction time would be higher than the case where the reaction is carried out

with a high ozone dose.

This Figure is ommited due to copyright issue

Figure 5.3. Effect of ozone supply on RNT degradation at different pH: (a) pH 4, (b) pH 5,

(c)pH 6, (d) pH 7, (e) pH 8, and (f) pH 9.

5.2.4. Effect of hydroxyl radical scavenger

This Figure is ommited due to copyright issue

Figure 5.4. Effect of hydroxyl radical scavenger for the ozone supply rate of 0.44 mg s~

The degradation of RNT involves reactions with hydroxyl radicals, and in the process, the latter
are consumed. To confirm the degradatic (b) hanism, a radical scavenger, i.e., isopropyl
alcohol (IPA) was used at different conr‘zn‘rmtions (50, 100, and 150 mg dm3) for the ozone
supply rate of 0.44 mg s~! inasmuch as f ,), _as the ability to react with the hydroxyl radicals
rapidly. The involvement of the hydroxyl radical and its effect on the degradation of RNT is
shown in Figure 5.4. It can be seen that 85% of RNT was degraded within 30 min of ozonation
without any isopropyl alcohol. On the other hand, 70, 59, and 43% degradation of RNT were
achieved when the isopropyl alcohol concentrations were 50, 100, and 150 mg dm=,

respectively. This indicates the presence of hydroxyl radicals in the reaction medium as

isopropyl alcohol reacted with them, which resulted in a lower degradation rate.

5.2.5. Effect of H202 concentration

This Figure is ommited due to copyright issue
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Figure 5.5. Effect of H2O> concentration on the degradation of RNT.

The addition of H20: in the reaction system enhanced the degradation efficiency, as shown in
Figure 5.5. When ozone was used as the oxidant alone, the removal efficiency was 87%. It
increased by 17% when 0.088 mol dm= H,O; was added to the system. Further increase in the
H>O; concertation led to the complete removal of RNT. The removal rate was found to be
almost the same for the H2O» concentrations of 0.176 and 0.246 mol dm=. H»O; acted as a
catalyst for ozone decomposition to produce more hydroxyl radicals [266]. An excess of H2O»
may consume the radicals in the competition with the target compounds and slow down the
degradation rate [271]. The concertation of H>O, should be optimized to maximize the removal
rate. In the present case, the optimal concentration is 0.176 mol dm— because a similar trend
was observed at the higher concentrations as well. Further increase in the H>O» concentration

may lead to a decrease in the removal rate.

5.2.6. Effect of water matrix

This Figure is ommited due to copyright issue

Figure 5.6. Effect of water matrix on the degradation of RNT.

An experiment was done separately using a real wastewater (COD = 50 — 55 mg dm~3) spiked
with RNT to compare the degradation efficiency in this system with that attained in ultrapure
water (COD = 0 mg dm™3 and electrical resistivity = 0.0055 S ¢cm™). The objective of this
experiment was to investigate the influence of the water matrix. Based on the RNT

concentration found in the water bodies, one run was performed with a lower RNT
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concentration. The water matrix affected the ozonation efficiency to degrade RNT, and its
effect is shown in Figure 5.6. The organic matter and inorganic substances found in real
industrial wastewater hindered the ozonation of RNT to some extent. The RNT degradation
was around 93% in the ultrapure water and only 67% in the real wastewater after 60 min of
ozonation, which shows that the RNT degradation efficiency in the real wastewater was
reduced by 26% as compared with the ultrapure water. Despite the reduced removal
effectiveness, the reaction removed 67% of the RNT after 60 min. From the above
observations, it is apparent that the chemicals and other organic matters present in the
wastewater competed with RNT. They were responsible for consuming some fraction of the
oxidants (i.e., hydroxyl radicals and ozone) present in the solution. As a result, the availability
of oxidants for the RNT degradation process was reduced, leading to a lower removal rate. It
is reasonable to predict that the additional pollutants and compounds compete for the oxidant
and lower the extent of degradation of RNT. Thus, the removal efficiency achieved in the ultra-

pure water would not be attained in the real wastewater.

5.2.7. Ozone concentration in the solution

Figure 5.7. Solubility profiles of ozone at 0.50 mg s~ ozone supply rate in (a) pure water and

(b) RNT solution.

The availability of ozone in the aqueous solution primarily controls the degradation rate of
RNT. The degradation rate depends on the mass transfer of ozone from the gas phase to the
aqueous phase, which depends on ozone decomposition and its dissolution rate in the aqueous
phase [267]. Thus, the formation of hydroxyl radicals in the solution, which is required for the
degradation process, depends on the availability of ozone. From Figure 5.7a, it can be seen that

the ozone concentration in pure water went on increasing up to 3.1 mg dm= in 15 min when
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the ozonation was conducted with the ozone flow rate of 0.50 mg s~'. After that, it became
constant with time. So, it is evident that after 15 min, the ozone concentration reached its
saturation value of 3.1 mg dm™ at the specified condition. When the RNT solution was
ozonated, it was observed that the RNT concentration decreased with time while the ozone
concentration in the solution initially started increasing slowly. From Figure 5.7b, it can be
seen that the rate of increase of 0zone concentration in the solution was much less than the rate
of decrease of RNT concentration up to 11 min, indicating that most of the ozone in the solution
was consumed to oxidize RNT. After 12 min, when 95% RNT was degraded, the rate of RNT
concentration decreased almost to zero. In comparison, the ozone concentration in the solution
increased at a higher rate from 0.2 mg dm= in 11 min to 1.6 mg dm= in 25 min, indicating that
most of the ozone was available and unutilized in the solution, resulting in a sharp increase in

its concentration.

5.2.8. Kinetics of degradation of RNT

The ozonation of wastewater comprises a series of gas—liquid reactions. In these reactions, the
ozone transfer takes place from the gas to the liquid phase, where it reacts simultaneously with
the other contaminants. Since molecular ozone (O3) and hydroxyl free radicals (HO-) are

responsible for the ability of oxidization of ozone, the reaction rate of degradation of RNT can

be written as [272]

) digt) =k [CO][O3]+ k. [C()][HO- ] "
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where [C(f)] is the concentration of RNT in the solution, [0,] and [H (0] -] are the concentrations

of 0zone and hydroxyl radical, respectively, and & and k,,,. are the rate constants of the reaction.

Equation (5.6) can be rewritten as

dC(r) _

dt (ko [03]+kHO- [HO'])[C(t)] (5.7)

Equation (5.7) can be expressed as the rate equation for a pseudo-first-order reaction as

dc
_TY) = (k) [CO] (5.8)

where kapp is the apparent rate constant. Integration of Equation (5.8) with the initial condition

thatat 1 =0, C(¢) = C, yields

C(t
~In {%} =k, 1 (5.9)
0
C(6)=C, exp(—k,!) (5.10)

where C,, is the initial concentration of RNT.

Equation (5.9) was fitted to the experimental data, and the slope of the plot of
—ln[C 1)/ CO] versus ¢ gave the value of kapp at different reaction conditions. One such plot is

shown in Figure 5.8 for the ozone supply of 0.40 mg s, Co = 50 mg dm=, and pH = 9. The
value of R? was greater than 0.98, which clearly shows that the reaction followed the pseudo-

first-order kinetics.
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Figure 5.8. The plot of —ln[C(t)/CO] versus ? for the ozone supply rate of 0.44 mgs™' (C, =
50 mg dm= and pH 9).

