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Transfer area per unit volume/ In-

terfacial area 
m2/m3 

A0 Absorbance of reactant Dimensionless 

At Absorbance of product at time t Dimensionless 

CT 
Concentrations of acetic acid in 

toluene 

m3 of solute / m3 of 

pure toluene 

CT,in 
Inlet concentration of acetic acid in 

toluene. 

m3 of solute/ m3 of 

pure toluene 

CW 
Concentrations of acetic acid in 

water 

m3 of solute / m3 of 

pure toluene 

CW,in 
Inlet concentration of acetic acid in 

water. 

m3 of solute / m3 of 

pure water 
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CW,out 
Outlet concentration of acetic acid 

in water 

m3 of solute / m3 of 

pure water 

D Diameter of conduit m 

DAB Diffusivity m2/sec 

F Frequency of vibration Hz 

H Film thickness  µm 

H Amplitude of vibration m 

K Mass transfer coefficient for bare 

glass millichannel/ with NF/ in mi-

crochannel without vibration 

1/sec 

k′ Mass transfer coefficient in micro-

channel with vibration of 20 Hz, 

10 Hz frequency and without vi-

bration 

1/sec 

k″ Mass transfer coefficient in micro-

channel with vibration of 20 Hz, 

10 Hz frequency and without vi-

bration 

1/sec 

kova  
Overall volumetric mass transfer 

coefficient 
1/sec 

L  Total length of the test channel,  m 

N  Number of data sets (number of 

times experiment conducted) 
Dimensionless 

QT Toluene flow rate     µL/min 

U Total Velocity induced due to vi-

bration 
m/sec 

Uf Velocity induced due to vibration m/sec 

UT  Organic phase velocity m/sec 

UTP Average velocity of both phase m/sec 

UW  Aqueous phase velocity m/sec 



xix 
 

xi  Original value obtained from ex-

periments for each data set. 
1/sec 

�̅� Average or the mean value. 1/sec 
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Preface 

Process intensification strategies like structural intensification, energy intensification 

(rotation, vibration, pulsation, ultrasonication), and temporal intensification (micro-

wave heating) have been adopted to enhance mass transfer in conventional systems. 

Process intensification using reduced dimensions such as macro and micro conduits are 

emerging methods. Such conduits are effectively utilized in pharmaceutical and bio-

chemical industries for solvent extraction, instantaneous reactions, enhancing phase 

separation and chemical kinetics of the process. Thus, there exists a scope to offer en-

ergy-efficient methods for augmentation of mass transfer processes in small-diameter 

conduits. Moreover, there exists a void in deciphering the role of mechanical vibration, 

nanoparticle and non-Newtonian nanofluid in mass transfer processes for two-phase 

flow systems in small diameter conduits. The effect of mass transfer on nanocatalytic 

reaction in a microdomain has not been understood till date. The basic layout of the 

thesis work is as follows. 

Chapter 1- Introduction. It contains a detailed literature survey literature on emerging 

methods of process intensification in two-phase flow. Reported studies on hydrody-

namics and mass transfer through liquid-liquid flow in milli/micro domain have also 

been presented. The essentiality and fundamental advantages of process intensification 

through micro/milli domain are elaborated along with a listing of the challenges most 

likely encountered while working in small diameter conduit. Two distinct approaches 

used to enhance mixing: active approaches and passive approaches have also been 

highlighted. Apart from these, the influence of fluid properties on liquid-liquid two-

phase flow patterns in micro-channels has also been presented. 
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Chapter 2- Materials and Methodology. It includes a list of chemicals used, various 

equipment employed, synthetic methods, and the non-lithographic fabrication of Poly-

dimethylsiloxane (PDMS)-based microchannels being presented. Experimental setup 

for vibration in microdomain and Immobilization strategy in millichannel have been 

discussed in the section. The experimental process and procedure for each experiment 

with a detailed schematic have been included.  

Chapter 3- Augmentation of Mass Transfer for Liquid-Liquid Flow in Nanopar-

ticle Embedded Millichannel. Millichannel conduit has been chosen as a model glass 

reactor system to understand the role of embedded nanoparticles on the mass transfer 

process. The influence of nanoparticle immobilization, conduit diameter, and inlet 

phase velocities on flow patterns, and mass transfer rates has been studied. Immobili-

zation of nanoparticles has resulted in a significant population of the slug flow regime 

in comparison to bare glass surfaces. An increment of 10−14% in the interfacial area 

for the nanoparticle-embedded system has caused an unprecedented enhancement of 

mass-transfer coefficient- 250−350%.  

Chapter 4- Hydrodynamics and Mass Transfer Study for Liquid-Liquid Flow us-

ing Non-Newtonian Fluid in Microchannel. The combination of three enhancing fac-

tors - micro domain, slug flow, and non-Newtonian nanofluids (NNnF) on hydrody-

namic and mass transfer studies has been studied for two-phase flow systems. The in-

fluence of the four-in-one method of process intensification (micro domain, geomet-

rical considerations, non-Newtonian fluid, and nanofluid) has been compared in this 

chapter.   

Chapter 5- Mechanical Vibration Assisted Mass Transfer for Two Phase Flow 

Microchannel. To achieve the limiting state of process intensification in an energy-
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efficient way, for the very first time three methods of process intensifications have been 

combined: (i) microchannel, (ii) slug flow, and (iii) mechanical vibration The introduc-

tion of mechanical vibration contributes positively toward enhanced mass transfer by 

decreasing the range of the slug-annular transition and the slug-dispersed transition for 

a wide range of flow rates and converting them into slug flow. An enhancement of 

200% has been noted in the mass-transfer coefficient.  

Chapter 6- Mass Transfer limited Nanocatalytic Conversion in a Continuous Flow 

Microreactor. Nanocatalyst are reportedly being deactivated in a catalytic reaction. 

The reason for deactivation is often attributed to catalytic poisoning caused by mass 

transfer. In this chapter, real-time catalytic poisoning, and catalytic regeneration of 

Nickel Nanoparticle for a continuous flow reactor have been demonstrated. Two reac-

tions- resazurin to resorufin and 4-nitrophenol to 4- aminophenol have been studied. 

Detailed kinetic studies and mass-transfer limitations have been illustrated. 

Chapter 7- Summary and Future Scope. In this chapter studies and observations 

have been summarized and the future scope of the work has been outlined. 



The results discussed in this chapter have been published in  
1Experimental and Computational Multiphase Flow, 3 (2021) 1-19. 
2Chemical Engineering & Processing: Process Intensification, 170 (2022) 1008675. 

1 

Chapter 1:  Introduction and Literature review1,2 

1.1 Introduction  

In recent times the simultaneous flow of two immiscible liquids has evoked much interest. 

It is widely encountered in various industries; namely, petroleum, pharmaceutical, food, pro-

cess industries and fine chemical industries. Liquid-liquid flow in small diameter conduits is 

becoming increasingly important due to the present demand to miniaturize process equip-

ment, as small-diameter conduits are effectively utilized in pharmaceutical and biochemical 

industries for enhancing phase separation rate and chemical kinetics of the process. The flow 

of two immiscible liquids through small diameter conduits finds profound applications in 

various mass transfer operations and industrial processes like solvent extraction, instantane-

ous reactions, evaporation, and exothermic liquid-liquid reactions. 

Miniaturization of process equipment leads to process intensification and miniaturize reac-

tors have a high interfacial area which leads to enhancement of the transport processes (mass 

and heat transfer) and achieves the advantage of fast intrinsic kinetics. The reason can be 

attributed to the fact that with miniaturization, the natural tendency of stratification due to 

gravity is offset by the increasing influence of surface forces and the slug flow pattern occurs 

over a wide range of operating conditions dominate. Slug flow pattern is characterized by 

the appearance of capsular plugs of the non-wetting liquid traverse through the wetting liquid 

and present a periodic appearance of the flow phenomenon. Further, in reduced dimensions, 

the wetting properties of the liquids with respect to the wall become significantly important.  
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It is often reported that the more wetting liquid forms a film at the conduit wall, while the 

other liquid flows through the central passage as droplets, plugs, or a continuous core de-

pending on the relative proportions of the two. 

Process intensification (PI) and its strategies like structural intensification, energy intensifi-

cation (rotation, vibration, pulsation, ultrasonication), and temporal intensification (micro-

wave heating) intensify mass transfer in conventional systems. The existence of slug flow in 

reduced dimensions is a boon for process intensification as slug flow is considered to be a 

tool of PI. In slug flow, there is existence of two transport mechanisms namely convection 

within individual slugs of each liquid phase and interfacial diffusion between adjacent slugs 

of different phases which leads to enhancement of any transport process. According to the 

past literature, the existence of slug flow in reduced dimensions results in process intensifi-

cation in miniatured reactor systems [1,2]. Accordingly, most of the previous studies in mil-

lichannels or microchannels have been reported on slug flow [3,4] only. Nevertheless, the 

overall effect of hydrodynamics on mass transfer for all flow patterns existing over the entire 

range of phase velocities is not yet explored. Few studies are reported in micrometer size chan-

nels in liquid-liquid flow and some studies have been done in monolith reactors that range 

within 3 mm internal diameter, but a detailed study in reduced dimensions is still lacking. The 

present work aims to fill this gap and it represents a detailed experimental investigation of var-

ious operating parameters influencing hydrodynamics which in turn influences the mass trans-

fer because, in any two-phase flow situation, the mass transfer characteristics are governed by 

the hydrodynamics of flow. Prior to mass transfer studies, a detailed hydrodynamic study is 

done as it affects the mass transfer. It is observed from experiments that mass transfer co-effi-

cient is higher in slug flow than in other flow patterns. In milli/micro domain, effective mixing 
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strategies have been utilized by adjusting dimensions such as length and diameter, as well as 

changing the geometry and orientation of the channel [5,6]. There are two ways of improving 

the mixing: (1) Active approaches and (2) Passive approaches. The change in shape, com-

plicated configurations, microstructured systems, and oscillating baffled reactors are all pas-

sive mixing techniques that do not require external power to operate. External fields (pulsa-

tion, mechanical vibration, microwave, and ultrasonication) are used to drive phase mixing 

in active mixing methods. However, by combining active mixing techniques with geometry-

based passive mixing strategies, the total mass transfer coefficient in a microchannel for a 

two phase system may be improved [7]. The present study of liquid-liquid flow in reduced 

dimensions mainly focuses on combining these two approaches of process intensification in 

an energy-efficient way in reduced dimensions of size ranging from 2 mm to 0.15 mm. The 

various conventional process intensification approaches that can be used for millimeter/ mi-

crochannel are listed below in Figure 1.1. 
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Figure 1.1. Various active and passive process intensification techniques for millimeter-

sized domain 

The process selected for PI in the current study is the intensification of mass transfer and 

reaction kinetics and the work aims at enhancement of mass transfer. In present study, vari-

ous techniques have been adopted to enhance the mass transfer for millimeter-sized channels 

as well as microchannels. An effective mixing strategy has already been used in small size 

conduits by varying the dimension such as length, diameter, and altering the geometry and 

orientation of the channel [5,6]. In this current work along with this traditional method, some 

new technique is also implemented. The first technique adopted for mass transfer enhance-

ment is by embedding the magnetic nickel nanoparticle in the millichannel (2 mm and 1 mm 

ID) as nanoparticle is expected to play an important role in enhancing the extraction effi-

ciency. The magnetic nickel nanoparticle is being chosen because it can easily be separated 

by the application of magnetic field. In millimeter-sized channels due to less interfacial area 

mass transfer enhancement is limited. It is a new concept and remarkable augmentation of 
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3.9 times in mass-transfer coefficients is achieved for nanoparticle-embedded systems as 

well as the range of slug flow is also enhanced. Further, there is scope to intensify the process 

by reducing the diameter of the conduit to microdomain as expected microchannel enhances 

both the range of slug flow and mass transfer rates. The problem associated with microchan-

nels is that it is very difficult to embed nanoparticles on microchannel surfaces due to uni-

form coating and leaching problems. Therefore, nanofluid is adopted to further augment the 

mass transfer. Further, for dispersion purposes, non-Newtonian fluid (NNF) has been added 

to the solution. Thus, the second technique employed is by reducing the conduit diameter 

which is a very traditional technique. Apart from size reduction, the effect of non-Newtonian 

fluid and nanofluid on mass transfer rates in two different sizes (0.15 and 0.25 mm) and 

geometry (straight and helical) of the microchannel is also seen experimentally and numeri-

cally with computational fluid dynamics (CFD). It is also noted that a significant effect of 

fluid property on mass transfer with the highest values being obtained for non-Newtonian 

nanofluid (NNnF) followed by non-Newtonian fluid (NNF) and the minimum mass transfer 

is obtained for the Newtonian fluid (NF). However, the introduction of non-Newtonian 

nanofluid (NNnF) in the system creates high pumping pressure which leads to high energy 

requirements therefore the third technique is the energy mix strategy of process intensifica-

tion by diversifying the energy from the pump to an external device that is mechanical vi-

bration. The earlier two adopted techniques belong to the chemical method, therefore, the 

third method adopted is using an active approach of process intensification which is a me-

chanical vibration-assisted mass transfer study. The idea originated from the fact that several 

research on multiphase flow have shown that mechanical vibration induces slugging during 
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gas-liquid two-phase flow through a reactor [8–10]. So, the introduction of mechanical vi-

bration has a twofold effect as it further enhances the slug flow range along with mass 

transfer rates and it reduces the range of annular flow where the mass transfer rates are 

noted to be minimum. A kinetic study has also been done to show the effect of mass trans-

fer on nano catalytic reactions in microchannels. It has been compared for two different 

concentrations, flow rate and reactant. This study focuses on real-time catalytic poisoning 

and catalytic regeneration of Nickel nanoparticles for a continuous flow reactor in a mi-

crodomain. 

1.2 Literature Survey 

The relevant literature study is divided into three sections. 

1.2.1 Process intensification studies on two-phase flow in milli and micro domain 

Most of the studies on process intensification in millimeter-size channels have either adopted 

a unique reactor geometry (in-line monolith reactor [11], cavitational reactor [12]) or a reac-

tion path [13]. 

One of the earliest works is done by Burns and Ramshaw [1] in 2001. They have developed 

a multiphase micro-reactor of 0.38 mm internal diameter. They used slug flow to enhance 

interfacial mass transfer and reaction rate and attributed the increase to enhanced internal 

circulation stimulated within the slugs for extraction of acetic acid from kerosene with water. 

Later Dummann et al. [2] used a capillary microreactor with an inner diameter varying from 

0.5 mm to 1 mm for intensification of heat and mass transfer for exothermic liquid-liquid 

two-phase reaction during nitration of a single ring aromatic. They noted that in the capillary-

microreactor, isothermal behavior can be assumed due to the high heat transfer rates. They 

have noted that liquid-liquid slug flow provides a constant, uniform specific surface area for 
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mass transfer between the two phases. They further performed mass transfer experiments 

with different flow velocities and the enhancement of mass transfer has been attributed to 

internal circulation within the slug. This phenomenon has been corroborated by CFD calcu-

lations. Some recent and classical works on both hydrodynamics and mass transfer in liquid-

liquid flow in small diameter conduit are listed in a tabular form as shown in Table 1.1.    
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Table 1.1.Salient studies on mass transfer in small diameter conduit. 

Author(s) 

and Year 

System(s) used Diameter 

(mm) 

Findings 

Chinaud et 

al. [14] 

Silicon oil and Wa-

ter-Glycerol 

0.20  Micro-Particle Image Velocimetry (PIV) 

techniques have been developed to inves-

tigate slug formation at a microchannel in-

let. 

 Two laser wavelengths are used to illu-

minate two different tracer particles, one 

in each fluid. 

Tsaoulidis 

and Angeli 

[15] 

Nitric acid solu-

tions and TBP/IL 

Mixtures 

0.5-2  The dependency of mass transfer rates 

with channel size in liquid-liquid flow 

has been investigated. 

 Enhancement in extraction efficiencies 

and mass transfer co-efficient with the 

decrease in channel size. 

Dessimoz 

et al. [16] 

Water and toluene 

with CCl3COOH 

0.269, 

0.40 
 Flow pattern - parallel and slug flow 

 Mass transfer for parallel and slug flow 

using a neutralization reaction 

Cherlo et 

al. [17] 

Hexanol-water, 

Octane-water, 

Coconut oil-water, 

Kerosene-water. 

0.54  Interaction between kinetics and mass-

transfer effects is determined by the flow 

regime in micro-reactors 

 The dependence of slug length on flow 

rates, channel size, viscosity, surface ten-

sion, and contact angle 

Biswas et 

al. [18] 

Toluene-Acetic 

Acid-Water 

2 

 
 Effect of channel geometry on flow pat-

tern and mass transfer 

 The mass transfer rates and slug flow 

range are found to be highest in the case 

of 900 bends. 

Ghosh et 

al. [19] 

Kerosene-water, 

lube oil-water 

 

12  Study of pressure drop and flow pattern 

during downward vertical flow through a 

circular glass conduit. 

 The core-annular flow changed to slug 

flow with an increase in either of the 

phase flow rates. 

Su et al. 

[20] 

Water-kerosene, 

Water-succinic 

acid-n butanol 

 

0.25, 0.35  Performed hydrodynamic and mass 

transfer studies in PMMA (Polymethyl-

methacrylate) microchannels with the 

quartz-and microparticle as packing. 

 Packing increases the mass transfer coef-

ficient due to an increase in the interfa-

cial area. Investigated the effect of pack-
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ing length and microparticle size on liq-

uid-liquid dispersion and extraction effi-

ciency. 

Raimondi 

et al. [21] 

Water-acetone-tol-

uene 

0.21, 0.30  Flow patterns inside the confined drop-

lets at the microscale lead to enhanced 

mass transfer compared to droplets that 

are not confined.  

 The experimental results are validated by 

a model based on 2D direct numerical 

simulations. 

Sarkar et 

al. [22] 

Water-succinic 

acid-n-butanol 

0.25, 0.40, 

0.79, 0.54 

Various flow patterns like slug flow, slug 

and droplet flow, droplet flow, unstable 

annular flow, annular flow, annular, dis-

persed flow, and fully dispersed flow are 

detected. 

Najafabadi 

et al. [23] 

Deionized water 

with 0.1 M sodium 

hydroxide and n-

hexane 

0.2,0.4,0.6 Decreasing the microchannel size en-

hanced the interfacial area, thus weaken-

ing mass transfer resistances which lead 

to an increase in mass transfer coeffi-

cients. 

Huawei et 

al. [24] 

n-butanol+phos-

phoric acid 

(PA)+water 

Methyl isobutyl ke-

tone (MIBK) + PA 

+ water 

30% kerosene in 

tri-n-butyl phos-

phate (TBP) + PA 

+ water. 

0.72  Experimental investigations on liquid-

liquid microflows in a coaxial microflu-

idic device along with the mass transfer. 

 The direction and intensity of mass 

transfer are adjusted by adding PA in 

one of two phases mutually saturated in 

advance. 

 High PA concentration leads to a violent 

Marangoni effect.  

Zhang et 

al. [25] 

Distilled water and 

30%TBP (Tri-Bu-

tyl-Phosphate) in 

kerosene 

0.9  Flow patterns and mass transfer charac-

teristics of two immiscible fluids in a T-

junction circular microchannel have been 

investigated. 

 Four flow patterns are observed: slug 

flow, irregular flow, parallel flow, and 

annular flow. 

 The overall volumetric mass transfer co-

efficients are in the range of 0.006-

0.545s−1 and are mainly dependent on 

the superficial velocity and the flow pat-

tern regime. 
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1.2.2 Hydrodynamics and mass transfer study through liquid-liquid flow in small diameter 

conduit assisted with mechanical and chemical ways. 

In this section, an attempt is made to depict the salient studies reported on hydrodynamics 

and mass transfer through liquid-liquid flow in milli/microdomain. Some of the salient work 

on the hydrodynamics of liquid-liquid flow includes the work by Renardy and Joseph [26] 

on their numerical investigations of oil-water Couette flow between two concentric cylin-

ders. The linear steadiness of Couette flow on various parameters such as surface tension, 

viscosity, and density has been investigated. Their study showed that a thin layer of the rel-

atively less-viscous fluid at either of the conduit wall is linearly stable and reported the onset 

of Taylor instability for one-fluid flow would be deferred by adding a thin layer of less vis-

cous fluid at the inward wall. A reverse effect (promotion of Taylor instability) occurred for 

a thin layer of more viscous fluid at the inner wall is also noted by them. 

