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Abstract 
 

The present study reports the feasible applications of the millichannel based packed bed geometries 

as the efficient transport devices. Before the application of any millimetric channel geometries as 

the transport devices, the hydrodynamics, mixing, and flow characteristics for the flow of fluids 

through them to be very well known. The pressure drop characteristics of single-phase as well as 

aqueous-organic liquid-liquid two-phase flow through the rectangular straight and serpentine 

millichannels, both in packed and unpacked conditions, using medium sand as the packing material 

were described in the present context. The experimental results are enunciated with the available 

models for both unpacked and packed channels. Empirical models are developed to predict the 

pressure drop and friction factor for both single and two-component liquid-liquid flows through 

the prescribed straight and serpentine geometries based on the operating variables. The variation 

of local entropy generation rate at a particular temperature gradient in the two-phase flows through 

the unpacked straight channel is enunciated. 

 

From the previous literature, it was obvious that the millimetric devices with parallel multichannel 

are more efficient than their series. The incorporation of another inert phase may also enhance the 

transport efficiencies as the turbulence or mixing increases, proving more residence time to the 

contaminants inside the multichannel. The process intensification by using the millimetric 

multichannel packed bed devices providing the two-phase flows is the key focus for researchers 

for the enhancement of the mass transfer applications. Millimetric multichannel-based devices 

have elevated heat and mass transfer performance and thus have great prospects, particularly in 

exothermic or explosive reactions. Residence time distribution (RTD) is the most important 

parameter to characterize the flow distribution inside the device. The RTDs of a liquid tracer for 

the air-water two-phase concurrent flows through the millimetric packed multichannel devices 

(consist of 11 number of same dimensional parallel channels) with the variable heights were 

measured by the conductivity measurements and represented by the axial dispersion model 

(ADM). The axial dispersion coefficients, as well as the specific energy dissipation values, were 

estimated. The effects of the operating variables, pressure drop, and the geometries on the 

hydrodynamics and the mixing properties were well expressed. Based on the experimental data, 

new correlations were proposed and compared with the available literature. 
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Then the heat transport studies were executed based on the hydrodynamics and the local entropy 

generation rate for the water-toluene, water-benzene, and water-p-xylene (aqueous-organic) two-

phase flow through the straight and serpentine rectangular narrow channels, packed with 

irregularly shaped sand particles of different diameters. The widely used Ergun equation for the 

calculation of pressure drop in packed bed is modified for the application in randomly packed 

straight and serpentine narrow rectangular channels in a horizontal orientation. New correlations 

for the convective heat transfer coefficient are proposed. The flow dynamics other than the 

temperature gradient, on the local entropy generations for the liquid-liquid flows in the packed 

straight and serpentine channels, are enunciated. The influence of the changing diameter of the 

packing material and the fluid mixture on the local entropy generation were demonstrated. The 

packed straight channel acquires a lower-pressure drop in the absence of Dean flow. The packed 

serpentine channel of the same dimension, having less entropy generation rate for the same 

temperature driving force, establishes its efficiency for the more beneficial application to design 

the heat transport equipment at the higher mass flow rate, provided the same diameter of the 

packing material and the fluid mixture at the expense of higher pressure drop. 

 

The mass transfer (extraction) studies were also performed to investigate the effect of copper ion 

concentration in the solution, extractant concentration in the solvent, solution pH, mixture velocity 

of the phases, and the temperature on the copper extraction from a copper-laden solution. Copper 

is separated from a mixture of copper, nickel, and cadmium solution as hydroxide precipitate by 

changing the pH of the solution. Copper is then extracted from the aqueous phase to the organic 

phase using a commercially available extractant D2EHPA [Bis - (2-ethylhexyl) phosphoric acid] 

dissolved in the organic phase (benzene). The effect of pH and the other parameters on the 

stripping process of copper from the organic phase to the acidic aqueous phase has also been 

studied, introducing a rectangular serpentine packed millichannel as a novel extracting device. 

 

From the previous studies, it was clear that the inert packing materials should be replaced by the 

adsorbent material to fabricate the millichannel based packed bed adsorption device. Hence, the 

synthesis of the cost-effective, potentially efficient adsorbents became the target. Though the 

activated carbon-based materials are widely used by the industries due to their low cost, they are 

not usable in millimetric packed-channel devices due to their slow adsorption kinetics. The 
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retention time inside the millimetric packed channels is very low, which makes the activated 

carbons are inefficient in these small dimensional channels. Then the only option remains to go 

for the graphene-based composite materials, which may provide faster kinetics having the high 

surface area and the higher surface functionality. Due to the presence of a huge number of 

functional groups on the adsorbent surface, it may facilitate the ionic interactions, proving the 

faster kinetics to the process. The Ag-RGO nanocomposite film was prepared by following the in-

situ green synthesis using turnip leaves-extract as a reducing as well as a capping agent. The 

synthesized material was utilized as an efficient naproxen adsorbent from the contaminated 

aqueous solutions, which showed a multilayered ion-exchange type of adsorption process on the 

heterogeneous adsorbent surfaces. The process parameters were optimized to get the maximum 

adsorption capacity and were validated using response surface methodology (RSM). 

