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ABSTRACT

With the growing demand of clean drinking water, researchers have long
been trying to develop green and sustainable water treatment technologies,
which are easily transferrable to the society. Micro-Nano Bubble (MNB) have
shown great potential in water treatment and other aligned areas because of their
immense oxidation properties. The use of Os MNB are considered to be eco-
friendly given to its nature to convert back into oxygen after a particular
duration. Recently researchers have reported the use of Oz MNBs for water
treatment for removal of contaminations like arsenic and coliform. However,
generation and stability of MNBs have posed a serious concern on the real time
treatment applications.

Stability of MNBs generated using pressurised decompression method
depends majorly on factors such as temperature, gas type, system operating
pressure and gas flow rate etc, that may increase the unpredictability and
reproducibility of results for effective water treatment.

In the present study, the system was developed to produce MNBs with
minimum sensory interventions to determine the size of MNB generated. This
was achieved with help of machine learning model approach. A set of
experimentations were performed to identify the operations parameters and
understand the properties of MNBs and the observations were stored in the form
of dataset for developing machine learning models. Further to test the
efficiencies of MNB in oxidation process, removal of arsenic and coliform
bacteria from water was studied using O3 MNBs.

The results illustrated the potential of smaller bubbles over larger
towards effective oxidation process. It was observed that MNBs generated using
Compressed air, oxygen and ozone resulted in 3000-5000nm, 1500-3000nm and
300-1500nm respectively under different operating conditions. In the
experimental studies conducted for a duration of 30 mins, O3 MNBs smaller

than 500nm showed better oxidation capability in the case of As. In case of



coliform disinfection, a similar oxidation trend was observed for 700nm Os
MNBs.

To further explore the possibility of generating a particular MNB
without any dependencies on size detecting sensors, machine learning
approaches such as decision tree and multi linear regression models were
chosen based on the relationships of the parameters. These models showed a
possibility of using machine learning based bubble size estimation where it was
observed that multi linear regression model showed a prediction error of

5-15 % while decision tree resulted in 20-30% of prediction error.
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CHAPTER 1
INTRODUCTION

1.1 OVERVIEW

Ground and surface water are the two major sources of drinking water
supply worldwide. Groundwater is a common source for single homes and small
towns, while rivers and lakes are the usual sources for large cities. Although
approximately 98 percent of liquid fresh water exists as groundwater. The
volume of water available for municipal supply depends mostly on the amount
of rainfall and also on the size of the watershed, the slope of the ground, the
type of soil and vegetation, and the type of land use. The rapid growth in
population has resulted in the scarcity of drinking water, leading to catastrophic
water shortage in several areas of the world. Over two billion people still live
in countries experiencing high water stress, while four billion people experience
severe water scarcity for at least one month a year [1].

Poor water quality exacerbates the issue, with 80% of wastewater
globally being returned to the environment untreated. With the world’s
population set to increase to over ten billion by 2050 from around seven billion
today, water demand can potentially increase by more than 70% driven by
urbanization and changing consumption patterns in the emerging world [2].
Since only around 0.8% of the total earth’s water is fresh water, groundwater
resources are being exploited to meet the present demands [3]. It is projected
that by year 2030, the global needs of water would increase to 6,900 billion m3
from the current 4,500 billion m3. Thus, about 53% increase in the amount of
drinking water is needed by year 2030[4].

In India, the per capita availability of water is estimated to decline
further to 1,465 cubic meter by 2025 and 1,235 cubic meter by 2050[5].
Consequently, the present surface water resources will no longer be sufficient

to meet the future needs of mankind, while groundwaters were mostly polluted



due to natural phenomena and anthropogenic activities of human. About 85%
of rural population in India is solely depended on groundwater, which is
depleting at a fast rate. The contamination of groundwater with metals is
primarily attributed to anthropogenic activities and requires risk assessment to
characterize the magnitude of the threats to humans and ecological receptors[6].
In addition, the natural weathering of soils and rocks also introduce traces of
elements into the groundwater.

Water quality monitoring studies carried out by various national and
international agencies often report that the freshwater bodies in India contain
high levels of organic and microbial pollutants. Though only a few of the
chemicals that can occur in drinking water have immediate health effects to
humans, priority must be given for monitoring and remedial actions towards
chemical contaminants in drinking water in order to ensure its efficient
management and avoid adverse health effects associated to prolonged period of
exposure [7]-[15].

To date, arsenic in groundwater has been identified in 105 countries,
with an estimate of the exposed population of >200 million worldwide at
concentrations greater than the World Health Organization (WHO) guideline
value for arsenic of 10 ug/L [16]. The major route for arsenic exposure to
humans is through drinking water where it is typically present in inorganic
forms of either arsenite [As (111)] or arsenate [As (V)] while another significant
pathway of arsenic contamination is through the food chain. When
contaminated water is used for crop irrigation, it enters the food chain thus,
when the crops are being consumed, the people are exposed to arsenic.

India covers 79% of the Ganga River Basin (GRB), is spread across
states such as Uttarakhand, Uttar Pradesh, National Capital Territory (NCT) of
Delhi, Madhya Pradesh, Bihar, Jharkhand, Rajasthan, Chhattisgarh, Punjab,
Haryana, and West Bengal. The GRB is a part of the Ganga-Brahmaputra-
Meghna (GBM) river basin, draining 1.08 million km? in Tibet, Nepal, India,
and Bangladesh; it covers nearly 26% of India’s land mass and is home to a

population of over 500 million[17]. Groundwater arsenic contamination in these



areas was first reported in 1976 in Chandigarh and in different villages of the
Punjab and Haryana states [17].

Different sources for Arsenic contamination in water is given in fig.1.1.

| As Sources Discharge & Transport |

y N
| Natural I "1 Anthropogenic |
Mining Pesticides
smelting Fertilizers
Volcanos wood Presertives

Industerial Process

Municipal wastes
Military Acitvities
Land fill

Fossil fuel Combustion
Feed additives

Atmosphere

L

Biota

Sorption-Desorption
Precipitation-Dissolution

Soil Sediment
Rocks Oxidation-reduction
Microbial Actvities

Waters

Figure 1.1 Sources of Arsenic Contamination into Water [18]

However, currently available scientific literature reveals that the Ganga is
considered to be one of the world’s most polluted rivers, containing a number
of toxins including arsenic, cadmium, chromium, copper, lead, and mercury, as
well as pesticides and pathogenic microbes nearly 3000 times greater than the
safe limit prescribed by the World Health Organization (WHO) i.e., 0 CFU for
coliform bacteria [17], [19].

Arsenic-related major health hazards through chronic exposure of

contaminated groundwater for drinking and cooking have been registered in



several countries and the Asian countries are found to be the most affected [20].
Significantly, microbial contaminants such as coliforms, E.coli,
Cryptosporidium parvum, and Giardia lamblia compromise the safety of the
water. The prevalence of water-borne diseases including diarrhea, cholera,
typhoid fever, and dysentery, has been mainly attributed to unsafe water and
unhygienic practices[21], [22].

Waste generated from their activities and runoff from agricultural fields
rich in fertilizers, pesticides, insecticides, herbicides, etc. made traditional
sources of drinking water unfit for consumption including the holy Ganga water.
Presence of Escherichia coli, Klebsiella, and Enterobacter species in water is a
likely indicator of the presence of pathogenic organisms such as Clostridium
pafringens, Salmonella, and Protozoa. These pathogens are usually found in
human and animal feces and could possibly reach the sources of community
water supply through leaching or other means such as improperly treated
sewage[23]. Different sources of coliform bacteria contamination is illustrated
in fig. 1.2.

WARM
BLOOD
ANIMALS

SEWAGE
TREATMENT
PLANTS

SOIL &
VEGETATION

SOURCES OF
COLIFORM
BACTERIA

SURFACE &
FLOOD
WATER

AGRICULTURE
WASTE RUN OFF,

AQUACULTURE
WASTE RUN OFF

Figure 1.2 Sources of Coliform Bacteria Contamination into Water



Any potable water may be contaminated microbiologically due to
insufficient sanitation and unhygienic practices. In order to estimate the number
of microbes present and to find out microbial types, different microbiological
water analysis methods are used in different labs. It is a very expensive and
strenuous procedure to examine all the possible microbial pathogens in water,
and therefore, a specific group of microorganisms that come from the same
source as human pathogens is used to indicate the presence of pathogens. In
order to indicate the presence of faecal contamination in water, indicator
microorganisms were approved for the studies of coliform bacteria in the U.S.
Public Health Service in 1914[24]. If indicator microorganisms are observed in
a substance, it designates the presence of faecal contamination and therefore,

pathogenic microorganisms might be present in that water.

1.2 SCOPE OF STUDY

The proposed study will combine micro-nano bubbles and machine learning
approach as an integrated treatment process. The research objective of
implementing machine learning approach and using MNBs for the effective
removal of arsenic and coliform bacteria from water can be divided into three
parts; design of MNB generation system, finding the optimal conditions for
effective oxidation and ozonation for arsenic and coliform, system learning
approach towards automated bubble generation of different sizes.

Studies on MNB have shown its potential and have been effectively used
for various applications. Based on the literature, where MNBs were tested for
their efficiency, it was observed that determination of the size being generated
during operation was a hefty task and required high instrumentation. Although,
these studies were carried out in spiked water made with distilled water or
millipore water where the presence of external particles are very limited, this
limits the study for further upscaling of the system towards water treatment
industries for efficient aeration, dissolved air floatation, oil and water separation

process, etc., in real time scenarios. Since the technology is implemented mostly



in a recirculation mode; where the water for treatment is itself used as an input
source to produce bubble, it becomes a challenging environment for the sensors
determining MNB size to differentiate between a waste and a bubble.
Therefore, implementation of learning and prediction methodology can
be of potential as the system can be advanced by imparting the difference of a
bubble and a waste particle. For an efficient implementation of learning and
prediction methodologies, understanding the parameters which controls the

bubble size and their rate of oxidation and ozonation process are vital.

1.3 PRINCIPLE CONTRIBUTIONS

A novel method is proposed using machine learning approach to determine the
values of the system operational parameters in generating a particular MNB size
and to determine the MNB size range for effective removal of arsenic and

coliform bacteria from water.

1.4 RESEARCH OBJECTIVES

1. To generate, determine the effect of size, stability and duration of MNB

in water and to find out the optimum conditions for effective treatment.

2. To determine the efficiency of ozone MNB for removal of Arsenic and

Coliform.

3. Development of a prototype for testing the real samples, automation for

controlling and monitoring the size of MNB in the system.

1.5 THESIS OVERVIEW

A short overview of the chapters following this introduction is presented

below.



