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ABSTRACT

Oxygen transfer limitations result in poor performance in bioreactors and reduced
efficiency in catalytic and photocatalytic reaction systems where oxygen transfer is
involved. Adequate oxygen transfer can be achieved by increasing the volumetric
oxygen transfer coefficient (k.a). Several investigations have shown that the
enhancement of kia can be achieved in the presence of nanofluid which is a colloidal
suspension of nanoparticles in any base fluid. Nanoparticles may be intentionally added
to the reactor fluid or may be inherently present in the reactor to form a nanofluid.
Pulsed plate column (PPC) is widely used as an aerobic bioreactor and gas-liquid
contactor for various applications. In the present study, the influence of TiO2, SiO2, and
a-Fe203 nanofluids with water as the base fluid on kra was studied in PPC. The effect
of nanofluid parameters such as nanofluid type in terms of nanoparticles used, their size
and loading along with the column parameters such as frequency (f) and amplitude (A)
of pulsation, pulsing velocity (Axf) and gas velocity (Ug) was studied. The use of
nanofluids led to kLa enhancement. It was found that kia increased as the nanoparticle
loading increased, attained a maximum at the critical loading, and then reduced as the
loading was further increased. The critical loading depended on the nanofluid. kia was
found to increase with the increase in A, f, and Ug. The nanoparticle loading and Axf
showed an interacting effect on kca resulting in one or more hydrodynamic regimes
depending upon the type of nanofluids, size, and loading of the nanoparticles.
Nanofluids with lower-size nanoparticles showed higher ki a compared to those with
larger sizes. TiO2 nanofluid provided a better ki a enhancement than SiOz and a-Fe2Os
nanofluid. The maximum enhancement factors were obtained with TiO2, SiO2, and o-
Fe>O3 nanofluids at the critical loading conditions. The order of magnitude analysis
implied that the convective currents caused by the Brownian movement of the
nanoparticles in the fluid can be the possible reason for mass transfer enhancement in
PPC. Pseudo-homogeneous model was tested and it was found to accurately predict the
enhancement only till the critical loading conditions. The developed dimensionless
correlations and artificial neural network models could accurately predict ki a and thus
may find potential applications in the design of pulsed plate column when used as gas-
liquid mass transfer contactors, bioreactors, or photocatalytic reactors. The results of
this study indicate that the pulsing conditions required to achieve the desired mass
transfer characteristics can be reduced by using a nanofluid instead of the base fluid,
thus potentially leading to tremendous saving of energy.

Keywords: Artificial neural network, Nanofluids, Oxygen mass transfer coefficient
Pulsed Plate Column, Pulsing velocity.
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CHAPTER 1 INTRODUCTION

The operations involving the contact between the gas-liquid (g-1) phases are common
in a variety of chemical process industries. Chemical reactions may include
hydrogenation, chlorination, oxidation, polymerization of alkenes, etc., comprised of
the g-I contacting. The globalization of industries has increased the special interests in
the design and operation of process equipment that achieves lower operating costs,
energy conservation, effective transfer of gas molecules to a liquid medium, higher
efficiency, better performance, environmental protection, and enhancement in energy
efficiency. The major problem in reactions consisting of more than one phase is the
transfer of gases into aqueous phases. Most frequently, the diffusion of a low or
moderately soluble gaseous entity across the g-I interface limits the reaction rate due to
mass transfer (Olle et al. 2006). The g-I mass transfer plays a significant role in various
fields related to chemical and biochemical industries and environmental pollution
control, such as wastewater treatment, absorption of pollutants from air or flue gas, and
others. Efficient gas transfer from gas bubbles to the liquid medium is the primary step
in such operations. It determines the overall reaction rate in the g-l reactions
(Dhanasekaran and Karunanithi 2010). Absorption of gases into a liquid phase becomes
a crucial step in many multiphase processes because the rate of reactions is often
constrained by the diffusion of sparingly soluble gas across the g-1 interface (Olle et al.
2006). Reactors or columns are used as multiphase contacting for various bioprocess,
separation processes involving mass transfer, chemical processes (Dhanasekaran and
Karunanithi 2010; Rahmanian et al. 2015; Shetty et al. 2013; Zhang et al. 2022).