 

It was evident from the previous studies that the graphene-based materials can be used as the 

packing material for the fabrication of millimetric packed channel adsorption devices for their 

higher capacity and faster kinetics. Lastly, the hydrodynamics and the mixing characteristics for 

the single-phase flow through a millimetric multichannel packed bed device was studied to meet 

the specific requirements of the small-scale transport systems. Residence Time Distribution (RTD) 

studies were performed to characterize the velocity distribution for the internal flow inside that 

packed bed. The effects of the operating variables and the geometries on the hydrodynamics and 

mixing properties were enunciated. Copper adsorption with the parametric effects was studied in 

the same packed multichannel geometry with the amine-functionalized reduced graphene oxide 

(RGO-NH2) coated glass beads. The Thomas and Yoon-Nelson adsorption models analyzed the 

experimental results. The adsorptive mass transfer rates were correlated to the hydrodynamic 

parameters of the said packed bed device, and the regeneration studies were performed. 

 

This study will be helpful in designing millichannel-based packed bed transport devices, along 

with the synthesis and characterization of the various kind of adsorbent materials. 
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s,w   single-phase water 

g   gas or air or vapor phase 

TH-2503_156107032



1 
 

  Chapter 1 
 

 

Background and Formulation of the Research 
 

The scarcity of pure water is a universal problem and a threat to all living creatures and human 

beings. With the increasing population, the era of industrialization started to fulfill the rising 

demand. The effluent released from the industries pollutes the natural sources of the water bodies 

continuously. Therefore, proper treatment of the effluent is necessary before their release to the 

environment. There are various kinds of separation processes like physical separation, evaporation, 

distillation, extraction, adsorption, crystallization, and membrane separation. According to their 

difficulty level, those are arranged in Fig. 1.1. The physical separation processes are easy enough; 

however, these techniques decrease resource utilization, increasing the time of operation.  The 

main disadvantages of the evaporation processes are the excessive capital, energy, and 

maintenance costs, the massive size of apparatus, enhanced temperatures requirement, corrosion 

problems, and scaling or foaming problems. Another disadvantage of the evaporation process is 

that it is harder to scale up; having an advantage of solar power employment is easier with the 

evaporation. The distillation process is one of the most effective and efficient separation process, 

which is easy to implement and produce highly pure fractions of the mixtures. The disadvantages 

associated with these processes are the higher cost of operation along with the operational hazards 

as the high heat energy is required to operate the distillation columns. It can also come up with the 

pollution of rivers, streams, and other bodies of water, by improper handling of the wastewater 

from the refineries. 

 

The distillation processes are applicable to the mixtures when the boiling points of the components 

of the mixtures are quite different from one another (at least 30 C). Solvent extraction is the second 

most important separation technique used in the industries for purification of some materials or 

removal of some unwanted materials from the others present in a solution. Solvent extraction is an 

attractive separation technique in the separation of non-volatile solutes from aqueous solutions, 
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separation of heat-sensitive materials such as antibiotics (e.g., penicillin that is recovered from 

fermentation broth by using the solvent butyl acetate), separation of the close boiling component 

mixtures. 
 

 

Fig.1.1. Different types of separation processes. 

 

The other most important use of solvent extraction for most of the chemicals, petrochemicals, 

refineries, and other industries is the removal of organics from their waste effluent. Solvent 

extraction is a simple process, and no complex equipment is required. It is a time-saving process 

with higher screening and higher throughput, which eliminates environmental hazards. Controlled 

recovery can be achieved with large selectivity and flexibility. 

 

The disadvantages associated with the extraction processes are the emulsion formation, loss of 

compounds, laborious, pre-concentration steps required in some cases. Hence, the selection of 

proper solvent and the extractant are very much essential to achieve fruitful utilization of that 

process. The next separation process is the adsorption, which is widely used by the industries. In 

that process, the atoms, ions, or molecules from a gas, liquid, or dissolved solid adhere to a surface, 
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creating a film of the adsorbate on the adsorbent. Adsorption is purely a surface phenomenon and 

maybe faster or slower depending on the physical and chemical characteristics of the adsorbent 

materials. The main advantages of the adsorption process are easy operation, low cost, high 

performance, and operated under the high pH range. The effectiveness of the adsorption process 

depends on the type of substance to be eliminated. The substances, which acquired a high 

molecular weight, and the low water solubility, are adsorbed, preferably with the active carbon. 