Miniaturization of conduits enhances the transport processes at the expense of higher pres-

sure drop [27]. Various attempts have been made to find an optimal solution by using me-

chanical and chemical ways. Nanoparticles used in macro channels improve macromixing 

in fluidic systems. There is much evidence that a combination of miniaturization of channels 

and nanocatalysts will enhance the mass transfer process as well as chemical kinetics to a 

greater extent. Enhancement in the mass transfer has been observed with the use of nanopar-

ticles in column separators for different gas-liquid and liquid-liquid systems [28–32]. Some 

of the prominent works reported include investigations by Roizard et al. [33] on the behavior 

of fine particles in the vicinity of a gas bubble in a stagnant and moving fluid condition. 

Similarly, Bahmanyar et al. [34] reported an increase in mass transfer coefficient in the 

pulsed liquid-liquid extraction to 4–60%, static dispersed phase holdup increased to 23–
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398%, and dynamic holdup increased to 23–257% using SiO2 nanoparticle in kerosene-ace-

tic acid –water system. 

Fang et al. [35] reported a 10.71 times higher diffusion coefficient by using copper nanopar-

ticles in the rhodamine-water system for macro channels of 1 mm ID and 30 mm length. 

They used different volume fractions of fluorescent rhodamine B in Copper water nanofluids 

at different temperatures and found that mass diffusion in water with 0.5 vol percent Cu 

nanoparticles increased by up to 10.71 times compared to just deionized water. Olle et al. 

[36] reported a six-fold increase in gas-liquid mass transfer by using magnetite nanoparticles 

at a volume fraction below 1% in an agitated sparged reactor. Kim et al. [37] analyzed the 

effect of nanoparticles on CO2 bubble absorption in methanol. Approximately 26% enhance-

ment in CO2 absorption has been observed using Al2O3 nanoparticles in methanol at 0.01% 

(v). Moreover, they also observed 0.8% decreased surface tension and 11% increased vis-

cosity for 0.01% concentration of Al2O3 nanoparticles in methanol as compared to pure 

methanol. Fu et al. [38] performed experiment on three rectangular Poly methyl methacrylate 

(PMMA) microchannel (Height (µm)×width(µm)=400×400, 400×600, 400×800) with Cy-

clohexane as organic phase and carboxy methyl cellulose (CMC) solution as aqueous phase. 

They found that slug flow regime increased on increasing the concentration of CMC and 

reduction of microchannel size. A significant transition in the flow regime due to different 

rheological properties of the non-Newtonian fluid has also been observed by Yang et al. [39] 

in one Square (S1) and two triangular (T2 and T3) Lucite material (S1 (mm): side length 

×hydraulic diameter=2.5×2.5, T2(mm): side length ×hydraulic diameter=5×2.886, T3(mm): 

side length ×hydraulic diameter=1.5×0.866; Test Length-200mm) with 0.2% polyacryla-

mide (PAM), 0.4% carboxymethyl cellulose (CMC) and 0.2% xanthan gum (XG) used as 
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liquid phase and nitrogen as gaseous phase. Panagiota Angeli [40] performed experiment on 

circular quartz microchannel of 200 μm ID. They used two glycerol solutions including xan-

than gum as non-Newtonian fluids and silicone oil as Newtonian phase. They noted the in-

crease in concentration of non-Newtonian fluid produced a higher range of bullet-shaped 

slug regimes with an increase in film thickness surrounding them. An increase in slug length 

with the increase in concentration of non-Newtonian fluid has been observed by Yagodni-

tsyna et al. [41]. They used T-shaped microchannels with rectangular cross-sections of Poly 

methyl methacrylate (PMMA) (200 × 200 µm2 with an 11.5 mm length). They used three 

non-Newtonian fluids (0.5% Xanthan gum, 0.5% and 1.5% CMC) as dispersed phases and 

Newtonian castor oil as continuous phases. Neda Azimi and Masoud Rahimi [42] studied 

the effect of ferrofluid concentration on mass transfer coefficient and found that mass trans-

fer increased with an increase in ferrofluid concentration at low Reynold number in glass T-

type micromixer of I.D-800µm and O.D- 1 mm for Water-succinic acid-n-butanol system. 

Huang et al. [43] observed enhanced extraction efficiency with silica nanoparticle used as 

nanofluid for the gas-liquid system in Serpentine-shaped PMMA microchannel (width (mm) 

× height(mm) × length (mm) = 0.8×0.8×120) with CO2 gas as dispersed phase, and silica 

nanofluids as continuous phase. An enhancement of extraction efficiency with SiO2 

nanofluid has been studied by Bahmanyar et al. [34] and Moghadam et al. [30]. They used 

Kerosene–acetic acid–water in extraction column as their system and noted maximum of 

60% and 39% enhancement in mass transfer with SiO2 nanofluid respectively. Ashraf-

mansouri et al. [44] also reported 31% enhancement in mass transfer with SiO2 nanofluid in 

membrane based micro-contactor made up of polytetrafluoroethylene (180°U bend; width: 

3 mm) with Toluene–acetic acid–water as their system. 
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Recent challenges include the studies of Krishnamurthy et al. [45] who found that using 20-

nm Al2O3 particles increased dye droplet diffusion in water-based nanofluids and the work 

of Fang et al. [35] who used different volume fractions of fluorescent rhodamine B in Copper 

water nanofluids at different temperatures and found that mass diffusion in water with Cu 

nanoparticles increased by up to 10.71 times compared to just deionized water. The ad-

vantages of employing nanofluids have been noted in the majority of work that deals with 

gas-liquid systems [35,46,47]. For example, Olle et al. [36] and Nagy et al. [48] showed that 

in the liquid phase, adding Fe3O4 nanoparticles and n-hexadecane nanodroplets increased 

mass transfer in oxygen bubbles by up to 600 percent and 200 percent, respectively. The 

reason for mass-transfer enhancement with nanofluid have attributed to Brownian motion-

induced micro convection of nanoparticles. Nanofluids have only been used for a limited 

number of experiments in liquid-liquid extraction instead of their importance and widespread 

applicability. Bahmanyar et al. [34] investigated the effects of nanofluids on the performance 

of a pulsed liquid-liquid extraction column and discovered that using 0.01-0.1% [w/v] SiO2 

nanoparticles in kerosene (dispersed phase) with an aqueous continuous phase, the mass-

transfer coefficient increased by 4-60 %. Nandagopal et al. [49] reported that slug-based 

liquid-liquid extraction has better efficiency over other mass transfer strategies. They re-

ported a higher degree of extraction efficiency in slug-based microchannel extraction. The 

order of mass transfer enhance efficacy in microchannel as compared to other conventional 

strategies are Slug-based extraction>ultrasonication assisted batch extraction>microwave-

assisted batch extraction>batch extraction. Most of the work has been done in milli/micro-

channel by few strategies including the use of ultrasound [50], electrokinetic effects [51,52], 

pulsation [53], magneto hydrodynamic effects [54], and time pulsing [55]. An exhaustive 
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effort has been made to summarize some salient works on the role of external forces in en-

hancing transport processes as listed in Table.1.2. 
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Table 1.2. Recent development in vibration and pulsation assisted mass transfer 

Author System used Dimensions Salient results 

Houssein 

et al. [56] 

Pure water and rho-

damine B solution 

Microchannel 38 mm long and 

50 x 500 μm2 cross-section 

153 % enhancement in mixing due to the synergetic effect 

of channel geometry and pulsation (1.25 Hz). 

John et al. 

[57] 

Toluene, NaOH and 

p-nitrophenyl ace-

tate 

Microchannel (I.D- 0.8 mm and 

1.58 mm OD) made of PFA 

(Perfluoroalkoxy copolymer) 

 The application of ultrasound enhanced volumetric mass 

transfer co-efficient up to 5.3 times. 

 The highest yield of 75% has been reported for a fre-

quency of 20.3 kHz at a flow rate of 0.1 ml/min. 

Rahimi et 

al. [58] 

A solution of KI, 

KIO3, NaOH and 

H3BO3 and an acidic 

solution 

T-shaped microreactor with a 

rectangular cross-section of 900 

µm ×950 µm and 70 mm in 

length. Piezoelectric transducer 

of 42 kHz is used. 

 The efficiency of micromixing and segregation index has 

been enhanced with ultrasound. 

 Experimental results are compared with CFD. 

 Ultrasonication could enhance mixing more effectively at 

a lower flow rate. 

Zhao et al. 

[59] 

1-octanol and water Square microreactors 

(1 mm2, 0.25 mm2) 

The decrement of pressure drops along with an increase in 

mass transfer coefficient in a microchannel with sonication. 

Soboll and 

Kockmann 

[60] 

 

n-butyl acetate and 

deionized water 

Extraction column (glass) of di-

ameter 15 mm 

Achievements of maximum mass transfer at 6 mm stoke 

length and 1 Hz pulsation frequency, and 700 rpm stirrer 

speed. 

Yasumasa 

Ito and 

Satoru 

Komori 

[61] 

A solution of Rho-

damine B with H2O 

and CaCl2 with 

Rhod-2 

(C40H43ClN4O11) 

Y- shaped microchannel 

(0.5×0.5 mm2 & 0.1×0.1 mm2) 
 Enhancement of fluid mixing and reaction by the vibra-

tion technique. 

 An increment in fluid mixing and reaction with the in-

crease in the frequency of vibration. 

Ducci et 

al. [62] 

Water-glycerine sys-

tem 

Cylindrical reactor (7,10 and 13 

cm I.D) 
 Demonstrated viscosity effects on the flow characteristics. 

 An increment of Froude number with the increase in fluid 

viscosity. 
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In gas-liquid flows, some mass transfer studies have been done assisted with mechanical 

ways such as Kumar et al. [63] performed an experiment on an air-water system in a Glass 

reactor (12 cm I.D). They found an increased mass transfer rate of 0.005-0.025 s-1 with the 

position of sparger, presence of sodium chloride and degassing. They also reported mass 

transfer coefficient has been enhanced with ultrasonic horn. Hewgill et al. [64] found en-

hancement of mass transfer (0-0.04 s-1) up to 6 fold with oscillations and baffles using an 

oxygen-water system. Yang et al. [65] observed a reciprocating motion of the bubble con-

traction and expansion in the square ultrasonic microreactor (4 mm2) for oxygen-water sys-

tem. They found that the oxygen (O2) mass transfer has been enhanced up to 0.09-0.347 s-1. 

Dong et al. [66] and Akbari et al. [67] performed an experiment on microreactor using pure 

CO2 and deionized water and found enhancement of mass transfer under ultrasonication. 

Kadri et al. [8], Ellenberger and Krishna [9] and Ferreira et al. [10] observed increment of 

frequency and amplitude of external device (oscillation, pulsation, vibration) leads to en-

hancement of mass transfer coefficient and slug frequency using air and distilled water as 

their system. 

Krishnamurthy et al. [45] performed an experiment on Al2O3 nanoparticles (~20 nm) and 

observed enhanced mass transfer (130%). Saien and Zardoshti [68] and Azimi et al. [69] 

quantified an enhancement of 184.1% and 69% with Fe3O4 nanoparticles (~12 nm). Oxide 

nanoparticle such as SiO2 (~5-30 nm) has been used to enhance the extraction efficiency 

merely by 50% [31,70,71]. Some salient works related to chemical kinetics enhancement in 

nanoparticle embedded systems are tabulated (Table 1.3). 
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Table 1.3. Summary of work on nanoparticles embedded in milli/micro channel. 

Author System Nanopar-

ticle 

Salient Results 

Krishnamurthy 

et al. [45] 

Capillary tube 

ID-4 mm and height-2m 

Al2O3   Faster dye diffusion rates in deionizing water using Al2O3 as com-

pared to a simple deionize water system 

 They have observed Brownian motion enhanced diffusion in dye–de-

ionized wate systems through stereomicroscope. 

Saien and 

Zardoshti [68] 

A jacketed and corrugated wall 

pyrex glass column  

Fe3O4  84.1% solute transfer enhancement using Fe3O4 nanoparticles in a sin-

gle drop extractor. 

Azimi et al. [69] Y-type micromixer 

I.D 800 µm, Length 75 mm. 

Fe3O4  A maximum of 69% enhancement in extraction rates using Fe3O4-n 

butanol-succinic acid through a Y-type micromixer 

Bahmanyar et 

al. [70] 

Pulsed liquid-liquid extraction 

column. I.D 90 mm, length 70 

cm. 

SiO2  60% increase in acetic acid extraction rates for kerosene-SiO2 system. 

Ashrafmansouri 

et al. [71] 

Membrane-based Micro-Contac-

tor. Thickness 0.5 mm, Width 3 

mm. 

SiO2  31% enhancement in mass transfer rate in toluene-acetone-water sys-

tem with nanoparticle using a membrane-based contactor 

Rahbar-Keli-

shami et al. 

[31] 

3 Spray extraction column 

I.D- 5 cm. Heights- 30, 45 and 

60cm. 

SiO2, 

TiO2, and 

ZrO2  

Overall extraction enhancement 53%, 83% and 12% with SiO2, TiO2, 

and ZrO2 respectively 

Xu et al. [72] Glass microchannel. Width of 

100 µm and Depth of 30 µm. 

Ag 

nanoflower 

100 % reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) 

within 7 minutes. 

Zhang et al. 

[73] 

Serpentine glass microchannel. 

width 400 μm, length 810 mm.,  

Ag  90% reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP). 

Chen et al. [74] Glass capillary tube. ID 0.6 mm, 

OD 1.0 mm, length 0.5 m. 

Pd  The catalytic conversion is much better at low inlet nitrobenzene con-

centrations than those at high concentrations. 

Mandal et al. 

[75] 

Polydimethylsiloxane (PDMS) 

microchannel (width 22 µm, gap 

between adjacent channel 27 

µm, channel height 16 µm.) 

 

Au  

 
 Purple-red colored Polydimethylsiloxane (PDMS) channel array has 

been obtained. 

 Formation of Au np in PDMS matrix. 

 Power density~256 times higher than the PDMS channel array with-

out gold nanoparticles 
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1.2.3 Nanocatalytic reaction studies in a flow reactor. 

Microreactor technology coupled with continuous flow processes has brought about a para-

digm shift in the way chemical synthesis is perceived and carried out in conventional batch 

reactors [76]. The main modification pertains to the equipment through which a chemical 

reaction is performed: from conventional batch scale synthesis using round-bottom flasks to 

meso- and microreactors manufactured for an intended application [77,78]. This has led to 

an array of new possibilities owing to the properties of microstructured reactors. The minia-

turization of the reaction vessel (lateral dimensions in the order of tens to hundreds of mi-

crometers) offers significant improvements in mixing, heat transfer, energy efficiency, 

safety, access to a wide range of reaction conditions, multistep synthesis and reduction of 

waste generation [79,80]. As a consequence, continuous-flow processes performed in micro-

reactors are more effective than standard batch protocols in facilitating the transition towards 

more sustainable chemical processes [81,82]. The development of this technology started as 

Lab-on-a-Chip research in the early 1990s with the main focus on the miniaturization of the 

whole reaction system[83]. Nowadays, microfluidic reactors are characterized by the quest 

to enable new functions and open new opportunities in chemistry, the so-called novel process 

windows defined by Hessel [84]. In particular, flow chemistry exerts its full potential in all 

those processes that cannot be performed with conventional equipment or require harsh con-

ditions, such as explosive chemical transformations, flash chemistry, multistep synthesis, 

and drug discovery, among others [85–88]. Heterogeneous catalysis is pivotal in numerous 

transformations in a wide range of applications, especially from an industrial point of view. 

In a continuous process, the catalyst can be fixed within the microreactor and the reaction 

mixture can flow over it, combining reaction and separation in a single step [89]. Addition-

ally, the increased surface-to-volume ratio leads to improved contact between reagents and 
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catalysts resulting in high catalytic activities [90]. Therefore, heterogeneous catalysis com-

bined with microreactor technology constitutes, a powerful tool to carry out catalytic reac-

tions under flow conditions, using small amounts of catalysts that can undergo numerous 

cycles [91,92]. Solid catalysts can be introduced within a microreactor in several ways: sup-

ported in packed-bed reactors, using porous monolithic materials, anchored onto a function-

alized inner surface, attached to nanomaterials [93–97]. In this way, many organic, metal-

based, and enzymatic catalysts have shown their applicability in continuous flow synthesis 

[98–100]. Nanocatalysts inside the microreactor have higher probability of enhanced cata-

lytic activity, given the fact that they are in a controlled environment, rather than the variable 

external conditions [18]. The facile immobilization of nanocatalyst inside the continuous 

flow microreactor forms a strong catalytic system that augments the pros of nanocatalyst and 

flow chemistry, also known as flow nanocatalysis approach. Indeed, the procedure of em-

bedding the nanocatalyst must ensure stability and recyclability, simultaneously promoting 

the catalytic activity [98]. Previously, some attempts have been made to immobilize metal 

nanocatalyst inside microreactors for instance, Pd nanocatalyst impregnated in  - alumina 

has been immobilized on the microchannel wall [101], polymer-supported Pd nanocatalyst 

is chemically attached to the microreactor wall [97], Ag and Pd nanoparticles with a polymer 

frame are brushed onto the microreactor wall [102] and Pt nanocatalyst infused carbon nano-

tubes are attached to the microreactor wall [103]. Various drawbacks of heterogeneous spe-

cies can be avoided by securing solid catalysts inside continuous flow reactors: When com-

pared to batch scale processes, the reactor's high surface-to-volume ratio, which results from 

miniaturisation, enables enhanced heat and mass transfer as well as close contact between 

the chemicals and catalyst [90,91,96,104,105]. Additionally, microfluidic devices support 
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high throughput catalytic reactions [106–108] and quick catalyst screening, as well as the 

ability to perform transformations in harsh reaction environments[109]. Over the past two 

decades, flow chemistry, or the use of small flow reactors for chemical synthesis, has ad-

vanced from initial demonstrations of simple chemical transformations in microstructured 

reactors (microreactors) to complex, multistep chemical synthesis that are applicable to fine 

chemistry and pharmaceuticals in industrial systems[108]. Chemical reactions in continuous-

flow microstructured equipment with transitional flow regimes depend on enhanced 

transport characteristics. The flow regime, pressure loss, and energy dissipation in the mi-

crochannel are all governed by the shape and cross-section of the micro channel. The flow 

regime exerts a significant influence on mixing and heat transfer. Controlled reaction condi-

tions improve safety, particularly for challenging reaction circumstances at high concentra-

tions or temperatures[109]. The flow nanocatalysis technique, which anchors metallic NPs 

within continuous flow microreactors, provides a potent catalytic system that utilises and 

increases the benefits of both nanocatalysis and flow chemistry. However, the concern of NP 

immobilisation and stabilisation inside the microfluidic device cannot be answered despite 

the rational use of such catalysts. In fact, the methods used to anchor the catalyst should 

encourage catalytic activity while also guaranteeing good stability and recyclability [98]. 

Therefore, supporting NPs that are uniform in size, and good accessibility to their active sites 

by the reagents, is of paramount importance for the catalytic process. Although this research 

highlighted the catalytic efficiency and activity, the deactivation or the poisoning of the 

nanocatalyst is not discussed. Since the reaction occurs continuously in the microreactor, the 

catalytic activity depreciates and a decline in the product yield is observed.  Some years ago, 
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Whitesides predicted [110] that microfluidic technology would constitute a major oppor-

tunity in the synthesis and analysis of molecules, as demonstrated by the clear advantages of 

this technology. Almost ten years later, this technology is slowly coming of age, as expressed 

by DeMello [111], at the same time observing that many of the initial claims are too opti-

mistic. Nevertheless, the recognition of this technology continues to grow as witnessed by 

the increasing application in industrial processes. 

1.3 Lacuna in past literature 

The following lacunae have been identified based on the aforementioned literature review: 

 Very few works have been done on the influence of nanoparticles on hydrodynamics and 

mass transfer characteristics during liquid-liquid flow through millimeter-sized channels 

and microchannels. 

 The effect of non-Newtonian fluid and nanofluid on mass transfer and flow patterns in 

liquid-liquid flow is relatively unexplored in the microchannel. 

 Improvement of mixing in a microchannel is primarily done through passive strategies, 

such as increased residence time and varied geometry. Not much is known about the role 

of the active approach (mechanical vibration) in microchannels for process intensifica-

tion. 

 Role of mass transfer on the nanocatalytic reaction has not been understood yet. 

1.4 Objective of the present study 

Considering the vast applications of liquid-liquid flow in small diameter conduit as well as 

the lacuna in the previous literature, the present study aims at:  

 The effect of covalently immobilized nickel nanoparticle on a) hydrodynamics of flow 

and b) mass transfer in millichannel for a two-phase flow system. 
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 Analysis of fluid properties to understand the effect of nanofluid on hydrodynamics and 

mass transfer. 

 Development of the mechanical vibration technique for enhancing fluid mixing efficiency 

in a microchannel without coming in contact with liquids in microdimensional systems. 

 Development of Non-lithographic PDMS-based continuous flow microreactor for Nano 

catalytic conversion. 