Transferring oxygen (aerobic) or CO. (like in bioprocesses involving algal
development) from the gas to the liquid phase is necessary for biotechnological
processes involving microorganisms (Moo-Young and Chisti 1994). In most aerobic
biochemical processes, oxygen is a critical substrate. The performance may be affected
due to the improper oxygen supply (Garcia-Ochoa and Gomez 2009).

The efficacy of any aerobic processes is hampered due to the lack of oxygen because
microorganism metabolic rates drastically decrease (Gomaa and Al Taweel 2005), and
the culture may react negatively to the accompanying stress (Suresh et al. 2009). The

inadequacy of the transfer of oxygen results in less efficient bioreactors. Similarly,



catalytic and photocatalytic reaction systems may also encounter reduced efficiency
because of the insufficient oxygen transfer rate. Adequate oxygen transfer is vital, as
with photocatalytic reactions, where oxygen is used as an electron acceptor to produce
superoxide radicals (Khanna and Shetty 2014; Saravanan et al. 2017; Shet and Shetty
2016). So, enhancing the oxygen transfer rate into the aqueous medium is imperative
to perform these types of processes effectively. Generally, oxygen transfer into the
liquid is carried out by sparging air or supplying oxygen. However, these reactions
proceed in aqueous media wherein oxygen has low solubility. Under these
circumstances, an inadequate supply of oxygen and low fluid turbulence lead to oxygen

mass transfer limitations in the system.

Suitable g-1 contactors must be selected to enhance the performance and achieve
effective g-I mass transfer in multiphase systems (Lounes and Thibault 1994).
Dhanasekaran and Karunanithi (2010) used columns with moving parts to improve the
g-1 mass transfer rate. To achieve high mass transfer rate, different contactors such as
packed bed columns (Rahmanian et al. 2015), bubble columns (Gémez-Diaz et al.
2009), stirred tank reactors (Zokaei-Kadijani et al. 2013), fluidized bed reactors (Yang
et al. 2001), airlift reactors (Moraveji et al. 2012), rotating disk reactors (Yang 1982),
oscillatory baffled columns (Hewgill et al. 1993), reciprocating plate columns or pulsed
plate columns (Brauer 1990; Daniel and Brauer 1994; Rangappa et al. 2016; Shetty et
al. 2013; Shetty and Srinikethan 2010) and liquid pulsating column (Torab-Mostaedi et

al. 2010) have been used by several researchers.

The packed bed columns reduce the back mixing in comparison to the spray column.
However, channeling and clogging are the common disadvantages involved in packed
columns. It cannot handle the liquid with higher viscosities. Though plate columns can
be designed to handle a wider range of liquid and gas flow rates than packed columns,
they are prone to flooding and may not be suitable to be operated with particulate
systems involving the use of catalyst, photocatalyst, or biomass. Bubble columns
provide a uniform distribution due to the high circulation of liquid. However, back
mixing and low contact efficiency reduce the mass transfer rate. Stirred tank reactors
and rotating disc reactors provide higher interfacial area, however, high power
consumption is required and the top-to-bottom mixing is poor. Airlift reactors and

fluidized bed reactors are simple designs with no moving parts or agitators for less



maintenance and less risk of defects. The disadvantage is that inefficient in avoiding

the foaming and greater air throughput and higher pressures are needed.

Either oscillating a stack of plates as in a pulsed plate column (also known as a
reciprocating plate column) or oscillating the liquid phase as in a pulsing liquid column
can be utilized as a gas-liquid contactor to apply the oscillatory motion that creates an
oscillation velocity vector between the plates and the phases (Dhanasekaran and

Karunanithi 2010) to enhance mass transfer.