The disadvantages associated with that process are the weak selectivity during separation, and it 

may create a waste product when the adsorbates are not separable, or the regeneration of the 

adsorbent materials is not possible in a simple way after the adsorption. In the crystallization 

process, the pure crystals of the wanted materials are formed from a super-saturated solution upon 

cooling from a higher temperature. The heat-sensitive materials can be safely purified by this 

method, but some impurities may intact inside the agglomerated crystals, and the liquid requires 

being refined for further use. An accurate control system is required for controlling the heating 

and cooling rate to obtain the wanted product increases the process cost. Membrane processes can 

be used in the separation and purification of a huge variety of materials across a wide range of 

industries. These processes can function effectively at low temperatures with no phase changes 

involved. Microfiltration and ultrafiltration processes are efficient for the fractionating of the 

particle species according to their sizes. However, the processes are liable to the membrane 

fouling, decreasing the permeate flux, which may require expensive cleaning and regeneration. 

The membranes made by the shear sensitive materials may be damaged at the high flow rates, 

generally used in the cross-flow operations. Moreover, if the manufacturing process of the 

membrane is not controlled precisely, the membrane with the wide pore size distribution may 

results, which gives the poor separation performance. Keeping in mind, the previously stated 

advantages and disadvantages of the separation processes, in the present context, the attentions are 

provided on the modification and intensification of the extraction and adsorption processes, which 

are utilizing extensively by the industries. 

 

In recent years, micro- and milli-channel technologies have attracted considerable attention for the 

process intensification in the transport devices. Millichannel has the potential to overcome the 

shortcomings associated with large-scale equipment through the reduction of analyte and reagent 

volumes. Millichannels are also amenable to gentle and high throughput cell handling. Miniature 
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channels are used by various industries for their process application or making products. There is 

a significant pressure loss for the flow through the miniature channels due to the wall shear, and 

the boundary layer flow. Therefore, the amount of energy consumption is high enough for 

supplying sufficient pressure by the pumps or other devices to maintain the flow through the 

miniature channels. Appropriate channel design with lower energy consumption is a challenge to 

researchers and engineers. 

 

Various designs of the miniature channels are available for heat transfer and pressure drop study, 

but they are mainly designed and investigated for the single-phase liquid flow. Therefore, the 

extensive study is required for the liquid-liquid two-phase flow, which is used in the microchannel-

based extraction process. The researchers are targeting to make appropriate microchannel devices 

for liquid-liquid extraction in rectangular geometry, instead of a cylindrical channel (Priest et al., 

2011). 

 

1.1. Advantages of the mini-channels for the separation processes 

(i) Higher separation efficiency due to higher surface to volume ratio with small process 

volume and holdup 

(ii) Extremely short response times considerably simplifying process control 

(iii) Can handle a large heat and mass fluxes 

(iv) Safe environment for hazardous or toxic chemicals during the process 

(v) The same % of separation occurred with the use of very less space 

(vi) No strict limit in size reduction or expansion of plant components since any production 

capacity is achievable by means of parallel operation 

(vii) Vast improvements in energy efficiency, mechanical agitators or rotors are not required 

(viii) Safety, reliability, and scalability are the other advantages 

Therefore, the researchers and engineers are struggling to make a design of such mini-channel 

geometry so that it can be used industrially with the consumption of less power having higher 

separation efficiency.  

 

 

 

TH-2503_156107032



Chapter - 1 

 

5 
 

1.2. Applications of the mini-channels in industries 

The advantages of the use of mini-channel devices made them indispensable for their applications 

in the following industries for a variety of purposes. 

(i) Pharmaceutical and fine chemicals producing industries (Sun Pharmaceutical 

Industries Ltd., Mumbai; Lupin Ltd., Pune; etc.) 

(ii) Sensors and actuators producing industries (Mettler Toledo India Pvt. Ltd., Mumbai; 

Bosch, Karnataka; etc.) 

(iii) Micro mixer and microreactor producing industries (Amar Equipments Pvt. Ltd., 

Mumbai; Chemito Technologies Pvt. Ltd., Maharashtra; etc.) 

(iv) Micro-heat exchangers or heat sinks producing industries (Pranav Bikas (India) Pvt. 

Ltd., Pune; Sapa Extrusion India Pvt. Ltd., Karnataka; etc.) 

(v) Gas processing industries (Oil and Natural Gas Corporation Ltd., Gujarat; Gas 

Authority India Ltd., Madhya Pradesh; etc.) 

(vi) Drinks processing industries (Hindustan Coca-Cola Beverages Pvt. Ltd., Haryana; 
PepsiCo India, Haryana; etc.) 
 