1.5 Organization of the thesis 

The present work is organized into seven chapters. as shown in Table 1.4. The results of the 

study have been elaborated from the third to sixth chapters. 
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Table 1.4. Arrangement of the different chapters in the dissertation 

Chapter Number Study proposed 

Chapter 1 

 

General introduction of the topic along with its application and the 

objective of the present study. 

Chapter 2 

 

A review of the experimental facility has been presented along with 

an outline of the experimental procedure to understand the working 

of the present research. 

Chapter 3 Augmentation of Mass Transfer for Liquid-Liquid Flow in Nano-

particle Embedded Millichannel. The influence of nanoparticle im-

mobilization, conduit diameter, inlet phase velocities on flow pat-

terns, and mass transfer rates has been studied. 

Chapter 4 

 

Hydrodynamics and Mass Transfer Study for Liquid-Liquid Flow 

using non-Newtonian nanofluid Fluid in Microchannel. Liquid-liq-

uid flow of non-Newtonian nanofluid fluid, Carboxymethyl Cellu-

lose (CMC) solutions and distilled water as aqueous phase, and tol-

uene as an organic phase in a microchannel has been studied to vis-

ualize the viscosity effect on the flow patterns and mass transfer 

features. The influence of the non-Newtonian fluid and nanofluid in 

the microdomain has been compared.  

Chapter 5 

 

Mechanical Vibration Assisted Mass Transfer for Two-Phase Flow 

Microchannel. To enhance mass transfer in an energy-efficient way, 

three methods of process intensifications have been combined: (i) 

microchannel, (ii) slug flow, and (iii) mechanical vibration. 

Chapter 6 

 

Mass Transfer limited Nanocatalytic Conversion in a Continuous 

Flow Microreactor. Two reactions- resazurin to resorufin and 4-ni-

trophenol to 4- aminophenol have been studied. Detailed kinetic 

studies and mass transfer limitations have been illustrated. 

Chapter 7 

 

Conclusion and Recommendation. 

 

  



24 
 

Chapter 2:  Experimentation 

2.1 Brief introduction 

Extensive experiments have been carried out to understand the hydrodynamics, mass transfer 

characteristics and reaction kinetics of liquid-liquid flow in microchannel and millichannel. 

A detailed work has been carried out for synthesis of nanoparticles, nanoparticle loading, 

leaching in millichannel, and coating of nanoparticles in millimeter-sized channels. The mi-

crochannel geometry includes a straight and helical coil of 0.15 mm and 0.25 mm inside 

diameter while straight millichannels of 1- and 2-mm Inner Diameter (I.D) are considered 

for the study. The details of the experimental setup and procedure are presented in the fol-

lowing sections in this chapter. 

2.2 Test fluids used 

The test fluids selected for hydrodynamic and mass transfer study are toluene with 10% 

acetic acid by volume (solute-free basis) as the organic phase and distilled water as the aque-

ous phase. Generally, the selection of the liquid-liquid systems is based on immiscibility and 

nearby density differences. Accordingly, the system (toluene-water) selected for study is 

readily available and cheap. The flow pattern study is performed for both two (toluene and 

water) and three (toluene with acetic acid and water) component systems [112–114]. It is 

noted that the third component has negligible influence on flow patterns and the flow pattern 

maps for the two-component system can be used to predict the phase distribution in three 

component system. Acetic acid and toluene taken are of analytical grade. The physical prop-

erties of the aqueous and organic phases are measured from time to time during the course 

of experiments. Table 2.1 reports the average values at 25°C. Viscosity, surface tension, 
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density and refractive index have been measured by Anton Paar MCR 52 rheometer, tensi-

ometer (kyowa DY 500), Anton Paar DMA 4100 M density meter and refractometer (PAL-

RI A530667) respectively. During the entire course of experiments, a variation of tempera-

ture from 20°C - 30°C has been noted. The properties measured under different conditions 

did not reveal a significant variation with temperature in this range. Accordingly, all the 

results have been reported using the average properties at 25°C. Resazurin is obtained from 

Acros Organics, p-nitrophenol procured from SDFCL, and sodium borohydride purchased 

from Sisco research laboratories Pvt Ltd have been used for the reaction in the microchannel. 

Elga Lab water purifier (18.2 mΩ) has been used throughout the experiments. Nickel (II) 

chloride hexahydrate and sodium hydroxide are used for the preparation of Nickel nanopar-

ticle (Ni-np) and have been procured from Merck life sciences private limited; ethanol has 

been obtained from Changshu Hongsheng Fine Chemical Co. Ltd., and Hydrazine has been 

procured from Avantor Performance Material India Limited. Sylgard184 silicone elastomer 

kit has been procured from Sigma Aldrich Chemicals Private Limited (Germany) for the 

fabrication of PDMS based microchannel. All chemicals used during the experiment are of 

analytical grade and used without any purification. Distilled water has been used as an aque-

ous medium throughout the experiments, and the copper wires (29 and 34 gauges) have been 

obtained from the local market.  



26 
 

Table 2.1: Physical properties of the liquids entering the test rigs. 

 Density 

(kg/m3) ρ 

Viscosity 

(Pa-s) μ 

Surface 

Tension 

(N/m) 

Refractive 

Index (RI) 

Water 1000 0.001 0.072 1.3306 

Toluene 
862.27 0.00059 0.0308 1.4889 

Toluene with 10% acetic 

acid (solute free basis) 

840.39 0.00032 0.0289 1.4687 

NNF 1000.7 0.024 0.035 1.3315 

NNnF  1001.0 0.029 0.035 1.3318 

2.3 Fabrication of reactor  

Glass millichannels of I.D 1 mm and 2 mm are easy to construct, and they are procured from 

the local market. The home-built microreactors are prepared by following the methodology 

developed previously in the lab to construct microchannels using non-lithographic tech-

niques. Polydimethylsiloxane (PDMS) has been used as the casting material [114]. PDMS-

based microchannels (75 mm (length)× 20 mm (width) × 5 mm (thickness)) of two different 

diameters with two geometries (straight and helical) have been constructed (Figure 2.1). The 

size-distributions across the length of microchannel for 0.15 mm and 0.25 mm internal di-

ameters have also been measured as shown in Figure 2.2. Copper wires (29 and 34 gauges) 

are utilized to make PDMS-based microchannels because of their easy accessibility, versa-

tility, and non-responsiveness to PDMS [114]. In order to remove coatings that could cause 

non-consistency and microchannel obstruction, the copper wire is immersed in chloroform 

and placed in an ultrasonicator for 30 minutes [114]. 
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Figure 2.1. Fabricated microchannels of 0.15 mm- (A) straight channel, (B) helical channel. 

 

Figure 2.2. Distribution of diameter along the length of the straight microchannel of (A) 

0.15 mm diameter (B) 0.25 mm diameter. 

For the kinetic study, a nanoparticle immobilized straight microchannel of diameter 0.25 mm 

has been fabricated. ABS plastic wire has been dipped for 10 minutes in acetone so that it 

can be swelled properly. When it is fully swelled it can be reformed into a spherical shape 

ball with diameter of d=0.15 cm. Five spherical-shaped ABS plastic balls have been coated 

with Ni nanocatalyst and inserted in the pure copper wire at a distance of 1 cm and left for 

30 minutes until it is completely dry. The copper wire has been tightly aligned in the alumi-

num mold of dimension i.e., 85mm×20mm×5mm onto which PDMS solution has been 

poured. The PDMS solution has been prepared by mixing the PDMS base with curing agent 

SYLGARD184 silicone elastomer kit in a ratio of 10:1(w/w) after that the solution is soni-

cated for 10 minutes. The whole system is kept in a vacuum desiccator connected to a pump 

to remove any air bubbles. The solution is cured at 60ºC for 3 hours with the copper wire 

embedded inside in a vacuum oven. The next step followed is swelling of PDMS block by 

organic solvent chloroform. A part of the wire is left hanging outside the PDMS network so 
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that copper wire can be easily drawn out of the PDMS block by applying a small tension 

force. The PDMS channel is deswelled back by drying it in atmospheric conditions. Acetone 

has been injected with the help of a syringe pump inside the microchannel to remove ABS 

plastic. The desired channel is fabricated with Ni-np embedded inside the PDMS channel. 

The detailed step for fabrication of Ni-np embedded microreactor has been shown in Figure 

2.3A from steps a to e. The horizontal and vertical view of the microreactor is shown in 

Figures 2.3B and C. The microchannel's diameter and circularity must be measured so that 

it could be used in any application and in order to do so the channel has been cut and placed 

horizontally under a high-speed camera. The images have been taken to determine the diam-

eter of the microchannel. After a 10 mm interval, the diameter of the microchannel marking 

is checked, and each part is examined under a camera to ascertain its diameter. The value of 

diameter of each part is plotted and the size distribution across the length of the straight 

microchannel is depicted in Figure 2.3D to ensure uniformity in the diameter of the fabri-

cated channel over its entire length. 

 

Figure 2.3. (A) Schematic representation of microchannel with embedded Ni Nanocat-

alyst. (B) Pictorial representation (Horizontal view) of nanocatalyst embedded microre-

actor. (C) Pictorial representation (Rear view) of nanocatalyst embedded microreactor. 

(D) Distribution of diameter size along the length of the microreactor. 



29 
 

2.4 Experimental set-ups  

The basic experimental setup comprised two millichannels of different sizes (1mm and 2 

mm, length- 1 m) for hydrodynamics and mass transfer study. The T-shaped entry section is 

used to introduce aqueous and organic phases. Both fluid streams enter diametrically oppo-

site positions oriented 900 to the test passage as shown in Figures 2.4A and B. Capillary 

millichannel is cleaned with acetone and dried before experimentation. The water syringe 

pump is run to expel air from the test passage.  

 

Figure 2.4. Representation of experimental setup (A) Actual (B) Schematic. 

In order to understand the effect of diameter and geometry on hydrodynamics and mass 

transfer characteristics during two-phase flow, experiments have been performed in a 

straight and helical microchannel of inside diameters 0.15 mm and 0.25 mm (Figure 2.5). 

Apart from size reduction, the effect of non-Newtonian fluid and nanofluid on hydrodynam-

ics and mass transfer rates is also seen experimentally and numerically with computational 

fluid dynamics (CFD). 

 

Figure 2.5. Schematic representation of the experimental setup 
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In order to understand the active method of process intensification mechanical vibration-

assisted mass transfer study is done. In this study, experiments are performed by varying two 

frequencies (10 Hz and 20 Hz) of vibration. The dimension and geometry of microchannels 

are similar to nanofluid-assisted systems. The schematic representation and actual experi-

mental setup with vibration in the microchannel are shown in Figures 2.6 and 2.7. Here, the 

microchannel is kept on metal support which is attached to a motor for the local application 

of vibration. The motor is connected to a variable frequency device which is used for regu-

lating the frequency of vibration. The test liquids are allowed to flow at varying flow rates 

into two inlets of microchannels that are at a 90o angle to each other. 

 

Figure 2.6. Schematic representation of vibration in the microchannel setup. 
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Figure 2.7. Pictorial representation of vibration in microchannel 

Based on the study of mass transfer in the extraction process, an attempt has been made to 

study its effect on nano catalytic reactions. To assess the catalytic activity of the fabricated 

microchannel embedded with Nickel nanoparticles, the solutions (Resazurin and p-nitrophe-

nol) has been infused into the microreactor with a different flow rate by a syringe as shown 

in Figure 2.8. The flow rate of the reactant solution is 10 and 20 µL/min, individually. Cor-

respondingly, the product is collected from the microreactor at a regular interval of 10 min 

up to 60 min. The reaction temperature in the microreactor is controlled at room temperature 

(25 ºC). 

 

Figure 2.8. Pictorial representation of experimental setup. 
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2.5 Experimental procedure 

2.5.1 Estimation of flow patterns and mass transfer 

The liquid-liquid system chosen for mass transfer study is toluene with 10% acetic acid by 

volume (solute-free basis) as the non-polar phase and distilled water as the polar phase. The 

flow pattern studies are therefore performed for the toluene-acetic acid-water system in the 

current work. The flow patterns for different combinations of phase flow rates are observed 

through the transparent millichannel and photographed with a high-speed camera. Prior to 

the experiments, the water syringe pump is run to expel air from the test passage. In the 

experiment, the velocities of both phases are varied while keeping one at constant velocity. 

The same procedure is repeated at different water flow velocities. The range of velocities 

covered varies from 0.00042 m/s to 0.0063 m/s for both the continuous (water) and dispersed 

(toluene) phases in the millichannel. The flow stream is collected in a tank for gravity sepa-

ration and circulated back to the fluid handling system. The high-speed camera is focusing 

on test passage along the length of the millichannel. The flow pattern maps are prepared 

based on observation from high-speed camera (Phantom VEO 640L) images with and with-

out nanoparticle-embedded systems. The mass transfer samples are collected at the exit of 

test passages in an Eppendorf. 

Videos are recorded at a capture rate of 200 fps for each phase velocities. Stacked frames 

are then processed back to images for resolving flow patterns and videos are recorded up to 

five times for hysteresis and reproducibility studies. A small amount of iodine is added to 

toluene for clarity in flow pattern visualization. Image processing is done using PCC soft-

ware to determine the interfacial surface area of slugs. Sufficient measures have been taken 

to ensure that acetic acid is the only species that diffuses from the non-polar phase to aqueous 
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phase. During experimentation, the liquid-liquid mixture has been flown for quite some time 

for attaining the steady-state flow pattern. Thereafter, the samples for mass transfer study 

have been taken from the outlet of the millichannel in an Eppendorf. The refractive index 

value of the aqueous phase that got separated very quickly due to its immiscibility with or-

ganic phase is measured by a digital refractometer having a range of 1.33 to 1.53 and an 

accuracy of ±0.2%. A calibration chart is prepared from where the acetic acid content in the 

samples is determined. The composition of acetic acid is determined for both the phases to 

validate the solute balance. It’s worthy to mention that an increased value of mass transfer 

is expected as well during phase separation in the microcentrifuge tube. RI values of samples 

are recorded at regular intervals and the RI-composition calibration chart has been plotted 

against elapsed time (Figure 2.9). The phase composition at time (t) =0 is calculated by ex-

trapolation of calibration curve. 

During the experiment, it can be assumed that the mass transfer of acetic acid from toluene 

phase to the water phase inside the sampling tube can be negligible as compared to the mil-

limeter sized channel due to less interfacial area [18,112,114,115]. Moreover, the area of 

contact between the phases or interfacial area (a) in the sampling tube will be less than that 

of the interfacial area in the milli-channel reactor. Extrapolation of the calibration curve 

gives the phase composition at zero time at the moment of sampling. Similar procedure is 

followed for non-Newtonian nanofluid (NNnF) and mechanical vibration assisted system 

also except straight and helical microchannel of 0.15 mm and 0.25 mm size is used here in 

place of millichannel.  
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Figure 2.9. A typical curve of composition versus elapsed time from sampling in straight 

microchannel. 

For the non-Newtonian nanofluid (NNnF) assisted study, experiments have been carried out 

by altering three aqueous solutions i.e.., Newtonian fluid (NF), non-Newtonian fluid (NNF) 

and non-Newtonian nanofluid (NNnF) while toluene (organic phase) with 10% acetic acid 

by volume is utilized as the other test liquid. The flow rates covered in the microchannel 

varied from 15 to 210 µL/min for both the aqueous (QW) and organic (QT) phases. The effect 

of viscosity on the flow pattern is also investigated by performing the simulations for two 

test fluids (distilled water and 0.5% CMC) for an L-junction microchannel. It has been sim-

ulated through ANSYS 2019 R3 Academic. For the vibration assisted system, same test liq-

uids (toluene with 10% acetic acid by volume and distilled water) are used. The range of 

flow rates covered varies from 15 to 90 µL/min for both the aqueous (QW) and organic (QT) 

phases in the microchannel. 

In this work, the estimation of the overall volumetric mass transfer coefficient (kova) is taken 

from the earlier work of the authors [18,112,115].  
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𝐶𝑊.𝑖𝑛

] [
𝑄𝑤

𝐿𝐴
] (2.1) 

Where, 

L  Total length of the test channel, (m) 

A Cross-sectional area (πd 2/4) of the millichannel, (m2) 

a Transfer area per unit volume, (m2/m3) 

kova 
Overall volumetric mass transfer coefficient based on solute concentration in 

water phase, (s-1) 

CT Concentrations of acetic acid in toluene, (m3 of solute / m3 of pure toluene) 

CW Concentrations of acetic acid in water, (m3 of solute / m3 of pure toluene) 

CT,in Inlet concentration of acetic acid in toluene, (m3 of solute/ m3 of pure toluene). 

CW,in Inlet concentration of acetic acid in water, (m3 of solute / m3 of pure water) 

CW,out Outlet concentration of acetic acid in water, (m3 of solute / m3 of pure water) 

QW Volumetric flow rates of water, (m3/s) 

QT Volumetric flow rates of toluene, (m3/s) 

 

 

A 
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B 

Figure 2.9. (A) Differential section of the test conduit for deduction of mass transfer coeffi-

cient. (B) Relationship between 𝐶𝑤
∗  and CT. 

m is the slope obtained from Regression of CT and 𝐶𝑤
∗  (Figure 2.9A and B) which shows a 

nearly linear relationship (𝐶𝑤
∗  = 4.05×C T) based on ternary equilibrium data generated at 

room temperature (26°C) in the range of the observed concentrations using ASPEN+ soft-

ware [18,112,113,115,116] where 𝐶𝑤
∗  is the concentration of acetic acid in water in equilib-

rium with the bulk concentration of acetic acid in toluene (CT, solute free basis) [114]. The 

value of m i.e., 4.05 is obtained by plotting CT and 𝐶𝑤
∗ and after linear fitting, the value of 

slope obtained is m.  

2.5.2 Error analysis 

Experiments have been repeated at least five to six times to confirm the repeatability of the 

results. To estimate standard deviation, five samples have been selected randomly. Standard 

deviation is given by the relation. 

𝑠 = √
1

𝑁−1
∑ (𝑥𝑖 − �̅�)2𝑁

𝑖=1    (2.2) 
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In Eq. (2.2) N is the number of data sets (number of times experiment conducted), xi is the 

original value obtained from experiments for each data set and �̅� is the average or the mean 

value. In all the experimental results, standard deviation has been calculated. Accordingly, 

error bars have been incorporated in all the figures representing the results in the subsequent 

chapters. The uncertainty from mean for mass transfer study lies less than ±5%. 

2.6 Nanoparticle synthesis, immobilization and preparation of nanofluid  

2.6.1 Synthesis of Magnetic Nickel nanoparticle 

Nickel nanoparticles are prepared by using a modified bottom-up methodology antecedently 

adopted by Wang et al. [117]. This method is commonly known as magnetic-field-assisted 

(MFA) or magnetic-field-induced (MFI) synthesis. An external magnetic field is placed dur-

ing the reduction step of nickel (II) ions by hydrazine in an alkaline medium to induce the 

magnetic field on nickel atoms. Two different methodologies have been adopted to prepare 

two different sizes of Nickel nanoparticles as per application. Initially, process is same for 

both methodologies like in brief, 2 gm of Nickel chloride have been added to a binary solvent 

mixture of ethanol (37 mL) and water (30 mL). The solution mixture has been sonicated for 

10 minutes for proper dissolution. The sonicated solution is then heated up to 65 0C and pH 

13-14 is maintained by adding NaOH flakes. Thereafter it is divided into two method 

(Method 1 and Method 2). First methodology is used in chapter 3 and chapter 5 while second 

one is used in chapter 4. 

Method -1: The above-mentioned mixer has been placed in the magnetic field of 180-200 

mT and 40 mL hydrazine solution has been added dropwise. After 15-20 minutes black na-

noparticles have been appeared to float on the solution. The nanoparticle is then collected by 
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using an external magnet and cleaned four to five times to remove any external substance or 

by-product (Figure 2.10 and 2.11). The magnetic nickel nanoparticle is chosen as a subject 

of investigation because it can easily be separated by the application of magnetic field.  

 

Figure 2.10. Schematic diagram for nanoparticle preparation using Nickel chloride hexahy-

drate  

 

Figure 2.11. Nanoparticle preparation via direct chemical synthesis 

Method –2: The entire mixture is then allowed to mix in water bath for 15 minutes for proper 

mixing and after that the solution is then placed in probe sonication in which a pH is main-

tained by adding NaOH flakes. Further, for better dispersion purposes 1% Polyvinylpyrroli-

done (PVP) has been added to the solution. 40 mL of hydrazine solution has been added 

dropwise to the solution. The solution has been then put in a 180-200 mT magnetic field. 
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After 8 hours black-colored nanoparticles appeared in the solution. The nanoparticle has 

been collected by the use of an external agent and washed four to five times to wipe out any 

peripheral substances or side products as shown in Figure 2.12.  