Karr (1959) developed a Reciprocating plate column (RPC) or pulsed plate column
(PPC), which was predominantly used for industrial-scale liquid-liquid extraction
processes. As an advancement of the bubble column, PPC has been found to provide
an increased interfacial area for g-1 mass transfer and has received much attention
(Stella et al. 2008) as a g-1 contactor. However, unlike bubble columns, in the PPC, the
mixing between the phases is facilitated by gas flow through the column and more
predominantly by the reciprocating motion of the axially mounted stack of perforated
plates (Skala and Veljkovi¢ 1988). PPC is a multiphase contactor. It combines aeration
and agitation and ensures favorable hydrodynamics and mass transfer characteristics.
The pulsing effect provides good mixing, more extensive turbulence, an improved
interfacial area, and a greater dispersed phase holdup. Hence, it helps to enhance the g-
I mass transfer efficiency (Jiao et al. 2013; Kodialbail and Srinikethan 2011; Lounes
and Thibault 1994; Panahinia et al. 2017; Shetty et al. 2007) and the excellent g-1 mass
transfer characteristics of PPC (Gomaa and Al Taweel 2005; Lounes and Thibault 1994;
Shetty and Srinikethan 2010; Skala and Veljkovi¢ 1988).

PPCs have been used as biological reactors for several applications, including aerobic
wastewater treatment (Brauer 1985, 1990; Prabhu et al. 2020; Shetty et al. 2007, 2013).
The superior g-I mass transfer characteristics of this contactor may lead to it finding
applications in many other processes such as CO. absorption, NH3z absorption, and
catalytic or photocatalytic reactions apart from its use in biochemical reactions,
involving the transfer of oxygen or other gases from the gas to the liquid phase. It is
noticed from the literature that g-1 mass transfer in this type of contactor may be
enhanced by increasing the amplitude and frequency of pulsation (Gomaa and Al
Taweel 2005; Lounes and Thibault 1994; Shetty and Srinikethan 2010).



Several investigations have shown that the enhancement of g-1 mass transfer can also
be achieved by the addition of solid particles in the reactor fluid. This improves the rate
of transfer compared to that in the conventional aqueous medium (Komati and Suresh
2010; Linek et al. 2008; Manikandan et al. 2012; Nagy et al. 2007; Nagy and Hadik
2003; Olle et al. 2006). The progressive effect of nanosized particles is utilized to
overcome the scarcity of oxygen supply to the aqueous medium by enhancing the mass
transfer coefficient and interfacial area for mass transfer (Jiang et al. 2015; Labbeiki et
al. 2014; Wenmakers et al. 2016).

Regarding PPC, if the mass transfer enhancement can be achieved by dispersing the
nanoparticles in the reactor liquid to form a nanofluid, the column may be operated at
lower frequencies of pulsation to achieve a similar mass transfer rate. This would result
in lower operating costs and improved performance with higher energy efficiency. In
other words, desired mass transfer efficiency can be achieved at lower pulsing
conditions if a nanofluid replaces the conventional base fluid. The nanoparticles may
be added into the system fluid to form nanofluids as in biochemical reactors or
absorption systems to enhance gas-liquid mass transfer. There may be a natural
presence of nanofluids in the contactors, such as reactors used for catalytic and
photocatalytic applications, wherein nanosized catalysts may be present in dispersed
form in the process fluid. In the photocatalytic reactors, oxygen acts as an oxidant, thus
supplying oxygen. The photocatalytic reactors employed with TiO. nanoparticles as
photocatalysts are generally equipped with an air supply to provide oxygen as the
oxidant (Armakovi¢ et al. 2023). Dissolved oxygen plays a vital role in these reactors

and thus oxygen mass transfer becomes essential.

Further, nanoparticles may be added to enhance g-1 mass transfer (Ghasem 2019; Jiang
et al. 2015; Olle et al. 2006). In either case of the inherent presence or intentional
inclusion of nanoparticles, the presence of these nanoparticles as nanofluids may
influence the oxygen mass transfer characteristics of the column. Thus, there arises a

need to study the g-1 mass transfer in pulsed plate columns in the presence of nanofluids.