Chapter 2: This chapter discusses overview of different methods
used to treat arsenic and coliform contaminated water. Advantages
and limitations of the treatment approaches are studies to understand
how oxidation rate helps in effective removal of arsenic and
coliform from water. The possibilities of using MNBs of different
sizes, their properties, generation methods and limitations are also
discussed.

Chapter 3: Here the complete experimental lab scale setup
development is described including the materials and the methods
necessary to carry out the study. Study was conducted to understand
MNB size generation at different experimental conditions.
Surfactants were also used for better understanding of MNB size
reduction. The results achieved from the study were used as an
insight in upcoming chapters.

Chapter 4: This chapter describes a very brief overview on how
humans get exposed to arsenic and coliform bacteria via water
sources. Experiments were performed to test the oxidation capability
of MNBs to convert As(lll) to As(V) while in case of coliform,
ozone gas was used to disinfect the cell wall. It was observed that
smaller bubble size resulted in effective oxidation and disinfection.
Chapter 5: The use of different machine learning models to explore
the possibility in predicting MNB size is explored to provide a proof
of concept. This approach was used as an alternative to high end
sensory needs to understand MNB size generated. Two different
modelling approaches (a) decision tree and (b) multi linear
regression models were used to define relationships between

different parameters of the system responsible in MNB generation.



CHAPTER 2
LITERATURE REVIEW

This chapter presents a brief review of literature, a summary of arsenic and
coliform contaminations, their source of human contact, harmful disease and
different methods for effective removal of arsenic and coliform from water
sources. A brief about what are micro-nano bubble, their generation methods,

properties and different applications is also presented.

2.1 ARSENIC CONTAMINATION

Over the years drinking water contamination caused by heavy metal ion
such as Arsenic (As) have been a concern by several countries like India,
Bangladesh, China, Nepal, Thailand, Brazil, United States, Canada, England
relies on groundwater to meet the purpose of drinking[25]—[30]. Arsenic, a toxic
element and widely distributed in our earth’s crust is released into environments
via groundwater. Most of arsenic problems in third-world countries today are
caused by natural erosion. WHO estimated around 200 million people
worldwide are exposed to arsenic contaminated drinking water which exceeds
the recommended limit of 10ug/l given by WHO. India, it is estimated 20
million people consume arsenic contaminated water in different states West
Bengal, Bihar, Uttar Pradesh and Punjab[31]-[35].

Primarily Arsenic is present as an oxy anion in groundwater representing two
oxidation states arsenic As(ll) (arsenite) and arsenic As(V) (arsenate) [36],
[37]. At pH range of 2-12, predominant species of As(V) are H,AsO *or
H,As03*. On the other hand, As(111) mainly exist as HsAsOsat pH below 9 and
H,AsO™3 is dominant at pH values of 9-12 [38] in. Compared to As(V), As(l1)
is more soluble resulting in increase of its mobility. Human exposure medium
for As is shown Figure 2.1. Consumption of As at higher concentrations causes
gastrointestinal problems and arsenicosis [39], [40] and the common symptoms

include pigmentation, keratosis and skin cancer.
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Figure 2.1 Arsenic Intake Medium by Humans [41]

2.1.1 ARSENIC REMOVAL METHODOLOGIES

There are several studies have been conducted on As removal
methodologies over the past decades such as selective membrane methods[42],
[43], reverse osmosis[44]-[46], adsorption[47]-[49] , oxidation, precipitation
and various biological processes. These have their own advantages and
disadvantages and most of the techniques adopt peroxidation method converting
As(I11) to As(V).

Coagulation flocculation method is a two step process in which at first
chemicals are added to arsenic contaminated water in order to destabilize and
convert the compounds into an insoluble precipitate[50]. This precipitate is used
in the second step where it can be removed via sedimentation process or
sometimes by filtration. Different chemicals are used as a coagulant which
includes alum, iron, manganese, lime and electrocoagulation. Majority of the

cases aluminum salts such as aluminum sulphate [Al2(SO4)3-18H20] and ferric



salts such as ferric chloride [FeCls] or ferric sulfate [Fe2(SOa4)3] are commonly
used in developing countries because of their low cost and relative ease of
handling [15]. The effectiveness of iron coagulants in removing arsenic (111)
diminishes at pH 6.0. The limitation of this method is the need of chemicals at
different time intervals into the water producing a huge amount of sludge [51].
While in adsorption process, a solid medium for removing arsenic from water
is used. Due to its high removal efficiency and ease of operation it is most
widely used method. This method doesn’t need any chemical substrate and is
low cost sludge free process making it more feasible for use. Over the past,
several different adsorbents such as metal based adsorbent, iron oxide, activated
alumina and carbon based adsorbent have been used to adsorb arsenic from
water[52]-[54].

Activated alumina and Iron-Based Sorbents (IBS) were the most widely
used techniques for arsenic removal from drinking water. Even membrane
based technology was used to test its feasibility of operation, these are made of
synthetic materials containing billions of pores on them. These pores act as
barriers and allows a part of water to pass through them leaving behind the waste
present in water. This system requires a pressure medium to transport the water
through the pores and are classified as low pressure and high-pressure process.
Low pressure comprises of micro filtration and ultra-filtration whereas high
pressure consist of nano filtration and reverse osmosis mediums. In both the
cases, studies show’s the need of an effective pre-oxidation of As (I11) to As (V)
for removal of As from water. Table 2.1 illustrates conventional and non-

conventional methods for As removal.
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Table 2.1 Arsenic Removal Methodologies from Water

Treatment Type of Agent Advantages Drawbacks Ref
Process
Coagulation  Ferric Chloride Ease of the process Highly influenced by the type and dosage of [55]-
coagulant, pH of the solution and availability of [57]
other competing anions, especially the iron content
of the water sample.
Ferric Sulphate High stability of Fe-based Producing As-contained sludge with high handling
coagulants over a wider cost
range of pH having a high
affinity for As compared to
Al-based coagulants.
Aluminum Sulphate Not suitable and efficient for the removal of trivalent
arsenic pre-oxidation may be needed
Chemical Hydrogen Easy to be incorporated High amounts of chemical agents required. [55],
oxidation peroxide into  existing treatment [58],
plant [59]

Required pre-oxidation of As(l1l) to As(V) prior to
coagulation, membrane filtration, and adsorption
process.
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Treatment Type of Agent Advantages Drawbacks Ref
Process
Advanced Photocatalysis High oxidation rate Only effective for the conversion of As (111) to As [58],
oxidation (UVITiO2, UV/ZnO) V) [60]-
processes [64]
UV/H202 No generation of toxic or ~ Non-selectivity of the treatment process
hazardous intermediate by
products during the
conversion of the target
pollutant
Adsorption Granular activated High efficient for the Only transferring the target pollutant from one [47],
carbon (GAC) removal of As (V) phase to another phase [65]
Activated alumina Need for the regeneration of spent adsorbent after
four to five working run
lon-exchange Natural High capacity for the High operation and maintenance costs [58],
and synthetic resins  sequestration [66]
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2.2 COLIFORM CONTAMINATION

Yet another global problem in drinking water is the presence of harmful
microbiological pathogens. Water must be substantially free of dissolved salts,
plant, animal waste and bacterial contamination to be suitable for human
consumption. Presence of these substances in drinking water should be
considered as a possible indication of microbiological activity and water quality
deterioration. Nearly 5.7% of global diseases and 4% of global deaths are
related to water, sanitation and hygiene (WASH) leading to 1.9 billion people
worldwide consuming water from unimproved/improved sources of water that
is fecal contaminated and mostly supplied through rural piped or groundwater
sources [67].

Reportedly 37.7 million Indians are affected by waterborne diseases.
Most of these microbiological contaminations is observed in lower and middle
income countries with fecal contamination being most predominant in South
Asia and Africa [68]. Since 2017, diseases such as cholera, acute diarrheal, viral
hepatitis and typhoid have caused 10,738 deaths [67].

Coliforms contain a thin peptidoglycan layer making it a gram negative
bacteria and are also oxidase-negative, non-spore forming rods which ferment
lactose with gas production at 35-37 °C, after 48h, in a medium [69]-[71] and
are capable to survive with a very little or no oxygen by using anaerobic

respiration. Composition of the coliform group is illustrated in fig.2.2.

Total Coliform
Total Coliform =
Environmental Contamination

Fecal Coliform

)
_/ Fecal Coliform + E.coli =
Fecal Contamination

E.coli0157:H7

Figure 2.2 Classification of Coliform Bacteria
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The elderly, children, pregnant women and immunocompromised
persons are more prone to water borne illness. In developing nations like India,
where groundwater is the primary source of for irrigation, industrial needs and
drinking purposes. It is estimated that more than 90 percent of groundwater is
used for irrigation and the rest is used as source for drinking water.

Other sources of water include rainwater harvesting and the network of
major and minor canals originating from Indian rivers. Governments, farmers
and local municipalities of India rely on major river sources of India such as
Ganga, Yamuna, Kaveri, Sabarmati, Krishna and Godavari to meet their water
demand. But with release of industrial pollutants, sewage originate from
domestic and agricultural waste are discharged into these rivers has made the
water unsafe [72]-[75].

Studies have shown that E. coli survival on soil medium is relatively
possible given to the soil texture and physicochemical properties [76]-[78].
Major parameters for its long survival stint is due to the presence of Soil Organic
Carbon (SOC) and organic nitrogen in in organically manured soils. Irrigation
of agriculture using contaminated water or in soil has resulted to the bacterial
presence in the vegetables [79], [80]. Sources of possible contamination and
how does coliform bacteria enter into our digestive system is illustrated in
fig.2.3.
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Figure 2.3 Process of Coliform Bacteria Intake by Humans

2.2.1 COLIFORM REMOVAL METHODOLOGIES

Over the decade chlorination, iodination and ultraviolet light are the
popular methods used as a disinfection method in water treatment. Due to their
limitations to form byproduct residues that are undesirable and harmful in
nature of chlorine, few countries have started to ban the use of such chemical
disinfectants which led to an increase in research study towards other
disinfection processes such as ozonation, membrane and nano particles. Li Guo
et al [81] demonstrated a process to combat the environmental viruses using
cold atmospheric-pressure plasma and plasma-activated water where they used
surface plasma in argon mixed with 1% air and plasma-activated water was used
to treat water containing bacteriophages. However, this process is yet to be
tested for large scale application given to its high-power consumption capacity
for its electrodes. Use of metal oxides have also been tested for its antibacterial
properties to govern photocatalytic activity against E. coli. Findings of studies

have also shown to improve photocatalytic efficiency, such as increased amount
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of Reactive Oxygen Species (ROS), specific light spectrum and intensity, and
particles morphology [82]. This technique is based on the principle of photo-
excitation of a semiconductor oxide upon absorption of light radiation where
electrons present in the valence band (VB) of semiconductor such as zinc oxide
(Zn0), tungsten oxide (WQOs3), titanium oxide (TiO2) etc., are excited to the
conduction band (CB), leaving a positive hole in the valance band [83].
Formation of electrons and holes in this process implicate redox reactions.
Disinfection mechanisms using solar is also tested for its efficiency
towards microbes, but this method is limited to implementations to large scale
applications. While with the use of Atmospheric-pressure low-temperature
plasma (APLTP), the cell morphology of E.coli was changed leading to the
rupture of cell wall, membrane and losing the ability to reproduce[84]. The SEM
images of E.coli before and after treatment by APLTP is shown in the fig.2.4.