 

Figure 2.12. Schematic diagram for method of nanoparticle preparation. 

2.6.2 Immobilization of Amino-silane functionalized Nickel Nanoparticle on Millichannel 

Surface: 

The nickel nanoparticles are attached to the surface of the capillary millichannel by covalent 

linking. First, the glass silica surface is modified by NaOH treatment by incubating in 1M 

NaOH solution for 8 hours. Thereafter the surface is cleaned with distilled water multiple 

times and dried. A mixture of acetone and 3-Aminopropyl Triethoxy Silane (10:1 v/v) is 

passed through a glass millichannel as shown in Figure 2.13.  
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Figure 2.13. Nanoparticle Coating procedure schematic diagram. 

2.6.3 Nanoparticle loading and leaching: 

Nickel nanoparticles dispersed in Polyvinylpyrrolidone (PVP) water solution have been used 

for immobilization purposes. The uniformly dispersed nanoparticles are easy to immobilize 

over the surface. The nickel nanofluid mixture is probe sonicated for 1 hour and passed con-

tinuously through millichannel. Small nickel nanoparticles immobilized over amino treated 

glass surface as shown in Figure 2.14. The larger agglomerates are cleaned by repeated wash-

ing using water and toluene (two times each). The loading amount of nanoparticles in 

3141.59 mm3 volume of millichannel (2 mm internal diameter) is 50 ± 5 mg. Nickel nano-

particles are relatively larger, thus, can easily be deposited on aminosilane modified glass 

surfaces due to gravity. This is the most commonly used methodology for catalytic studies 

in a millichannel based reactor[118]. Pictorial representation of millichannel without and 

with nanoparticle system is shown in Figures 2.15A and B. 
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Figure 2.14. Immobilization of nickel nanoparticles via chemical modification. 

 

 

Figure 2.15. (A) Pictorial representation of millichannel without nanoparticle system and 

(B) Pictorial representation of millichannel with nanoparticle system. 

2.6.4 Characterizations of Magnetic Nickel nanoparticles 

The size and morphologies of magnetic nanoparticles are characterized by Scanning Electron 

Microscope (SEM) and Transmission Electron Microscope (TEM) (Figure 2.16A, B and C). 

The SEM and TEM analyses have been done because purity and size play a vital role in 

nanoparticle immobilization over glass millichannel. TEM analysis has shown the presence 

of chain-like structures. The size of each nanoparticle is different for two different method-

ologies. Nanoparticle which is used in millichannel (chapter 3) is in a chain-like structure. 
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Its size is between 80-300 nm and the median diameter (taken as average particle diameter) 

is around 156 nm, as determined by the images, indicating a reasonably broad size dispersion 

as shown in Figure 2.17. These small chain-like structures are uniformly immobilized in 

glass millichannels without clogging and aggregation. SEM analysis indicates that nickel 

nanoparticle surface is rough which is good for perturbation and efficient mixing. The rough 

surface and presence of a chain-like structure contribute to the stable immobilization of na-

noparticles on glass millichannel [119]. The average size of the nanoparticle which is used 

for the preparation of nanofluid is 68 ± 13 nm as shown in Figure 2.18. These small sizes of 

nanoparticles can be easily dispersed in solution. The surface of Nickel nanoparticle is ob-

served to be relatively rough which is desired for efficient mixing [119].  

 

Figure 2.16. (A) SEM image of Nickel nanoparticles, (B) TEM images of Nickel nanopar-

ticles, (C) HRTEM image of Nickel nanoparticles.  

 

Figure 2.17. Distribution of particle size of nickel nanoparticles with respect to diame-

ter. The average diameter of Nickel nanoparticle is 156 ± 47 nm.  
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Figure 2.18. (A) SEM image of Nickel nanoparticles, (B) Distribution of particle size of 

nickel nanoparticles with respect to diameter. The average diameter of Nickel nanopar-

ticle is 68 ± 13 nm. 

2.6.5 Preparation of fluids.  

Non-Newtonian fluid (NNF) is prepared by adding 0.5% carboxymethyl cellulose (CMC) to 

water. The mixture is stirred for 1 hour at room temperature. Non-Newtonian Nanofluid 

(NNnF) is prepared by adding 16.67% (w/v) of Ni nanoparticles in NNF solutions. The syn-

thesized nanoparticles are dispersed in NNF and are sonicated for 30 minutes.  

2.6.6. Summary. 

In this chapter, all the setup and procedure used in the experiment, are described in brief. It 

present concise representation of flow pattern obtained, test fluid used in chapter 3,4,5, and 

6.  Methodology used for fabrication of reactors and synthesis of nanoparticle is discussed. 

Moreover, all the governing equation which are used in the calculation of mass transfer are 

also presented in this chapter. 

 

 Glass millichannel were procured from local market used for experiment as described 

in chapter 3. Microreactor were fabricated in lab used in chapter 4 and 5. Nanoparticle 

embedded microchannel were used for reaction purpose (chapter 6). 
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 The procedure for calculation of mass transfer and estimation of flow pattern used in the 

experiment (chapter 3, 4 and 5) were described in this chapter. 

 Nanoparticle synthesis is done to load and embed it in millichannel (chapter 3) and mi-

croreactor (chapter 6) respectively. 

 Non-Newtonian fluid (NNF) and Non-Newtonian Nanofluid (NNnF) is prepared to see 

the effect of viscosity on flow pattern and mass transfer (chapter 4). 

 

 



1The results discussed in this chapter have been published in Industrial & Engineering Chemistry Research, 

61(2022), 10, 3672–3684. 
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Chapter 3:  Augmentation of Mass Transfer for Liquid-Liquid 

Flow in Nanoparticle Embedded Millichannel.1 

3.1 Brief Introduction 

Millimeter-sized channels or millichannels find vivid application in fine chemicals including 

catalysis, polymerization, nanoparticle production, sensors, electrochemistry and pharma-

ceuticals processing and can be highly effective to enhance mass transfer due to their higher 

interfacial area and short diffusion distances. Nanoparticle immobilized millimeter-sized 

channels have the potential to address the further enhancement of mass transfer by effective 

micro-mixing of solute in the desired solvent. The present chapter provides a comprehensive 

study of the flow behavior and mass transfer characteristics of nanoparticle-assisted systems. 

A very little amount, 10 mg of Ni nanoparticle has been immobilized for the 630 mm3 vol-

ume of millichannel. It is observed that the introduction of nanoparticles contributes posi-

tively toward process intensification by increasing the range of slug flow and decreasing the 

range of transitions like slug-annular and slug-dispersed which contribute poorly to the mass 

transfer enhancement rate. The combined effect of reduced size and nanoparticles enhance 

mixing of phases and convert larger slugs to smaller ones more effectively. The uniqueness 

of the present study includes- (i) use of nanoparticle embedded system for liquid-liquid ex-

traction, (ii) increasing the range of slug flow regime by reducing the range of transitions 

(slug-dispersed and slug-annular) in millichannel using metallic nanoparticle, (iii) enhance-

ment in interfacial area in nanoparticle assisted system, (iii) a remarkable augmentation, a 

maximum of approx. 3.9 times of mass transfer coefficients at different phase velocities for 

nanoparticle embedded systems have been observed.
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3.2. Results and Discussions 

3.2.1 Surface wettability of millichannel 

The surface wettability of the millichannel is an important parameter for the rationalization 

of two-phase flow behavior. Thus, the contact angle of water and toluene on a bare glass 

surface and nickel nanoparticle immobilized glass surface has been measured by a micro-

scopic method. The contact angle of water on any glass surface is measured to be 68o whereas 

that of toluene on glass is marginal (~9o) as it spreads immediately over the glass surface 

hence, making it difficult to measure the contact angle (Figure 3.1). The higher wettability 

of toluene is attributed to its weak Van der Waals forces that offer less cohesive force as 

compared to strong hydrogen bonding in the case of water [120]. The toluene is used as a 

dispersed phase while water is used as a continuous phase. The solute (acetic acid) is trans-

ferred from the dispersed phase (nonpolar) to the continuous phase (polar). Microscopic 

analysis of contact angles illustrates that amino-functionalized nanoparticles embedded sur-

face is observed to have higher contact angle and low wettability for both toluene and water 

phase.  

 

Figure 3.1. Microscopic images of (A) water droplet on glass surfaces (B) Toluene droplet 

on a glass surface(C) Water droplet on amino-functionalized nanoparticle surface (D) Tolu-

ene droplet on the amino-functionalized nanoparticle surface. 
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3.2.2 Flow Pattern  

Flow pattern study is an integral part of hydrodynamics and mass transfer. Flow patterns are 

captured at different velocities in millichannels of 1 mm and 2mm sizes with and without 

nanoparticle coating. The organic phase consists of toluene with acetic acid 10% (v/v solute 

free) and the aqueous phase consists of deionized water. The flow patterns are recorded in 

nanoparticle embedded system and flow patterns are visualized at upstream and downstream 

sections of millichannel as shown in Figure 3.2. Millichannel is coated with nickel nanopar-

ticle that enhances phase mixing by perturbation near the nanoparticle and churning of 

phases. Surface modification of the reactor has been found to change the contact angle of 

liquids [121] and thus change the flow regime along with the mass transfer [122]. Modifica-

tions in interfacial characteristics such as surface wettability between phases and reactor sur-

faces create an impact on flow morphologies in macrofluidic devices as well. On the other 

hand, surface coatings of nanoparticles in the reactor are desired because of high-pressure 

loss in a packed bed reactor [123]. Thus, the glass surface of the millichannel has been mod-

ified with aminosilane which serves as an anchor to the glass surface and nanoparticles. The 

binding is covalent in nature, thus minimizing the leaching of nanoparticles from the glass 

surface. Primarily oxide nanoparticles of silica (SiO2), titanium (TiO2), iron (Fe2O3) and oth-

ers are commonly used for their high stability and inertness. Thus, metallic (Nickel) nano-

particles have been used that are known to exhibit surface-restructuring in real time and thus, 

more dynamic in nature.  
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Figure 3.2. Different section of nanoparticle embedded millichannel. 

Image analysis and visual observations are used to discern the flow regimes. Flow regimes 

have been categorized into four types based on the aspect ratio of images of phases: slug-

dispersed transition, slug flow, slug flow with elongated bubble and slug-annular transition. 

For the mapping of flow regimes, the distributions of distinct flow patterns for a 2 mm 

straight millichannel are taken as a reference point. The aspect ratio of a circle (i.e., a 2D 

projection of a spherical bubble) is 1, hence this serves as the line of demarcation between 

slug-dispersed transition and slug flow. The threshold point for differentiating a slug from a 

slug with an elongated bubble is aspect ratio 5 because slugs are capsular in size, and the 

threshold at aspect ratio 10 has been retained for identifying a slug with elongated bubble 

from a slug-annular transition (Figure 3.3). The influence of nanoparticles on the dynamics 

of the slug flow behavior of the toluene-acetic acid-water system is the focus of present 

study. The aspect ratio has been calculated using image analysis of flow behavior with and 

without nanoparticles embedded in millichannel. 
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Figure 3.3. Size distribution of flow regime (A) without nanoparticle (B) with nanoparticle 

immobilized inside millichannel (2 mm millichannel at velocity range (0.00042-0.0063 

m/s)). 

One of the main factors that influence the flow regime is the shear force between two phases 

in a conduit. Shear force of the continuous phase helps in elongating the dispersed phase 

when it enters the conduit. With the progress of dispersed phase, pressure difference between 

the two phases tends to appear at the T junction. Inability of interfacial tension to strike the 

balance between the two forces (shear and pressure) causes the breaking of dispersed phase 

into slug or droplet [124]. In the current work, nanoparticle is expected to enhance the contact 

angle of the continuous phase i.e.., water on the surface that tends to increase the overall 

resistance to flow. This increase in resistance reduces the elongation of dispersed phase and 

size of slugs.  

Figure 3.4A and B show the comparison of flow pattern map with and without nanoparticle 

coating for 1mm and 2mm ID in a 3D plot. Various flow patterns like slug flow, slug with 

elongated bubbles, slug-annular transition, and slug dispersed transition have been identified 

by flow visualization technique. It is noted that with nanoparticle immobilized system, the 

0

20

40

60

80

100

A

B

2 4 6 8 10 12 14 16 18 20
0

20

40

60

80

100
N

o
. 

o
f 

O
c

c
u

rr
e

n
c

e

Aspect Ratio



50 
 

range of slug flow is higher for 1mm ID straight channel. Furthermore, the introduction of 

immobilized nanoparticles in millichannels transforms most of the transitional flow regimes 

into slug flow. The conversion of slug-dispersed and slug annular flow into regular slugs are 

more pronounced in a 1mm nanoparticle immobilized conduit than in a 2 mm conduit (Figure 

3.4 A and B). Transitional flow patterns like slug-dispersed and slug-annular are obtained at 

higher aqueous (Uw) and organic (UT) phase velocity respectively. It is evident from the flow 

pattern map that slug flow pattern dominates the nanoparticle embedded capillary system 

than simple capillary systems due to effective mixing of phases. However, the flow behavior 

of individual flow patterns is approximately the same in 2 mm and 1mm conduits (without 

nanoparticles) with a variable occurrence range (Figure 3.4). The range of slug flow regimes 

increased with embedded systems as slug annular and slug dispersed transition flow patterns 

unified into a slug with reduced size (Figure 3.4). Slug flow pattern offers higher mass trans-

fer than others as it facilitates both radial and axial diffusions in combination with internal 

circulations (Figure 3.6). Some representative snapshots of flow patterns observed in 2mm 

(Figure 3.5A) and 1 mm (Figure 3.5B) conduits with and without nanoparticles systems are 

shown below. 
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Figure 3.4. Comparison of flow pattern behavior using 3-dimensional flow pattern map with and without nanoparticle systems. (A) 1 

mm ID millichannel (B) 2 mm ID millichannel (Green dot: Slug flow, Red dot: Slug flow with elongated bubbles, Blue dot: Slug). 

  



52 

 

Figure 3.5. Snapshots of flow patterns in (A) 2 mm ID glass conduit (B) 1 mm ID glass 

conduit. 
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Figure 3.6. Mass transfer modes in slug flow pattern. 

3.2.3 Determination of Interfacial Area 

Interfacial area (m2/m3) has been calculated using high-speed imaging method. The contin-

uous interfacial film is assumed over every flow pattern that is directly proportional to UTP 

in the test passage (Bretherton law, Bretherton, (1961)) Here UTP is average inlet velocity of 

both the test fluid in the test passage. First, the interfacial film thickness has been calculated 

using Bretherton correlations and Aussillous and Quere correlations [125,126]. Correlations 

are used for n-butyl formate/water system. This is an approximate analysis to predict the 

interfacial area associated with different flow behavior. It is evident that with an increase in 

interfacial area, the mass transfer coefficient gets increases. The variation of interfacial film 

thickness with capillary number is shown in Figure 3.7. According to Bretherton's law, the 

interfacial film thickness is directly proportional to mixture flow velocity. The Bretherton 
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correlation is based on a dimensionless quantity known as Capillary number (Ca) that is 

proportional to the flow velocity of slugs [127]. 

Ca=
𝜇𝑇𝑃 𝑈𝑇𝑃

𝜎𝑖
      3.1 

In equation (3.1), µ is the viscosity of two phase, UTP two-phase velocity in test passage and 

𝜎𝑖 is interfacial tension between continuous (water) and dispersed (toluene) phases. Relevant 

interfacial film thickness correlations have been tabulated in Table 3.1  

 
Figure 3.7. The variation of Interfacial film thickness with Capillary number (Using corre-

lations [125,126]). 
 

Table 3.1. Different interfacial film thickness correlations 

Mathematical  

Correlation  

Film thickness (µm) at velocity 

range (0.00042-0.0063 m/sec) 

and capillary number  

(6.7 × 10-6- 1 × 10-4) 

Author 

h = 1.34 ∗ R ∗ 𝐶𝑎2/3 0.48-2.90 Brethertons Law [125] 

ℎ = 2𝑅
0.66 𝐶𝑎2/3

1 + 3.33 𝐶𝑎2/3
 

0.47-2.83 Aussillious and Quere 

[126] 

 

h= film thickness; Ca= capillary number; R= Radius of capillary 

Ghaini et al. [127] compared interfacial film thickness by physical and chemical techniques 

and found that the Brethertons model is best suited for interfacial film thickness calculation. 
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The physical snapshot method is used to calculate interfacial area. It is noted that interfacial 

area is increasing with Reynolds number and the higher interfacial area is observed in nano-

particles immobilized millichannel (Figure 3.8). Biswas et al. [112] described that mass 

transfer is highest in slug flow followed by the dispersed flow and annular flow. The nano-

particle embedded in millichannel facilitates the breaking of the elongated slug into a smaller 

one due to which interfacial area between organic (toluene) and water (aqueous) gets signif-

icantly increased. The average slug length of 4.20± 0.350 mm is reduced to 2.99± 0.334 mm 

in nanoparticle-assisted systems as shown by probability distribution in Figure 3.9 that re-

sulted in a 10-15 % increment in interfacial area of slug (Figure 3.8).  

 
Figure 3.8. Effect of nanoparticle embedded system on the interfacial area of slugs in 2 mm 

millichannel. 
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Figure 3.9. Probability distribution of slug occurrence without and with nanoparticle sys-

tems. 

It is well understood from the above infographic that slug size distribution reduces in nano-

particle embedded system eventually increases interfacial slug area for effective mass trans-

fer. 

3.2.4 Mass transfer characteristics  

In this chapter, an in-depth analysis of the effect of inlet phase velocities, diameter, and 

nanoparticle coating on the overall mass transfer coefficient has been performed. The overall 

mass transfer coefficient is depicted using inlet phase velocities which are also used to rep-

resent the flow pattern maps. 

3.2.4.1 Effect of channel diameter and phase velocities on mass transfer coefficient 

Figure 3.10A depicts a variation of mass transfer coefficients with inlet phase velocities for 

two different internal diameters of the test conduits (1 mm and 2 mm) and also the effect of 

two constant inlet water velocities on the variation of overall volumetric mass transfer coef-

ficient (kova). It can be observed that kova increases with the increment of both phase veloc-

ities. Furthermore, the mass transfer coefficient increases with a reduction in diameter which 
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is consistent with the prior literature report [23,112,128]. It has been observed that the diam-

eter plays a pivotal role in determining the mass transfer rates as for all inlet velocities of 

both the phases kova is higher in the case of 1 mm diameter due to high surface to volume 

ratio (higher interfacial area for phases to contact in case of 1 mm ID conduit). 

3.2.4.2 Effect of nanoparticle coating on mass transfer coefficient 

Figure 3.10B shows the effect of nanoparticle coating on the mass transfer enhancement. 

The mass transfer coefficients are higher in the case of nanoparticles coating for the two test 

geometries used in the study and the values are higher in the case of 1 mm diameter. It shows 

the efficacy of nanoparticles in augmenting the mass transfer rates up to three times than 

without nanoparticle systems. Figure 3.10C shows the effect of inlet water phase velocity 

and nanoparticle coating on mass transfer coefficient in a 1 mm channel. Mass transfer rates 

are higher in the case of nanoparticle coating and with an increase in the water velocity, the 

effect is more pronounced as higher kova values are obtained for Uw=0.0046 m/s compared 

to Uw of 0.0012 m/s. It can be concluded that the mass transfer coefficient can be signifi-

cantly increased up to four times with an immobilized nanoparticle surface at a higher water 

velocity. The effect of nanoparticle coating on mass transfer with respect to two-phase ve-

locity is shown in Figures 3.11A and B. The higher velocity of the liquid is observed to 

contribute to greater enhancement in mass transfer rate than that of lower velocity for nano-

particle immobilized systems. 
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Figure 3.10. Overall mass transfer coefficient vs. organic phase velocity (A) Effect of ve-

locity and conduit size on mass transfer coefficient (Without Nanoparticle) (B)Effect of con-

duit size and nanoparticles coating on mass transfer coefficient (C) Effect of velocity and 

nanoparticle coating on mass transfer coefficient (1 mm ID). k″ is the overall mass transfer 

coefficient (kova) for nanoparticle immobilized millichannel, whereas k is the overall mass 

transfer coefficient (kova) for bare glass surface. 
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Figure 3.11. (A) Effect of velocity and conduit size on mass transfer coefficient (without 

nanoparticle). (B) Effect of conduit size and nanoparticles coating on mass transfer coeffi-

cient. k″ is the overall mass transfer coefficient (kova) for nanoparticle immobilized mil-

lichannel, whereas k is the overall mass transfer coefficient (kova) for bare glass surface. 

Two pathways of mass transfer in the nanoparticle immobilized system are proposed here. 