(vii) Pesticides and toxic chemicals producing industries (Insecticides (India) Pvt. Ltd., 

Jammu & Kashmir; Bayer Crop Science, Maharashtra; etc.) 

(viii) Microchips and electrical equipment producing industries (Advanced Micro Devices, 

California; Maxim Integrated, California, etc.)  

 

The efficiencies of the separation or transport processes in mini-channel geometries depend on the 

hydrodynamic characteristics of the flow inside the channels, which also depend on the pressure 

drop and other operating variables. Therefore, the pressure drop is one of the most important design 

parameters for designing heat and mass transfer equipment, especially in channel-based equipment 

for the process intensification. Hence, a comprehensive understanding of pressure drop and the 

flow hydrodynamics during the liquid-liquid flow through the mini-channel is of considerable 

practical importance. In the current context, the rectangular milli-channel geometries are used for 

the hydrodynamics and transport (mass and heat) studies for the single-phase as well as the two-

phase flows (Fig. 1.2). 
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It is known to all that any kind of transport process between the two immiscible phases (like the 

extraction process) depends on the extent of mixing of the phases inside the devices. The packed 

bed provides a higher surface area to interact (catalyst packing), along with the higher interfacial 

mixing between the phases at the detrimental of the higher-pressure drop. Hence, the millichannel 

devices were packed with an inert material (medium size red sand), and the mass and heat transport 

studies were performed along with their relative hydrodynamic characteristics. 

 

The corresponding packed channels used in this study are shown in Fig. 1.3. The experimental 

results revealed the fact that the packed channel geometries are more efficient to mass transport 

(extraction) as the mass transfer resistance is negligible than the unpacked channels (Mondal and 

Majumder, 2018c). Whereas, the serpentine packed channels are more efficient to heat transport 

than the packed straight channels (Mondal and Majumder, 2020). 

 

 
 

Fig. 1.2. Unpacked channel geometries (a) straight channel, (b) serpentine channel, and (c) 

parallel straight multichannel. 

 

However, miniature devices found to be lacking in industrial applications by means of large 

production and high throughput, which required a numbering-up approach in terms of 
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multichannel devices (Saber et al., 2010; Yue et al., 2010). The parallelized milli- or micro-

multichannel geometries are more effective than their series (Kockmann, 2007). The multi-

millimetric channels can be used for the heat and mass transfer applications for their intense mixing 

and intensified transport properties (Guo et al., 2018). 

 

In the case of the fabrication of the millichannel based adsorption devices, the inert packing 

materials should be replaced by an active one. In that concern, it was difficult to select an efficient 

active material amongst so many. Activated carbons are universally used by the industries and also 

experimented by the researchers for the adsorptive separation processes due to its high surface area 

and low cost. Adsorption is a surface phenomenon, mainly depends on the surface area and active 

sites present on the surface of the adsorbent. The generation of higher surface area and the active 

sites depend on the selection of the precursor materials, and the activating agent, the activation 

process, and the process parameters employed. 

 

 
 

Fig. 1.3. Packed channel geometries (a) straight channel, (b) serpentine channel, and (c) parallel 

straight multichannel. 

 

Most of the researchers performed the experiments in batch mode. However, to fulfill the 

increasing demand of the society, a continuous mode of operation was necessary beyond the batch 

process. The adsorption process mainly being a physical phenomenon. It requires a longer time to 
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reach the adsorption equilibrium, which made it improper to use as the adsorbent inside a 

millichannel based packed bed device, as the residence time of the adsorbate molecules or ions 

inside the small bed was very low. So, the surface modification or the changes of adsorbent 

materials were may be the solutions. The surface modification by the surfactant may change the 

point of zero charge (PZC) values and the surface charge of the adsorbent, preferring the higher 

adsorption of particular adsorbate molecules depending on their charges, as shown in Fig. 1.4 

(Ntakirutimana et al., 2018). 

 

 

 

Fig. 1.4. Surface modification of the activated carbon by the use of surfactant (Ntakirutimana et 

al., 2018). 

 

However, the surface modification increases the adsorption capacity of the activated carbon; it is 

not sufficient to be used as the adsorbing material in a millichannel-based adsorption device with 

respect to its equilibrium time. Then the only way was left to achieve the goal was to go for the 

graphene-based composite materials forgetting about the cost. According to Sang et al. (2017), the 

silver nanoparticle deposited reduced graphene oxide (RGO) high catalytic activity. 