Figure 2.4 Scanning Electron Microscopy (SEM) images of E.coli; (a) Controlled
E.coli; (b) Treated E.coli [84]

To control the contamination of water sources one way is by treating the
contaminated water emerging from industries prior releasing it to the water
streams. Such a process requires large build area and huge capacity for
treatment process is required. Disinfection process via ozone has gained
attention for addressing the situation. Ozone is known for its most efficient in

wastewater disinfection and decontamination procedures[85]-[87].
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2.3 MICRO-NANO BUBBLE (MNB) IN WATER TREATMENT

With an increase in water pollution levels due to chemical, physical and
biological contaminations emerging in water bodies from different sources such
as industrial wastes, farm lands, household, waste dumping’s near water sources
etc., have raised concerns for water treatment methods towards safe drinking.
Over the decade, several studies have been implemented to treat water but with
an increase in pollutants, researchers are more inclined towards treatment

methodologies which are environmentally friendly, cost and energy efficient.

Micro-Nano Bubble (MNB) are tiny small bubbles with diameter
ranging in micro and nanometers [88]-[90]. These bubbles have drawn attention
of several researchers over the past years for its potential in water treatment
industry. Bubbles of different sizes have been implemented in different
applications such as medical, agriculture, aquaculture, sterilization and
cleaning, removal of contaminants and heavy metals from water [91]-[93] .
Compared to conventional bubbles, with diameters of up to several millimeters,
MNBs have huge interfacial areas and greater bubble densities. Microbubbles
also have a low rising velocity in the liquid phase and a high inner pressure [94].
Due to these unique properties, microbubbles have found their place in various

research areas.

MNBs constitute of three components, a gas phase (specific or mixture
of different gases), shell (solution surrounding the gas phase) and medium

(aqueous/ air) where a bubble is generated as shown in fig.2.5.
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Figure 2.5 Structure of a Micro-Nano Bubble (MNB)

Gas Phase:

The gas phase comprises of a single gas or combination of gases. Applications
where a combination of gases are needed is generally to create differentials in
partial pressure and in sometimes it is also used to generate gas osmotic
pressures which help to stabilize the bubbles. In such instances one gas is called
primary gas modifier or first gas while the second gas is known as gas osmotic
agent. Gas which is less permeable through the bubble surface than the modifier
is preferred as gas osmotic agent. Nitrogen and air are examples of primary

modifier gas, sulfur hexafluoride is an example of osmotic gas agent.

Shell Material:

The shell material encloses the gas phase. This material is responsible for
effective diffusion of gas out of microbubbles and plays a vital role in
encapsulation of drug molecules for medicinal applications. If the elasticity of
shell material is more, the acoustic energy it can withstand before bursting or

breakup is high, which increase the residence time of the bubbles.
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Liquid Phase:

The external liquid in which bubble is generated surrounding the shell can be
same as of shell material, or it can be surfactant or foaming agent depending
upon the operational/application conditions.

2.3.1 PROPERTIES OF MICRO-NANO BUBBLE (MNB)

2.3.1.1 SIZE AND SHAPE

Micro-nano bubbles are spherical in shape having the diameter in the range of
10nm to 10um. This results in minimal gas liquid interfacial energy. Several
studies have given different names for example in the study on physiological
activity microbubbles are considered to those having bubble diameter in the
range 10-40um whereas in the field of fluid physics the bubbles with diameter
of about few hundred micro meters or less is considered as microbubbles.
Ohnari [95] defined microbubbles as bubble with diameter in the range of few
hundred nm to 10 pum, and nanobubbles to those bubbles which are having
diameter less than few hundred nm. While bubbles in millimeter and larger are
termed as macro bubbles and bubbles whose diameter is between 200nm to
10um are termed as micro-nano bubbles. Fig.2.6. shows the key differences
among different bubbles, as illustrated it can be observed that bubbles of larger
diameter tend to rise to the surface faster and burst, however bubbles with
smaller diameter gradually decreases its size and collapse due to dissolution of

gases while bubbles which are very tiny sized tends to stay longer.
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Figure 2.6 Diagram showing macro, micro and nanobubbles[96]

2.3.1.2 RESIDENCE TIME

The physical properties of liquid affect the rising speed of microbubbles.
Reynolds number for microbubbles is very less (approximately Re < 1), due to
its small size. The bubble motion is greatly influenced by Brownian motion
between the bubble and the surface, as well as VVan der Waals force. The theory
is about the random motion of small particles that immerse in a fluid medium.
Rise of temperature surrounds the particle can affect the Brownian motion. If
the equivalent radius of bubble is smaller than 100um, the shape of bubble
remains almost spherical and the bubble behaves like solid sphere, if the
equivalent radius increases, a change in bubble shape from spherical to
ellipsoidal to spherical cap can occur.

The radius at which these transitions occur depends on the
physiochemical properties of the liquid. When the size of bubble reaches to
micron level, i.e. Reynolds number approaches to zero, bubbles can be
considered as rigid spherical body. Thus the terminal rise velocity of
microbubble can be described by Stokes’ law [97], where the terminal rise
velocity of the bubble in a viscous liquid at low Reynolds number is expressed
in Eq. 2.1.

_ Di(pi=pg)
v, = 2eces) 21)

20



2.3.1.3 SELF-PRESSURIZING EFFECT AND RISE TIME

The most significant property of microbubbles is its decreasing in size
under water, and the surface tension increasing the pressure inside the bubble
inversely proportional to the bubble’s diameter. The relationship between
pressure and diameter is expressed by the Young-Laplace equation as illustrated
in fig.2.7. However, high Laplace pressure inside NBs would likely cause them

to dissolve into solution quickly [98]

Pz-P,=2SR

Py : Pressure inside the bubble/ Gas pressure
P, :Liquid pressure
S : Surface tension

R : Bubble radius

Figure 2.7 Young laplace law [99]

2.3.2 GENERATION OF MNB

Different MNB generation methods [100] are as follows.

2.3.2.1 ROTARY LIQUID FLOW TYPE

Water is first pressurized and is pumped tangentially from a side hole
into a cylinder as shown in fig.2.8. This produces a spiral/rotary flow inside
forming a cavity and causing a reduction in pressure in its central axial part. The
required gas is introduced from an orifice and this comes out through the other
end of the cylinder mixing effectively due to the centrifugal effect caused by

pressurized water thereby forming microbubbles.
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Figure 2.8 Rotary liquid flow type MNB generator

2.3.2.2VENTURI TYPE

This method is similar to rotary flow to a certain extent. Here both the
gas and the liquid are introduced from the same end of the device as shown in
figure. As it can be seen, the throat of the venturi accelerates two phase fluid
i.e., the gas and the liquid. Pressurized fluid is sent and due to the pressure
created at the throat section a decrease in pressure creates cavitation in the
system resulting in micro-nano bubble formation. Through this method a
100um sized bubbles were generated by Fujiwara [101].

Microbubble

N5

Throat \p”

Gas ‘ iLiquid

Figure 2.9 A venturi type MNB generator

O
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2.3.2.3 PRESSURIZED DISSOLUTION TYPE

Schematic of this method is shown in figure. In this method, air is mixed
with water through a pressure of 3-4 atm. Pressure of the system is controlled
using the valves present at suction and discharge end of the pump. Presence of
reduction in pressure in the pump head, supersaturated air is released into
expelled water which forms microbubbles. The discharge valve helps to control

the size and population of the micro-nano bubbles being produced.

/ Microbubbles

Pressurized
section

Decompressed Pump
section

Figure 2.10 MNB generation through pressurized dissolution method

2.3.2.4EJECTOR TYPE

This process uses venturi effect to convert pressure energy of the fluid
to a velocity energy creating a low pressure zone drawing in the suction gas via
a converging-diverging nozzle. The liquid-gas mixture expands and its velocity
is reduces once its passed through the throat of the injector. Microbubbles of

40-50um can be generated via this process.
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Figure 2.11 Ejector type MNB generator

2.3.2 MICRO-NANO BUBBLE SIZE DETERMINATION

Few studies have also shown the use of image processing techniques to
determine the size of MNB. This method requires a high-resolution camera and
macro lenses. The camera should be able to capture images with atleast 19
frames per second which enables to identify the best captured image for analysis
using software’s on a computer. However, it was observed that the minimum
measurable size through this medium was estimated to be 0.8um. This being
the reason particle size analyzer method was most widely used given to its size
measuring capacity from to 10nm to 100um. This method uses laser diffraction
and is determined according to the dispersal coefficient (8) of particle size as

given in Eq.2.2.

(2.2)

Where D°, D;° and D;° are the diameters corresponding to 90,50 and 10% by
volume respectively, on the relative cumulative bubble size distribution curve.

Specific interfacial area of micro-nano bubbles is defined in Eq. 2.3

6&g

= % (2.3)

50
Dy

Where ¢ is
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6&¢ (2.4)

g¢ Is gas hold up, Vjis the gas phase volume and V;, is the volume occupied by

the liquid phase. Takahashi,M [102] pointed out that the rising velocity of
microbubbles bigger than 7—8 um approximately obeyed the Stokes’ law, while

bubbles smaller than 7-8 um rose more slowly than calculated.

2.3.3 APPLICATIONS OF MICRO-NANO BUBBLE

Hengzhen Li et al [103] demonstrated that MNBs ranging from 500 nm
to 100 nm were capable to enhance dissolved oxygen level facilitating aerobic
biodegradation process for applications such as groundwater treatments. They
also studied the effects of surfactants on MNBs. Results showed that though
they were capable to reduce the bubble size but it also reduced the oxygen
transfer efficiency. While another study [104] reported the growth of biofilm
using nanobubbles. The investigation was to understand and determine the
contaminant removal ability of the biofilm and the internal oxygen supply to
biofilm using nanobubbles and coarse bubble aeration. Yanmei Sun et al
demonstrated the combination of MNB with submerged resin floating bed
composite technology for treating stinking urban river water[105]. This method
significantly improved the river water quality such as dissolved oxygen,
ammonia nitrogen, total phosphorus, coliform, water clarity and chemical
oxygen demand.