The first one is the conventional axial transfer of extract (acetic acid) from raffinate (toluene) 

to solvent (water) and the second one is the heterogeneous routed solute transfer that is gov-

erned by the specific interaction of acetic acid with Ni nanoparticle. Considering the tem-

poral resolution of imaging method these two solute transfer pathways are expected to oper-

ate nearly at the same time scale. The axial transfer followed by nanoparticle-assisted trans-

fer has been schematically represented to distinguish the pathways (Figure 3.12). In this 

study, the transfer of solute from organic phase to water phase is being investigated thus 

solute at initial stage remains only in organic phase (slug) and with evolution of time axial 

diffusion directs the transport of acetic acid from the organic phase to the aqueous phase (a-

c). Specific ionic interaction of acetic acid and nickel nanoparticle drives the solute to get 

transferred from organic phase to surface of nanoparticle (d-e). Movement of slug with time 

in millichannel allows water phase to interact with nanoparticle surface containing solutes. 
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Acetic acid present at nanosurface gets immediately transferred to water phase because 

highly polar water is more preferred at the nanosurface over acetic acid (f).   

 

Figure 3.12. Schematic representation of mass transfer pathways of acetic acid from toluene 

to water in a Ni-nanoparticle immobilized millichannel. 

3.3 Plot of Sherwood number and Reynolds number 

The correlation between the Sherwood number and Reynolds number shows a linear increase 

in Sherwood number with an increase in Reynolds number. Sherwood number (Sh) repre-

sents the ratio between mass transfer by convection and mass transfer by diffusion whereas 

the Reynolds number (Re) is defined as the ratio of fluid momentum force to viscous shear 

force. A significant change has been noticed for nanoparticle systems at higher velocities. 

Nanoparticle immobilized over 1 mm millichannel is found to be best for mass transfer. A 

total 250-350% improvement in mass transfer within the range of mixture Reynolds number 

is reported in nanoparticle-assisted systems. An empirical correlation between Sherwood 

number with Reynolds number in different flow regimes is developed using mass transfer 

and mixture velocity data.  
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The correlation between Reynolds number (Re) and Sherwood number (Sh) is the depiction 

of the experimental finding of mass transfer in the present study. The plot shows the depend-

ence of mass transfer on flow patterns. Separate correlation has been obtained demarcating 

the various range of mass transfer for various flow pattern. The correlation suggests that 

Sherwood number values (Sh) are higher for slug flow pattern having the highest mass trans-

fer coefficient. So, this plot depicts the representation and dependency of mass transfer on 

various flow patterns with respect to Sherwood number (Sh) for two phase flow situations. 

It is anticipated that the catalyst load and solvent system are expected to shift the transition 

between various flow patterns, thus can regulate mass transfer coefficient. It can be contem-

plated that with the reduction of surface tension, mass transfer coefficient can be enhanced. 

Sherwood number (𝑆ℎ =
𝑘𝑜𝑣𝑎 𝐴

𝐷𝐴𝐵
)  depends on Reynolds number (𝑅𝑒 =

𝜌𝑚𝑖𝑥𝑈𝑇𝑃𝐷

𝜇𝑚𝑖𝑥
) , where A 

is the cross-sectional area, kova is mass transfer coefficient, DAB is diffusivity, 𝜌𝑚𝑖𝑥 is mix-

ture density, D is the internal diameter of the millichannel, 𝑈𝑇𝑃 is two-phase velocity,  𝜇𝑚𝑖𝑥 

is mixture viscosity. Apart from Reynolds number, Sherwood number representing mass 

transfer coefficient also depends on the length of the liquid slugs and the frequency of circu-

lations [53,129–132]. The increasing trend of Sherwood number is linear with both transi-

tional flow patterns (Slug-Dispersed transition, Slug-Annular transition). In the case of slug 

flow, the slope of the Sherwood number vs Reynolds number increased with an increase in 

mean velocity. The reason behind the larger slope of a linear trend at a higher Reynolds 

number is slug breaking at a higher Reynolds number and increase in interfacial film thick-

ness which enhances radial mass transport with an axial mass transfer that augments the 

overall film mass transfer coefficient. The correlations have been empirically designed for 
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mass transfer in liquid-liquid systems for various flow patterns by varying Re from 0.5 to 8 

are shown in Figure 3.13. 

 

Figure 3.13. Flow pattern distribution map and proposed correlations for different flow pat-

terns.  

The augmentation in the mass transfer coefficient in nanoparticle immobilized systems can 

be attributed due to the following reasons. 

 Nanoparticle embedded systems lead to an increase in the interfacial area for mass 

transfer. 

 Nanoparticles contribute positively toward process intensification by enhancing the 

range of slug flow which has the highest mass transfer coefficients and reduction of 

the range of transition flow patterns (Slug-Dispersed and Slug-Annular) which have 

lower mass transfer rates. 



63 

 Change of slug dispersed transition into slug flow for the same operating conditions 

on nanoparticle application by merging small bubbles of dispersed (toluene) into 

proper slugs. 

 Conversion of slug annular transition to slug flow by breakage of the elongated tol-

uene slugs into small slugs.  

 Change of elongated slug bubbles into more uniform small slugs in nanoparticle as-

sisted system.   

 Nanoparticles cause turbulence in the flow and modify flow phenomena, leading to 

a change in mass transfer rates due to changes in factors influencing mass transfer 

rates, such as size of slug and flow pattern, etc.  

 The difference between the wettability of aqueous and organic phases over nickel 

nanoparticles contributes towards efficient phase mixing. 

 Immobilization of nickel nanoparticles on the glass surface is expected to increase 

the roughness of the surface and that has resulted in a slight increase in pressure drop 

for nanoparticle immobilized system. The variation of pressure drop with Reynolds 

number is shown in Figure 3.14. Thus, the flow disturbances caused by the surface 

roughness also contributed to the enhancement of the mass transfer. 
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Figure 3.14. The variation of pressure drops [Δ (Δ p) = Δ p1- Δ p2] as a function of Reynolds 

number, where Δ p1 and Δ p2 are the pressure drop in millichannel with and without nano-

particle  

3.4 Conclusion 

Process intensification in millichannel is limited by futile mixing and increased annular flow 

regime over flow range velocities. Though oxide-based nanoparticles are primarily being 

used in nanofluids for mass transfer studies, but such nanoparticles have relatively poor in-

dustrial relevance with context to energy production and catalysis. Moreover, nanofluidic 

system does not truly represent the standard practices in heterogeneous catalysis using a 

packed bed reactor. Thus, a low cost, metal nanoparticle having profound applications in 

catalysis and have immobilized on the glass surface is chosen. A new methodology is of-

fered- metallic Nickel nanoparticles immobilized millichannel glass surface to understand 

nanoparticle’s role on hydrodynamics and mass transfer of a model system- toluene- acetic 
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acid- water. Aminosilane has been used as an anchor to both glass surfaces and Nickel na-

noparticles of sizes ~ 156 ± 47 nm. The loading amount of nanoparticles has been kept very 

low, approximately 16 mg per 1000 mm3 volume of millichannel to maintain the transpar-

ency of the channel for proper visualization of flow patterns. Immobilization of nanoparticles 

has resulted in a significant population of the slug-flow regime in comparison to bare glass 

surfaces. An increment of 10-14% in the interfacial area for the nanoparticle embedded sys-

tem has caused an unprecedented enhancement of mass transfer coefficient- 250-350 %.   

 

 

 



1The work discussed in this chapter has been communicated for publication. 
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Chapter 4:  Hydrodynamics and Mass Transfer Study for Liq-

uid-Liquid Flow using Non-Newtonian Fluid in Microchannel.1 

4.1 Brief Introduction 

Microdomain, geometrical considerations, non-Newtonian fluid and nanofluid have been in-

dependently being investigated as a tool of process intensification. Since these methods have 

shown incremental mass transfer gain hence, new systems are being researched to bridge the 

gap. Different techniques such as chemical (surface modification), mechanical methods (vi-

bration, ultrasonication) and use of nanoparticles have been examined for enhancing mass 

transfer in microreactor [133,134]. In these techniques, the primary focus is to increase the 

frequency of slug flow by breaking slug-annular transition. However, the altered shape of 

slug, such as bullet-shaped has higher interfacial area, but the study on such shape-driven 

mass transfer is very sparser. In this chapter, a chemical method to get bullet-shaped slugs 

for augmentation of mass transfer has been introduced. The viscosity of fluid has been 

tweaked to increase the residence time. Viscosity of both phases plays an important role in 

flow patterns both in the continuous and dispersed phases. Thus, non-Newtonian fluid (NNF) 

has been selected for the study because its viscosity remains on higher side than that of the 

Newtonian Fluid (NF). Here, the solute (acetic acid) is transferred from the continuous phase 

(aqueous) to the dispersed phase (organic) for the liquid−liquid extraction process. Consid-

ering the diffusivity of CMC and dispersion of nanoparticle on water, three aqueous solutions 

that is water (NF), non-Newtonian fluid (NNF) and non-Newtonian nanofluid (NNnF) have 

been prepared. Toluene (organic phase) with 10% acetic acid by volume is utilized as the 

other test liquid. Carboxy methyl cellulose (CMC) has been chosen for preparation of non-

Newtonian fluid whereas nickel 
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nanoparticle (Ni-np) has been synthesized because it can be readily separated using a mag-

netic field. The effect of non-Newtonian fluid (NNF) on the flow pattern and mass transfer 

properties of an immiscible liquid-liquid system in straight and helical microchannels with 

internal diameters of 0.15 mm and 0.25 mm is being explored experimentally. Computational 

studies using Computational Fluid Dynamics (CFD) have also been done in 0.25 mm straight 

channel to validate the experimental findings of flow pattern. The uniqueness in this current 

study is- (i) effective fluid mixing by using NNnF, (ii) populating the slug flow range by the 

introduction of NNnF, (iii) formation of short bullet-shaped slugs, and (iv) 15-fold augmen-

tation in the mass transfer coefficient with NNnF. 

4.2 Results and Discussions 

4.2.1 Surface wettability of microchannel 

The surface wettability of the PDMS microchannel is a crucial factor for the observation of 

two-phase flow behavior. Thus, the contact angle of NF, NNF and NNnF on bare PDMS-

based microchannel surface has been measured by a microscopic method. PDMS is hydro-

phobic in nature thus, the contact angle of water on PDMS surface is relatively lesser and 

measured to be 75o while that of NNF and NNnF is 80° and 90° (Figure 4.1). The higher 

contact angle for NNnF indicates low wettability for aqueous phase.  

Figure 4.1. Microscopic images of (A) NF droplet on PDMS surface (B) NNF droplet on a 

PDMS surface(C) NNnF on PDMS surface. 
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4.2.2 Characterization of Flow Regimes  

The flow pattern studies have been carried out in a straight and helical microchannel with 

internal diameters of 150 μm and 250 μm. Two immiscible fluids have been injected into the 

microchannel separately via an L-junction with branches of the same size as the main chan-

nel, using syringe pumps (Figure 4.2). Experiments have been carried out with various com-

binations of the two phases' flow rates. The aqueous phase has been initially injected into the 

microchannel, followed by the organic phase. The aqueous phase flow rate has been kept 

constant while the organic (toluene) phase flow rates are varied and then vice-versa. Camera 

is used to capture the image and image processing software is used to process the images. 

The flow pattern study has been done for aqueous phases (NF, NNF and NNnF). For all 

conditions studied (i.e., phase flowrates between 15 µL/min to 210 µL/min) three different 

flow patterns have been found, namely slug, slug-dispersed and slug-annular transitions.  

Figure 4.2 Schematic representation of microchannel for mass transfer studies 

It has been observed for the NF, the slug flow is limited to low aqueous and medium organic 

phase flow rates. The slug flow range is, however, significantly enhanced with NNF. In par-

ticular, slug flow occurred for the whole range of the phase’s flow rates when NNnF is used 

as the aqueous phase. The different flow patterns are attributed to the balance between inter-

facial, inertia, and viscous forces. The interfacial forces tend to minimize the interfacial area 

resulting in slug flow whereas the viscous forces tend to keep the interface smooth. The 

inertial force extends the interface in the flow direction and dominates in the slug annular 
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transition [135]. Slug-dispersed transition establishes at low aqueous phase flow rates, where 

the shear forces between the liquids are low and the viscous forces from the organic phase 

are sufficient to break the interface at the inlet. As the phase flow rate is further increased 

and the viscous force of the organic phase is not large enough to break the interface into 

dispersed, slug flow forms. The shift in the boundary between the slug flow and the slug 

annular transition with the addition of polymer, CMC could be due to both the change in the 

shear viscosity and the non-Newtonian rheology of the aqueous phase. A similar trend is also 

found by Fu et al. [38] who investigated the flow patterns of cyclohexane (dispersed phase) 

and shear-thinning non-Newtonian aqueous solutions (continuous phase) containing differ-

ent concentrations of carboxymethyl cellulose (CMC). They observed that the transition 

from droplet to slug flow occurs at a lower superficial velocity of the continuous non-New-

tonian phase with increasing CMC concentration.  

Based on image analysis, frame by frame observations and aspect ratio of images of the 

phases, three flow regimes: slug-dispersed transition, slug flow, and slug-annular transition 

have been identified. For the mapping of flow regimes, the distributions of distinct flow 

patterns for a 0.25 mm straight microchannel are taken as a reference point. The aspect ratio 

of a circle (i.e., a 2D projection of a spherical bubble) is 1, hence this serves as the line of 

demarcation between slug-dispersed transition and slug flow. The aspect ratio of 10 is kept 

as threshold points for differentiating a slug from a slug annular transition. Figure 4.2 shows 

the effect of fluid property on the number of occurrences of different flow regime. 
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Figure 4.2. Size distribution of flow regime (A) with NF (B) with NNF (C) with NNnF. 

The image analysis of flow behavior with and without NNnF has been performed (Figure 

4.3A). The occurrence of slug-annular transition with Newtonian fluid (water) has been in 

0.25 mm straight channel, whereas with the NNnF the slug gets significantly populated at 

the expense of slug-annular transition. Unprecedentedly, it is also noticed that NNnF en-

hances the range of slug flow due to the coalescence of small droplets (slug-dispersed tran-

sition) to the formation of the proper slug flow. 

Initially, for the same flow rate, when the aqueous phase is Newtonian, the slugs with sym-

metrical shape, i.e., front and back ends are circular arcs have been observed. When the 

aqueous phase is NNnF the shape of the slug changes to “bullet”. This fact is better illustrated 

in Figure 4.3B, where the slugs are compared for different aqueous solutions. It is obvious 

that, if all the other parameters are kept the same, the addition of a small amount of nanopar-

ticles resulted in the formation of shorter “bullet” shaped slugs. This observation denoted 
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that both the shape and the size of the slugs are dictated by the properties of the aqueous 

phase. The shape of slugs in microchannels is controlled by the force balance between inter-

facial tension, viscous and inertial forces [136]. It has been expected that while the interfacial 

tension tends to reduce the interfacial area, the drag force which depends on the aqueous 

phase viscosity affects the total force that acts on the interface towards the flow direction. 

 

Figure 4.3. (A) Size distribution of flow regime for QT= 30µL/min, and QW = 90µL/min. 

(B) Effect of the NNnF on slug shape for QT = 210 µL/ min and QW = 210 µL/ min. 

It is observed that the addition of even a small amount of nanoparticles plays a prominent 

part in the augmentation of the range of slug flow. The increase in population of slug flow 

range is less for NNF as compared to NNnF and for the latter case, the entire range is pre-

dominantly slug flow for all the operating phase flowrates in microchannel of 0.15 mm (Fig-

ure 4.4A and B).and 0.25 mm (Figure 4.5A and B) diameter. This is a highly successful 

approach as there is 100% enhancement in slug flow range which leads to higher mass trans-

fer rates. In 0.25 mm diameter helical microchannel (Figure 4.5B) with NNnF, the entire 

range is slug flow just like 0.15 mm diameter. Change in channel geometries from straight 

to helical result in greater coverage of slug flow even with NF. Thereafter, a reduction in the 

range of slug-annular transition with NNF and NNnF for both diameters is noted. Slug flow 

is dominant with NNnF for helical channels of different diameters. Some representative 
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snapshots are captured showing the change of slug-dispersed transition to slug and slug-

annular transition to slug with the use of NNF and NNnF in 0.15 mm straight (Figure 4.6A) 

and 0.25 mm ID helical microchannels (Figure 4.6B). The range of existence of different 

flow patterns (slug flow (blue dots), slug-dispersed transition (green dots), and slug-annular 

transition (red dots)) has been depicted in form of a flow pattern map (Figures 4.4 and 4.5). 

In all the flow pattern maps, the slug transition tends to increase at the cost of slug flow with 

the increase in aqueous flow rate.  
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Figure 4.4. Flow pattern map in 0.15 mm through microchannel (A) Straight (B) Helical (Green dot – Slug-Dispersed Transition, Red dot- 

Slug-Annular Transition, Blue dot- Slug Flow). 
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Figure 4.5. Flow pattern map in 0.25 mm through microchannel (a) Straight (b) Helical (Green dot – Slug-Dispersed Transition, Red dot- 

Slug-Annular Transition, Blue dot- Slug Flow.) 

 

 



75 
 

 

Figure 4.6. Observed flow pattern under the high-speed camera (A) for 0.15 mm straight 

microchannel and (B) 0.25 mm helical microchannel. 

4.2.3 Interfacial area and film thickness of microchannel: 

For an in-depth analysis of hydrodynamics and the flow phenomena in the microchannel, 

the interfacial area of the liquid-liquid system has been quantified. The hydrophobic or-

ganic phase prevails on the channel's surface as the aqueous slugs move through the 

PDMS-based microchannel. Since an accurate determination of interfacial area for a bi-

phasic system is trivial, thus, approximation has been employed to quantify it using an 

imaging approach. The mass transfer coefficient increases as the interfacial area increases 

and as a result, the thickness of the film for slugs with and without NNnF has been meas-

ured. A well-known correlation equation between film thickness and capillary number 

from Bretherton Laws (Equation 4.1.) has been used to estimate the film thickness. 

h = 1.34. R. 𝐶𝑎
2

3                            (4.1) 

Ca=
𝜇𝑇𝑃 𝑈𝑇𝑃

𝜎𝑖
  

h= film thickness; Ca= capillary number; R= Radius of conduit 

Figure 4.7 shows the fluctuation of an interfacial area with respect to Reynolds number. 

It is observed that with increase in mixture flow rate effective interfacial area increases 
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which might be attributed to the observation of smaller slug length at higher flow rates. 

The domed and middle parts of the slug flow are treated as spheres and cylindrical, re-

spectively, to calculate the interfacial area. The diameter of cylindrical-shaped slug flow 

regime is estimated by subtracting average wall film thickness (h) from microchannel 

diameter. Mass transfer in microchannel systems (with NF and NNnF) is a function of 

flow velocity, and it increases as velocity increases. Furthermore, as demonstrated in 

Figure 4.7, when NNnF is used there is an increase in the interfacial area due to reduction 

in slug size. 

 

Figure 4.7. Effect of non-Newtonian nanofluids (NNnF) on an effective interfacial area 

of slug flow. 

4.2.4 Effect of phase flow rates on mass transfer coefficients with and without NNnF 

in both test geometries. 

This section contains an in-depth investigation of the influence of flow rates on mass 

transfer coefficient with NF, NNF and NNnF. Figure 4.8A shows that the overall volu-

metric mass transfer coefficient (kova) for a 0.15 mm straight channel increases with in-

creasing phase flow rates up to a certain point and at QT = 30 µL/min and QW = 90 

µL/min, the mass transfer co-efficient drops suddenly. The change in flow pattern from 

slug to slug-annular transition has been ascribed to the decrease in mass transfer and it 
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may be noted that using NNnF improves the mass transfer coefficient, as seen in Figure 

4.8A for a constant toluene flowrate The mass transfer coefficient in slug flow regime is 

comparatively higher due to the participation of the whole slug surface [113]. The inter-

facial area ("a") for the slug-annular transition is smaller than for slugs, which has re-

sulted in a lower value of kova for QT = 30 µL/min and QW = 90 µL/min. Slug-dispersed 

transition has been seen at QT = 135 µL/min, and with a minor increase in aqueous phase 

flow rate, the flow becomes slug flow, as evidenced by the rising trend of kova.  