Surface Micropores 

C < CMC 
(Hemimicelles) 

C ≈ CMC 
(Admicelles) 

FESEM 
Image 

Tail (Hydrophobic) 

Head (Hydrophilic) 

CTAB 

Activated Coal 

After Surface-   
Modification 

TH-2503_156107032



Chapter - 1 

 

9 
 

 

The graphene-based materials provide high surface area for the adsorption along with the high 

surface functionality susceptible to the better adsorption by ionic interactions. It can also take part 

in π-π interactions providing higher efficiency and capacity to the process. The composite material 

responded well enough with respect to the adsorption capacity and equilibrium time (the 

equilibrium reached within 3.0 min). Therefore, the adsorption studies were performed in a 

rectangular millimetric multichannel-based packed bed device (packing material: functionalized 

reduced graphene oxide coated glass beads), and the hydrodynamics of flow and the residence 

time distribution (RTD) studies. The fabricated devices were efficient in the continuous separation 

processes, which were demonstrated in the subsequent chapters. 

 

Now, from the above discussion, it is not clear that what type of contaminants are focused on 

separating from the mainstream using the extraction or adsorption techniques. According to the 

world health organization (WHO), the heavy metals are the water pollutants after a certain limit. 

The contamination of these metal ions is increasing day by day due to the improper handling of 

the effluents from their respective industries like metal polishing, leather, fertilizer, and battery 

making industries. In the present study, the attention was given mainly on the one major heavy 

metal pollutant copper (Cu2+). Moreover, some attention was given on the adsorptive separation 

of an organic pollutant like naproxen (C14H14O3, a nonsteroidal anti-inflammatory drug). The 

literature reviews for the overall studies have been shown in the subsequent chapters. 

 

1.3. The objectives of the overall study 

Based on the present status of the research, the experimental investigations and analysis were done 

on the following objectives: 

(i) Hydrodynamics (Flow pattern, holdup of the organic phase, pressure drop) of liquid-

liquid flow through the millichannels in packed and unpacked conditions 

(ii) Mixing characteristics of fluids in millichannels and its analysis, and development of 

the models 

(iii) Heat transport and entropy analysis in the rectangular millimetric channels in packed 

and unpacked conditions 
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(iv) Efficacy of the packed and unpacked millichannels as the metal ions extraction and 

stripping devices 

(v) Synthesis and characterization of the efficient graphene-based nanocomposite material, 

and its utilization for the adsorptive transport 

(vi) Adsorptive separation of water contaminant in millichannel based packed bed device 

 

1.4. Significance of the work 

Liquid-liquid flows through rectangular straight and serpentine channels in both packed and 

unpacked conditions have potential application in the mass and heat transfer in micro and 

millichannel based extraction or heat exchanger devices for process intensifications. In addition, 

the single-phase, as well as the two-phase gas-liquid flows through the millimetric multichannel 

devices packed with the interacting material, have potential applications in the mass transfer like 

adsorption, extraction, and any other reactive or exothermic processes for the process 

intensifications. The study of the hydrodynamics and the mixing characteristics inside the device 

are essential, for designing an efficient transport device since the mixing efficiency highly affects 

the parameters like transport rate, product yield, and selectivity. The parallel multichannel devices 

are more efficient than the series of channels of the same dimension. The multi-millimetric 

channels provide the fast mixing effect and the compact transport properties.  

 

The local entropy generation is one of the determining factors for the performances of the thermal 

devices. Hence, the effect of flow properties and the pressure drop on the local entropy generation 

rate for the same driving force (temperature difference) is required to study in straight and 

serpentine channel-based packed thermal devices.  The effect of the variations of the particle 

diameter and the fluid mixtures on the entropy generation are also essential to study.  

 

The heavy metal, having some toxic nature, and also water pollutants after a specific limit are 

inimical in living creatures. So, maximum recovery of heavy metal (e.g., copper) from industrial 

waste effluent by a process intensification would be economically and environmentally beneficial. 

Solvent extraction is the second most important and attractive separation technique used in the 

industries for purification of some materials and the separation of some non-volatile solutes from 

the others present in a solution. Researchers and engineers are interested in miniaturization for the 
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chemical process intensifications. The development of micro and millichannel based liquid-liquid 

extraction device is gaining importance. Hence, the extraction parameters are required to optimize 

for the separation of metal from an aqueous phase using suitable extractant diluted in benzene 

through a rectangular serpentine packed and unpacked millichannel.  

 

In recent years, reduced graphene oxide (RGO) has been attracted to the researchers for its 

excellent electrical, thermal, mechanical, and optical properties. Moreover, RGO and its 

nanocomposites are broadly used as excellent adsorbents and applied in water purification 

processes. Adsorption being a surface phenomenon not only depends on the surface area and 

micropores present, but it also depends on the surface characteristics of the adsorbing materials. 

The 2D planes of RGO with the attachment of fewer amounts of functional groups provide high 

surface area and bonding sites susceptible to adsorption. The delocalized π-electrons present in 

RGO have energetic binding efficiency towards the harmful pollutants, which makes it a rapid 

adsorbent for the removal of contaminants. The effects of operating variables on adsorption 

kinetics and equilibrium isotherms are required to investigate and analyze appropriately in the 

current context.  