It was a complex and challenging task to measure the ozone concentration in the solution

throughout the experiment. Therefore, the apparent rate constant (kapp) was assumed to be

related to the O3z dosage [273]. Moreover, the apparent rate constant was also related to the initial
concentration of RNT and temperature because these parameters could affect the degradation

rate. An empirical relation (i.e., Equation 5.11) was developed [274].

E, e
Koo =Aexp(— R}jQOSCf (5.11)
Taking natural logarithm on both sides, we get
(5.12)

E
lnkapp:1nA—R}+ozan03+,BlnC0
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E
The term (ﬁj in Equation (5.12) is a constant because the reaction was performed at a

constant temperature. Also, the constants o and  were obtained by using the regression analysis

between lnk@ Vs ln% and lnkam Vs lnCO.
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-2.5 1

-3.0 1
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In(Q,,) ()
Figure 5.9. lllkapp Vs. tho3 fitted curve.
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Figure 5.10. lnk@ vs. In CO fitted curve.
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From Figure 5.9 and Figure 5.10, & = 18.73 (from the slope of lnkm,vs. nQ, , R? value greater

than 0.99) and B =-1.121 (from the slope of Ink _vs. InC;, R? value greater than 0.96)

respectively. Therefore Equation (5.13) can be rewritten as equation 8.

E, | 7301
K = Aexp{_E}ng Hov (5.13)

The experimental values were used and substituted in Equation (5.13), and the mean value of

E
Aexp{—R—;} was evaluated. After performing the above procedure, the average value

E
Aexp {— R}} was equal to 1.9645 x 1072°, Again, Equation (5.13) can finally be rewritten as
Equation (5.14).
kopy = (1.9645x107°) 0g' 7 C ! (5.14)

By combining Equation (5.14) and (5.15), the final mathematical model for the degradation of

RNT was proposed as
Qv :Coexp{—(l.9645 x10™)Q,"" Q)‘l'mt} (5.15)

5.2.9. Identification of the intermediates and the mechanism proposed

The potential degradation pathway for the ozonation of RNT was proposed by finding the
varieties of the intermediates/products formed during ozonation. These intermediates and final
products were identified and detected by using HR-LCMS (High Resolution Liquid
Chromatography with Mass Spectrophotometry). With the help of the retention time and the

m/z value of the precursor (i.e., the intermediates) and the product ions, the structures of the
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products and intermediates were identified by comparing with the standards. The structures of
the intermediate products for which the standards were not available were identified by
comparing their m/z values with the literature. In order to identify the intermediates, an
experiment was conducted separately, keeping the pH of the system at a fixed value with the
ozone flow rate of 0.50 mg s~! and H,O, concentration of 42 mol dm™>.

Based on the mass spectrum of HR-LCMS, it can be seen that the significant
intermediates formed and detected had m/z 331 (hydroxylated/oxygenated), m/z 127 and 129
(C—S bond cleavage), and m/z 286 and 288 (oxygenated and C—N bond cleavage). The energy
required to break the C—S and C—N bonds are 306 kJ mol~' and 272 kJ mol™', respectively,
which is considerably lower than those for the C—H, N—H, and C—C bonds [275]. The
formation of the above intermediates validates that the reaction mechanism and degradation
pathway were primarily driven by the addition of oxygen, hydroxylation, and cleavage of the
C—S/C—N bonds [276]. The intermediate products with m/z 288, 286, and 331 were also
detected in the previous studies during the ozonation/hydroxylation of RNT [198,277]. These
three intermediates confirm that one of the transformation pathways was via the cleavage of
the C—N bond, which also led to the formation of dimethylamine (DMA).

So, based on the intermediates formed, two primary degradation pathways of ozonation
of RNT may be proposed. The first transformation pathway began with the dissociation of the
C—S bond of RNT, leading to the formation of the intermediates designated as M6 (i.e., 2,5-
furandimethanol, m/z 129) and M8 (m/z 127). The cleavage of the C—S bond first resulted in
the rapid decomposition of RNT to a small amount of M5 (i.e., dimethyl-aminomethyl furfuryl
alcohol, m/z 155) and M7 (i.e., thioethyl-N-methyl-2-nitroethene-1,1-diamine, m/z 175)
degradation by-products [278]. The C—S bond cleavage during the ozonation occurred because
of the attack of the hydroxyl radical at the carbon atom next to the sulfur atom of RNT [198].
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Another attack of the HO- radical at the carbon atom next to the nitrogen atom of M5 led to
the formation of the M6 (m/z 129) intermediate. Further oxidation by the abstraction of
hydrogen at one of the alcoholic groups of M6 resulted in the formation of an aldehyde
derivative intermediate, M8 (m/z 127). In the second pathway, the degradation of RNT started
with the attachment of the oxygen atom to the nitrogen atom (i.e., M1, m/z 330). Further attack
of the hydroxyl radical occurred at the carbon atom next to the nitrogen of the M1 intermediate,
resulting in the dissociation of the C—N bond, and the intermediate, M2 (m/z 288) was formed
with DMA as the by-product. Then, the alcoholic group of the M2 intermediate was oxidized
to form another aldehyde derivative intermediate, M4 (m/z 286) in the presence of the HOe
radicals and ozone. The intermediate, M3 (m/z 331) was also detected in the reaction medium
as the intermediate, M1 with its N=0O bond dissociated to form an alcohol derivative. The

proposed reaction pathway for the ozonation of RNT is schematically shown in the Figure 5.11.
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This Figure is ommited due to copyright issue

Figure 5.11. The proposed degradation pathway for the ozonation of RNT.
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5.3. Conclusion

Ozonation was found to be highly effective for the removal of RNT from wastewater. RNT
was completely removed within 7 min of reaction for the ozone supply rate of 0.50 mg s~'. In
the alkaline medium, 99% removal of RNT was observed, whereas the removal was 90 — 92%
in the acidic medium. Higher ozone supply enhances the degradation rate. Time required for
complete removal of RNT was reduced by 86% when ozone supply was increased by 13%.
Higher availability of oxidants resulted higher mineralization efficiency. The pseudo-first-
order rate constants were found to be in the range of 0.053 — 0.089 min~! for the pH range 4 —
9. AT higher pH, reaction rate was found higher due to involvement of hydroxyl radicals in
degradation process. Presence of IPA slowed down the degradation whereas hydrogen peroxide
catalyzed it. The developed kinetic model suggests that the removal rate was susceptible to the
ozone supply rate to the system. Total nine intermediates were identified after the ozonation.
The mineralization process mainly consists of rupturing the C—N and C—S bonds of the RNT
molecule. The formation of dimethylamine was also reported. However, the extent of formation

was not determined.
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Notations

Symbols

A Pre-exponential factor in the Arrhenius equation (s7')

Ea Activation energy (kJ mol™")

Koo Pseudo-first-order rate constant for DCF ozonation (s™')
k.on Rate constant for oxidation of DCF by ozone (mol~! dm? s7!)
ko, Rate constant for oxidation of DCF by hydroxyl radical (mol~! dm? s7')
0Oo, Ozone supply rate (mg s7)

R Universal gas constant (kJ mol~! K1)

T Temperature (K)

t Time (s)

Greek Letters

o Coefficient in the correlation given by Equation (5.11) (-)
p Coefficient in the correlation given by Equation (5.11) (-)
Abbreviations

AOP Advanced oxidation process

COD Chemical oxygen demand

IPA Iso-propyl alcohol

PPCP Pharmaceuticals and personal-care products

RNT Ranitidine

uv Ultra-violet
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TREATMENT OF A REAL PHARMACEUTICAL