Oxidation of AS (I11) to AS(V) was observed by Khutia et al. in a pilot
scale setup. Using 30um ozone microbubble resulted in effective oxidation with
an increase on ozonation rate [106]. It was also noted that the conversion factor
was more affective a pH 6 than compared to pH 7. M.D. Sharifuzzaman et al
observed the efficiency of MNB in a pretreatment process for removing fluoride
from wastewater emerging from an industry [107]. A study performed for 56
days of shrimp culture period resulted in increase in survival rate to 92% using

nanobubbles while compared to normal shrimp pond with a survival rate of
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75%. This was only due to proper distribution of dissolved oxygen thorough out
the pond achived by nano bubbles [108]. Use of MNBs have also been
implemented in floatation process, where bubble size and its distribution were
the major factors which affected the fluid behavior of the flotation column.
Parameters like rate of aeration, circulating pressure and frother consumption
are important for the formation of air bubbles. Use of surfactants can help in
reducing surface tension and increase bubble stability. Though the froth
generated can be beneficial towards effective oil water separation but can
introduce other secondary pollutants which might need attention while
treatment process. Few other potential applications of MNB are described in
Table2.2. These applications shows a cost effectiveness approach of MNB
given to their less dependencies on chemicals and their dosage rate. Few cases
the need of chemicals can be avoided such as in water treatment, chlorine can
be replaced with ozone gas for effective disinfectant of portable water. Such
mediums make this MNB technology more cost effective and environmental

friendly.
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Table 2.2 Applications of MNB

Application

Remarks

Bubble Size

Agricultural Use

Yaxin et al [109] showed the use of MNB for tomato and cucumber cultivation which resulted
in increase in their yield and fruit quality without any increase of fertilizer and other substances.

MNB also resulted in reduced water use.

Huaming Hg et al [110] study showed the use of ozonated micro-nano bubble water for

preventing tomato airborne disease.

A study by Honghui Sang et al [111]showed that micro-nano bubble based aerated irrigation
and nitrogen fertilizer had a substantial influence on tillering of early rice and the effect of N

fertilizer was greater than the effect of oxygen.

163 nm + 12 nm

5-30 nm

700nm- 12um

Water

and

wastewater treatment

Based on the initial findings suggested by Sumikura et al [112], by use of ozone micro-nano
bubbles towards disinfection of secondary effluent there is a possibility to reduce the reactor

size and ozone dosage rate.

30-40pm
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Deessiree Menendez et al [113], utilized ozone-air micro-nano bubbles to treat hospital waste
water resulting in decrease of concentrations of BOD5, COD and TSS within 15 mins of

treatment time.

Silva et al [114]demonstrated a pilot scale setup to treat raw water for calcium and magnesium

prior using it in steam generator was studies in a pilot scale using micro-nano bubbles.

0.024pum

100-500nm

Aquaculture

Study conducted by Asri Ifani Rahmawati et al.[115], showed promising results for an increase
on productivity of shrimp farming. It was observed that the total harvest and productivity was
doubled to 436 kg and 8.7 kg/m3. Nanobubble was capable to manage and maintain DO at the

required optimal range and affected shrimp growth significantly.

A similar study conducted for Tilapia fish showed that air bubbles were capable to increase the
daily growth rate. In addition, bubbles were also able to increase the flotation of uneaten food,
feaces, which were responsible for increase in turbidity in water and helped to decrease the

ammonia toxicity [116].

82.93 nm

14pm
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As the studies showed that MNBs have their potential in different applications,
but it is to be noted that the size of MNBs in all the applications is not constant.
Majority of the studies in this field being at a laboratory scale, implementation
of such system at a larger scale brings a limitation of size determination due to
lack of sensing ability of the sensors at such nano scale in an automated system.
Moreover, presence of any debris or minute dust particles can also hamper the
sensing ability by mistaking it to a MNB. Therefore, need of technological
interventions for MNB size determination still remains a thrust are for several
researchers.

One such methodology is the use of Machine Learning algorithms to
predict the size of MNB with the help of data analysis of the database containing
different system operating parameters and their respective MNB size.

Data analysis is extensively used to design models for facilitating
prediction that provides better understanding of a large dataset. Prediction
method is a form of data analysis that can be used by both human environmental
scientists and computer-aided Environmental Decision Support Systems.
Predictive tasks facilitate safety operations. With the help of data-driven
approach, the treatment process can be more accurately represented using
models without the need of solving complex physical and mathematical
equations. The models can also be used to predict the behavior of the plant and
be solved with evolutionary algorithms to find the optimal control settings to

save energy and improve efficiency of the system.
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CHAPTER 3
MICRO-NANO BUBBLE (MNB) GENERATION

This chapter presents the study carried out on Micro-Nano Bubbles(MNB),
their generation method, size determination and stability. Based on the
literature survey, MNBs were generated via pressurized dissolution
methodology. They were further tested for their existence and size

characteristics at different temperatures using different gases.

3.1 EXPERIMENTAL SETUP

A laboratory scale pilot plant setup for MNB generation was designed and
developed based on pressurized dissolution method as illustrated in figure 3.1.
Pressurized dissolution methodology was used to generate MNBSs. Since most
of the applications of MNB is towards water treatment and other similar
applications, it was observed that gases such as compressed air, Oz and Os were
most widely used for water treatment, potable water disinfection, dissolved air
floatation, increasing D.O. levels in aquaculture etc., therefore these three gas
mediums were considered for their performance evaluation. Prior
experimentations, the complete setup was cleaned with distilled water to avoid

presence of any tiny particle which could obstruct MNB detection.

V: Gate Valve R: O, Gas Flow Control
N: Needle Valve CV: O; Gas Control
: Valve NB: N Bubbl
1.37 bar ? ? 137 bar B: Ball Valve ano Bubbles
- v
ff > z Recirculating Water
{ - 'j

Rotameter

Air -0.62 bar

Compressor

E'IH

ﬂ 1 ’

\
" NB :
N Pn

pr— A— 429mm

PUMP

Figure 3.1 Schematic diagram of experimental setup
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MNBs were generated using a multiphase centrifugal pump (Nikuni KTM 20)
paired with a needle valve (Parker, N800,1/2”") was used to generate bubbles in
a glass tank of 30L capacity. O2 gas was used to produce 5% of Os gas
concentration. Rexroth Bosch (Brilliant 50-16) was used to generate

compressed air.

3.2 MEASUREMENT OF MNB SIZE

MNBs when produced, generates a milky white solution flow due to the
presence of dense tiny bubbles. Owing to its density, measuring methods such
as image processing, use of optical microscope isn’t followed due the
complexity. Dynamic light scattering technique was adopted where a particle
size is determined/measured in microseconds by measuring the random change
in the intensity of the light scattered by the suspension. In this technique,
diffusion is measured by measuring the fluctuation intensity of the scattered
light produced by the particles which are diffusing due to their Brownian
motion. Therefore, smaller the particle the more the fluctuation intensity.

Hence, Particle Size Analyzer (PSA) (N90S, Malvern) was used to
determine the size of MNB. Throughout the experimentations, a sample size of
10 ml was taken in a quartz cuvette (SIGMA) and was placed inside the PSA
for analysis. Each sample analysis contained one measurement cycle
comprising of sample equilibration time of 30 secs followed by size
determination for four different runs of 20 secs each. The size of the MNB is
expressed as Zavg.

Zavg Can be expressed as

Si
Zave = Zs (3.1)

25}

Where Si, is the scattered intensity from particle (i) and Di is the diameter of

the particle.
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3.3 EXPERIMENTAL PROCEDURE GENERATION

3.3.1 MNB GENERATION

The experimental test bench is shown in figure 3.2 operated in recirculation
mode throughout the experiments. Distilled water which is pure from presence
of any solid particles was used as a liquid media for bubble generation. This
media helped to avoid mis interpretation of bubble size in PSA. Rotameters and
ball valve were used to regulate the flow rate of the feed gas and the pressure of
the liquid flowing through the pump. Following is a step by step process method
applied for generating Micro-Nano Bubble through pressurized dissolution

method.

Step 1: The complete setup was run with 3L of distilled water for a duration of
10 mins. This helped in efficient circulation of water and removal of any

particulate matter present in the system.

Step 2: The circulated water was removed from the setup and was thoroughly
cleaned prior filling the tank with 10L of distilled water

Step 3: Setup was turned on for a duration of 5 mins, which enabled the user for
setting the necessary experimental parameters responsible to generate
the bubbles.

Step 4: After setting the required parameters, the system was shut off for a
duration of 10 mins, which allowed for the primary bubbles generated

during setting the parameters disperses.
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Figure 3.2 Experimental setup; (a) Micro-nano bubble generator; (b) Water tank; (c)
Rotameter

3.3.2 EXPERIMENTAL CONDITIONS

The bubble generator, working on the principle of multiphase
centrifugal enables to work at different pressure conditions which helps to
generate bubbles at different sizes. To further better understandings of bubble
size, the parameters prompting bubble size to change were tested as described
in table 3.1. As the objective of the study is to understand and predict the size

of MNB, understanding the role of these parameters are very essential.

Table 3.1 Experimental Parameters

Parameter Value
Input pump pressure -9 psi
Feed gas rate 30 ml/min
Feed gas pressure 1.3 bar
Compressed Air
Feed gas type Oxygen
Ozone
Water type Distilled water
Volume of water 10L
Inner dimension of tank 42.9L X 29.2W
No. of Runs per experiment 10
Bubble generation time 5 mins
Output Operational Pressure 60 psi
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80 psi
Operating Temperature 20°C, 25°C, 30°C, 35°C

From figure 3.3, it can be observed that MNBs when generated produces a dense
cloud of bubbles thereby transforming the liquid into a milky white solution.

The intensity of the solution reduces gradually with MNB rise time.

(b)

Figure 3.3 MNB generation; (a) immediately after starting the system; (b) after 5 mins
of MNB generation

Throughout the experimentation, the bubbles were generated for 5 mins
and later the system was shut off for monitoring the rise time of the bubbles.
After MNB generation (5min) a sample was immediately transferred for its size
estimation in PSA.

Initial experimentations showed that bubbles generated in distilled water
were not stable due to lack of potential/charge on their surface area. These
bubbles gradually increased their size by agglomerating with other bubbles
which also lead to faster rise time to the surface. Hence to further understand
their stability, two different surfactants were also used.

Presence of surfactants in water, reduces the surface tension and
improves the efficiency of different processes. They contain a hydrophobic and
hydrophilic parts are present in tail like structure over the surface of the bubble

as shown in figure 3.4.
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Figure 3.4 Structure of MNB; (a) in absence of surfactant; (b) in presence of
surfactant

Addition of surfactants helps bubbles to retain their size for longer
durations and avoid amalgamation of bubbles. Bubbles formed in the absence
of surfactants showed less stability as they tend to rise to the surface faster. They
also merge with fellow bubbles and increase in size. Addition of surfactants not
only provides better stability but they also tend to break down the interface
between water and oil/dirt.