Nanofluids (NFs) are the engineered colloidal suspensions prepared by dispersing
nano-sized particles (size lesser than 100 nm) into conventional liquids which act as
base fluids (Das et al. 2007). During the last decade, nanostructured materials have

received increasing enthusiastic interest in various disciplines such as engineering
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sciences, chemistry, physics, medical science, and biology (Chang et al. 2005). Choi
(1995), coined the term nanofluid and proposed that the engineered conventional fluids
showed better thermal conductivities compared to conventional fluids and enhanced the
heat transfer characteristics. The particles could be metal nanoparticles such as Cu, and
Ni; oxides such as TiO», SiOz, Fe20s, CuO, Fes04, and other materials such as AIN,
SiC, and graphene (Mahbubul et al. 2012; Pang et al. 2015; Uddin et al. 2016; Yilmaz
Aydin and Giirii 2022) and composite materials such as core-shell nanoparticles,
nanocomposites that are well suspended in a base fluid to obtain nanofluid
(Nithiyanantham et al. 2019). Though different base fluids such as oil, ethylene glycol,
toluene, kerosene, etc., are used effectively as a carrier in many industrial processes due
to their unique thermodynamic and transport properties, water is used extensively as a
base fluid because of its availability, low cost, and friendliness to the environment
(Saidur et al. 2011). Moreover, the choice of base fluid targeted at nanofluid-mediated
mass transfer enhancement also depends on the liquid phase being used in the reactors,
bioreactors, or gas-liquid,liquid-liquid contactors. As, most of the -catalytic,
photocatalytic reactor, or bioreactor systems used for wastewater treatment applications
or other bioprocesses are operated with the aqueous phase, the base fluid may be

generally water.

The use of nanofluids plays a major role in the development of energy-efficient
equipment. These NFs are said to be superior compared to base fluid, because of
enhanced thermal and physical properties like thermal conductivity, density, viscosity,
and diffusivity (Ali et al. 2018) that result in enhancement of heat and mass transfer
rates. Several researchers have studied the enhancement of heat transfer performance
using nanofluids (Jiang et al. 2019c; Keblinski et al. 2005; Pang et al. 2015; Prasher et
al. 2006; Vakilinejad et al. 2018) with improved thermal conductivity, and convective
and boiling heat transfer properties in various heat exchangers. To understand the
enhancement (Buongiorno 2006; Krishnamurthy et al. 2006; Serna 2016) investigations
on various mechanisms are the Brownian movement of the nanoparticles following the
micro-convection (Keblinski et al. 2005b), thermal diffusion (Rudyak 2015), increased
conduction through aggregates, or particle-to-particle coupling through the interparticle
potentials, liquid layering on the nanoparticle-liquid interface and reduction in thermal

boundary layer thickness (Xue et al. 2004) have been reported.



Investigations on possible applications of nanofluids in mass transfer were sparked by
the success of using nanoparticles to improve heat transfer (Fang et al. 2009). As the
mass transfer processes are analogous to most of the heat transfer processes in various
aspects, the tremendous achievement in the usage of nanofluids for improving heat
transfer performance has robustly motivated the researchers to study their potential
application in the field of mass transfer for enhancing the g-1 mass transfer process
(Ashrafmansouri and Esfahany 2014; Krishnamurthy et al. 2006; Pang et al. 2015;
Veilleux and Coulombe 2011). Since some researchers believed that one of the main
reasons for the intensification of heat transfer was the Brownian movement of
nanoparticles, exploration of mass transfer enhancement in nanofluids with a similar
mechanism has been reported. (Jang and Choi 2004; Krishnamurthy et al. 2006; Rahbar
et al. 2011).