INDUSTRIAL EFFLUENT BY A HYBRID

PROCESS OF ADVANCED OXIDATION AND

ADSORPTION BY ACTIVATED CHAR

[1] S. Patel, S Mondal, S. K. Majumder, P. Ghosh, P. Das, Treatment of a pharmaceutical industrial effluent by a
hybrid process of advanced oxidation and adsorption. ACS Omega. (2020), 5 (50), 32305-32317. DOI:
10.1021/acsomega.0c04139.
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CHAPTER VI

Treatment of a Real Pharmaceutical Industrial
Effluent by a Hybrid Process of Advanced Oxidation

and Adsorption by Granular Activated Char (GAC)

This chapter presents the study on the degradation of a real pharmaceutical industrial effluent
by a hybrid process of AOP and adsorption using ozone and granular activated char (GAC).
Components of the effluent are identified and characterized. Removal of COD, ammonia,
phenols, chloride, and BOD by the peroxone treatment are studied. The reaction kinetics of
COD removal is also studied. COD removal by the adsorption by GAC is also studied, and the

kinetics of adsorption is also determined.
6.1. Introduction

India has emerged as one of the top manufacturers of pharmaceuticals, producing 20% of
generic medicines of the global market worth $19.14 billion in 2019 [282]. Most of the
pharmaceutical industries are set up in the Indian cities of Ahmedabad, Bangalore, Hyderabad,
and Mumbai. However, a relatively lenient regulatory for pharmaceutical waste disposal and
irresponsible production have significantly affected the aquatic environment. The discharge
from the pharmaceutical industries contains non-biodegradable recalcitrant organic substances,
which have high toxicity towards aquatic and human life. 60 — 80% of the prescribed
pharmaceuticals are excreted as unaltered, and they make their way to the sewage treatment

plants and environment [5]. Several researchers [14—17] have detected pharmaceuticals in the
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ground and surface water in the range of 15 — 1200 ng dm~3. Recent studies have found traces
of pharmaceuticals in the lakes, rivers, and wells in Hyderabad [263,283]. Although the
amounts of pharmaceuticals were in the range of 90 — 31000 ug dm=3, the chronic effects of

these compounds are caused by their long-term exposure [18,19].

In the past three decades, the advanced oxidation processes (AOPs) have proven to be
a perfect tool for removing refractory organic compounds such as pharmaceuticals
[61,229,268,284,285] from synthetic wastewater. Most of the AOPs involve the generation of
the hydroxyl radical as the primary oxidant. The possibility of a high degree of mineralization
and the non-selective nature of the AOPs have rendered them attractive. However, the
commercial application of the AOPs is still scarce due to their high cost. To overcome the high
cost, the AOPs are often integrated with other techniques such as biodegradation, adsorption,
electro-coagulation, and membrane separation. AOPs are used in the pretreatment stage to
increase biodegradability and reduce the optimized integration cost for the highly contaminated
industrial wastewaters [286].

This work deals with a real effluent collected from a pharmaceutical-manufacturing
industry in India. Although a wide variety of literature is present for the pharmaceutical
treatment by advanced oxidation processes from synthetic wastewater, very few studies have
reported the treatment of real pharmaceutical industrial wastewater. The present study includes
the complexities encountered for treating real wastewater, i.e., the presence of matrices and
interference from other organic compounds. The pharmaceuticals present in the effluent were
identified and classified. The presence of anti-cancer, antipsychotic, antidepressant, and
antibiotic drugs was confirmed in the effluent. The effluent was treated with ozone in the
presence of H>O». The pretreated wastewater was passed through a bed of granular activated

carbon (GAC) to reduce the COD further. The effects of pH, the concentration of H>O, and
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ozone feed rate were studied. The water quality parameters of the raw and treated wastewater

were analyzed and discussed.

6.2. Results and discussion

6.2.1. Characterization of the effluent

The wastewater sample was qualitatively analyzed by HR-LCMS at the Sophisticated
Analytical Instrument Facility (SAIF) of IIT Bombay (India). The chromatogram of

wastewater is shown in Figure 6.1. The organic compounds identified are listed in Table 6.1.
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This Figure is ommited due to copyright issue

Figure 6.1. Chromatogram of the industrial wastewater.
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6.2.2. Peroxone treatment

The experiments were carried out at different pH (i.e., 5, 7.5, 9, and 11) for the ozone supply
rate of 0.78 mg s™'. The removal of COD, color, ammonia, chloride, and phenol was recorded
with time for different pH. Figures 6.2a and 6.2b show the reduction in COD with time, and

COD removal efficiency at different pH, respectively.

This Figure is ommited due to copyright issue

Figure 6.2. (a) Reduction of COD with respect to time, and (b) COD removal efficiency
during reaction with peroxone at different pH (pH: 5 — 11, ozone flow rate: 0.78 mg s~!, and

[H,0:]: 0.176 mol dm™).

The COD removal was 75% (total COD removal = 1950 mg dm~3) at pH 5, 85.3% (total COD
removal = 2220 mg dm=) at pH 7.5, 86.5% (total COD removal = 2250 mg dm~?) at pH 9, and
88.4% (total COD removal = 2300 mg dm™) at pH 11. At neutral and acidic conditions,
molecular ozone reacts with the compounds. As the pH increases, the high rate of ozone
decomposition leads to the generation of hydroxyl radicals vide equation (6.1) [287]. The non-
selective hydroxyl radical is a better oxidant than ozone alone [288]. The initiation reactions

for ozone decomposition in aqueous medium are expressed by the following equations [221]:

0,+0OH —O; +HO] (6.1)
O, +H,0 - 2HO- +0, (6.2)
O,+HO-. »> HO; + 0, (6.3)

As the organic compounds present in the aqueous medium degrade, the concentration of

carbonates and bicarbonates increases. The scavenging nature of these ions for the hydroxyl
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radicals has been established in previous studies [221,289]. Carbonates and bicarbonates not

only obstruct the generation of the accelerating agents for O3 decomposition such as O; ,

HO, , and O, but also scavenge the HO- rapidly. The presence of these inhibitors also

increases the stability of ozone and its exposure. After 100 min of reaction, the increase in the
concentration of these scavengers slows down the reaction considerably. Beyond that, the
ozone supply dosage does not significantly affect the mineralization efficiency. Therefore, it is
concluded that the alkaline medium favors the mineralization, but the ozone concentration or

its exposure for a longer duration does not accelerate the mineralization appreciably.

The reaction rate equation can be written in terms of COD and ozone concentrations

present in the solution as follows:

—d[COD]

=K' [COD
——l=k[cop][o] (6.4)

The reaction kinetics can be considered as pseudo-first-order [290], inasmuch as the ozone
supply rate was constant throughout the process for the first 120 min. The rate equation can be

written as

—d[COD]

=k|COD
y [cOD] (6.5)

As the processing time increased, the ozone concentration began to increase due to the lower
ozone decomposition rate. Therefore, after 120 min of reaction, the ozone concentration cannot

be considered to remain constant.

Integrating equation (6.5), we get
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-kt (6.6)

where k is the pseudo-first-order rate constant, which is calculated by plotting |n m
CO

D]

versus t. The effect of pH on £ is shown in Figure 6.3. The value of & increased with increasing

pH because the generation of hydroxyl radical was increased at the higher pH [291].

This Figure is ommited due to copyright issue
Figure 6.3. Effect of pH on the pseudo-first-order rate constant (k).