As aresult, surfactants are widely used as wetting agents, detergents and
emulsifying agents. Closely packed MNBs surrounded by surfactant have
electrostatic repulsion between the cationic and anionic ions on the surface of
adjacent bubble, breaking down the interface between the water and other
contaminants (oil and dirt) resulting their increase in range of applicability as
wetting agents, detergents and emulsifying agents. Characteristics of different
liquid media in which bubbles were generated is described in table 3.2.

Table 3.2 Composition of different surfactants used

Aqueous Solutions Viscosity

Sodium Dodecyl Sulfate (SDS)
Quantity: 100 ppm

Molecular Formula: NaC1 2H2 5SO A

Chemical Structure:
0 2.17¢P

NaO ——S5——0CH,(CH,);oCH;

o)
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Aqueous Solutions

Viscosity

Cetyltrimethyl Ammonium Bromide (CTAB)
Quantity: 100 ppm
Molecular Formula:

C,,H,,BrN

Chemical Structure:

2.17cP

3.3.3 EXPERIMENTAL RESULTS

Initial experimentations were carried at different system output pressure.

It was observed that at an output pressure 40 psi and 50 psi the bubbles ranged

in a much larger size and therefore the pressure was further increased. It was

observed that at an operating pressure of 60 psi, the bubble ranged in

micrometers from 1.lum to 4pm in size shown in figure 3.5. Several studies

have shown that bubbles ranging at this size were capable of removing toxic

metal ions, dye stuff etc. Further Os bubbles could be used as an alternative

disinfectant for removal of bacterial contaminates from swimming pool instead

of using chlorine.
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While conducting experiments at 80psi reduction in bubble size ranging
from 809 nm to 4um shown in figure 3.6. Bubbles of this size can be of a
potential use in applications where longer residual and oxidation is necessary.
Studies shows that nanobubbles are electrically charged at neutral pH [117]
while the zeta potential for air nanobubbles were in the range of —17 to —20 mV
(pH 5.7-6.2) and about —34 to —45 mV (pH 6.2-6.4) in the case of oxygen
nanobubbles. It shows that zeta potential of bubbles are generally negative and
is varied depending on the type of gas being introduced. This could be explained
by the presence of excess hydroxyl ions (OH — ) relative to hydrogen ions.
(H +) at the gas—water interface in pure water [118]. Studies with MNBs in

nanometer range have resulted in greater removal efficiencies.
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Figure 3.6 MNBs at 80 PSI

Therefore, further experimentations were carried out in the presence of
surfactants, to understand bubble stability in water. A study conducted by
Ushikubo et al. [119] shows that bubbles with a zeta potential >30 mV were
much more stable than those with <30 mV. It was suggested that the stability of
nanobubbles is mainly due to the magnification of electrostatic repulsive forces
caused by overlapping electrical double layers of the neighboring bubbles.

Lifetime of the bubbles generated were studied by examining the change
in bubble size present in the cuvette in DLS for a duration of 30min reported as

xt,while xi is the size of bubble reported immediately after generation. During
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experimentation, in absence of surfactants, it was observed that the bubbles
generated using compressed air resulted in micrometers as shown in figure 3.7.
This can be due to amalgamation of bubbles and lack of anionic or cationic
agents on its surface to help it retain its size for longer duration. The impact of
temperature was not clearly visible in CTAB compared to SDS. This is mainly
attributed to the presence of long chain in CTAB that may help in reduction of
surface tension, improving the size and stability. Here it should be noted that
the stability of bubbles is governed by the balance between the roles of surface
tension, surface activity and adsorption Kinetics, where the smaller length of

hydrophobic chain of surfactant molecule can increase the adsorption rate.
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Figure 3.7 Compressed air MNBs in presence of surfactants

While from figure 3.8, shows that bubbles generated with oxygen gas and ozone
gas respectively has reduced its size when compared to the bubbles generated
through compressed air. These types of bubbles can be used in medical
applications for tissue hypoxia and also in aquaculture and agriculture to
promote the growth of plants and fishes. Studies shows bubble size in
micrometer range are used in various applications of water treatment methods
like dissolved air floatation methods, sludge solubilization process and also for
separation of oil/dirt[120]-[123].
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Figure 3.8 Stability of MNB in presence of surfactants; (a) Oxygen MNB; (b) Ozone
MNB

Further, smaller size of MNBs in presence of CTAB (124nm) than SDS
(303nm) just after formation of nanobubble was in contradiction of previous
report [124], where it was shown that CTAB produced the largest bubble than
SDS in presence of Polyoxyethelyene Glycol 40 stearate in Tween 40 solution.
It should be noted that all the experiments were conducted in low volume (30ml)
at lab scale and bubbles size were mainly attributed to the wettability of

channels by the surfactant molecule.
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Most of the studies on stability and size of MNBs are surveyed at low

volume[125], presenting stability for many hours ranging from 48 hrs to 150

days. Since the present approach was focused on developing a system for real

time applications not only on smaller scale but also in large scale for water

treatment. The time for size estimation was limited to 30 min due to distortion

in the DLS results caused by the formation of large bubbles on cuvette shown

in fig. Hence to further observe existence of MNBs scattering of laser beam

method was used to determine their presence which were observed till 60 mins

after generation[125].

() (b)

(d)

Figure 3.9 Observation of lifetime of MNBs in a 5ml cuvette; (a) at time t= 15min;
(b) t= 30min; (c) t= 45min; (d) t= 60 min

It has been reported that ozonated water has a half-life of about 20 min and

degrade back into oxygen. At different temperature regions, it can be seen from

table 3.3 the rate of increase in size of a MNB in presence of CTAB is relatively

slow when compared to SDS.
Table 3.3 Rate of change in MNB size after generation

Temp SDS (% Increase) CTAB (% Increase)
20°C 6.03 4.07
25°C 6.06 2.88
30°C 7.27 3.61
35°C 5.18 5.58
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3.4 SUMMARY

It was observed that size of a MNB generated via pressurized decompression
methodology depends on system operating pressure and the temperature of the
water. Gas being used at the time of has the major role in reducing the size of a
MNB. Use of surfactants such as SDS and CTAB effectively showed their
impact on the size reduction and longer stability of MNBs although use of such
surfactants is subject to further contaminations and require attention for their

removal mechanisms.
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CHAPTER 4
REMOVAL OF ARSENIC AND COLIFORM

This chapter illustrates the removal methodology adopted for eliminating
arsenic and coliform from water using MNB. The chapter is divided into two
parts, the first part explains the study conducted on arsenic removal from water
while the second part discusses about coliform removal. As discussed in chapter
2, it is evident that arsenic and coliform can be eliminated via oxidation using
ozone. Hence O3 MNBs of different sizes were tested for their oxidation
efficiency on arsenic and coliform present at different concentrations. Further
method to develop adsorbent and the measurement techniques adopted to
quantify arsenic and coliform are also discussed. The objective of the
investigations described in this chapter was to study the parameter at which
MNB (size range) can provide better oxidation rate for arsenic and coliform.

These findings will assist in developing efficient prediction algorithm of MNB.

4.1 REMOVAL OF ARSENIC USING O3 MICRO-NANO BUBBLE

4.1.1 INTRODUCTION

Arsenic is found in water primarily in the As(l11) and As(V) oxidation states.
It can be determined both in inorganic and organic forms, while the latter are
quantitatively insignificant and is found mostly in areas severely affected by
industrial pollution. Inorganic arsenic species are the dominant forms which is
usually detected in groundwater, these are more toxic in nature than the organic
arsenic. Most of the arsenic removal technologies are effective in removing
As(V), As(11) is predominantly non-charged below pH 9.2, therefore most of
the sorption techniques can hardly remove As(l1l). Thus As(V) is much less
mobile than arsenite, as it tends to co-precipitate out with metallic cations or to
adsorb onto solid surfaces. In this regard, the contaminated water where As(l11)

is the dominant species needs to be pre-treated by oxidation. Atmospheric
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oxygen is the most readily available oxidizing agent and many treatment
processes prefer oxidation by air. However, air oxidation of arsenic is a very
slow process and can take weeks for oxidation. The effect of bubble size over
oxidation process can be observed in figure 4.1. It can be observed that the
larger the bubble size, the faster they tend to rise to the surface while the smaller
bubbles stay longer in the water which helps in effective oxidation rate.
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Figure 4.1 Role of bubble size in oxidation rate (a) larger bubble
size tend to rise to the surface; (b) smaller bubbles remains in
water for longer duration

While ozonation is considered as an alternative option, since ozone is
extremely influential oxidant. Therefore, in this study experimentations were
performed to understand the efficiency of micro-nano bubble towards ozonation
of arsenic for effective removal from water when passed through an adsorbent.

The methodology adopted in this study is described in figure 4.2.

B0 e eten P

0
0
) o:. o%
Dissolved As (Ill)  Ozonation using  Oxidized Arsenic Zirconia Activated
in water MNB As (V) charcoal

Figure 4.2 Methodology to treat arsenic
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4.1.2 MATERIAL AND METHODS

Different concentrations of arsenic spiked water was prepared in 10 L
of distilled water while ph of water was maintained at 7. To prepare the aqueous
solutions, As standard solution was used to prepare 100ppb, 500ppb, 1000ppb
and 4000ppb solutions. MNBs of sizes ranging from 400-500, 700-800 and
1000-1100 nm were generated using ozone gas at a flow rate of 30ml/min. To
adsorb As (V), activated carbon powder (150pum) from sigma aldrich and

zirconium nitrate from sigma aldrich were used to prepare the adsorbent.

4.1.3 SYNTHESIS OF ADSORBENT

The preparation of adsorbent was followed by a method given by
okumura et al [126]. In their study, 5.9% of zirconyl nitrate solution was
mechanically mixed with 50g of purified activated carbon for 3d at 398 K.
Similarly, in this study two different ZrAC adsorbents were prepared having
zirconyl nitrate concentration of (a) 5.9 % and (b) 10 % respectively. Synthesis
of the adsorbent contained 3 different steps. In the first step, activated carbon
with a mesh size of 150 was washed with deionized water several times and
dried in oven at 398 K for 24 hrs. In second step, 5.9% and 10% of zicronyl
nitrate solutions were prepared by mixing 58.6 g and 110 g of zirconyl nitrate
dihydrate in water. In third step, two separate batches of the purified activated
carbon (50g) was mechanically mixed with the solutions of zirconyl nitrate
solution separately for 3 days at 398 K. The prepared adsorbents were
characterized using Scanning Electron Microscope (SEM) to image their

surface shown in figure 4.3.
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Figure 4.3 Scanning Electron Microscopy (SEM) analysis of ZrAC adsorbents
containing (a) 5.9% zirconyl nitrate solution and (b) 10 % zirconyl ntitrate solution

It is observed that adsorbent with 5.9% zirconyl nitrate solution showed
a rough with layered surface and fine granules. The physical characteristics of
figure a, showed more pores and well dispersion of zirconyl nitrate particles
over activated carbon. These granules were more visible with diameter ranging
to 100nm and were partly aggregated. Therefore, ZrAC adsorbent (5.9%) was
used to test for its adsorption capability.