Several researchers have investigated the effect of nanofluids on mass transfer, mainly
focused on the absorption of gases such as O., CO2, NHz, H2S, etc., in various
nanofluids in different reactors or contractors (Beiki et al. 2013; Darvanjooghi et al.
2018; Esmaeili-Faraj and Nasr Esfahany 2016; Esmaeili Faraj et al. 2014; Irani et al.
2019; Kim et al. 2006; Komati and Suresh 2010; Li et al. 2014; Nagy et al. 2007; Olle
et al. 2006; Su et al. 2015; Torres Pineda and Kang 2016). Various studies have shown
the mass transfer enhancement in the presence of nanofluids such as the enhancement
in kia in the colloidal dispersions of magnetite (Fe3O4) nanoparticles coated with oleic
acid in an agitated sparged reactor (Olle et al. 2006), by silica nanofluids in Taylor flow
regime in the microchannel (Huang et al. 2021), mass transfer enhancement of
NH3/H20 in absorber with distributer using Al2O3 and CNT nanoparticles (Lee et al.
2010), enhancement in rate of absorption of COz in packed bed column with Al,O3 and
SiOz nanofluids (Salimi et al. 2015), enhancement in absorption of CO. by Al.Os -
methanol and SiO, — methanol nanofluids in a tray column absorber (Torres Pineda et
al. 2012), improvement of absorption of CO2 using Al.Oz nanofluids in a stirred
thermostatic reactor (Lu et al. 2015), enhancement in CO; absorption using
Al;Os/water and FesOs/water nanofluids in a wetted-wall column with external
magnetic field (Samadi et al. 2014), k_a enhancement with TiO2, Al203, and SiO2 NFs
in water in rotating packed bed column (Ghadyanlou et al. 2022), enhancement in dye
diffusion rate in liquids containing Al>Os nanoparticles (Krishnamurthy et al. 2006),

enhancement in kra using oxygen —sensitive dye in a helically coiled tube reactor



(Jokiel et al. 2017), enhancement of CO- absorption in Fe,O3, CNT SiO. and Al>O3
nanofluid in hollow fiber membrane contactor (Peyravi et al. 2015), mass transfer
enhancement by Fe,O4 nanoparticles for CO2 absorption in bubbling reactor(Zhang et
al. 2020a), enhancement in mass transfer coefficient for carbon dioxide and oxygen
absorption in wetted wall column and in a capillary tube with magnetic iron oxide
nanoparticles (Komati and Suresh 2010), kia enhancement with Fe;Os - water
nanofluids in an agitated bioreactor (Manikandan et al. 2012),enhancement in oxygen
absorption rate with TiO2 and SiO2 nanofluids in a thermostatic stirred tank (Jiang et al.
2015) and enhancement of g-l mass transfer in the presence of TiO2 nanoparticles in

the process of droplet evaporation (Jiang et al. 2020).

In the present work, the influence of the nanofluids on the g-1 mass transfer coefficient
in terms of volumetric oxygen mass transfer coefficient (k.a) in PPC is studied with
water-based TiO2, SiO2 and, o-Fe:Os Nanofluids. The studies on the effect of
nanoparticle loading in the nanofluid, pulsing parameters of the column, superficial air
velocity, size of nanoparticles, and type of nanofluid are reported. Further, order of
magnitude analysis to understand the basic mechanism responsible for kpa
enhancement, evaluation, and assessment of the validity of Pseudo homogeneous model
along with the development of Multiple regression models in terms of dimensionless

numbers and Avrtificial neural network models to predict the kra in PPC are presented.



CHAPTER 2 LITERATURE REVIEW

This chapter focuses on the review of literature on the subject of this research work.
The importance of volumetric gas-liquid mass transfer coefficient (k.a), factors
affecting kca, nanofluids, and their applications, the influence of nanofluids on mass
diffusion and convective mass transfer coefficient with special focus on gas-liquid mass
transfer and oxygen mass transfer in various types of contactors. This chapter also
discusses the review of literature on PPC, its application, and the effect of various
operating conditions on kra in PPC. The literature review on various types of models
for the prediction of kia is presented along with the methods for finding the possible

mechanism behind the enhancement of kia in the presence of nanofluids.
2.1. Volumetric gas-liquid mass transfer coefficient (k.a)

The gas-liquid mass transfer has significant importance in various fields such
as chemical biochemical industries, environmental pollution control such as wastewater
treatment, absorption of pollutants from air or flue gas, and others (Ho et al. 2020).
Transfer of oxygen or gas transfer is essential in wastewater treatment plants to uphold
the aerobic degradation, dissolve the chlorine gas or ozone, and also to separate or
remove undesirable volatile chemicals such as carbon tetrachloride,
tetrachloroethylene, trichloroethylene, chloroform, bromodichloromethane, and
bromoform from water (Zander et al. 1989). kia is the primary parameter utilized to
ensure adequate oxygen transfer and also the key parameter for the design and scale-up
of the biochemical reactors (Mestre et al. 2019). Oxygen is considered to be the most
efficient and favored electron acceptor for most microorganisms (Gupta and Ibaraki
2006; Liu et al. 2022). Oxygen mass transfer is an essential process in aerobic
bioreactors or other chemical reactors involving the transfer of oxygen to the liquid
phase from the gas phase. The transport of oxygen from a gaseous phase to a liquid
phase becomes a rate-limiting step in various bioreactor systems because of the lower
oxygen solubility in water. Therefore, the oxygen transfer is of greater importance and
it is essential to achieve higher value of kia in all the systems where oxygen transfer to
liquid phase in involved. kia is an important design parameter which is required in
designing reactor systems or contactors in chemical, pharmaceutical, food, bio-fuel and