The raw wastewater had a dark-yellow color. On the application of peroxone, decolorization
took place rapidly. The variation in pH favored decolorization in the same way as the COD
removal. Although the molecular ozone also decolorizes the wastewater effectively despite its
selective attacking nature, the color removal rate at the alkaline pH was higher than that in the
acidic pH. Figure 6.4 shows the effect of pH on color removal. The effect of the concentration

of H20: in the peroxone process is well known [292].

This Figure is ommited due to copyright issue

Figure 6.4. Effect of pH on the color removal with respect to time (ozone flow rate: 0.78 mg

s7!, and [H20]: 0.176 mol dm™).

It was observed that the water was dark yellow initially. After the peroxone treatment, the water
started to decolorize rapidly, and after 180 min, the water turned into a clear liquid, as shown
in Figure 6.5. Initially, the color disappeared rapidly, and after the final stage of reaction, the
removal rate of the color was slower. This behavior was observed probably due to the nature

of the products formed during the reaction. For example, during ozonation, initially, aromatic
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compounds are converted into phenols and aromatic acids rapidly, then further reaction leads

to aldehydes and acids, which have slower reactivity towards ozonation [293].

This Figure is ommited due to copyright issue

Figure 6.5. Decolorization of the pharmaceutical wastewater with respect to time: (a). =0,

(b). t=130, (c). t =60, (d). t =120, and (e). = 180 min.

The concentration of the phenolic compounds present in the effluent decreased with time, as
shown in Figure 6.6. The degradation of phenolic compounds followed the same trend as the

COD and color.

This Figure is ommited due to copyright issue

Figure 6.6. Degradation of phenolic compounds present in wastewater at different pH (ozone

flow rate: 0.78 mg s~! and [H20:]: 0.176 mol dm™3).

The alkaline pH favored the removal due to the presence of the hydroxyl radicals generated in
situ. At acidic pH, the removal was found to be 87.5%. At pH 7.5 — 11, phenol was not detected
after the treatment. It was observed that the decrease in the removal rate was not commensurate
with the COD removal. From Figure 6.6, it is observed that the values of phenol concentration
at pH 7.5 and 9 are very close to each other, whereas the slow ozone decomposition at the
neutral pH is already known [294]. It has also been reported that the presence of the phenolate
ions promotes the generation of hydroxyl radical, which agrees with present behavior [294].
However, the degradation increased with the system pH, and the phenolic compounds were

below the detectable range after the treatment.

This Figure is ommited due to copyright issue
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Figure 6.7. Removal of ammonia during the peroxone process at different pH (ozone flow

rate: 0.78 mg s, and [H202]: 0.176 mol dm™).

The removal of ammonia by the peroxone process was also studied (see Figure 6.7). The
ammonia present in the effluent was converted into nitrate by ozone and hydroxyl radical as

follows [295,296]:

NH, +40, - NO; +40, +H,0+H" (6.7)
NH, + HO.—» NH’+H,O (6.8)
NH; +20, - NO; +H,0+0, (6.9)

The removal of ammonia was found to be dependent on pH. Negligible removal of ammonia
was observed at acidic pH due to the conversion of ammonia into ammonium, which is
recalcitrant towards the oxidants [297]. At pH < 9, less availability of free ammonia and the
predominance of ozone as oxidant slow down the removal of ammonia. The generation of
bicarbonate ions may increase the removal by suppressing the radical reaction and accelerating
the decomposition of ozone [298]. At pH > 9, the hydroxyl radicals take over the removal
process and react with free ammonia. Further increase in the pH did not accelerate the removal
significantly, although the removal by the peroxone process (>96%) was found to be more
effective than ozone alone [297].

The concentration of the chloride ions was found to decrease by the peroxone process,
as shown in Figure 6.8.

This Figure is ommited due to copyright issue
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Figure 6.8. The concentration of chloride during the peroxone process at different pH (ozone

flow rate: 0.78 mg s~ and [H202]: 0.176 mol dm™).

It was mentioned in Section 6.2.2 that molecular ozone dominates as the main oxidant at the
acidic pH and the hydroxyl radical plays the role of the dominant oxidant at the alkaline pH

[298]. The reactions between the chloride ion and molecular ozone are as follows:

Cl"+0,>ClO +0, (6.10)
ClIO™ +0, - ClO, + 0, (6.11)
ClO] +0, — CIO® +0; (6.12)
ClO’ +O; —» ClO, + 07 (6.13)

Chloride ions are well known for their property of scavenging the hydroxyl radicals [299]. The

reactions between the chloride ion and the hydroxyl radical are as follows [300—302]:

HO«+Cl™ — HOCI*™ (6.14)

HOCI" + H" »> Cl- + H,O (6.15)

Cle + OH™ — HOCI™ (6.16)

Cl +CI" »d7 (6.17)

Cly +Cly —»Cl, +2CI° (6.18)
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It can be concluded that the gaseous chlorine would be formed at the alkaline pH during the
reaction, but the chlorate ions are formed at the acidic pH. The chloride ion removal efficiency

was found to have a moderate dependency on the pH.

6.2.3. Effect of H202 concentration

The positive effect of the presence of H2O2 on the ozonation process has been well-documented
and extensively studied [120,303]. The presence of H>O: triggers ozone decomposition at a
faster rate [223]. Previous studies have suggested that higher H,O» concentrations may
scavenge hydroxyl radicals [120,303]. H2O; can act as an inhibitor to ozone decomposition by
triggering the free radical reactions at elevated concentrations, whereas it accelerates the
production of hydroxyl radical at the optimal concentration. Present study also suggests the
same behavior inasmuch as the COD removal decreased to 75% for 0.264 mol dm= of H>O;
whereas, for the H>Ox concentration of 0.176 mol dm=3, the removal was 85%. It is concluded
that the COD removal was dropped by 11.8% when the H2O> dose was increased by 50%.
However, the generation of the superoxide ions may prevent the scavenging of hydroxyl

radicals via equation (6.19).

H,0,+HO+—> O, +H,0+H" (6.19)

The optimal concentration of H>O2 was 0.176 mol dm= because the maximum removal (i.e.,
85%) was recorded at this concentration. Figure 6.9 shows the enhancement in the COD

removal efficiency with increasing H>O> concentration.

This Figure is ommited due to copyright issue

Figure 6.9. Effect of concentration of H2O2 on COD removal at pH 7.5 for the ozone flow
rate of 0.78 mg s~!.
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For the H»O, concentrations of 0, 0.088, 0.176, and 0.264 mol dm~3, the COD removal
efficiencies were 61.5, 73.8, 85.4, and 75%, respectively, for same initial pH. Hence, the COD
removal efficiency increased with the increasing H>O» concentration till the optimal H>O»

concentration, which corroborated the results reported [34,38].

This Figure is ommited due to copyright issue

Figure 6.10. Effect of concentration of H>O; on biodegradability at pH 7.5 for the ozone flow

rate of 0.78 mg s~!.

Biodegradability is considered an essential factor for wastewater treatment. Figure 6.10 shows
that the low biodegradability (BODs/COD = 0.1) of the effluent was enhanced after treatment
to 0.55 for the 0.176 mol dm=3 H20,. Several previous studies have also reported that the ozone-
based processes generate more biodegradable products on degradation, and hence enhanced
biodegradability can be achieved [293,305-308]. Ozone-based treatments reduce aromaticity,
resulting in improved biodegradability [309,310]. The presence of H>O: accelerates the
production of hydroxyl radical, thereby generating more biodegradable metabolites than ozone
alone due to its non-selective nature. At the optimal H>O; concentration, the BODs/COD was
increased by 5.5 folds, whereas it increased by three folds at 0.264 mol dm~3 H>O; due to the
less availability of the hydroxyl radical. It can be concluded that the peroxone treatment

increases biodegradability and the H>O concentration plays an important role.