In order to enhance the contact time of As exposure with the adsorbent,
a plain sintered glass column (Borosil, bore size:22mm dia, L:500mm, flow
rate:1ml/min) was used as shown in figure 4.4. Further, to prevent the loss of
adsorbent or washout during filtration process, a fine amount of cotton was used
prior adding the adsorbent (10g) into the column. A 50ml of deionized water
was poured into the tube which helped the adsorbent to settle down and also
allowed to set the flow rate of the liquid passing out.
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Figure 4.4 Experimental setup of adsorbent in a glass column

In a similar study [106], reports that after zirconium impregnation, the
pores are filled with zirconium nanoparticles making the adsorbent more
efficient in water treatment process and further it can be repeatedly used without

losing the nanoparticles form the pores of activated carbon.

4.1.4 MEASUREMENT OF AS USING ICP-OES

To determine the removal of arsenic, inductively coupled plasma optical
emission spectrophotometry ((ICP-OES), PQ 900, Analytik Jena) was used.
ICP-OES, is an elemental analysis technique that uses emission as spectra of a
sample to identify their characteristic emission spectra and quantify by the
intensity. Plasma energy is generated via argon gas is supplied to torch coil and
a high radio frequency is applied to the coil at the tip thereby ionizing argon to
generate plasma. The plasma generated is high in electron density with
temperature reaching up to 10000 K, through this energy elements/atoms of a

sample are excited. The excited atoms after reaching low energy position release
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emission rays which corresponds to the photon a wavelength. Based on the

wavelength, the element is quantified w.r.t the intensity of the rays.

4.1.5 RESULTS AND DISCUSSIONS

The treatment procedure included ozonation of water via MNBs for a
duration of 30 mins. During treatment process, MNB size was monitored for
every 10 mins. After ozonation process, 150 ml of the ozonated water was
passed through the adsorbent present in 3 different columns and a sample was
collected after filtration to determine the presence of As. The ICP-OES was
calibrated at a 11 point scale ranging from 1ppb to Sppm. As per the software
integration process, a correlation coefficient (R?) value of 0.9950 was attained

as shown in figure 4.5.
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Figure 4.5 ICP-OES instrument calibration graph using As (V) standard at 11 point
concentrations

In order to observe the oxidation efficiency of ozone MNB, experiments were
conducted at 4 different concentration of As. A study by shows that As(I11) ions
were able to oxidize by both OH- and Fe(IV) at a circumneutral pH [127].
During ozonation process a part of the ozone normally decomposes to OH
radicals. The elementary reaction mechanism of decomposition of ozone in

aqueous solution is as follows.
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O3+ OH — HO2 + 02 4.2)
O3+ HO2 - OH- +02. + 02 (4.2)

The radicals that are produced during reaction can introduce other reactions
with ozone, causing more formation of OH-. The reaction mechanism for the
oxidation of As(l11) by OH- described by Hoigne et al[128].

As(l11) + OH' — As(IV) (4.3)
As(IV) + 02 — As(V) + 02 (4.4)

From figure 4.6 it can be observed that for a fixed concentration of As at 4000
ppb, the conversion of As (I1l) to As (V) can be seen w.r.t. different size of
MNBs.
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Figure 4.6 Oxidation of As(l11) to As(V) using different O; MNBs

The initial oxidation seen to be constant for all the MNBs till 5 mins, but as the
time duration increased the oxidation varied and the smaller sized MNBs
showed better results, this can be due to presence of high internal pressure and

large specific area of MNBs. MNBs can persist in water and can reach high
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concentration levels, which greatly increase the peak value of the dissolved
ozone concentration. Similar results were reported by Li et al.[129], who
showed that MNBs significantly increased their mass transfer efficiency of
oxygen. The total arsenic concentration was monitored and resulted to be
present constant throughout the experiment, indicating the balance of As (I11)

and As(V) concentrations.

In a study [130] it was observed that at an increased temperature oxidation of
As (I11) using ozone was not so effective. Batagoda et al. [131] observed that
ozone concentration in water reduced rapidly when ozone was sent through a
diffuser stone compared to an ultrasonic nano bubble generator. This showed
that nanobubbles increased the solubility of ozone in water. It was spotted that
As contaminated water oxidized using Os MNBs when passed through the
adsorbent showed better removal efficiencies with MNBs of 400-500nm when
compared with MNBs of 1000-1100nm as shown in figure 4.7. This stays in
line with other concentrations of As.
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Figure 4.7 O; MNBs performance when As contaminated water is treated and passed
through the adsorbent
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To support the findings of figure 4.7, a qualitative analysis of surface
topography was performed using scanning electron microscope (SEM). Energy
dispersive X-ray microanalyzer (EDX) (Oxford instruments, England,
model:7353) connect with SEM was used to provide elemental identification
and quantitative composition of the compound. A sample of adsorbent collected
before and after passing the As contaminated water was used for the analysis

shown in figure 4.8.
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Figure 4.8 SEM-EDX analysis of adsorbent; (a) before adsorption of As(V); (b) after
adsorption of As(V); (c) EDX of adsorbent showing presence of As

Figure 4.9. shows the XRD analysis of the adsorbent conducted for structural
study shows that adsorption of As (V) have changed the morphology of the
adsorbent. The initial peak observed at 26 27° was of XRD holder. Presence of
arsenic adsorbed on Zr-AC adsorbent can be seen at 26 44° showing the

adsorption capability.
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BEFORE AFTER

Figure 4.9 XRD analysis of adsorbent before and after adsorption

4.2 REMOVAL OF COLIFORM USING O3 MICRO-NANO BUBBLE

4.2.1 INTRODUCTION

The coliform group, as stated earlier, includes species of Citrobacter,
Enterobacter, Escherichia, Hafnia, Klebsiella, Serratia and Yersinia [132] .
Total coliform and fecal coliform organisms are often used in conjunction with
specified requirements for treating wastewater. These bacteria can also be found
naturally in soil and on vegetation regions. In water, dissolved ozone and free
radicals created in ozone-hydroxide reaction makes the oxidation-reduce
potential (ORP) of water to increase, since all these are the strong oxidizing
agents. Microbes as viruses, bacteria, fungi, moulds can be removed in water
with high positive ORP; E. coli is fully killed in water having ORP of 600 mV
and higher [133]. The methodology adopted in this study is illustrated in the
figure 4.10.
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Figure 4.10 Methodology to treat coliform bacteria
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4.2.2 MATERIAL AND METHODS

The water containing coliform bacteria from UPES STP (sewage treatment
plant) was used for experimentation. Prior experimentation, 2L of STP water
was mixed with 8L of tap water. In order to determine the presence of coliform
bacteria, agar-based petri plates were used. The process of agar media
preparation is illustrated in figure 4.11. After solidification, these petri plates
were later stored at 4°C to avoid contamination with a shelf life of not more
than 30 days.

Sterilize Beaker in
Autoclave | 120 °C | 15 PSI
20 min

B L -

Figure 4.11 Preparation method of nutrient agar media

Nutrient Agar: 5.6 gm Autoclave Pour 10ml in
Distilled Water: 200 ml  120°C | 15 PSI |20 mins  Petri Dishes

Since the source of water is from a sewage treatment plant (STP), it is a known
that water from a STP will contain colonies in larger amount. Hence serial
dilution method was followed for determination of colonies. Figure 4.12

describes the process of serial dilution using saline water.

iml 1ml iml

9ml Iml 9ml 9ml
NacCl NaCl NaCl Nacl
Water Water Water

Water

SAMPLE D1 D2 D3 D4 D5
101 102 103 104 105

Figure 4.12 Serial dilution procedure of the sample
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4.2.3 MEASUREMENT OF COLIFORMS

Ultra HD automatic colony counter (SCAN 4000, Interscience) was used to
identify the presence of coliform bacteria. It comes with a 5MP of HD camera,
providing live image display on a computer screen. When used in automatic
mode, it can count upto 1000 CFU/sec in all different types of media. The
identified colonies are marked with a cross mark and the results are saved
automatically.

The instrument can be used at 7 different combinations of lighting and enhances
the image zoom by X69. This instrument also has a 360° shadow free lighting

technology resulting in identification of a 0.05mm sized colony sized.

4.2.4 RESULTS AND DISCUSSION

The experiments were conducted with O3 MNBs of different sizes ranging from
400-500nm; 700-800nm and 1000-1100 nm. The treatment cycle was kept
constant for a duration of 30 min. A 100ml water sample was collected before
and after treatment procedure. Every sample was diluted following serial
dilution method using NaCl. These diluted samples were later platted in a
nutrient agar media in a petri dish prior incubating them at 35°C for 24hrs. The
nutrient agar media contained a composition of 15g/1 agar,1g/l meat extract, 5g/I
peptone, 5g/l sodium chloride and 2g/l yeast extract. The colonies formed after
24hrs incubation are shown in figure 4.13, determined using SCAN 4000
instrument. E. coli upon incubation tend to appear circular, large, greyish white,

smooth and moist like structure.
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CFU/mL : 1.090E+08
CFU : 109

CFU/mL : 1.200E+07

(a) (b)

Figure 4.13 Culture of E.coli in nutrient agar media; (a) before treatment with O3
MNB; (b) after treatment with O3 MNB

Figure 4.14 shows the inactivation of the coliform group w.r.t to MNBs of
different size ranges. These results indicated that the mass transfer of ozone is
primarily enhanced by increasing both the interfacial area to volume and bubble
residence time in the system, however with further decrease in MNB size, the

disinfection efficiency is not enhanced.
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Figure 4.14 Removal efficiency of coliform bacteria using Os MNBs
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It was observed that exposure of coliform bacteria to ozone MNBs were similar
at 700-800nm and 400-500nm range. These bubbles exhibit the possibility that
OH radicals and shock waves generated by the collapse of micro-bubbles may
have influenced the inactivation of the coliform group effectively. This process
of neutralizing or killing a microorganism adopted by ozone is known as cellular
lysis. During oxidation process, ozone ruptures the cellular membrane of
microorganisms and disperses the bacterial cytoplasm into the solution, thus
making reactivation impossible. This process takes place with a relatively low
ozone dose for fecal coliform inactivation, because of the fast kinetics between
ozone and coliform bacteria. A low ozone dose of 2.4 mg/L using DOF
technique have been highly effective in removal of coliform. In the case of UV
light usage a proper design of the UV dose with proper balancing of efficiency
dose along with energy consumption is necessary for any wastewater treatment
plant[134]. In such case, findings showed no difference between LP and MP
UV lamps towards photoreactivation of bacteria when evaluated with a HP UV
lamp for treatment of coliform in a wastewater treatment plant. The results
suggest that use of micro-bubbles in treatment process for ozonation can help

in reducing reactor size and ozone dosage.