 

For designing an efficient adsorption device, the study of the hydrodynamics and the mixing 

characteristics inside the device are essential since the mixing efficiency highly affects the 

parameters like transport rate, product yield, and selectivity. 

 

Hence, the present study may be valuable to the researchers, designers, and industries for further 

research, design, and the process execution of the multichannel-based millimetric transport 

devices, based on the present studies. 
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1.5. Thesis outline 
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Chapter 2 
 

Hydrodynamics in Rectangular Straight and 

Serpentine Unpacked and Packed Millichannels  

 

Hydrodynamics and pressure drop studies are essential to understand the flow statistics in 

designing any kind of heat and mass transfer devices. The transport characteristics can be enhanced 

by changing the flow behavior or initiating the turbulence inside the device at the expense of 

higher-pressure drop. The turbulence may be generated by either increasing the volumetric flow 

rate/velocity of the fluid or by incorporating the packing material or by introducing curvature in 

the flow geometry. In the present context, the single and two-phase flow hydrodynamics and 

pressure drop in rectangular millimetric (a) straight channel and (b) serpentine channel geometries 

were studied. 

 

2.1. Introduction 

Millichannel technologies with the liquid-liquid flow have attracted considerable attention in 

compact heat exchangers and mass transfer devices in chemical industries. Liquid-liquid extraction 

is an important mass transfer operation in the chemical, food processing, and pharmaceutical 

industries. The essential oil from the natural sources dissolved in alcoholic water can be extracted 

by an organic phase by continuously passing the two-phases through the packed channel. The 

packed channel facilitates high retention time of phases and intense mixing, which benefits the 

higher extraction rate. Mary et al. (2008) studied the liquid-liquid extraction through a microfluidic 

device using water and butanol. Seibert and Fair (1988) studied the influences of phase flow rates, 

the direction of solute transfer, and phase dispersion in spray and packed liquid-liquid extraction 

column. They developed a fundamental model to account dispersed phase holdup, and mass-

transfer efficiency with two widely different chemical systems:  toluene/acetone/water and 1-

butanol/succinic acid/water. Esmaeilzadeh et al. (2014) studied the spearmint oil extraction in a 

packed bed using SC-CO2 and its analysis by mathematical modeling. Sahu et al. (2016), studied 
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the overall extraction performance characterizing as a function of the residence time of the phases 

and the hydrodynamics. They reported that the micro-channel gives a superior extraction 

performance in the slug flow regime as compared to the well-mixed batch system, although both 

have comparable sizes of the dispersed phase. They stated that “This is attributed to the strong 

internal circulations induced by shear in the slug flow regime”. Priest et al. (2011) demonstrated 

microfluidic solvent extraction (SX) of metal ions from particle-laden aqueous solutions as an 

alternative to conventional solvent extraction for the extraction of Cu2+ using 2-hydroxy-5-

nonylacetophenone. They reported that the microfluidic method is also able to access extraction 

kinetics for particle-laden systems. As the microchannels are closed systems, there is greater 

potential for recycling of volatile liquids and reduced human exposure to potentially hazardous 

chemicals. Darekar et al. (2016), studied single-stage solvent extraction of HNO3 using TBP in 

dodecane in microbore tubes. The experiments showed that the configuration of the microbore 

tube is efficient in the extraction of the solute. Kriel et al. (2015), studied the extraction of 

integrating scrubbing, and stripping process in the channel based microfluidic solvent extraction 

(micro SX) chips using a secondary amine as the extractant. They reported the real time-efficiency 

of the phase disengagement. Tsaoulidis and Angeli (2015) studied the effect of channel size on the 

mass transfer characteristics of liquid-liquid plug flow for capillaries with an internal diameter 

ranging from 0.5 to 2 mm. The extraction of {UO2}2+ ions from nitric acid solutions into TBP/IL 

mixtures, relevant to spent nuclear fuel reprocessing, was studied for different residence times, 

dispersed phase fractions, and mixture velocities. They reported that extraction efficiencies 

dependent on channel size. The packed column is widely used in oil purification and recovery in 

oil industries, as well as a small sand-packed column is also used in the laboratories (Gudina et al., 

2013; Bigui et al., 2018). Varteressian and Fenske (1936) studied liquid-liquid extraction 

performance in a packed column. Later on, Moorhead and Himmelblau (1962), optimized the operating 

condition of a packed liquid-liquid extraction column. 