6.2.4. Treatment of the ozonated wastewater by adsorption

After ozonation, the wastewater was subjected to adsorption by GAC. The adsorption on GAC

was effective for removing the COD further. The samples obtained from the peroxone process
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were directly used for the adsorption studies without any further modification. The initial

CODs considerably varied with pH (as shown in Figure 6.11).

This Figure is ommited due to copyright issue

Figure 6.11. Removal of COD during the adsorption on GAC (adsorbent dose: 4 g,

temperature: 297 K).

All adsorption experiments were performed at 297 K. During adsorption, the residual COD
decreased with time, and after a specific time, the residual COD was constant. It was assumed
that the amount of adsorption and desorption of the metabolites were in a dynamic equilibrium
at this point. The residual COD and time were termed as equilibrium COD and equilibrium

time, respectively.

The kinetic data for the adsorption were analyzed using the pseudo-first-order, pseudo-
second-order, and Elovich models at pH 5, 7.5, 9, and 11. The linearized forms of the pseudo-

first-order and pseudo-second-order models can be expressed as

In(q,—¢q,)=1Ing, —kt (6.20)
(_ 1 1

—= — 6.21
9 k4’ 4. (®2D

where ¢, and ¢, are the residual COD values at equilibrium and at time ¢z, respectively.

Both of these quantities are expressed in mg g~!. The pseudo-first-order and pseudo-second-

order rate constants, i.c., kl (min~') and k2 (g mg~! min™!), respectively, were obtained from

the linear plots of ln(qe —61,) versus ¢ and t/ q; versus t, respectively. These plots are shown
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in Figures 6.12a and 6.12b. The chemisorption process is best described by the Elovich model

[311], as follows:

1 1
q, :b—ln(aebe)+b—lnt (6.22)

e e

where 4, and be are the initial adsorption rate (mg g~! min~') and extent of surface
utilization (g mg™"), respectively. The values of these two kinetic parameters can be obtained

from the plot of ¢, versus In ¢ (see Figure 6.12¢).
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Figure 6.12. Adsorption kinetics for the removal of COD by GAC, (a) pseudo-first-order, (b)

pseudo-second-order, and (c¢) Elovich model.

The deviation of the values obtained from the model and the experimental data were calculated
in terms of the average relative error (ARE) as follows:
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exp

100 &g — g
exp

N i:1| q;

ARE (%) =

where qcal and lep (mg g") denote the calculated and experimental

capacities, respectively, and N represents the number of data points. The kinetics

calculated from the models are given in Table 6.3.

(6.23)

adsorption

parameters

Table 6.3. Kinetic parameters for the adsorption on GAC (initial COD: 650 mg dm~3, adsorbent

dose: 4 g, sample volume: 20 cm?, temperature: 297 K, and contact time: 160 min)

Kinetic Models pH Kinetic Parameters R? ARE (%)
Pseudo-first- 71, ki (min~")
order 1
g-)
5 0.9066 0.0129 0.9965 46.95
7.5 0.9300 0.0076 0.9572 53.80
9 0.9908 0.0058 0.9489 53.79
11 0.9777 0.0053 0.9248 55.92
Pseudo-second- q, (mg k2 (g mg!
order
g min~!)
5 1.4465 0.0222 0.9995 4.64
7.5 1.2387 0.0236 0.9767 7.26
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9 10973 00247 09622 13.19

1 10436 0.0274 09411 17.78
Flovieh a,mgg’ D, (g
min~!) mg!)

5 0.1039 31766  0.9991 0.37

75 00874 38285 09345 4.01

9 00695 42608 09303 3.6

0.0869 49285  0.8445 6.54

The coefficient of determination ( R 2) was closer to unity for the fits of the pseudo-second-

order model, and the values of ARE were lower too, as compared to the pseudo-first-order

model, for all pH. The point of zero charges (pHp.c) of the GAC was in the range of 7.22 — 8

[312-314]. pHpc plays an important role in the adsorption at different pH. In the present study,

the adsorption rate was higher in the acidic medium than in the alkaline medium. At pH <

pHpze, the surface was positively charged, but at pH > pHy.c, the surface was negatively

charged. At pH < pHpc (i.e., pH = 5), the removal of COD by adsorption was maximum (i.e.,

85%). At pH > pHyzc, the adsorption efficiency ranged from 65 — 71%. The good fit of the

pseudo-second-order kinetics to the experimental data indicates that the rate-limiting step was

chemisorption or ion exchange [149,315,316]. The values of k2 ranged from 0.0222 to 0.0274

g mg~! min~! for the pH range 5 — 11. At pH 35, the value of k2 was minimum, i.e., 0.0222,

which indicates that low pH favored the adsorption.
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6.3. Conclusion

The present study demonstrates a hybrid approach for treating a real industrial effluent obtained
from a pharmaceutical manufacturer. The pharmaceuticals identified in the effluent were
mainly anti-cancer drugs, antipsychotics, anesthetics, and mild pain killers. A combination of
ozone and H,O» was effective in treating the wastewater. The COD removal of wastewater
during the peroxone process was in the range of 75 — 88.5% for pH 5 — 11. All other parameters
(i.e., color and the concentration of phenolic compounds, chloride, and ammonia) also
decreased significantly. High pH and ozone supply rate accelerated the degradation process.
The increasing concentration of H,O, was also effective. The COD removal was increased by
50.4% when the H2O> concentration was varied from 0 to 0.264 mol dm=. BODo/COD was

also improved from 0.1 to 0.55 at 0.176 mol dm~ H>O,. The ozonation followed the pseudo-

first-order kinetics, and the rate constants were in the range of 1.42 x 1074 —3.35 x 107!,

Application of adsorption by GAC as a post-treatment after the peroxone treatment was
effective. After adsorption, the COD value was further decreased by 34.5 — 41.2 %. The
minimum COD achieved from the hybrid process was 190 mg dm= at pH 11 at the ozone flow
rate of 0.78 mg s~!, H,O; concentration of 0.176 mol dm=3, and an adsorbent dose of 4 g. The
parameters for the adsorption kinetics for the pseudo-first-order, pseudo-second-order, and
Elovich models were determined. The fit of the pseudo-second-order model was the best. The
kinetic parameters for this model ranged from 2.22 x 1072 to 2.74 x 1072 g mg~' min~'. The

removal of total COD by combining both the processes was in the range of 85.4 — 92.7%.

The results obtained from the present work demonstrate that a hybrid process of
peroxone and adsorption can be applied to treat real industrial pharmaceutical wastewater

containing complex organic compounds. A selective oxidant, i.e., ozone, was partially effective
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for treating the complex wastewater, whereas the presence of a non-selective and stronger
oxidizing species, i.e., HOe accelerated the degradation rapidly. Adsorption can be applied for
the post-treatment of the ozonated wastewater for the removal of metabolites produced from
ozonation. Further studies involving surface modification of the GAC and different adsorbent

dosages may be carried out to understand the isotherms and kinetic behavior better.
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Notations

Symbols

de Initial rate of adsorption for the Elovich model (mg g™! min™!)
be Extent of surface coverage for chemisorption for the Elovich model (g mg™!)