other bio-chemical process industries.



In an aeration system, a gaseous species is transferred through the g-I interface followed
by the liquid phase diffusion from the air bubble. Whitman's two-film theory states that
equilibrium at the interface is assumed and that the resistances to mass transfer in the
two phases are summed to determine the overall resistance. An overall coefficient is
the overall resistance's reciprocal (Lewis and Whitman 1924). Concentration gradients

near a gas-liquid interface are shown in Fig.2.1
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Fig 2.1: Concentration Gradients near Gas-Liquid Interface.

Considering the transfer rate to the interface is equal to the transfer rate from the

interface. They can be expressed as shown below.
Rate of mass transfer on the gas side,

16 = keAg(Ya—Ya,) oo, 2.1
Rate of mass transfer on the liquid side,

1= KAy (Xai = X4) coeeeeeeieeee e, (2.2)

At a steady state, because there can be no accumulation of A at the interface or
anywhere else in the system, any A transported through gas must also be transported

through liquid. This means the following:



At the interface, between the g-lI phase, an equilibrium is attained. For dilute
concentrations of most gases and a wide range of concentration for some gases, the
equilibrium concentration in the gas phase is a linear function of liquid concentration.

Therefore, we can write:
Ya, = MXa, oo, (2.4)
Where m is the distribution factor.

Since ke>>>ky, i.e. which means all the resistance is in the liquid film, which is
generally true if the gas is sparingly soluble in the liquid as in the case of reduced

oxygen solubility in water.

Then Y, = Y,;

ke = mass transfer coefficient at gas phase m/s
k. = mass transfer coefficient at liquid phase m/s
Xa = bulk liquid phase concentration

Xai= Liquid interphase concentration

Y a = bulk gas phase concentration

Y ai = interface concentration in the gas phase
A = interfacial area

Therefore, equation (2.1) can be written as
Y
r=k,A, (ZA X0 e (2.5)

The driving force is the difference between the concentration of gas species A in the

liquid and it is in equilibrium with the bulk gas and liquid phase concentration.

While the transfer of gas is considered for complete reactor volume, then, Azis the total

interfacial area and ki is the average mass transfer coefficient. Hence the concentrations
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in Equation. (2.5) are bulk gas and liquid phase species concentrations. When the
equation is divided by liquid phase volume V, the resulting term is the amount of gas
species transferred per unit volume per unit time. The rate of transfer is expressed per
unit volume of reactor (R) in Equation. (2.6).

Ag (Y
R=hy 28 (A= X)) oooeiil (2.6)

Furthermore, it is convenient to use interfacial area per unit volume, ‘a’ as in Equation.
(2.7) rather than total area Aa, because the rate of transfer is expressed per unit volume
of the reactor.

The term, kia represents the product of the mass transfer coefficient and ‘a’, the
interfacial area available for mass transfer per unit volume of the reactor. To maintain
a high interfacial area and increase the rate of transfer, gas is sparged into a reactor
while the liquid is stirred to break up bubbles. The area "a" in such systems is difficult
to measure or estimate. However, the term k.a formed by the product of the mass
transfer coefficient and the interfacial area is easier to quantify. Therefore, the term
"kra" is created by adding the terms “interfacial area per unit volume™ (a) and "mass
transfer coefficient” (ko). In Equation (2.7) the term, Ya/m can be replaced by

component gas solubility at the reactor conditions, X .
R=kia (X3 —Xa) ceeeveviininnns (2.8)