 

Hence, these attracted considerable attention to both academics and the process industries for the 

chemical process intensification. Moreover, the rectangular channel geometries have extensive 

applications in nuclear engineering. Through the reduction of reagent volume utilization, the 

millichannel based equipment minimizes the imperfections incorporated with the large-scale 

equipment. High heat and mass transport rate and easy controlling are other advantages of 
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millichannel. The introduction of packing materials into the rectangular channel again enhances 

the transport processes increasing the chaos inside the system. Pressure drop calculations are 

necessary to design the millichannel based transport apparatus, for the process escalation. The 

benefits of the rectangular channel over the conventional circular channels are higher pressure 

drop increasing higher ease of molecular transport processes (especially for specific reactive mass 

transport or heat transport processes) with low fabrication cost (Mondal and Majumder, 2018b). 

The miniatured rectangular channels attracted great attention to the researchers (Ide and 

Matsumura, 1990; Warrier et al., 2002; Cavallini et al., 2005; Zhao et al., 2006; Santoso et al., 

2006; Hwang and Kim, 2006; Ide et al., 2007; Field and Hrnjak, 2007; Fries et al., 2008; Kim et 

al., 2011; Wang et al., 2013;  Xing et al., 2013; Choi and Kim, 2014;  Mansour et al., 2015; Li and 

Hibiki, 2017a). They performed various kinds of experiments to understand the geometric effects 

on the hydrodynamics of mainly air-water or refrigerant systems.  

 

Incorporation of curvature into the rectangular channel specifies the importance of Dean flow 

inside the noncircular ducts (Norouzi and Biglari, 2013), causing the high efficiency of mixing, 

resulting in higher mass transfer. Another way to enhance the transport processes is the 

incorporation of packing materials inside the rectangular curved ducts.  

 

The information on pressure drop is significant to understand the energy dissipation, modeling the 

system, and the assessment of the performance of the heat and mass transport equipment. The 

estimation of pressure drop is necessary to control the flow rates of the fluids to avail the required 

quantity of heat and mass transport. Pressure drop calculation for the fluid flows through the 

channel is required to install an appropriate pump for pumping the fluids. Inside the flow systems, 

the mixing of two-phase is mostly dependent on the pressure drop of the system, on which mass 

and heat flux depend. Therefore the comprehensive understanding of pressure drop during liquid-

liquid flows through millichannel is of considerable practical importance.  

 

Several models interpret the two-phase flow systems in channels of different geometry for a long 

time. The separated flow model was proposed by Lockhart and Martinelli (1949) for the gas-liquid 

systems through pipes in a horizontal orientation in the form of friction multipliers. Chisholm 
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(1967), gives the correlation for the friction multipliers. There are several models available to 

interpret the two-phase flow systems in unpacked pipes and channels, as summarized in Table 2.1.  

 

Blasius (1913) proposed a friction factor relation with Reynolds number for fully developed 

turbulent flow through the circular tubes as well as rectangular channels. Shah and London (1978), 

Harnett and Kostic (1989), Abdelall et al. (2005), Hrnjak and Tu (2007) used the same relation to 

determine the friction factors for laminar flow through rectangular channels. Leon and Roman 

(1984), Bhatti and Shah (1987) also proposed the friction factor correlations depending mainly on 

the Reynolds number along with the aspect ratio of the channel. Bhatti and Shah (1987) introduced 

the effect of viscosity of the fluids on the friction factor. Phillips (1990) categorized the friction 

factor for both developing and developed flow regimes through rectangular microchannel. 

Churchill (1977) developed a friction factor correlation for flow through the rectangular channel. 

Li and Hibiki (2017b) used the same correlation developed by Churchill (1977) for both laminar 

and turbulent flow through a rectangular channel. Flows through curved microchannel were 

investigated by Hua and Yang (1985), Wang and Liu (2007). They (Hua and Yang, 1985; Wang 

and Liu, 2007) developed the pressure drop and friction factor relationship as a function of 

Reynolds number and Dean number. 

 

The inclusion of packing into the rectangular channel enhances the transport phenomena at the 

cost of increasing pressure. In the year 1952, Ergun, (Ergun, 1952; McCabe et al., 2005) proposed 

the first pressure drop model applicable for the packed bed, which is the combination of Kozeny–

Carman equation and Burke-Plummer equation (McCabe et al., 2005). The proposed equation by 

Ergun is applicable for the laminar and turbulent flow due to the applicability of the above two 

prescribed equations (McCabe et al., 2005) in the specified fields. Many researchers (Feng, 1989; 

Foumeny et al., 1993; Eisfeld and Schitzlein, 2001; Montillet et al., 2007) attempted to modify the 

Ergun equation depending on various kinds of geometries and applications of their packed units. 