Figure 4.8A and B demonstrate similar patterns for 0.15 mm in straight and helical chan-

nels with NF, NNF and NNnF respectively. It is observed that for a constant toluene flow 

rate of 30 µL/min and 135 µL/min, Figures 4.8C and D show the influence of several 

aqueous solutions (NF, NNF, NNnF) on mass transfer co-efficient. The mass transfer 

coefficient increases with the NNnF, however, there has been an unusual reduction in 

mass transfer co-efficient at QT=30 µL/min when the aqueous phase flow rate is 90 

µL/min. This is due to the shift from slug to slug-annular transition, but there is no change 

in the flow pattern even when the aqueous phase flow rate is increased with NNnF, 

thereby continuing the growing trend of kova. In the case of a slug-annular transition, the 

nanofluid breaks the continuous core of aqueous phase, causing slug flow to occur. The 

overall mass transfer coefficient is studied with NF, NNF and NNnF for QT =135 µL/min 

and it has been noted that mass transfer coefficient increases with NNF and is highest for 

NNnF. The increment of mass transfer is noted 6 times (at high toluene phase flow rate) 

using a microchannel which is a positive approach toward process intensification. An 

attempt has also been made to show the variation between Reynolds number and Sher-

wood number as shown in Figure 4.9 and observed similar type of trend.  
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Figure 4.8. Effect of flow rate and with aqueous phases in (a) 0.15 mm straight micro-

channel (b) 0.15 mm helical microchannel (c) 0.25 mm straight microchannel. (d) 0.25 

mm straight microchannel. Red – QT=30 µL/min, Blue - QT=135 µL/min; solid sphere - 

NF, hollow hexagon - NNF, solid square – NNnF; continuous line-straight channel, dot-

ted line- helical channel.  
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Figure 4.9. Effect of Reynolds number with Sherwood number in (a) 0.15 mm straight 

microchannel (b) 0.15 mm helical microchannel (c) 0.25 mm straight microchannel. (d) 

0.25 mm straight microchannel. Red – QT=30 µL/min, Blue - QT=135 µL/min; solid 

sphere - NF, hollow hexagon - NNF, solid square – NNnF; continuous line-straight chan-

nel, dotted line- helical channel. 

4.2.5 Simulation studies using CFD in microchannel. 

To corroborate the experimental observation, simulation studies have been performed 

with ANSYS 2019 R3. The simulations have been performed for two test fluids (NF and 

NNF) in the L-junction microchannel to see the effect of viscosity on the flow pattern. 

There is a transition in a flow regime from slug-dispersed and slug-annular transition to 

slug regime at QT=210 µL/min QW=165 µL/min and at QT=15 µL/min QW=75 µL/min 

respectively as seen in Figure 4.9. This is in continuation with experimental observation. 

This transition of flow pattern from slug-dispersed to slug can be attributed to the increase 

in the viscous force of the aqueous phase segment resulting in a late detachment. It is also 

observed that slug annular transition is changing to slug with increase in viscosity of the 
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aqueous phase because increased viscosity enhanced contact angle that tends to increase 

the overall resistance to flow.  

 

Figure 4.10. Effect of viscosity on simulated flow regime in 0.25 mm straight micro-

channel 

4.2.6 Effect of NNnF and channel geometry on mass transfer  

The effect of channel geometry with NNF and NNnF on the volumetric mass transfer 

coefficient has been shown in Figure 4.10. The use of NNnF results in a greater increase 

in mass transfer for both straight and helical counterparts. Throughout the experiment, 

the working pressure and temperature are 1 atm and 30° C, respectively. The observation 

of greater mass transfer coefficients in the case of helical channel is in agreement with 

prior findings [113], however, it can be noted that channel geometry combined with 

NNnF can further augment mass transfer rates and thereby offer a method of process 

intensification.  
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Figure 4.11. Effect of channel geometry on mass transfer for 0.25 mm diameter micro-

channel. Red - 30 µL/min, Blue - 135 µL/min; solid sphere - NF, solid square – NNnF; 

continuous line-straight channel, dotted line- helical channel. 

4.2.7 Comparative analysis of mass transfer coefficient for 0.15 mm microchannel. 

Figure 4.11 shows the mass transfer ratio with NF, NNF and NNnF in the microchannel 

for a 0.15mm microchannel. The total mass transfer coefficients for the NNF and NNnF 

are k′ and k′′, respectively, while mass transfer with NF is k. 

 
Figure 4.12. Effect of NF, NNF and NNnF on mass transfer for 0.15 mm diameter mi-

crochannel. k″, k′ and k- mass transfer coefficient in microchannel with NNnF, NNF and 

with NF. Red - NNnF, Green- NNF; hollow circle – 30 µL/min, solid square- 135 

µL/min. 
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It can be noticed that by using NNnF, the mass transfer coefficient may be increased by 

up to 15 times for QT=30 µL/min. The mass transfer ratio is higher for low flow rates, 

which helps to optimize the system's energy efficiency because the pressure drop is ex-

pected to be smaller for low flow rates than for higher flow rates. The higher value of 

mass transfer ratio at a low flow rate is attributed to the relationship between flow rate 

and residence time of slug. The flow rate is inversely proportional to the residence time 

of slug. The lesser value of flow rate causes higher slug residence time which leads to 

the better influence of NNnF rather than shorter slug residence time in case of high flow 

rate.  

The salient points of augmentation in the mass transfer coefficient in NNnF have been 

stated below.  

 The difference between the wettability of aqueous (NF, NNF, NNnF) and organic 

phases over PDMS surface contributes to the efficient mixing and churning of 

phases. 

 Introduction of NNnF leads to an increase in the interfacial area due to change in 

shape of capsular slugs to “bullet shaped” slugs. 

 NNnF enhances the range of slug flow which has the highest mass transfer coef-

ficients and reduction of the range of transition flow patterns (slug-dispersed and 

slug-annular). 

 The experimental results have been corroborated with Computational Fluid Dy-

namics. 

4.3. Conclusion 

An alternative and effective method for pushing the boundary of process intensification 

strategies by using chemicals has been offered here. For the first time, three process in-

tensification techniques – (i) slug-flow, (ii) microchannel, and (iii) non-Newtonian 
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nanofluid (NNnF) - have been coupled to maximize the mass transfer coefficient. A 

model system has been employed, organic phase (toluene)-solute (acetic acid)-aqueous 

phase (NF, NNF and NNnF) to perform mass transfer studies. Solute transfer rates for 

mentioned liquid-liquid system have been investigated for microchannels with 0.15 mm 

and 0.25 mm diameters including geometric alterations (straight and helical). NNnF im-

proves mass transfer coefficient by reducing the range of slug annular and slug dispersed 

transitions for a wide range of flowrates and converting them to slug flow. As a result, 

the interfacial area gets increased and thus, improved mass transfer between the two 

phases for NNF and NNnF has been noticed. Interestingly, with lower flow rate of tolu-

ene for NNnF the mass transfer coefficient gets fifteen times enhanced. The NNnF meth-

odology presented here can be translated to industrial applications. 

 

  



1The results discussed in this chapter have been published in Industrial & Engineering Chemistry Re-

search, 60 (2021) 18464-18476. 
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Chapter 5:  Mechanical Vibration Assisted Mass Transfer 

for Two Phase Flow in Microchannel.1 

5.1 Brief Introduction 

In recent times microfluidic systems are emerging due to their multifunctional benefits 

including a higher degree of process intensification. The existence of slug flow regime 

in microdomain for biphasic flow systems further enhances mass transfer characteristics. 

The current work utilizes miniaturization combined with a simple and cost-effective tech-

nique for enhancing the mixing in microreactors for higher transport rates. In this chapter, 

a mechanical vibration technique has been developed for enhancing fluid mixing effi-

ciency in a microchannel without coming in contact with liquids in microdimensional 

systems. A combination of three enhancing factors - microdimension, slug-flow and me-

chanical vibration for a greater degree of process intensification has been presented. The 

effect of mechanical vibration on hydrodynamics and mass transfer characteristics on an 

immiscible liquid-liquid system in a microchannel with internal diameters of 0.15 mm 

and 0.25 mm has been investigated. Frequencies of 10Hz and 20Hz are used to induce 

vibration in microchannel. The result shows promising enhancement of mass transfer 

coefficient with the introduction of vibration. A vibrational parameter has been included 

in the study to calculate the stretched Reynolds number which is found to increase with 

introduction of vibration. The enhancement of mass transfer coefficient has been at-

tributed to the change of flow pattern from slug-dispersed transition and slug-annular 

transition The uniqueness in this current work is- (i) effective fluid mixing (convective) 

by simple and cost-effective method, (ii) populating the slug flow range by the introduc-

tion of mechanical vibrations, (iii) 3-times augmentation in the mass transfer coefficient 

in straight channel respectively with the vibration-assisted system for water-flow rate at 

90 mL/ min. This chapter also pinpoints the efficacy of vibration in  enhancing the mass
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transfer rates in simple and complex geometries. In this chapter, the role of the interfacial 

area and film thickness in governing mass transfer rates has also been discussed. The 

mechanical vibrations have significant effect on hydrodynamics and mass transfer en-

hancement for different geometrical modifications in microdomain. The advancement of 

vibration framework for effective fluid mixing will greatly affect drug, and fine synthetic 

industries in the high throughput separation process.  

5.2 Results and Discussion 

5.2.1 Effect of vibration on flow pattern map in straight and helical channels. 

The existence of flow patterns with and without vibration for two different channel di-

ameters has been plotted in terms of flow pattern maps. The flow pattern maps have been 

presented in terms of flow rate to rationalize the flow-rate-dependency of flow patterns 

[23,61,63,66,67]. The flow patterns are distinguished based on image analysis and visual 

observations through a high-speed camera. By invoking the aspect ratio of images of 

phases, three distinct flow regimes have been classified - slug-dispersed transition, slug, 

and slug-annular transition (Figure 5.1). The slug aspect ratio is defined as the ratio be-

tween slug length along with the slug diameter (Figure A.2). The distributions of different 

flow patterns for 0.15 mm straight microchannel serve as a reference point for the map-

ping of flow regimes. The aspect ratio of a circle (i.e. 2D projection of spherical bubble) 

is 1, hence this serves as the threshold point for the distinction between slug-dispersed 

transition and slug, whereas slugs are in capsular size, thus, a threshold at aspect ratio 11 

has been kept for identification of slug from slug-annular transition. 
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Figure 5.1. Size distribution for slug flow, slug-dispersed transition and slug-annular 

transition. 

A slug flow is generally defined as the capsular plugs of the non-wetting liquid that trav-

erse through the wetting liquid [113]. The effect of vibration on the dynamics of slug 

flow behavior of toluene-acetic acid-water system is the subject of the investigation. The 

image analysis of flow behavior with and without mechanical vibration has been per-

formed (Figure 5.2). The operating pressure and temperature in the experiment are 1 atm 

and 30 ± 3º C respectively. Occurrence of slug-annular transition has been observed with-

out vibration in 0.25 mm straight channel, whereas with the application of 20Hz vibration 

frequency the slug gets significantly populated at the expense of slug-annular transition. 

Unprecedentedly, it is also noticed that mechanical vibration enhances the range of slug 

flow due to the coalescence of small droplets (slug-dispersed transition) to the formation 

of the proper slug flow. 
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Figure 5.2. Size distribution of flow regime (a) before vibration (b) with vibration at 20 

Hz for the flow rate of QT= 30µL/min, and QW = 90µL/min.  

Based on visual and image analysis of recorded videos, identification of the predominant 

existence of - slug flow (blue dots), slug-dispersed transition (green dots), and slug-an-

nular transition (red dots) have been made (Figures 5.3 and 5.4). The slug transition tends 

to grow at the expense of slug flow with increasing flowrate of water. It is also evident 

that slug flow causes greater enhancement of mass transfer due to the presence of both- 

convection and diffusion mechanism [3,112,137]. Thus, an attempted has been made to 

increase the range of slug flow for mass transfer enhancement over the range of operating 

parameters.  

It is also observed that the frequency of vibration plays a pivotal role in the enhancement 

of slug flow range. At a low frequency of 10 Hz, the enhancement of slug flow range is 

less as compared to a high frequency of 20 Hz where the entire range is slug flow for all 

the operating phase flowrates in 0.15 mm diameter microchannel (Figure 5.3A). This is 

a path-breaking approach as there is 100% enhancement in slug flow range for 20 Hz. In 

the case of 0.25 mm diameter (Figure 5.4B) with the application of 20 Hz, the entire 
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range is slug flow just like 0.15 mm diameter. The range of slug flow (without vibration) 

for helical channel (Figure 5.3B and 5.4B) is higher than that of straight channel which 

is in agreement with previous works. Further, there is reduction in range of slug-annular 

transition for 10 Hz and 20 Hz frequencies for both diameters. Interestingly, only slug 

flow is existent for 20 Hz frequency for helical channels of different diameters. Some 

representative snapshots are also captured showing the change of slug-dispersed transi-

tion to slug and slug-annular transition to slug on the application of vibration for 0.15 

mm (Figure 5.5A) and 0.25 mm ID (Figure 5.5B) straight microchannels. The change of 

flow regimes in a helical channel is also depicted in Figure 5.5C.  
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Figure 5.3. Flow pattern map in 0.15 mm through microchannel at 10 Hz and 20 Hz frequency (A) Straight (B) Helical (Green dot – Slug-

Dispersed Transition, Red dot- Slug-Annular Transition, Blue dot- Slug Flow). 
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Figure 5.4. Flow pattern map in 0.25 mm through microchannel at 10 Hz and 20 Hz frequency (A) Straight (B) Helical (Green dot – Slug-

Dispersed Transition, Red dot- Slug-Annular Transition, Blue dot- Slug Flow). 
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Figure 5.5. Observed flow pattern under high-speed camera for (A) 0.15 mm straight 

microchannel, (B) 0.25 mm straight microchannel, (C) 0.25 mm helical microchannel. 
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5.2.2 Interfacial area and film thickness of microchannel: 

Quantification of the interfacial area of liquid-liquid system is required for in-depth anal-

ysis of flow phenomenon in the microchannel. Hydrophobic organic phase is expected to 

dominate on the surface of the channel while aqueous slugs pass through the PDMS-

based microchannel. The accurate estimation of interfacial area for biphasic systems is 

relatively cumbersome, hence, approximations have been used to quantify it by imaging 

method. Ghaini et al. [127] investigated the effective interfacial area and observed the 

effect of organic wall film thickness on mass transfer coefficient. Here, an easy imaging 

method is used to measure organic phase film thickness. Film thickness is predicted by 

using reported correlation equations between film thickness with capillary number (Table 

5.1). The primary objective of calculating film thickness is to predict the interfacial area 

associated with different flow behavior. As it is evident that with increase in interfacial 

area the mass transfer coefficient gets increased. Thus, the film thickness has been meas-

ured for slugs only with and without vibrations for 0.15 mm microchannel.  

The variation of interfacial area with respect to Reynolds number is shown in Figure 5.6 

and here interesting observations are noted that with an increasing flow rate of mixture 

effective interfacial area is getting increased, which may be due to the observation of 

small slug length at higher flow rate. To estimate the interfacial area for slug flow, domed 

and central part are considered as spheres and cylindrical respectively. The cylindrical 

diameter of slug flow is obtained by subtracting average wall film thickness (h) calcu-

lated from micro channel diameter. The average of different wall film thickness (h) ob-

tained from different correlations is shown in Figure 5.7. It is observed that mass transfer 

in microchannel systems (with and without vibration) is a function of flow velocity and 

increased with an increase in velocity. Further it has been observed that there is enhance-

ment of interfacial area with vibration as shown below in Figure 5.6. 
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Figure 5.6. Effect of mechanical vibration on an effective interfacial area of slug flow. 

 

Figure 5.7. Theoretical liquid film thickness for 0.15 mm diameter microchannel. 
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Table 5.1. Correlation of film thickness with capillary number from previous literature 

h = 1.34. R. 𝐶𝑎
2
3 Brethertons Law [125] 

ℎ = 0.5. 𝑅. √𝐶𝑎 Fairbrother and Stubbs [138] 

ℎ = 2𝑅
0.66. 𝐶𝑎

2
3

1 + 3.33. 𝐶𝑎
2
3

 

Aussillious and Quere [126] 

 

ℎ = 0.18.2. 𝑅. (1 − exp (−3.1. 𝐶𝑎0.54)) Irandoust and Andersson [139] 

 

h= film thickness; Ca= capillary number; R= Radius of conduit 

 

Ca=
𝜇𝑇𝑃 𝑈𝑇𝑃

𝜎𝑖
 

Table 5.2. Comparison of mass transfer coefficient and interfacial area in various reactors. 

Author Experimental conditions Kova[1/s] Interfacial 

area(a)[1/m] 

Velocity 

range 

(m/sec) 

Present work Straight microchannel [ID-

150 µm] 

Toluene-water-acetic acid 

0.03-1.36 20000-60000 0.0141-

0.132 

Present work Helical microchannel [ID-

150 µm] 

Toluene-water-acetic acid 

0.05-

1.401 

20000-45000 0.0141-

0.132 

Ghaini et al. 

[127] 

Capillary microreactor [ID-

0.5mm, 0.75mm, 1 mm] 

Diphenylanthracene-petro-

leum–water 

0.88-1.67 830-3200 0.014-

0.1272 

Asghar molaei 

Dehkordi [140]  

Jet reactor 

n-Butyl formate-aqueous 

NaOH solution 

0.28 1000-3400 0.000518-

0.00518 

Asghar molaei 

Dehkordi [141] 

Impinging jet reactor 

n-Butyl formate-aqueous 

NaOH solution 

0.075 350-900 2.2263-

6.3663 

 

From Table 5.2 it is evident that the interfacial area is higher for present case which is 

due to the decreased diameter of the microchannel. The calculation of interfacial area 

gives an insight on the mass transfer characteristics.  
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5.2.3 Effect of phase velocities on mass transfer under vibration in both test geometries. 

An in-depth analysis of the effect of flow rates on mass transfer coefficient under me-

chanical vibrations has been presented in this section. The mass transfer coefficients are 

depicted using flow rates. It can be noticed that overall volumetric mass transfer coeffi-

cient (kova) for 0.15 mm straight channel gets monotonously increased with increase in 

flow rates of phases up to a certain point (Figure 5.8A). Surprisingly, there is a sharp 

decrease in mass transfer co-efficient at QT = 30 µL/min and QW = 90 µL/min. Such a 

drop in mass transfer has been attributed to the change of flow from slug to slug-annular 

transition. It is interesting to note that with the introduction of vibration there is an en-

hancement in the mass transfer co-efficient which is evident from the figure for the con-

stant toluene flowrate. Two different colors have been used to depict two constant toluene 

flowrates and different symbols are used to show the mass transfer coefficients with and 

without vibrations. The kova is dependent on the interfacial area, internal circulation 

within aqueous phase and relative velocity of phases [9,58,142]. The mass transfer in 

slug flow is relatively higher due to the participation of the entire plug surface [113]. It 

is known that the interfacial area (“a”) for slug-annular transition is relatively lower than 

that for slugs, and thus, it has caused the lowered value of kova for QT = 30 µL/min and 

QW = 90 µL/min. In case of QT = 90 µL/min, slug-dispersed transition has been observed 

initially and then with a slight increase of water flowrate the flow becomes slug flow that 

has reflected in the increasing trend of kova.  

Similar trends are observed for 0.15 mm in straight and helical channel with and without 

vibrations respectively as shown in Figures 5.8A and Figure 5.8B. Figure 5.8C shows the 

effect of vibration frequency on mass transfer co-efficient for a constant toluene flow rate 

of 30 µL/min. It can be observed that with increased vibration frequency the mass transfer 

co-efficient gets enhanced and interestingly at QT=30 µL/min there is a sudden decrease 
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in mass transfer co-efficient at water flowrate of 90 µL/min. This can be attributed to the 

change in flow from slug to slug-annular transition, whereas there is no change in the 

flow pattern even after an increase of water velocity for vibration at 20 Hz frequency, 

thus following the increasing trend of kova. The vibration breaks the continuous core of 

water in case of slug -annular transition and formation of slug flow take place. 
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Figure 5.8. Effect of phase velocities and vibration frequency in (A) 0.15 mm straight 

microchannel (B) 0.15 mm helical microchannel. (C) 0.25 mm straight microchannel. 
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5.2.4 Effect of vibration frequency on mass transfer. 

The variation of vibration frequency on the overall mass transfer coefficient for 0.25 mm 

straight channel is presented in Figure 5.9. The overall mass transfer coefficient is ob-

served for QT =90 µL/min with and without vibration of 10 and 20 Hz. The mass transfer 

co-efficient increases with increase in vibration frequency. Same trend has been observed 

in 0.15 mm diameter microchannel. It is a positive approach toward process intensifica-

tion because the increment of mass transfer is noted to 58.87 % (at high toluene phase 

velocity) using a cost-effective home-build system.  

 

Figure 5.9. Effect of vibration frequency on mass transfer for 0.25 mm straight micro-

channel. 