N Number of data points (-)

k Rate constant for the pseudo-first-order reaction (min"!)

k' Rate constant for the second-order reaction (dm* mol~!s™!)

ki Pseudo-first-order rate constant for the adsorption kinetics (min~")

ke Pseudo-second-order rate constant for the adsorption kinetics (g mg~! min™!)
geal Equilibrium values calculated from the kinetic model of adsorption (mg g~')

e Equilibrium adsorption capacity (mg g!)
gexp  Equilibrium values obtained from the adsorption experiments (mg g™')

qt Adsorption capacity at time z (mg g™')

t Time (s)

Abbreviations

AOQOP Advanced oxidation process
ARE Average relative error

BOD Biological oxygen demand
COD Chemical oxygen demand
GAC Granular activated char

HR-LCMS  High-resolution liquid chromatography

SAIF Sophisticated analytical instrument facility
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CHAPTER VII

Treatment of a Mixture of Real Pharmaceutical
Industrial Effluents with a Combination of

Coagulation and Perozoznation

This chapter presents the study of the treatment of a mixture of two pharmaceutical effluents
with a hybrid technology of coagulation by FeCls and oxidation by O3 and H>O.. This study
aims for the higher removal of TOC, COD, and toxicity of the effluent. In the pre-treatment
process, coagulation has been performed by FeCls.6H>0 to reduce the TSS. The effects of the
pH of the medium pH and the dose of the coagulant on COD removal have been studied during
the coagulation treatment. Ozonation was applied after coagulation and the effect of
operational parameters is analyzed. Toxicity analysis is also performed to ensure toxicity

removal.

7.1. Introduction

Advances in lifestyle and disease profiling have resulted in a shift in the pattern of using
medicines. In 2020, the worldwide pharmaceutical industry was valued at USD 1265.2 billion,
with a projected growth rate of 3—6% by 2024 (USD 1420.0 billion) [1-3]. An increased sale
of antibiotics was also recorded due to the ongoing breakout of coronavirus. 216 million excess
doses of antibiotics were sold between June to September 2020 in India alone [4]. The
discharged water from the pharmaceutical industries contains non-biodegradable recalcitrant

organic substances, which have high toxicity towards the aquatic and human life.
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Pharmaceuticals and their metabolites are frequently detected in ground and surface water
bodies [10—13]. Pharmaceuticals were first detected as a pollutant in the aquatic system in 1970
[9]. Villages adjacent to the pharmaceutical industries are in alarming condition due to the
highly contaminated groundwater, which leads to serious health problems such as cancer,
miscarriage, and skin disorders [20].

Effluents from more specialized sources, such as pharmaceutical manufacturing plants,
have received significantly less attention [317]. The dynamic and complex nature of the
pharmaceutical effluents makes it difficult to anticipate their eco-toxicological risks [317]. Raw
materials used in the pharmaceutical industries are mainly organic solvents, organic materials,
inorganic and organic additives, catalysts, and distilled water. In turn, a large amount of
effluent with a high loading of organics is produced [318]. Most of the pharmaceutical
industries still rely on biological treatment. However, the inefficiency of biological treatments
is already an established fact [227]. Most of the pharmaceuticals present in the effluent may
exhibit recalcitrant behavior towards the conventional processes [318]. Pharmaceuticals and
their metabolites make their way into the surface and potable water from various sources, i.e.,
excretion and improper disposal of medicines [319,320]. The emerging presence of APIs in the
treated effluents is a matter of concern as their exposure poses a risk of developing resistance
in biological organisms [319,321]. Non-biological treatments such as membrane separation,
adsorptive removal, and electro-coagulation have been found to be effective for a few synthetic
wastewaters. However, the unreasonably high operating cost and unfeasible maintenance
operations restrict their use at the industrial level for effluent treatment.

Advanced oxidation processes (AOPs) have been applied to refractory organic
contaminants found in surface water, groundwater, and industrial wastewater over the last two
decades in order to improve the biodegradability and treatment efficacy [322,323]. These

processes are based on generation of hydroxyl radicals in-situ, which are highly reactive and
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non-selective in nature for the organic contaminants [324]. Various AOPs have been used for
pharmaceutical wastewater treatments, i.e., Fenton and Fenton-like techniques [325,326],
electro-oxidation [327], and ozonation [120]. Among these ozone and ozone-based, AOPs are
the most famous and efficient. Ozone has the capability of generating hydroxyl radicals at
alkaline pH and with a combination of H>O> [211]. Most of the researchers have conducted
their studies on pharmaceutical removal from synthetic wastewater by employing various
AOPs [328-330]. However, the study on the removal of real pharmaceutical industrial effluent
is still scarce in the literature [331-333].

In the light of the aforementioned facts, the present study investigates the degradation
of a mixture of two real industrial pharmaceutical effluents with a hybrid coagulation process
(i.e., alum) and AOP (i.e., O3/H202) The main objective of this study is to investigate the
effect of the parameters of the peroxone process and coagulation on chemical oxygen demand

(COD). The toxicity after the treatment was also assessed.

7.2. Results and discussion

7.2.1. Effluent characterization

The wastewater was qualitatively analyzed by HR-LCMS at the Sophisticated Analytical
Instrument Facility (SAIF) of IIT Bombay (India). The chromatogram of wastewater is shown

in Figure 7.1. The characteristics of raw effluent are listed in Table 7.1.

7.2.2. Coagulation studies

7.2.2.1. Effect of system pH on TSS and COD removal
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To assess the effect of system pH on COD and TSS removal, the pH was varied in the range
of 4-11. It was observed that the highest COD and TSS removal were 10.4 and 63%,
respectively, at pH 6. Figures 7.2a and 7.2b exhibit the final COD and TSS removal,

respectively, for different pH.

rThis Figure is ommited due to copyright issue

Figure 7.2. Effect of system pH on (a) COD value and (b) TSS removal of pharmaceutical

effluent. Coagulant dose was 1250 mg dm= FeCl3.6H-O.

In Figures 7.2a and 7.2b, it can be observed that the highest TSS removal (i.e., 63%) and lowest
COD (i.e., 1550 mg dm~>) were achieved at pH 6. The removal of color was not studied as the

same was performed by ozonation. A higher coagulant dose also affected the color of the

effluent.

In the acidic medium, Fe?* and Fe* are converted into Fe(OH);, which neutralizes the

negatively charged particles, i.e., organic compounds and suspended particles. The formation

of Fe(OH), took place due to the interaction between the ferric and hydroxide ions present in

the water. Generally, the pharmaceutical effluents are found to be rich in organic compounds.
The maximum removal of COD and TSS at acidic pH also suggests the same. However, the

formation of Fe(OH)s, which is hydrophobic in nature, occurs in the alkaline medium. It can

remove pollutants by surface interactions. At pH 6, mainly Fe(OH), takes part in the removal

process. However, the presence of Fe(OH)s also promotes the precipitation.

7.2.2.2. Effect of FeCls dosage

By the study of pH effect, it was observed that at pH 6 the maximum removal of COD and TSS

was achieved. To find the effect of coagulant dose, FeCls concentration was varied 500 mg
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dm™to 1500 mg dm=>. It was seen that the maximum COD removal (10.4 %) was achieved at
1250 mg dm=dose. For FeCl; doses of 500, 750, and 1000 mg dm=3, COD removal rates
achieved were 1.7, 4.6, and 6.9 %, respectively. When FeCl; dose was further increased to
1500 mg dm=3, COD removal efficiency witnessed a significant drop. For high dose of FeCls,
color of sample was started to change from yellow to red as content of oxidized was increased.
It can be concluded that the optimum pH and dose for coagulation for maximum COD removal

were 6 and 1250 mg dm3, respectively.