4.3 SUMMARY

The results indicated the potential of using MNB for effective oxidation and
disinfection of arsenic and coliform bacteria respectively. However, in the case
of coliform bacteria, the need of smaller size bubbles especially below 500nm
was not necessarily required as MNBs of 700-800nm were able to reach similar
disinfection efficiency. This contradicted with the results of arsenic oxidation
from As(l11) to As(V) where smaller MNBs were showing promising results
towards effective oxidation. Overall, the results implied that MNBs are capable

to be used for oxidation applications.
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CHAPTERS
MICRO-NANO BUBBLE SIZE PREDICTION

This chapter presents a model to predict MNB size. Based on the experimental
results obtained in the study carried our during generating different MNBs, the
relation between pressure, temperature with bubble size are discussed. Two
different machine learning approaches were used to test for its feasibility to

avoid sensory dependencies during operation.

5.1 OVERVIEW

To attain better performance of MNB, it is important to maintain the required
MNB size during operation. System characteristics such as pressure,
temperature and gas flow rate tend to change with time of operation making the
system complex to maintain a constant sized MNB. While operating the system
for longer durations it was observed that the size of MNB was varying and this
was primarily due to the rise in temperature of the water. The deflection in MNB

size was in the range of 200-300nm with every 5°C rise in temperature.

In practice, system operator depends upon sensor and instrumental input to
understand the bubble size at any point of system operation. Moreover, presence
of debris such as dust particles in water, makes it more difficult for the sensors
to identify and differentiate a MNB to a debris/dust particle leading to an
improper information relayed to the operator. Most studies stating waste water
treatment plant as a complex control system and the lack of sensory
advancements to detect MNB in nanoscale in the presence of debris makes it
more complicated task to automate the generation of MNB of different sizes in

larger applications.
With an increase in technology and computational capacities, machine learning

(ML) has gained the attention by different industries for its wider application

approaches. Specifically in water treatment, ML is used for prediction of COD,
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BOD and other parameters to achieve better performance and improved
efficiency of a system. Use of such automated control and information
technology enables continuous collection of data containing all the required and
necessary process information allowing to predict and optimize the processes

during operation.

5.2 MACHINE LEARNING APPROACH

Here in this system, we test the use of two different Machine Learning (ML)
approach specifically for MNBs generated via pressurized dissolution method.
This helps in reducing the dependency on using particle size analyzer for
knowing the bubble size being generated. The primary goal of this research is
to provide a data driven approach to model and predict the size of micro-nano
bubble. The methodology adopted in this study is illustrated in figure 5.1.

System Identlﬁcatlon of Data collection Data
system inputs and 3 2
study and analysis normalization
outputs

| |
i Testing i Training | !
i Data : Data |
: i ie i
Improve | | Model
model | Output Input | design |
i I : v |
. Trained I
No I Model
Y [ v v |
iy Performance | Perform I Model I
Stop Check ! evaluation R? Prediction | ,

Figure 5.1 Methodology of machine learning models

As discussed earlier most of the applications of MNBs are directly implemented
without any addition of surfactants therefore, to test the adaptability of use of

ML in predicting MNB size, following assumptions were made

57



1. No surfactants are used in the system

2. The feed gas flow rate was kept constant at 30 ml/min at 20 PSI

3. Water level present in the system is 20 Ltrs

4. Continuous monitoring of the system parameters is carried out for every 5

minutes during operation

5.2 COMPUTATION OF MNB

Since ML is a data driven approach, the parameters involved in generating

MNB of different sizes were recorded in a form as shown in figure 5.2 (a). The

data entered in the form was stored in the form of a dataset a sample of which

is shown in figure 5.2 (b).

(b)

B ceom VNG DATABASE oM e
EntryID: 1
Water Sur Bubble Characte:
Water Type NEW Name NA Least Peak (in nm) 220
Col {
Water Level in Tank 10 n.,’::::.‘:::_ 0 Z-Average (in nm) 300
vol 12.53 Run 5
FEED GAS Pump Parameters Sample Time 1
TYPE Comp. Air Input Valve (PSI) -9 0Old Sample Re-run
PSI 20| Output Valve (PSI) 50 Time Difference 0|
FLOW 30| Needle Valve blue DOC
Before Bubble Gen
PPM Calculator System P After Bubble Gen
PPM required System O/P Pressure 80
Density 1 Pump Run Time 5 | Remarks |
Grams 0.0000) Water Temperature 22 | |
Vol 0.0000|
(a)
Feed Gas O/P Pressure (psi) | MNB size (nm) | Temp (C)
Comp Air 80 20 1608
Comp Air 80 20 1635
Comp Air 60 30 3793
Comp Air 60 30 3803
Comp Air 60 35 4735
Comp Air 60 35 4751
Oxygen 60 20 1632
Oxygen 60 25 2556
Oxygen 60 30 3088
Oxygen 80 20 1084
Oxygen 80 20 1144
Oxygen 80 35 2151
Ozone 80 20 390
Ozone 80 20 373
QOzone 80 35 876
Ozone 80 35 879
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Figure 5.2 MNB dataset; (a) data entry form; (b) sample dataset

A three-step modelling approach was incorporated to predict the bubble size.
Step 1 included the identification of system operating conditions which has the
potential to influence the generation of different MNBs. These parameters
included system output pressure, temperature and gas type. Step 2, focuses on
the data entries to sort and identify any missing data and if so, these data were
addressed by approximating the relationship between the identical parameters.
In step 3, modelling approaches are interpreted for their error and efficiency in
predicting MNB size.

ML algorithms methods are categorized as (a) regression and (b) classification
method. System in which output variables are discrete in nature falls under
classification algorithm. However, systems where output variables vary
continuously falls under regression algorithm models. Since the output of our
system is varied continuously, regression algorithm is considered in this study
for MNB size estimation parameters. Regression analysis approach is a process
for estimating relationships between the variables effecting system[135]. These
systems usually contain single output response based on multi or single input
variable. There are different types of regression techniques typically applied
depending on type of correlation between the variables. These include linear,
polynomial and logistic. In the stated application case though there are number
of variables the behaviour of the variables is primarily linear. Of the different
ways, for multi variable processing regression approaches typically aim for
categorization. Classification methods at times support both continuous and
categorical data with limited computational cost. In this particular application
though the mechanism is prediction of specifications of parameters leading to
generate different MNBs, it can also be visualized as classification of variables
(ranges) to their respective type or volume of bubble (class). Hence
Classification And Regression Tress (CART) is a effective method for this

problem case. Variable tendencies having linear behaviour and
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nondeterministic approach decision systems (classifier) are typically used. In
the given context the number of variables considered are water temperature,
system pressures, gas type, gas flow rate; indicate not only linear relation but
also linear correlation. Hence initial and stable classifier (decision tree) with
limited number of classes is considered. The advantages of decision tree is
stability with high dimensional data and stable accuracy. This inductive
approach provided by the decision tree is very effective when no specificities
on the domain knowledge is considered. The decision tree-based model has
many advantages [136]: a) Ability to handle both data and regular attributes; b)
Insensitive to missing values; c) High efficiency, the decision tree only needs
to be built once. Decision tree-based models may have faster calculation speed
and are more conducive to short-term prediction. Moreover, water quality
monitoring data sometimes have missing values due to equipment failure, the

decision tree-based model has an advantage in forecasting.

5.2.1 RELATIONSHIP BETWEEN THE PARAMETERS

Parameters are important in ML algorithms. These form a part of the model
design using training data to develop prediction. Parameters consist of different
variables categorised as dependent and independent variables. These variables
can be any number, quantity or any characteristics which can be measured or
counted. They are termed as variable due to their value which can be changed
or varied over a period of time. Any variable which can be controlled and is not
varied due to change of other variables is classified as an independent variable
whereas variables which tend to depend on other variable values are termed as
dependent variables. In this study of generating MNBs of different sizes using
pressurised dissolution method, the size of MNB is our dependent variable
whereas the following were identified as an independent variable

1. Output pressure of the system

2. Water temperature

3. Gas
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5.3 LEARNING BASED ESTIMATION

Estimation based learning approach is being used more than statistical
hypothesis given to its much easier way to analyze, interpret a data in any given
research context particularly in machine learning approaches. Several methods
and models are being used in ML depending on the complexities and the need
of precision in prediction of an algorithm. In this study where the parameters
are nonlinear and dependent parameters are very less, the need of higher
algorithms can be eliminated and stable statistical approaches can be
implemented. In machine learning majority of prediction problems are usually
solved with classification and regression methods.

Where, a classification is a process of finding a function or a model which
separates a date into several categorical classes. The data is labeled in different
classifications according to the parameters given. These models are used where
the data is able to be divided into binary of multiple labels. While in regression,
a model or a function is used for finding and distinguishing a data into
continuous real values. It models a targeted value based on independent
variables. Few areas where this model is most widely used are forecasting,
finding effective relationship between variables. This model provides an
equation which explains a relationship between the parameters. There are
different types of regression models of which linear and multilinear regression
models are widely used. Linear regression helps to quantify a relationship
between one predictor variables and one outcome variable whereas multi linear

regression uses multiple variables to predict an outcome of a variable.

5.4 ALGORITHM

The use of regression analysis is this system described in an algorithm as
follows

Step 1: Identifying dependent and independent variables
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Step 2: Explore the dataset and to look out for any missing value, if any value
is found they were addressed by approximating the relationship between
the identical parameters missing. Cleaning the dataset for any duplicate
entries, errors and majorly datatype conversions.

Step 3: Dataset is distributed into two sets, (a) training set and (b) test set in 3:1
ratio

Step 4: A relationship between every individual independent variable and
dependent variable is drawn using training set

Step 5: Train the model using different ML approach, this step is to check if the
model is able to make predictions correctly

Step 6: Evaluate the ML model using test set data and check for the prediction
probability

Step 7: Tune the ML model parameters based on the requirements for improved

predictions

5.5 REGRESSION MODELS

A. DECISION TREE

Decision tree is a kind of support tool which makes use of a tree like graph
model depicting every possible consequences and event outcomes for a
prediction model and are capable to handle categorical and numerical datasets.
The model breaks the complete data sets into smaller subsets. These subsets are
associated with the tree in the form of decision nodes and leaf nodes. A root
node forms the topmost node of the tree corresponding to a best predictor.
Decision node contains two or more branches representing values for individual
attribute tested, decision on a particular numerical target are represented by leaf
node. Each node consists of an attribute or feature which is further split into
more nodes as we move down the tree.