 

  



99 
 

5.2.5 Effect of vibration and channel geometry on mass transfer  

Figure 5.10 shows the effect of channel geometry with and without vibration on overall 

volumetric mass transfer coefficient for 0.25 mm microchannel. It is observed that helical 

microchannel has the higher increment in mass transfer both in the case of with and with-

out vibration as compared to their straight counterparts. The operating pressure and tem-

perature in the entire experiment are 1 atm and 30 ± 3º C respectively. Same trend has 

also been observed in 0.15 mm diameter microchannel. The observation of higher mass 

transfer coefficients in case of helix is in agreement with previous works [113] but it is 

interesting to note that channel geometry in combination with mechanical vibration can 

further augment the mass transfer rates and positively contributes toward process inten-

sification.  

 

Figure 5.10. Effect of channel geometry on mass transfer with and without vibration for 

0.25 mm diameter microchannel. 
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5.2.6 Effect of diameter with and without vibration. 

In this section, an attempt has been made to decipher the effect of channel diameter both 

with and without vibrations on mass transfer co-efficient. In the Figure 5.11 different 

colors have been used to depict the channel diameter and different symbols are used to 

signify the vibration. Mass transfer coefficient increases with reduction in diameter 

which is in agreement with previous works [112,113,115]. Furthermore, it can be con-

cluded that reduction in diameter coupled with vibration (frequency of 20 Hz) will give 

more enhanced mass transfer coefficient significantly contributing to process intensifi-

cation, the combination of two simple and cost-effective methods could enhance the mass 

transfer rates up to 50% more.  

 

Figure 5.11. Effect of diameter with and without vibration on operating phase velocities 
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5.2.7 Comparative analysis of mass transfers for 0.15 mm microchannel. 

The ratio of mass transfer with and without vibration in the microchannel for 0.15mm 

diameter microchannel has been presented in Figure 5.12. The overall mass transfer co-

efficient with the vibration of 10 Hz and 20 Hz frequency is represented as k′ and k″ 

respectively and mass transfer without vibration is represented as k. 

 

Figure 5.12. Effect of vibration on mass transfer with and without vibration for 0.15 mm 

diameter microchannel. k″, k′ and k- mass transfer coefficient in microchannel with vi-

bration of 20 Hz, 10 Hz frequency and without vibration 

It can be noticed that the mass transfer coefficient can be enhanced up to 3 times for 

QT=30µL/min at a higher frequency of vibration. The ratio of mass transfer is higher for 

low flowrate which contributes effectively in terms of energy optimization of the system 

as for low flowrates the pressure drop is expected to be lower compared to higher 

flowrates. The higher rate value in case of low flowrate can be due to the longer residence 

time of slug at lower flow rate that experiences the optimum effect of vibration, unlike 
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shorter residence time at higher flow rates. This phenomenon effectively contributes to 

process intensification as low flow rate requires lesser pumping power simultaneously 

giving maximum enhancement of mass transfer. Thus, induction of mechanical vibration 

in flow processes for microchannels is more advantageous than other available methods. 

5.2.8 Variation of Sherwood number with Reynolds number  

 

Figure 5.13. Variation of Sherwood number with Reynolds number at mean velocities 

for 0.15 mm microchannel. 

A plot between Sherwood number (Sh) and Reynolds number (Remix) at mixture velocity 

has been presented (Figure 5.13). Sherwood number (𝑆ℎ =
𝑘𝑜𝑣𝑎 𝐴

𝐷𝐴𝐵
) is the ratio of con-

vective mass transfer rate to diffusive mass transport rate whereas Reynolds number 

(𝑅𝑒 =
𝜌𝑚𝑖𝑥𝑈𝑇𝑃𝐷

𝜇𝑚𝑖𝑥
)is defined as the ratio of inertial to viscous forces inside a fluid exposed 

to relative internal movement owing to varying fluid velocities.  
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Where, kova is mass transfer coefficient, A is cross sectional area, DAB is diffusivity, 𝜌𝑚𝑖𝑥 

is mixture density, 𝑈𝑇𝑃 is mixture velocity, D is internal diameter of microchannel, 𝜇𝑚𝑖𝑥 

is mixture viscosity. 

Researchers have also designed correlation between Sherwood number and Reynolds 

number for various systems [143]. In this study, attempt has also been made to design 

correlation for complex, toluene-acetic acid-water system with vibration frequency (20 

Hz). The operating pressure and temperature in the entire experiment are 1 atm and 30 ± 

3º C respectively. Different flow pattern has been observed in liquid-liquid system, so 

the designed correlation gets varied accordingly for different flow patterns. Sherwood 

number is found to be a strong function of Reynolds number and gets increased with the 

mixture velocity, UTP. The increasing trend of Sherwood number is linear in all flow 

patterns although the slope of slug flow pattern at higher velocities is more as compared 

to slope at low velocities. Long Taylor bubble is observed at lower mixture velocities 

whereas short Taylor bubble is observed at higher mixer velocities, thus, Sherwood num-

ber gets increased. The reason for such observation is the breakage of slug at higher ve-

locity and increase in interfacial film thickness. The increase in interfacial film thickness 

improves radial mass transport along with axial mass transfer. In the present study, the 

empirically designed correlations have been proposed after experimenting five times with 

mass transfer in liquid-liquid systems for various flow patterns. For the present study, 

Remix varies from 1 to 25 and Sh varies from 0 to 10. 

5.2.9 The Role of Convective Mass Transfer 

Mechanical vibration acts as an external drive that enhances the mixing in the microre-

actor. The microchannel is imagined as vibrating within a stirred region [144]. The major 

characteristic of this stirred region is the diameter (D) plus the path length (H). It can 
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consider as dynamic diameter, De = D +H. where De varies with the diameter of the mi-

crochannel (d) and amplitude of vibration (H). The amplitude of vibration is the distance 

of movement of the microchannel from its original position due to vibration. The effect 

of vibration parameter can be correlated in terms of stretched Reynolds number with total 

velocity U.                                       

Res =
ρTPUDe

µmix

 

Here Res depends upon density of mixture (ρTP), viscosity of mixture (µmix), U is total 

velocity  (U = √UTP
2 + Uf

2, 𝑈𝑓 = 2𝐻𝐹) . Uf is the velocity induced due to vibration 

which increases overall velocity of liquids in microchannel thus increase the Reynolds 

number of the fluids. The vibration effect can be regulated by varying the magnitude of 

frequency (F) of vibration.  

By incorporating Reynolds number (Res) and Schmidt number (Sc =
𝜇𝑚𝑖𝑥

𝜌𝑚𝑖𝑥D
) into the 

abscissa and mass transfer enhancement rate with vibration (
𝑘"

𝑘
) into the ordinate, the 

relation between frequency of vibration and mass transfer can be correlated.  
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Figure 5.14. Correlation of mass transfer enhancement rate with stretched vibrational 

Reynolds number 

 

The relationship is shown by the solid straight line in Figure 5.14 and is represented 

below by Equations within a standard deviation of 10%. 

 

𝐤"

𝐤
= 𝟕𝟑. 𝟐𝟔 × 𝟏𝟎−𝟓 × (𝐑𝐞𝟎.𝟔𝟗 × 𝐒𝐜𝟏.𝟏𝟑) − 𝟏𝟐. 𝟒𝟗     (5.4) 

The cause of enhancement of mass transfer with introduction of vibration can be sum-

marized as follows:  

 Vibration leads to enhance mixing by increasing the convective mass transport 

rates. 

 Vibration contributes positively towards process intensification by enhancing the 

range of slug flow which has the highest mass transfer co-efficient and reduction 
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of the range of transition flow patterns (Slug-Dispersed Transition and Slug-An-

nular Transition) which has lesser mass transfer rates. 

 Conversion of slug-dispersed transition into slug flow for same operating param-

eters on the application of vibration particularly more pronounced for higher fre-

quency range (20 Hz) by joining of the small droplets of water into proper slug  

 Change of slug-annular transition to slug flow by breakage of the continuous wa-

ter core into small slugs. The slug-annular transition reappears again after re-

moval of vibration from the system  

 Imparts disturbances/turbulence in the flow and affects the flow phenomena thus 

altering the transport rates due to changes in parameters affecting mass transfer 

rates like residence time, flow pattern, and others. 

5.3 Conclusion 

Slug flow, geometrical considerations and mechanical vibrations have already been in-

dependently investigated as a tool of process intensification. However, each of these 

methods has its own demerits and limited scope of applicability. The primary objective 

of present study is to offer an alternative method for reaching the limiting state of process 

intensification with an energy-optimized way. To meet this ambitious objective, three-

methods of process intensifications - (i) microchannel, (ii) slug-flow and (iii) mechanical 

vibration have been combined for the very first time. A model system- toluene-acetic 

acid-water has been used to develop the methodology of process intensification. Solute 

transfer rates in liquid-liquid extraction are compared in 0.15 mm and 0.25 mm size mi-

crochannels with geometric modifications at 10 and 20 Hz frequencies. The flow-pattern 

study has been carried out based on observed flow patterns- slug flow, slug-dispersed 

transition, and slug-annular transition). It is found that smaller size helical conduits en-
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hance mass transfer more prominently than straight and larger-size geometries. Introduc-

tion of mechanical vibration contributes positively towards enhanced mass transfer by 

decreasing the range of slug annular transition and slug dispersed transition for a wide 

range of flowrates and converting them into slug flow which is known to be tool of pro-

cess intensification. The 23-26 % increase in overall interfacial surface area is due to 

increased population of slug-flow regimes, which has caused greater enhancement of 

mass transfer observed in vibration-assisted systems. Interestingly, the augmentation of 

mass transfer in vibration assisted systems is more pronounced at lower toluene phase 

velocity. 200% enhancement in mass transfer co-efficient has been observed. The meth-

odology presented here is highly encouraging and may be used for scaling up the pro-

cesses with industrial relevance. 

  



1The work discussed in this chapter has been communicated for publication. 
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Chapter 6:  Mass Transfer Limited Nanocatalytic Conversion 

in a Continuous Flow Microreactor.1  

6.1 Brief Introduction 

Nanoparticles have received much attention as a consequence of their high stability and 

catalytic activity owing to their high surface-to-volume ratio [145–148]. Microreactors 

benefit from their miniaturized dimensions that facilitate and enhances mass and heat 

transmission and are being regarded as potent tools for chemical and biological sciences 

in both academic and industrial research [111,149,150]. The amalgamation of the nano-

catalysis with microreactor technology has been achieved through several noble metal 

nanocatalysts such as gold (Au), silver (Ag), and palladium (Pd) [78,80,151,152]. Nano-

catalysts inside the microreactor have a higher probability of enhanced catalytic activity, 

given the fact that they are in a controlled environment, rather than the variable external 

conditions [18]. The facile immobilization of nanocatalyst inside the continuous flow 

microreactor forms a strong catalytic system that augments the pros of nanocatalyst and 

flow chemistry, also known as flow nanocatalysis approach. Indeed, the procedure of 

embedding the nanocatalyst must ensure stability and recyclability, simultaneously pro-

moting the catalytic activity [98]. In this work, PDMS microreactor with nickel nanopar-

ticles (Ni-np) embedded inside microchannel has been fabricated. To evaluate the cata-

lytic performance of the fabricated catalytic microreactors, the reduction of resazurin to 

resorufin and 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by sodium borohydride 

(NaBH4) is chosen as the model reaction for three different concentration and at two 

different flow rates. The proposed strategy is featured with advantages of both chemical 

stability and physical simplicity and could provide a simple and stable approach for im-

mobilization of metal nanocatalysts on the surface of microchannels in microreactors. 
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6.2 Nanocatalytic reaction 

 6.2.1 Batch Reaction Method 

Two reduction reactions have been performed namely, 4-nitrophenol (4-NP) to 4-amino-

phenol (4-AP), and resazurin to resorufin as shown in Figure 6.1A and C. Nanocatalyst 

has been added to the freshly prepared solutions and the reaction has been carried out in 

a standard quartz cuvette (Helma, Merck). Figure 6.1B and D show a color change from 

blue (λmax = 603 nm) to pink (λmax = 572 nm) indicated the formation of resorufin and 

from yellow (λmax = 399 nm) to colorless (λmax = 300 nm) marked 4-AP. The absorbance 

of 4-NP drops as compared to the initial peak at 399 nm and a new peak of 4-AP starts 

to appear at 300 nm. Similar trend is observed for resazurin at different wavelength. The 

concentration parameter has been kept at 0.01 (C1) and 0.02 (a1) for batch reactions of 

both resazurin and 4-NP.  

 
Figure 6.1. A) Schematic representation of resazurin dye reduction. B) Batch reaction of 

resazurin. C) Schematic representation of 4-nitrophenol dye reduction. B) Batch reaction 

of 4-nitrophenol. 

6.2.2 Continuous Flow Reaction (Flow Chemistry). 

To study the catalytic activity of nanocatalyst embedded microchannel system, the pre-

pared reactant solutions have been passed through the microreactor at different concen-

trations and flow rates by a syringe pump (New Era pump 100) as shown in Figure 6.2A. 
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The experiment has been performed under ambient conditions. The reactant solution has 

been injected into the microreactor for flow rates of 10 and 20 µL/min. and the products 

have been collected from the microreactor at time interval (t) of every 10 minutes for up 

to 1 hour as shown in Figure 6.2. The role of flow rate and concentration on the catalytic 

activity of the nanocatalyst has been elaborated through experiments at two different flow 

rates and three different concentrations for both the reactant. The different concentrations 

of reactants are shown in Table 6.1.  

Table 6.1. Measured concentration of respective reactants 

Reactant Concentration 

(mg/mL of water) 

Resazurin 0.01 (C1) 0.02 (C2) 0.04(C3) 

4-Nitrophenol 0.02 (a1) 0.03 (a2) 0.06(a3) 

 

The concentrations of the product in the resulted solutions that are collected after stably 

flowing out of microreactor have been tested by UV-vis spectra. The kinetic study of the 

reaction is performed by measuring the time-dependent absorption (A) at different flow 

rates of 10 and 20 µL/min. The catalysis conversion efficiency is calculated as 1-At/A0, 

where, At is the absorbance of product at 399 nm for 4-NP and 603 for resazurin after 

time t and Ao is the absorbance of the reactant at 399 nm for 4-NP and 603 for resazurin. 

The effect of other phase inclusion in the system has been studied by injecting air as the 

second phase. The conversion of reactant to the product in microreactor has been meas-

ured every 10 minutes. To reconnoiter the reusability of the microreactor, the reactant 

solution has been flown for 4 hours at 10 µL/min. To remove catalytic deactivation, water 

is also flown into the system through another inlet of the microchannel.  
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Figure 6.2. (A) Schematic representation of experimental setup. Visual observations of 

reduction in continuous flow microreactor (B) Resazurin (C)4-Nitrophenol. 

6.3 Results and Discussion 

6.3.1 Substrate specific catalytic poisoning 

This section contains an in-depth investigation of the dependence of concentration on 

reduction reaction in continuous flow microreactor. Two different substrates of different 

size with three different concentrations (C1, C2, C3 and a1, a2, a3) has been chosen to flow 

in microreactor and product are collected from outlet of microreactor at regular interval 

of 10 min. Nitrophenol being small in size does not show much change in conversion 

efficiency at different concentrations. Resazurin is comparatively larger in size shows 

reduction in catalytic efficiency at C3 and a3 concentrations which is comparatively 

higher than other concentrations. Figure 6.3A and B show that the absorbance of reactant 

and product obtained from outlet of microreactor after 10 and 60 min. A single inlet 

microchannel with 5 catalytic packed beds has been used at a flow rate of 10µL/min. The 

reduction of nitrophenol to aminophenol in presence of NaBH4 and nickel nanoparticles 

takes place almost instantaneously with a conversion efficiency of 99% upto 60 min for 
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flow rate of 10µL/min. Whereas, a significant change in conversion efficiency with in-

crease in concentration is noted for reduction of resazurin and it is more pronounced with 

increase in time. The slow reaction of resazurin is attributed to larger size of resazurin 

which may vary the time scale of its dissociation from nanocatalytic surface. It is ob-

served that the performance of catalyst decreases with an increase in reactant concentra-

tion (Figure 6.4A and B). It is to be noted, that catalytic conversion efficacy increases 

initially up to 10 minutes and slightly decreases after 60 minutes at 10µL/min. The de-

creasing trend of catalytic activity is more pronounced at relatively higher concentrations 

(C3 and a3). The absorbance peak of resazurin is at 603 nm and resorufin at 572 nm. It 

may be concluded that the increase in reactant concentration led to the reduction in cata-

lytic performance over time.  
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Figure 6.3. (A) Absorbances of resazurin and resorufin after 10- and 60-minutes (B) Absorbances of 4-NP and 4-AP after 10- and 60-minutes 

Straight line- product obtained after 10 min dotted line- product obtained after 60 min.   
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Figure 6.4. (A) Continuous catalytic performance of microreactor on reduction of resaz-

urin. (B) Continuous catalytic performance of the microreactor on reduction of nitrophe-

nol. 

6.3.2 Flow rate dependent catalytic deactivation 

It is a common notion in the continuous-flow reaction that the catalytic efficiency tends 

to show a decreasing trend with an increased flow rate of substrate because higher flow 

rate reduces the residence time causing a shorter-contact period of the reactants to cata-

lytic surface. Two different flow rates (10 µL/min and 20 µL/min) have been employed 

to study the effect of flowrate on the catalytic conversion in the microreactor. At a flow 

rate of 10 µL/min, the microreactor demonstrates over 99.1 percent conversion towards 

4-NP. However, upon increasing the flowrate from 10 to 20 µL/min, the conversion is 

reduced, as demonstrated in Figure 6.5. The flow rate is opposite of the residence time, 

which reflects the contact time of the reactants, it is not surprising that the conversion is 

maximum at the lowest flow rate which is 10 µL/min. Thus, increasing the flow rate 

reduces the residence time, resulting in a decrease in conversion. The decreasing trend of 

catalytic activity or catalytic deactivation observed at high flow rate is more pronounced 

at relatively higher concentration of substrate. It can be hypothetically proposed that sub-

strate may not be able to access properly on nanocatalytic surface at high flow rate. In 4-
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NP to 4-AP process, reduction in catalytic activity with flow rate is higher at a1 concen-

tration system and a maximum 28%, 17% and 5% reduction in catalytic activities are 

observed over 60 minutes at a3, a2 and a1 reactant concentration respectively. In resazurin 

to resorufin reduction process, a similar effect of flow rate on catalytic activity has been 

observed as catalytic activity in microreactor decreased with an increase in flow rate. 

This demonstrates that Ni Nanoparticle has a very high catalytic activity, however, in-

crease in reactant concentration observes a decline in catalytic activities with flow rates 

by 2 %, 9% and 18% over 60 min at C1, C2 and C3 reactant concentration respectively.  

 

Figure 6.5. Effect of flowrate in the reaction of resazurin in the monophasic system (A) 

C1 concentration (B) C2 concentration (C) C3 concentration. Effect of flowrate in the 

reaction of 4-NP in the monophasic system at (D) a1 concentration (E) a2 concentration 

(F) a3 concentration.  

6.3.3 Method of tackling catalytic deactivation. 

Catalytic deactivation can be addressed by several methods, for instance lowering the 

concentration of substrate, increasing the residence time by reducing flow rate or through 

biphasic system by introduction of another phase (air). Air has been opted for as the 

complimentary phase owing to its abundance and inertness to the system. A double inlet 
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Ni nanoparticle embedded microreactor is fabricated to let air through one inlet and sub-

strate through another, to minimize the blockage of active catalytic sites inside the mi-

croreactor. The flow rate of air has been maintained at 90 µL/min throughout the exper-

iment. Biphasic system has been found to have a positive effect on catalytic activity 

which is shown in Figure 6.6. No drastic change in catalytic activity has been observed 

up to 60 minutes by air inclusion in the system. Nearly plateau in catalytic activity (1-

At/A0) is observed up to 60 minutes after the initial increase in 1-At/A0 for flow rate of 

10 µL/min and 20 µL/min of reactant. The inclusion of gaseous phase (air) in microchan-

nel through L double inlet systems has shown improved catalytic activity over a longer 

period.  

A comparative study of monophasic and biphasic at 10 mL/min for C1 and a1 concentra-

tion (low flow rate and low concentration) is represented by Figures 6.7A and C whereas, 

at 20 mL/min for C3 and a3 concentration (high flow rate and high concentration) is rep-

resented by Figure 6.7B and D. The juxtaposition of the above systems brings attention 

to the evident decline in the activity in case of C3 and a3 concentrations in monophasic 

systems as compared to biphasic system which flaunts relatively higher product yield. 