7.2.3. Ozonation experiments

7.2.3.1. Effect of pH

Ozonation experiments were conducted for various pH (5—11) in the presence of H>O: to
analyze the effect of system pH on COD removal. It was observed from Figure 7.3 that the
basic system pH favored the COD removal rate. At pH 11, the COD removal achieved was
91.6 %. Although at pH 13, a decrease in COD removal was witnessed. It was also concluded
that the COD removal efficiency also improved significantly as pH increased. At acidic pH,

the COD removal recorded was 68.4 %.

It is already an established fact that molecular ozone is present as an oxidizing agent at
acidic pH whereas hydroxyl radicals dominate at basic pH [334-336]. The amount of ozone

dissolved in water is determined by two contradictory mechanisms, i.e., dissociation of ozone

by OH (> 48 mol™' dm? s7!) and supply of ozone by gas to liquid mass transfer [337]. When

availability is limited (acidic medium), ozone depletion slows down to allow the accumulation

of molecular ozone. An abundant amount of OH promotes ozone depletion to generate the
hydroxyl radicals and prohibit ozone accumulation. Thus, the compounds vulnerable to

electrophilic attack of molecular ozone are easily degradable at low pH. On the contrary,
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compounds resistant to ozone degradation undergo rapid degradation at alkaline pH. It was
observed that the COD rates were higher at alkali than acidic medium, which indicates the
presence of ozone resistance compound in the effluent. Decomposition steps of ozone are basic

medium are described below [338]

O,+OH —O; +HO; (k1 =70 mol™! dm? s (7.1)
HO, <O, +H" (pK = 4.8) (7.2)
O; +0, ->0; +0, (k2=2x10"" mol~" dm® s) (7.3)
O; +H" - HO; (k3= 5x10'° mol~! dm3 s™") (7.4)
HO; — HO-+O, (ka=1.4x10° s (7.5)
HO-+0O, ->HO; + 0, (ks=12.8x10° mol! dm?s™) (7.6)

This Figure is ommited due to copyright issue

Figure 7.3. Effect system pH on COD removal of effluent.

7.2.3.2. Effect of ozone supply

Figure 7.4 shows the system's COD removal efficiencies for three different ozone supplies
(0.65, 0.67, and 0.78 mg s ). It was witnessed that the COD removal rate was constantly

increasing the ozone supply. When ozone supply was increased from 0.65 to 0.67 mg s~
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(increased by 3 %), COD removal was increased by 12 %. However, when ozone supply was
further increased by 16 %, COD removal efficiency was increased by 15 % only.

The two-film theory might explain the increase in COD removal with increasing ozone
supply [238,339]. According to two-film theory, mass transfer of ozone into the aqueous phase
involves several stages, i.e., ozone diffusion in the gas phase to the gas-liquid interface,
interface transfer of gas into the aqueous phase, and transfer across bulk liquid phase. Due to
this, ozone availability for COD removal and to generate hydroxyl radical is enhanced, which
explains the higher COD removal efficiency at high ozone supply. However, when the ozone
concentration in the liquid phase hits its maximum value, the rate of chemical reaction will
become increasingly important in controlling the process. Further increment in ozone supply
will have no beneficial effect on degradation rate.

On the other hand, an increase in ozone supply and ozonation time reduce the ozone
utilization and more than 50 % ozone would escape from the reactor. Therefore, optimizing the
ozone supply and ozonation time is necessary for efficient process.

This Figure is ommited due to copyright issue
Figure 7.4. Effect of ozone supply on COD removal rate.

7.2.3.3. Effect of H20: concentration

Ozone in the presence of H,O» generates hydroxyl radical, which is a non-selective more potent
oxidant than ozone alone [108]. The yield of hydroxyl radicals depends on concentration of
H>0> decomposition.

Reaction of ozone with hydrogen peroxide is given in Equation (7.7)

0,+H,0, — 2HO++30, (1.7)
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Figure 7.5 shows the COD removal efficiencies for initial H>O> in the range of 0 — 0.25
mol dm=. In the absence of HO2, only 45 % of the total COD was removed. A small quantity
of H,0; (0.08 mol dm=) accelerates the COD removal by 11 %. With the increasing quantity
of HxO, elevation in COD removal efficiency was observed. Although, there was no
significant increase in COD removal was observed, when H>O» concentration was increased
above 0.25 mol dm. Thus, it can be concluded that the maximum COD removal achieved was
75.5 % at 0.25 mol dm™ of H,O,. Various studies [340-343] reported that the excess of H20;

may consume the HO. (Equation (7.8)) The rate constant of HO« consumption by H>0: is

reported very high [338].
H,0,+HO.—> +0 +H" +H,0 (ke=2.7x107 mol' dm? s™') (7.8)
H,0, + HO.— H,0 + HO} (7.9)

HO. may undergo various series of reaction [344,345]

2HO; »> H,0,+0, (k7=3.4x107 mol~" dm? s") (7.10)

H,0,+HO; »> HO-+O, +H,0 (7.11)
This Figure is ommited due to copyright issue
Figure 7.5. Variation in COD removal with increasing concentration of H2O».
7.2.3.4. TOC removal during ozonation

The carbon content of the effluent was reduced during ozonation. Effect of pH and ozone
supply rate was analyzed on TOC removal as shown in Figures 7.6a and 7.6b. In acidic pH, the

removal achieved was 21%, whereas the TOC removal increased to 36% in alkaline pH. For
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pH 9 and 11, the TOC removal was almost the same. Thus, further increase in pH did not
contribute to TOC removal. A plateau was observed after 80 min of ozonation in TOC removal
graphs. Constant values of TOC were indicated at the formation of recalcitrant compounds.
Ozone supply was varied in the range of 0.65 — 0.78 mg s~!. At lower ozone supply (0.65 and
0.67 mg s™"), mineralization efficiency was found to be very low (10%) even at higher reaction
time. This confirmed that the metabolites formed during ozonation required high ozone
availability to be fully mineralized. When ozone supply was increased to 0.78 mg s7!,
mineralization efficiency was increased by 3 folds at pH 7. Maximum mineralization achieved

was 36% at pH 9 — 11 at ozone supply of 0.78 mg s~'.

fThis Figure is ommited due to copyright issue

Figure 7.6. TOC removal during ozonation for (a) pH 5 — 11 and (b) ozone flow rate of 0.65 —

0.78 mg s

7.2.3.5. Color removal

Color of the raw effluent was found yellowish brown. Color of the effluent was completely
removed for all system pH. Although in case of alkaline pH, the removal rate was faster than
in acidic medium (See Figure 7.7). After performing ozonation experiments, color of the
samples was measured immediately. Then samples were kept in dark to insure that the color
was not reappearing. Complete removal of color was achieved in 40 min for alkaline medium

whereas in case acidic medium time required it was increased by 50%.

This Figure is ommited due to copyright issue

Figure 7.7. Removal of effluent color during ozonation for pH 5 — 11 for ozone supply of

0.78 mg s
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7.2.3.6. Toxicity removal

Toxicity removal was assessed by using E. coli. and S. Aureus. Effluent before treatment
exhibited the zone of inhibition for both the bacteria in the range of 16 — 19 mm. After treatment
of 60 min reduced the diameter of the zone of inhibition by 25 — 26 %. The formation of zone
of inhibition confirmed the presence of antibiotics in effluent in sufficient amount to kill the
bacteria. After treatment the zone of inhibitions were completely disappeared as shown in
Figure 7.8. Thus, it can be concluded that the antibiotics present in effluent were degraded

efficiently.