To determine the decision metric or attribute which is to be used as a root node
and other variables to be used as leaf nodes, splitting measures are used such as

gini idex. These methods help to decide the relevance and importance of every
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individual variable. It helps to place the most relevant root node and further as
the tree moves down by splitting the nodes the uncertainty decreases leading to

a better and effective split at every node.

Gini index measures a degree or probability of a variable which is being
wrongly classified when chosen randomly. this degree varies between 0 and 1,
0 implies that all the element corresponds to a certain class and 1 represents that
elements are distributed randomly across several classes. Gini Index can be

represented using the formula given in equation (5.1).

Gini = 1 =Y, (pi)? (5.1)

Where pi is the probability of an object being classified to a particular case.
When a decision tree is built, it is preferred to choose the variable having the
least Gini index as a root node. The decision tree for predicting MNB size

developed is shown in fig.5.3.
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GAS TYPE

OXYGEN OZONE
' | COMP. AR |
PRESSURE TEMPERATURE PRESSURE
<60 >60 <25 >25 <60 >60
TEMPERATURE TEMPERATURE PRESSURE PRESSURE TEMPERATURE TEMPERATURE
<25 >25 <60 >60 <60 >60 <25 >25 <25 >25

( 2544 ) ( 3865 )

<25 >25
! l

o) (o)

! ! } ! !
(2945) (1629) (2945 ) 1629 ) (2945> (1629)

Figure 5.3 Decision tree model to predict MNB size
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Here, the test node N has two possible outcomes, corresponding to the
conditions A <= split point and A> split point. In practice a split point is
considered as a midpoint of two known adjacent value of A, in this particular
case it is taken as a median. We use Standard Deviation (SD) to calculate the
homogeneity of a numerical sample. The stds of different attributes are given in
table.

Table 5.1 Standard deviation (SD) of attributes

Attribute Variables SD Count
Gas Type Comp Air 939.51 160
Oxygen 865.08 160
Ozone 578.20 160
Pressure <=60 1041.14 240
> 60 1049.13 240
Temperature <=25 764.91 240
> 25 1233.80 240

Based on the attributes SD, the root node is selected, std of both size and gas

type can be derived as

Y. Probability (c) * std (c) (5.2)

Where c is category of the attribute
i.e., (1/3 * 939.5128) +( 1/3*865.08)+(1/3*578.20)= 794.266

While std of size and pressure is 1045.141 and std of size and temperature is
999.358. Selection of split nodes are calculated based on standard deviation
reduction after a data is split on an attribute. Construction of decision tree from
here is finding the attribute returning a highest std reduction values i.e., the most

homogeneous branch, the std reduction of the attributes is described in table 5.2.
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Table 5.2 SD reduction of the attributes

Attribute SD SD reduction

Gas Type 794.26 352.83

Pressure 1045.14 101.962
Temperature 999.358 147.745

The std reduction is observed to be highest in the case of gas type, therefore it
is considered as a root node. Similarly, as the tree is being built, std and std
deviation was calculated for the sub tree until the there are no attributes are

present to select or define when the std of the attribute is 0.

While conducting test runs for the evaluation of the decision tree model with
the test set data, it was observed that the decision tree model was giving an error
of £1200nm in size and therefore to further clear and analyze the data linear

regression model with multiple parameters were considered.

B. MULTI LINEAR REGRESSION MODEL

Multiple linear regression explains the relationship between one continuous
dependent variable (y) and one or more independent variable (x). It is a
continuous dependent variable since y is the sum of the independent variables.
Therefore relations ship between parameters were drawn using training set
database. Since the final aim was to predict MNB size, relationship between

different parameters were drawn for individual feed gases.

For Compressed air, MNB size can be predicted using

Size=48.166Temp-49.568Pressure+5366.194 (5.3)

An error of £121 nm, was observed when the model was tested with the test set.
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Similarly, for Oxygen, MNB size can be predicted using

Size=30.680Temp-6.004Pressure+159.128 (5.4)

When this was tested with test set data, and error of £87 nm was observed.

For Ozone, the MNB size can be predicted using equation (5.5), which resulted

in an error of +94 nm

Size=54.105Temp-67.099Pressure+5530.59 (5.5)

5.5. EVALUATION

To evaluate the prediction models efficiency in real time scenario, variables
such as temperature and pressure were predicted using decision tree and multi
linear regression model for different MNB sizes. Based on the experimental
results obtained in chapter 3, the upper limit and lower limits of MNB size
generation possibilities were determined as given in table 5.1in absence of any
surfactants. Hence the experimental validations were carried out in the
respective size range for a duration of 5 mins prior estimating the MNB size

generated.

Table 5.3 Minimum and maximum prediction ranges of MNB ML models

Feed Gas Minimum (in nm) | Maximum (in nm)
Compressed Air 2000 4000
Oxygen 1000 2000
Ozone 300 1000

Figure 5.4 — 5.6 illustrates MNB size generated using decision tree and multi
linear regression models. An estimated value was selected and used in the model

to provide the necessary parameters values of pressure and water temperature.
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These parameters were then entered into the system and monitored during
experimentation trails. Four individual runs were performed for every estimated

value and the error was monitored to understand the better performing model.

DT SMLR [IExpected
1924 1897 1907
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2500 2343 :

2000
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Figure 5.4 Prediction models evaluation for compressed air MNBs of (a) 1500nm;
(b) 2000nm; (c) 2500nm; (d)3000nm

Based on the above fig 5.4. it is observed that the performance of multi linear
regression is better against decision tree. However, when it comes to the amount
of error percentage recorded, decision tree has shown an incremental behavior
ranging from 20-35% while multi linear regression reflected inverted gaussian
behavior ranging from 8-15%. It appears when the compressed air is the
medium, multi linear regression methodology can optimally MNB of 2000-
3000nm with 8% error.
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Figure 5.5 Prediction models evaluation for O, MNBs of (a) 1000nm; (b)1500nm;
(c)2000nm; (d) 2500nm

In the case of oxygen gas, both decision tree and multi linear model showed a
decremental behavior in error percentages as the size of MNB was increased.
An error of 15-35% was observed in fig.5.5 for decision tree model and around
6-13% error was seen for multi linear regression mode. It appears that in higher
MNB sizes the models were able to provide better estimation with an error of

12% in decision tree and 6% in multi linear model capable to generate 2500nm

of MNB.
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Figure 5.6 Prediction model evaluation for O3 MNBs of (a) 300nm; (b) 500nm; (c)
1000nm; (d) 1500nm

From figure 5.6, it can be seen that both decision tree models and multi linear
regression models resulted and error percentage of 10-30% and 4-13% of error
respectively. However, decision tree model failed to predict the smaller range
of ozone MNB while multi liner model could predict with 40% of error. Overall
in comparison with oxygen MNB prediction model, ozone gas showed a similar
like behavior.

The predicted MNB size are generally in agreement with the
experimental data. However, results showed that overall multi linear regression
model was showing minimal error to predict MNB size prediction than decision
tree. This could be due to the linear relation between MNB size with pressure
and MNB size with water temperature. It can be seen that the error percentage
of the MNB size generated than the estimated bubble size was in the range of
15-23% in the case of decision tree and 5-14% for multi linear regression model.
It was found that prediction of MNB size using pressure, water temperature and
feed gas is feasible, however in order to increase the efficiency, other

parameters such as gas flow rate, surfactants concentrations can be also used.
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5.6 SUMMARY

The chapter presents the applicability of different machine learning algorithms
in predicting MNB size. The prediction of bubble size is based on system
operating pressure, water temperature and feed gas. In a whole, a decision tree
model was developed which showed higher error values where multi linear
regression model was used to reduce the error gap. The results achieved were
promising and its expected that by incorporating prediction models, the need of
sophisticated instrumentation to analyse MNB size during operation can be
neglected. It is suggested that the incorporation of other variables such as gas
flow rate, surfactants can further reduce the error and improvise the prediction

model efficiencies.
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CHAPTER 6
CONCLUSION AND FUTURE WORK

The chapter draws conclusion and summarises the entire work presented in the
thesis. The details of thesis contributions and the future works of the research

are discussed.

6.1 CONCLUSION

MNB has wide potential applications for implementation. Different applications
may require a different size, maintaining and monitoring a particular size for
longer duration remains a challenge. Under various operational conditions, the
size of MNB changes. Due to its size ranging in nm to um, gives a challenge to
the sensors and other instrumentations responsible to identify the bubble size
being generated. Presence of debris and other minute dust particles in water

makes it more difficult to differentiate a MNB and estimate the size.

The main objective of this work is to demonstrate a proof of concept model,
where a machine learning approach is incorporated in predicting a bubble size.
While the potential of MNB in treating arsenic and coliform from water is also
studied.

The results indicated that, MNBs of 300-400nm showed better oxidation
capabilities than the bubbles of 1000-1100um. However, it was observed that
bubbles of 300-400nm were able to achieve at lower temperature region below
20°C at a high pressure range. Maintaining such pressure resulted an increase
of water temperature as a by-product thereby increasing MNB size gradually.
this showed an equal importance of temperature, pressure and also the gas feed

as individual parameters affecting the size of MNB.
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6.2 REMOVAL OF ARSENIC AND COLIFORM FROM WATER

Arsenic present in the water was able to oxidise using O3 MNBs. The rate of
oxidation of As(I11) to As(V) was studied for MNB different size ranges which
showed better ability of smaller sizes than larger bubbles. The trend remained
similar in case of coliform bacteria. However, bubbles ranging below 500nm

showed equal coliform disinfection percentages.

6.3 MNB SIZE PREDICTION

Regression based machine learning approaches, decision tree and multi linear
regression models were used to test the feasibility in predicting MNB sizes.
Based on the experimental datasets, the models were capable to predict the size
though resulting in 20-30% of error. Multi linear regression-based model
showed better performance with an error ranging from 5-15% in bubble
prediction. This shows that machine learning approaches can be used to develop

an automated solution towards a fully functional MNB application plant setup.

6.4 SCOPE OF FUTURE WORK

In this work, machine learning was used as an approach towards generating a
particular size of MNB using pressurised decompression based MNB
generation method. Still, some more works are required for complete
practicality use of the system.
e The experimental datasets needs to be increased further in nm to um
range, which will help in further reducing the error percentages.
e Different ML algorithms and models can be used to further fine tuning,
clearing the dataset which can help in better estimations.
e Incorporation of surfactant-based studies for ML can help in developing

systems where its need is necessary.
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