However, in the case of C1 and a1 concentrations, the conversion in monophasic is at par 

with biphasic system. 
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Figure 6.6. (A) Image of a continuous flow of resazurin inside microreactor. Effect of 

concentration in reduction of resazurin in the biphasic system (B) at 10 µL/min (C) at 20 

µL/min (D) Snapshot of a continuous flow of 4-NP inside microreactor. Effect of con-

centration in reduction of 4-NP in the biphasic system (E) at 10 µL/min (F) at 20 µL/min. 
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Figure 6.7. Effect of air inclusion inside microreactor for resazurin (A) for C1 concen-

tration and at a 10 µL/min (B) for C3 concentration and 20 µL/min. Effect of air inclu-

sion inside microreactor for 4-NP (C) for a1 concentration and at 10 µL/min (D) for a3 

concentration and 20 µL/min. Monophasic – reactant and Biphasic- Air-Reactant flow. 

6.3.4 Periodic regeneration of catalytic activity 

The long-term stability is highly desired for microreactors for industrial applications. The 

long-term catalytic performance of the Ni embedded microreactor has been evaluated for 

C1 and a1 concentration of resazurin and 4-nitrophenol at a flow rate of 10 µL/min to 

assess the microreactor's stability. The long-term survey lasted 4 hours, with sample col-

lection at every 10 min. Figure 6.8A and D show the absorbance of reactant and product 

obtained from microreactor for 4 hours. Surprisingly, the reduction of resazurin occurred 

up to 110 minutes and 130 minutes for monophasic system and biphasic system respec-

tively. It is observed that addition of another phase (air) delayed the catalytic poisoning 

(Figure 6.8B and C). Similar results have been obtained in reduction of nitrophenol also 

(Figure 6.8E and F). Further, catalytic activity can be regenerated by flowing water inside 

the microreactor for 10 minutes. The reason behind the complete inactivation of catalytic 
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activity may be blockage of the active site of catalyst which may be regenerated by pass-

ing water. The deactivation of Ni-nanocatalyst is generally caused by – (i) inaccessibility 

of binding site by substrate, and (ii) blocking of catalytic site. From the result of the 

absorption spectrum, it can be deduced that the catalyst is active for longer duration in 

the biphasic system than in the monophasic system. 

 

Figure 6.8. (A) Absorbance spectra for resazurin reduction up to 4 hours. Absorbance of 

substrate and product in (B) monophasic system (C) biphasic system. (D) Absorbance 

spectra for 4-nitrophenol reduction up to 4 hours. Absorbance of substrate and product 

in (E) monophasic system (F) biphasic system. Absorbance of resazurin, resorufin, 4-

nitrophenol and 4-aminophenol is taken at 603 nm, 572 nm, 399 and 300 nm respectively. 

To address the problem of catalytic regeneration, water is allowed to flow continuously 

for 4 hours through one inlet of microreactor and reactant through another inlet both at 

flow rate of 10 µL/min. Absorption spectra of the reactant and collected sample taken 

from the outlet of the microreactor as shown in Figures 6.9A and C. The conversion of 

substrate into the product has been elaborated by absorbance of substrate and product 

against time as shown in Figures 6.9B and D. It is noted that addition of water resulted 

in continuous reduction of substrate for upto 4 hours without catalytic deactivation.  
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Figure 6.9. (A) Absorbance spectra for resazurin conversion reaction up to 4 hours (B) 

Absorbance of substrate and product at C1 concentration (C) Absorbance spectra for ni-

trophenol conversion reaction up to 4 hours (D) Absorbance of substrate and product at 

a1 concentration  

6.3.5 Catalytic poisoning 

 

Figure 6.10. Schematic representation of the reaction mechanism. 

Theoretical modeling of the kinetics may give more insights into the catalytic process 

(Figure 6.10). The quantification of the parameter shows how the reaction proceeds with 

time. To do so, certain assumptions have been made to account for the deactivation of 
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the nanocatalyst i.e. (a) Concentration is very high, approximately 100 times (b) The 

substrate binding is very fast and therefore not the rate determining step, (c) The decrease 

in yield is solely due to the dissociation of the product from the surface, (d) The rate 

determining steps are the association and dissociation of the product from the catalytic 

site, and (e) surface restructuring may also lead to the deactivation of the catalyst. 

The rate of forward (Rf) and backward reaction (Rb) is given as a typical first order op-

posed by second order reaction, it is assumed that at ‘ac’ is the initial concentration of the 

𝑁𝑖 − 𝑛𝑝. 𝑃 species and at time ‘t’, where 𝑁𝑖 − 𝑛𝑝. 𝑃 nanoparticle bound with product spe-

cies ‘x’ amount of product has been dissociated from the catalyst surface:  

𝑅𝑓 =  𝑘𝑓[𝑁𝑖 − 𝑛𝑝. 𝑃] = 𝑘𝑓(𝑎𝑐 − 𝑥)    (6.1) 

𝑅𝑏 =  𝑘𝑏[𝑛𝑝][𝑃] = 𝑘𝑏𝑥2     (6.2) 

Where, kf and kb are forward and backward rate constant 

The over-all rate of reaction can be given by: 

𝑑𝑥

𝑑𝑡
= 𝑘𝑓(𝑎𝑐 − 𝑥) − 𝑘𝑏𝑥2     (6.3) 

Assuming that equilibrium is attained after a long period of time, the rate of forward 

reaction becomes equal to rate of backward reaction, i.e., Rf  = Rb, therefore the equation 

(6.3) becomes: 

𝑘𝑓(𝑎𝑐 − 𝑥𝑒𝑞) = 𝑘𝑏𝑥𝑒𝑞
2     (6.4) 

Where xeq is the decrease in concentration at equilibrium of 𝑁𝑖 − 𝑛𝑝. 𝑃 species at equi-

librium, then equation (6.3) becomes, 

𝑑𝑥

𝑑𝑡
= 𝑘𝑓(𝑎𝑐 − 𝑥) −

𝑘𝑓(𝑎𝑐−𝑥𝑒𝑞)

𝑥𝑒𝑞
2

𝑥2     (6.5) 
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𝑑𝑥

𝑑𝑡
= 𝑘𝑓 [(𝑎𝑐 − 𝑥) −

(𝑎𝑐−𝑥𝑒𝑞)

𝑥𝑒𝑞
2

𝑥2]     (6.6) 

𝑑𝑥

𝑑𝑡
= 𝑘𝑓 [

(𝑎𝑐−𝑥)𝑥𝑒𝑞
2−(𝑎𝑐−𝑥𝑒𝑞)𝑥2

𝑥𝑒𝑞
2 ]    (6.7) 

𝑑𝑥

𝑑𝑡
= 𝑘𝑓 [

𝑎𝑐𝑥𝑒𝑞
2−𝑥𝑥𝑒𝑞

2−𝑎𝑐𝑥2+𝑥𝑒𝑞𝑥2

𝑥𝑒𝑞
2 ]    (6.8) 

𝑘𝑓𝑑𝑡 =
𝑥𝑒𝑞

2

(𝑎𝑐𝑥𝑒𝑞
2−𝑥𝑥𝑒𝑞

2−𝑎𝑐𝑥2+𝑥𝑒𝑞𝑥2)
𝑑𝑥    (6.9) 

𝑘𝑓𝑑𝑡 =
𝑥𝑒𝑞

2

(𝑎𝑐𝑥𝑒𝑞
2−𝑥𝑥𝑒𝑞

2−𝑎𝑐𝑥2+𝑥𝑒𝑞𝑥2)
𝑑𝑥    (6.10) 

Integrating the equation (6.10),  

𝑘𝑓 =
𝑥𝑒𝑞

𝑡(2𝑎𝑐−𝑥𝑒𝑞)
ln

𝑎𝑐𝑥𝑒𝑞+𝑥𝑒𝑞(𝑎𝑐−𝑥𝑒𝑞)

𝑎𝑐(𝑥𝑒𝑞−𝑥)
    (6.11) 

and 𝑘𝑏 =
𝑥𝑒𝑞

𝑡(2𝑎𝑐−𝑥𝑒𝑞)𝐾
ln

𝑎𝑐𝑥𝑒𝑞+𝑥𝑒𝑞(𝑎𝑐−𝑥𝑒𝑞)

𝑎𝑐(𝑥𝑒𝑞−𝑥)
    (6.12) 

Where K is the equilibrium constant. 

Now, the rate of product dissociated is given by the difference between the rate of 

forward and rate of backward reaction, therefore subtracting equation (6.12) from 

equation (6.11) and rearranging,  

𝑥 = 𝑥𝑒𝑞 −
𝑥𝑒𝑞(2𝑎𝑐−𝑥𝑒𝑞)

𝑎𝑐

𝑒
−

(2𝑎𝑐−𝑥𝑒𝑞)(𝑘𝑓−𝑘𝑏)𝐾𝑡

𝑥𝑒𝑞(𝐾−1)    (6.13) 

The amount adsorbed on the nanoparticle surface is given by the mass loss, i.e., the 

amount that is not accounted for, in the solution outside the channel, it is given by: 

[𝑆0] = [𝑆] + [𝑃] + [𝑁𝑖 − 𝑛𝑝. 𝑃] + [𝑃𝐷𝑀𝑆 − 𝑃]   (6.14) 
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Where [PDMS-P] is the amount of product adsorbed on the channel surface. 

The amount of product adsorbed on the surface of the nanoparticle (𝑁𝑖 − 𝑛𝑝. 𝑃) which is 

represented by ‘x’ in the above equation, is inferred to be responsible for blocking the 

active sites. The gradual degradation of the absorbance curve in Figure 6.9 could be ded-

icated to this blocking of the active site, furthermore, the initial activity is not attained 

even after water inflow in the channel highlights the chemisorption of the product on the 

catalyst surface. From Figure 6.11, it can be concluded that the rate of chemisorption is 

the rate of poisoning of the embedded nanocatalyst in both cases of resazurin as well as 

resorufin. The concentration trend follows typical ‘first order opposed by second order’ 

kinetics. The difference between rate constants of forward and backward reactions high-

lights the fact that, as the reaction proceeds perpetually in the channel, the gap closes in 

over time, i.e., majority of the sites are blocked, and the product formation would cease. 

Conclusively, it is necessary to mention that concentration is at the crux of catalytic ef-

ficiency of the embedded nanoparticles. The observed decline of conversion in cases of 

higher concentration and higher flow rates elaborates to higher reactant per site, and these 

are the cases where the highest reduction in efficiency is observed. In the case of biphasic 

system, the inclusion of air is delaying the reactant-site interaction, in turn delaying the 

poisoning, perhaps which can be translated to reduction in concentration over time. The 

reduced activity or catalytic poisoning may not be so evident in the instances where con-

centrations are in the order of 10-9 or 10-12 M nevertheless, makes itself apparent at higher 

concentrations.   
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Figure 6.11. (A) Adsorbance of resazurin on embedded nanoparticle surface. (B) Rate 

of decline of resorufin yield. (C) Adsorbance of 4-nitrophenol on embedded nanoparticle 

surface. (D) Rate of decline of 4-aminophenol yield. 

6.4 Conclusion 

To summarize, a simple and efficient approach to embed nickel nanocatalyst on the mi-

crochannel surface has been devised to build catalytic microreactors. During continuous 

operation, microreactors show strong catalytic activity for reduction of resazurin and 4-

NP over 4 hours, demonstrating the high stability of the immobilized Ni-np on the sur-

face. The resultant microreactor maintains a conversion of almost 100% for the reduction 

of 4-NP and resazurin even after 4 hours, indicating remarkable catalytic activity and 

stability. The technique of including biphasic system in a microchannel has proven to be 

superior in catalytic applications. The concept suggested in this study provides a simple 

and effective method for producing metallic nanocatalyst-equipped microsystems, which 

may have new applications in the fields of heterogeneous catalytic processes, chemi-

cal/biosensors, and antibacterial surfaces.  
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Chapter 7:  Conclusion and Future Work 

 7.1 Conclusion 

The current work aims to combine different strategies of process intensification (chemi-

cal and mechanical means) for liquid-liquid flow systems in smaller diameter conduits 

(millimeter sized and micro channels). Nowadays, process intensification (PI) has played 

a significant role and become more and more a common practice in the execution and 

optimization of chemical processes in the field of academic research or industrial devel-

opment[153,154]. It is likely that the chemical plant of the future will be far smaller than 

that of today. This can be achieved only by a step change in the plant technology used, 

rather than incremental improvements of existing plant items. The philosophy of size 

reduction has been in existence for several years under the name of Process Intensifica-

tion (PI)[155]. Smaller diameter conduit can result in reduced capital cost and reduced 

operating costs, whilst giving improved product quality. The use of small diameter con-

duit and continuous processes is gaining in popularity for industrial production of fine 

chemicals where synthesis is done in small-scale and in pharmaceutical industries[156–

161]. The work initially focuses on the detailed study of hydrodynamics and mass trans-

fer for liquid-liquid systems in nanoparticle immobilized millichannel. From the experi-

ments in two different millichannel sizes, it is observed that both flow patterns and mass 

transfer are affected by conduit diameter and immobilization of nanoparticles. Nanopar-

ticle embedded systems lead to an increase in the interfacial area for mass transfer and 

nanoparticles contribute positively toward process intensification by enhancing the range 

of slug flow that has the highest mass-transfer coefficients and reduction of the range of 

transition flow patterns (slug dispersed and slug annular) that have lower mass-transfer 

rates. Attempts have next been made to further intensify the mass transfer processes by 

reducing the size of the reactor from millimeter to micro size with introduction of non-



126 
 

Newtonian nanofluid as an aqueous phase. The concept originated from the past obser-

vations that the range of slug flow and mass transfer rates enhances with the decrease in 

the conduit size. A model system comprising organic phase, acetic acid, and three aque-

ous phases (Distilled water as a Newtonian fluid, 0.5% CMC solution and nanofluid as 

non- Newtonian fluid) has been selected for study of enhanced mass transfer. Non-New-

tonian nanofluid improves mass transfer by reducing the range of slug annular and slug 

dispersed transitions for a wide range of flowrates and converting the transitions to slug 

flow, which aids process intensification. As a result, there is an increase in the interfacial 

area which improves the mass transfer between the two phases with the aqueous phase 

of non-Newtonian nanofluid. Interestingly, with lower toluene phase flowrate, the am-

plification of mass transfer with the introduction of non-Newtonian nanofluid is more 

evident and fifteen times increase in mass transfer coefficient has been noted. But high 

pressure fluctuations are associated this this method, so the work further utilizes minia-

turization combined with a simple and cost-effective technique for enhancing the mixing 

in microreactors, further leading to much higher transport rates. Development of a me-

chanical vibration technique for enhancing the fluid mixing efficiency in a microchannel 

without coming into contact with liquids in micro dimensional systems has been done. 

The unique aspect of this work include: (i) effective fluid mixing (convective) by a simple 

and cost-effective method, (ii) population of the slug flow range by the introduction of 

mechanical vibrations, and (iii) a maximum three-fold augmentation of the mass-transfer 

coefficient in the straight channel with the vibration-assisted system for a water flow rate 

of 90 μL/min. The mechanical vibrations have a significant effect on the hydrodynamics 

and mass-transfer enhancement for different geometrical modifications in the microdo-

main. Lastly, the research on heterogeneous catalysis in conjunction with multiphase 

flow processing in microreactors has been on the rapid rise. There is huge potential of 
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this approach towards the development of an efficient and sustainable chemical synthesis 

relevant to fine chemicals and pharmaceutical industries. Thus, a simple and efficient 

technique has been developed to construct a catalytic microreactors with nickel nanocat-

alysts embedded on the surface. During continuous operation, microreactors have shown 

strong catalytic activity for the reduction of resazurin and para-nitrophenol, demonstrat-

ing the high catalytic activity and stability of the immobilized Nickel nanoparticles on 

the surface. In the microreactor during the continuous flow process conversion of almost 

100% for the reduction of para-nitrophenol and resazurin for up to four hours, indicating 

remarkable catalytic activity and stability. The technique of including bi-phasic system 

in a microchannel has proven to be superior in catalytic applications. The concept sug-

gested in this study provides a simple and effective method for producing metallic nano-

catalyst-equipped microsystems, which could have new applications in the fields of het-

erogeneous catalytic processes, chemical/biosensors, and antibacterial surfaces 

7.2 Future Work 

The present work contributes to the advances in the fundamental knowledge of the hy-

drodynamics and reaction kinetics study of liquid-liquid two-phase flow over a small 

diameter conduit. Although extensive experiments have been performed on the two-

phase flow in microchannel, many tasks in this field can further be done. Moreover, the 

present study on the two-phase flow represents an attempt at the application of small 

diameter conduit in liquid-liquid extraction and reaction kinetics. There is still more work 

that can be carried out, and in the near future, the following works are recommended: 

1. Method to immobilize nanoparticles on the surface of microchannel. 

2. Mass transfer and hydrodynamics for other liquid-liquid system. 

3. CFD simulations for liquid-liquid systems using nanofluids. 
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4. Reaction kinetics study with other reactants and catalysts. 
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Appendix A 

A.1 Derivation of the overall volumetric mass transfer coefficient (kova)  

 

In the present study the overall volumetric mass transfer coefficient (kova) is estimated 

from the aqueous phase mass balance (solute free basis) over a differential length (dz) 

(Figure A.1). [18,115,162] 

ACCadzkCQCQdN WWzzWWdzzWWA )(||
*
                                         (A.1) 

     

Adz
Q

ak

CC

dC

W

z

WW

W 
*                    (A.2) 

and the solute mass balance between inlet and a distance z from the inlet  

TTWWinTTinWW CQCQCQCQ .... ..                   (A.3) 

where 

TW CmC *
                                                                                                    (A.4) 

m, the distribution coefficient for acetic acid in acetic acid-toluene-water biphasic sys-

tem. Therefore, m represents the slope obtained from Regression of CT and 𝐶𝑤
∗  which 

shows a nearly linear relationship (𝐶𝑤
∗  = 4.05×CT) based on ternary equilibrium data gen-

erated at room temperature (26°C) in the range of the observed concentrations using AS-

PEN+ software[162][18,115], m is noted to be 4.05.  

In Equations. (A.2-A.4), A is the cross-sectional area (πd2/4) of the tube (m2), a is the 

transfer area per unit volume (m2/m3), (kza) denotes the local volumetric mass transfer 

coefficient at axial location z based on solute concentration in water phase (s-1) and NA 

is the mass flux (kg/s-m2). CT and CW are the respective concentration of acetic acid in 

toluene (m3 of acetic acid/ m3 of pure toluene) and water (m3 of acetic acid/ m3 of pure 

water) at a distance z from the inlet, while CT.in and Cw.in are the corresponding inlet 
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concentrations expressed as (m3 of acetic acid/ m3 of pure toluene) and (m3 of acetic acid/ 

m3 of pure water). CW,out is the outlet concentration of acetic acid in water (m3 of acetic 

acid/ m3 of pure water) and 
*

WC is the equilibrium concentration of acetic acid in water 

corresponding to the concentration of acetic acid in toluene (CT, solute free basis).  

From Equations. (A.2- A.4),  
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Since Cw varies with z, the overall volumetric mass transfer coefficient (kova) is obtained 

by integrating Eq. (A.5) over the entire length (L) of the test section. [18,115,162] 
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In Eq. (A.6) [18,115,162], L is the total length of the microchannel and kova denotes the 

overall volumetric mass transfer coefficient at based on solute concentration in water 

phase (s-1). 

 



143 
 

 

Figure A.1. Differential section of the test conduit for deduction of mass transfer coeffi-

cient. 

A.2 Reynolds number of mixture calculations 

The following equations have been used to determine the Reynold number for the re-

spective rates[163].  

 

𝑅𝑒 =
𝜌𝑚𝑖𝑥𝑈𝑇𝑃𝐷

𝜇𝑚𝑖𝑥

                                                                                (A.7) 

 
   𝜌𝑚𝑖𝑥 =  𝛽𝜌𝑇 + (1 − 𝛽)𝜌𝑊                                                                       (A.8) 

 

  𝑈𝑇𝑃 =  𝑈𝑇 + 𝑈𝑊                                                                               (A.9) 

 

                𝛽 =
𝑄𝑇

𝑄𝑇+𝑄𝑊
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A.3 Calculation of Interfacial area slug flow  

 Radius (r) = diameter (d)/2 

d=D-2h 

 Volume of sphere = (
4

3
)𝜋𝑟3 

Volume of Cylinder = 𝜋 𝑟2 L 

Total Volume = Volume of sphere + volume of cylinder  

Area of mass transfer in two half spherical dome (A1) = 4𝜋 𝑟2 

Area of mass transfer in cylindrical part of slug (A2) = 𝜋𝑟2L 

Total surface area available for mass transfer = A1+ A2  

Interfacial area for mass transfer = Total surface area available for mass transfer/ Total 

volume (m2/m3). Here h is interfacial film thickness, L is length of cylindrical part of 

slug, d is the diameter of cylindrical dome.  
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A.4 Aspect ratio calculation for slug 

Aspect ratio of bubbles (Slug) = Maximum Length of bubble (L+d) / diameter of bubble 

(d)  

 

Figure A.2. Schematic diagram of slug for aspect ratio calculation 
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