This Figure is ommited due to copyright issue

Figure 7.8. Zone of inhibitions by raw and treated effluents for £. Coli and S. Aureus.

7.3. Conclusions

A real pharmaceutical industrial effluent was efficiently treated by a hybrid process of
coagulation by FeCl3.6H20 and ozonation. The optimum condition for coagulation was pH 6
and a coagulant dose of 1250 mg dm=. Total 10% COD and 63% TSS are removed by
coagulation by FeCl3.6H20 under the optimal conditions. Next, advanced oxidation has been
performed by using O3/H202. Maximum COD removal by O3 + H20; is 91.6% at pH 11 and
ozone supply of 0.78 mg s7!. The COD removal efficiency drops to 45% in the absence of
H>0,. Contribution of hydroxyl radicals in COD removal was also confirmed. Maximum
mineralization efficiency achieved was 36% at optimum conditions. Toxicity analysis with the
help of S. Aureus and E. coli has also been performed to assess the removal of the same. The

effluent is found non-toxic after the treatment as no zone of inhibition is observed.
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Notations

Abbreviations

AOP

API

COD
HR-LCMS
1T

SAIF

TOC

TSS

USD
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Advanced oxidation process

Average relative error

Chemical oxygen demand

High-resolution liquid chromatography
Indian Institute of technology
Sophisticated analytical instrument facility
Total organic carbon

Total suspended solids

United States Doller
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CHAPTER VIII

Conclusions and Future Scope

This chapter summarizes the main conclusions drawn from this work and offers suggestions

for future research.

8.1. Conclusions

This work dealt with degradation of pharmaceuticals in synthetic and real industrial effluents
by ozonation and ozonation based hybrid processes. Promising results were observed during
the treatment process. Three of the best-selling drugs were used to analyze the efficiency of
ozonation process. Synthetic pharmaceutical wastewater spiked with NPX, DCF, and RNT
have been successfully degraded by a combination of O3 and H2O». Alkaline medium and high
ozone supply are found more efficient than the acidic medium. Complete removal has been
achieved within 10 min for all three pharmaceuticals at various operating conditions. The
presence of hydroxyl radicals in the reaction system considerably influenced the degradation
process, which explains the increased removal efficiencies in the alkaline medium. According
to the model, the concentration of ozone in the aqueous phase became constant within a min,
indicating that the ozone concentration was constant throughout the reaction when compared
to the drug concentration. Mass transfer study for ozone suggested that the alkaline pH and
high ozone supply favored the mass transfer. However, it was also found that the high pH
promotes the ozone dissociation to form hydroxyl radicals. Presence of hydroxyl radicals
enhanced the degradation process. Degradation of drug followed the pseudo-first-order

reaction for all drugs. The decarboxylation of NPX resulted in the formation of three
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intermediates during ozonation whereas in DCF system total 13 intermediates were identified.
Process were found effective in presence of other water matrix.

Ozonation based techniques were found efficient for the degradation of two different
industrial effluents. In case of the first real industrial pharmaceutical effluent, maximum COD
removal is 88.5% by O3z + H>O,. Post-treatment, i.e., adsorptive removal by granular activated
char has been performed on the first effluent inasmuch as after 3 h of AOP, COD values become
constant. COD removal efficiencies are in the range of 75 — 88.5% in 3 h by O3 + HxO».
Alkaline pH favors the degradation by AOP, whereas COD removal is higher in the acidic
medium when the adsorption is carried out. The lowest COD for the hybrid process is 190 mg
dm™. For the second effluent, pre-treatment was performed to remove TSS as a high amount
of it has been observed. 10% COD and 63% TSS have been removed by coagulation by
FeCl3.6H20 at the optimal conditions. Maximum COD removal by O3 + H20z is 91.6% at pH
11, and it reduces to 68.4% in the acidic medium. No toxicity has been found in both effluents
after the treatments.

The results demonstrated that the ozonation technique can be used for the treatment of high

strength real pharmaceutical industrial effluents as post or pre-treatment.

8.2. Future scope

The findings from the present work provide insight into the future scope for upgraded treatment

techniques for the industrial pharmaceuticals effluents.

e AQPs can be used for pre-treatment to enhance the biodegradability of pharmaceutical
effluents. Application of bio-treatment after the pre-treatment would be efficient and cost-
effective.

¢ Inthe case of highly recalcitrant effluents, the hybrid process consists of the AOPs followed
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by the adsorptive removal by a low-cost adsorbent.

A low-cost adsorbent for the post-treatment can be synthesized to remove the organic

metabolites.
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Appendix

Table Al. Table for uncertainty analysis of concentration measured for NPX

Time [NPX]/ [NPX]Jo [NPX]/[NPX]o [NPX]/[NPX]o Mean STDEV U U: (%)

(min)
1 0.934 0.905 0.889 0.909 0.022 0.013 1.431
2 0.890 0.846 0.832 0.856 0.039 0.018 2.087
3 0.800 0.782 0.759 0.779 0.029 0.012 1.693
4 0.698 0.672 0.659 0.676 0.023 0.017 1.731
5 0.654 0.613 0.599 0.622 0.028 0.013 2.621
6 0.587 0.545 0.531 0.554 0.028 0.016 2.993
7 0.467 0.446 0.436 0.450 0.015 0.090 2.004
8 0.443 0.407 0.373 0.407 0.035 0.025 5.025
9 0.378 0.338 0.309 0.342 0.036 0.019 5.835
10 0.307 0.272 0.243 0.275 0.032 0.019 6.552

Table A2. Mean, standard deviation, and standard and relative uncertainty for the DCF concentration
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Time [DCF]/ [DCF]o [DCF]/ [DCF]o [DCF]/ [DCF]Jo Mean STDEV U U: (%)

(min)
1 0.803 0.826 0.856 0.827 0.025 0.015 1.78
2 0.543 0.583 0.609 0.578 0.033 0.019 3.35
3 0.428 0.474 0.441 0.447 0.023 0.014 3.08
4 0.262 0.285 0.251 0.266 0.016 0.009 3.65
5 0.156 0.162 0.187 0.168 0.016 0.009 5.67
6 0.077 0.085 0.096 0.087 0.008 0.005 5.83
7 0.064 0.051 0.054 0.056 0.007 0.004 7.13
8 0.030 0.025 0.026 0.027 0.002 0.001 4.03
9 0.017 0.016 0.017 0.016 0.001 0.001 2.64
10 0.012 0.014 0.015 0.013 0.002 0.001 6.83
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Table A3. Mean, standard deviation, and standard and relative uncertainty for the RNT concentration

Time [RNT]/ [RNT]o [RNT]/ [RNT]o [RNT]/ [RNT]o Mean STDEV U U: (%)

(min)
1 0.887 0.870 0.853 0.870 0.016 0.009 1.111
2 0.752 0.720 0.709 0.727 0.022 0.012 1.758
3 0.659 0.617 0.641 0.639 0.021 0.012 1.904
4 0.525 0.470 0.495 0.497 0.027 0.015 3.217
5 0.431 0.363 0.387 0.393 0.034 0.019 5.042
6 0.328 0.284 0.296 0.303 0.022 0.013 4.299
7 0.239 0.218 0.254 0.237 0.018 0.010 4.384
8 0.149 0.134 0.126 0.136 0.011 0.006 4.844
9 0.121 0.102 0.117 0.113 0.009 0.005 5.043
10 0.096 0.071 0.068 0.078 0.015 0.009 11.613
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