Equation 2.8 is used for describing the transfer of gaseous species from a gas phase to

a liquid phase.
2.2 Factors affecting g-1 mass transfer rates

Many factors affect mass transfer in g-l dispersions, including (Akita and
Yoshida 1973; Amaral et al. 2019; Garcia-Ochoa and Gomez 2005; Littlejohns and
Daugulis 2007; Sideman et al. 1966) gas and liquid properties, different types of gas
diffusers, column dimensions such as number of plates or baffles, spacing, perforation
diameter, energy required for the oscillatory motions, flow rates of the gas and liquid,
presence of third phase as solid catalysts, occurrence of reactions.
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The most dependent parameters are as follows:

Q) Bubble size: The bubble size is a very essential factor in designing the g-1
reactors as it has a direct influence on the gas holdup and the interfacial area
(Bouaifi et al. 2001; Manjrekar et al. 2017). Wang et al. (2020), have
experimentally found that decreasing the bubble size can efficiently increase
the kLa. Ham et al. (2021), studied that a decrease in the bubble size results
in higher interfacial area and gas holdup values.

(i) Gas holdup: Gas holdup is the ratio of occupied volume by the bubbles to
the total volume, it’s the volume fraction of the dispersed gas in the gas-
liquid system. To enhance the mass transfer rate, higher gas holdup is

preferred along with the reduced bubble size (Barros et al. 2022).

Recently, there have been reports on enhancing gas-liquid mass transfer by using
nanofluids (Ding et al. 2023; Jiang et al. 2019; Ramprasad et al. 2019; Zhang et al.
2018a). The ability of nanofluids to improve mass and heat transfer processes has been
demonstrated. (Ashrafmansouri and Esfahany 2014; Dong et al. 2022; Qureshi et al.
2017; Uddin et al. 2016; Zhang et al. 2022)

2.3 Nanofluids

Advancement in nanotechnology has developed a perception of researchers
towards nanosized materials. The detailed exploration of small materials ranging from
1 to 100nm has grabbed the attention of developing research areas. This has empowered
many researchers to construct different unique and improved nanomaterials,
nanodevices, and, nanotools that are used in various fields such as electronics,
pharmaceutical, medicine, photography, and energy, etc., (Khalil et al. 2017).
Nanomaterials are manufactured using a large variety of chemical components for
example metals, metal oxides, carbon, semiconductors, and, polymers. They can be
obtained in different forms such as fibers, spheres, wires, tubes, rods, needles, shells,
plates, coatings, rings, etc., Specific functionalities can be incorporated into the
nanomaterials by treating or coating a surface. Generally, nanomaterials are preferred
over bulk-sized materials due to their exceptional adjustable size-dependent physical
and chemical properties which are not found in their original bulk-sized materials (Liu
Yang, Jian-nan Huang, Weikai Ji 2020; Souza et al. 2022).
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The term “Nanofluid” was coined by Choi et al. (1996) at Argonne National
Laboratory to refer to a new class of fluids consisting of colloidal suspensions of
nanoparticles into a base fluid. Maxwell in 1881, was the first person to report from his
research that the usage of colloidal particles that have higher thermal conductivity
might show improvement in the thermal properties of conventional base fluids.
Therefore, this suspension of nanoparticle liquid is termed Nanofluids (Gupta et al.
2020). As discussed in the introduction part, nanofluids possess improved properties
compared to conventional base fluids. Researchers have done numerous experiments
on nanofluids due to their anomalous enhancement of heat transfer (Masuda et al. 1993;
Pang et al. 2015; Souza et al. 2022), and mass transfer (Imran et al. 2022;
Krishnamurthy et al. 2006; Pahlevaninezhad et al. 2021). Different superior properties
of nanofluids have initiated many researchers to perform experiments on nanofluids for
various applications such as solar systems, refrigeration systems with enhanced thermal
and physical properties, and transfer of heat of various systems, nanomedicines, and
absorption (Deshmukh et al. 2019; Wang et al. 2023).

2.3.1 Preparation of Nanofluids

Nanofluids are prepared to obtain a uniformly dispersed colloidal suspension of
nanoparticles in the base fluid (Kumar and Subudhi 2019). They are produced by two
different methods (i) One-step or single-step method and (ii) two-step method and are

as follows:

(i) One-step / Single-step Method:

This method consists of simultaneous production and suspending the
particles in the base fluid. The agglomeration of nanoparticles is reduced, and
the stability of nanofluids is increased here by avoiding the drying, storage,
transportation, and dispersion of nanoparticles. (Bairwa et al. 2015; Mamat and
Ramadan 2022). The major disadvantage is that as a consequence of incomplete
reactions a residual may remain in the suspension and large-scale synthesis of
nanofluids is difficult (Dhinesh Kumar and Valan Arasu 2018).

(if) Two-Step Method:

This method is the most widely used method for the preparation of

nanofluids. Initially, nanoparticles are produced as dry powders by chemical or
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physical methods or any other methods. Secondly, the nanosized powder will
be suspended in a base fluid using either intensive magnetic force agitation,
ultrasonic agitation, high-shear mixing, or homogenizing (Deshmukh et al.
2019). The two-step method has proved to be the most economical and
advantageous method to produce nanofluids, especially for large-scale
requirements. The only difficulty with this method is the preservation of the

long-term stability of nanofluids (Aglawe et al. 2020; Ranjbarzadeh et al. 2019).

According to the literature, the nanoparticles may be purposefully added into the system
fluid to form nanofluids as in biochemical reactors or in absorption systems to enhance
gas-liquid mass transfer or there may be an inherent presence of nanofluids in the
contactors such as reactors used for catalytic and photocatalytic applications (Yilmaz
Aydin and Giirii 2022), wherein nanosized catalyst may be present in dispersed form in
the process fluid. In the present study, a two-step method for the preparation of

nanofluids was adopted.

2.3.2 Applications of Nanofluids

The concept of nanofluids has originated more than a decade ago. The unique
properties of nanofluids have attracted the attention of researchers from various fields.
For this reason, nanofluids are utilized for various purposes. The various applications

of nanofluid are depicted in Fig. 2.2 and are as follows:

v Nanofluids in cooling application: Nanofluids provide improved thermal
properties compared to pure water and other coolants (Bairwa et al. 2015).
They can be used as automotive oil, coolant, lubricant, gear oil, and,
transmission fluid, brake fluid (Sarafraz and Peyghambarzadeh 2012).

v" Nanofluids in solar devices: Nanofluid-based collector has better
absorption capacity compared to other working fluids (Mahian et al. 2013).
Due to their higher thermal conductivity and radiative properties
nanoparticles, they are being utilized in water heaters, solar cooling systems,
solar cells, solar stills, and solar absorption refrigeration systems, (Okonkwo
et al. 2021; Raghav and Dinesh 2016).
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Nanofluids in biomedical applications: Nanofluids have been used for,
cancer therapeutics, sensing, imaging, and Nano-cryosurgery (Agnihotri et
al. 2019; Deodhar et al. 2014). Magnetic nanofluids for hyperthermia
(Ghazanfari et al. 2016), magnetic cell separations, and magnetic resonance
imaging (Imran et al. 2022; Sheikhpour et al. 2020).

Nanofluids as media for chemical reactions: Photocatalytic nanofluids
have been used for the conversion of CO> into methane, methanol, ethylene,
and formaldehyde (Tan et al. 2017). Nanofluid-based — fuel (namely
biodiesel and biofuels) helps to enhance engine efficiency by controlling
particulate emissions (Chamsa-ard et al. 2017).

Other electromagnetic applications: Nanofluids can be potentially
utilized to produce optical fibers (Khan et al. 2019) or to produce lasers (Lu
et al. 2021).

Applications of nanofluids in domestic refrigerators: Nowadays in
refrigeration equipment the usage of nanofluids has improved the
thermodynamic, mechanical performance, and energy efficiency of the
refrigerating systems associated with the reduction in CO, emissions. Haque
et al. (2016), found that by the addition of the TiO2 and Al,O3 nanoparticles
into the polyester oil energy consumption was less compared to the pure
POE oil system and it enhanced the performance of the refrigerator.
Nanofluids in other applications: The usage of nanofluids helps in
decreasing 