In a packed unit, friction factor relations for the spherical particles are given by Rose (1945), Rose 

and Rizk (1949), Kürten et al. (1966), Hicks (1970), Tallmadge (1970), Lee and Ogawa (1974), 

Watanabe (1989), Montillet et al. (2007), and Ozahi et al. (2008). Though the equations are 

developed for the spherical particles with sphericity 1.0, these are compared to our experimental 

data, and a new correlation is generated for packed bed using packing of sand of sphericity 0.85.
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Table 2.1. Summary of the previous work on the frictional pressure drop for the flow through the unpacked channel. 
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


 ,    












 



n
o

n

o

n

ow xxBxX 2
2

2
2

2

22 111   

where n = 0.2 , 
OW dz

dP

dz

dP
X 
















 /2

 

Moriyama et 

al., 1992 

R113-N2 Rectangular channel, 

dH  = 0.014 –0.195 

mm, Horizontal 

  *
358.0exp121

Lo
C   where  

  H

ow

m d
g

Lo /

5.0

*
















 

0.014 6.25 mmHd  ; 2000Re w  and 2000Re o  

Mishima and 

Hibiki, 1996 

Water-air Mainly vertical and 

horizontal round 

tube, 

 21 1 exp 0.319 HC d      
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also applicable in a 

horizontal 

rectangular duct. 

dH  = 1.0 – 4.0 mm. 

Mishima et al., 

1993 

Water-air Rectangular channel, 

dH  = 2.08 – 8.89 mm, 

Vertical upward 

 HdeC 319121   using the Lockhart-Martinelli model 

Yang and 

Webb, 1996 

Refrigerants, R-12 Rectangular channel, 

dH  = 1.56 – 2.64 mm. 






















H

weq

weq

m d

G
f

dz

dp 2

'12.0Re87.0  where 
w

Heq

eq

dG


Re , 

 

2500Re eq
;  

























5.0

1
o

w
ooeq xxGG




 

Tran et al., 

2000 

R- 134a, R-12, and 

R-1 13 

Rectangular channel, 

dH  = 2.397 mm, 

Horizontal 

2
w

wm dz

dP

dz

dP


















 with 

    75.1875.0875.0*22 113.41 ooow xxxLoX   

 

 

5.0

2

*















owH

m

gd
Lo




 and 

 
 

o

w

dz
dP

dz
dP

X 2
 

Lee and Lee, 

2001 

Water-air Rectangular channel, 

dH = 0.78 – 6.67 mm, 

Horizontal 

r
eq

qpAC Re  using the Lockhart-Martinelli model 
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Hmw

w

d




2

  and 
m

w j




   ; 

*Re Loeq   

A = 6.833×10-8, p = -1.317, q = 0.719 and r = 0.557 

Lee and 

Mudawar, 2005 

Water-R134a Rectangular channel, 

dH = 0.349 mm, 

Horizontal 

For laminar liquid and laminar vapor: 

6.0047.0Re16.2 www WeC    

For laminar liquid and turbulent vapor: 

23.025.0Re45.1 www WeC   and 
ww

Hw
w

dG
We



2

  using the Lockhart-

Martinelli model 

Qu et al., 2003 Water-air Rectangular channel, 

dH  = 0.23 mm, 

Horizontal 

)0613.000418.0)(1(21 319   GeC Hd

 

Yue et al., 2004 Nitrogen-water Rectangular 

microchannel, 

dH  = 0.33 mm and 

0.53 mm, Horizontal 

711.00942.0 Re185.0 ww XC 
 

Chen et al., 

2007 

Air-water Rectangular channel, 

dH  = 3 – 4.5 mm, 

Horizontal 

 For laminar flow region: 

 
 

8
3

233.0

5.0
355.0 Re2485.0 w

H

w
cw gd

U
A













  
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For turbulent flow region: 

   
8

3
425.0

145.0 Re848.0 w
w

ow
cw U

UU
A







 

   

Yue et al., 2008 CO2-water Rectangular 

microchannel, 

dH  = 0.68 mm, 0.40 

mm and 0.20 mm, 

Horizontal 

3.02

1
2 Re217.0 ww



 
 
3.02

1
2* Re217.0 ww



   ; applicable for the high aspect ratio. 

Kawahara et 

al., 2009 

Nitrogen-water Rectangular 

microchannel, 

dH  = 0.25 mm, 

Horizontal 

01.001.019.0 Re87.3 www WeBoC 
 

where 
m

Hgd
Bo



 2


 

Sun and 

Mishima, 2009 

R123, R134a, R22, 

R236ea, R245fa, 

R404a, R407C, 

R410a, 

R507, CO2, water, 

and air. 

Rectangular Channel 

& tube, dH  = 0.506 – 

12 mm, Horizontal 

 

For wRe <2000 and oRe <2000: 

w

w

m dz

dp

dz

dp
















 2 ; 
2

2 1
X

C

X

C ww
w  ; 



































*27.08.0

153.0

1
1000

Re
126 Low

w eC   

For wRe  2000 and oRe  2000: ;2

w

w

m dz

dp

dz

dp



















219.1

2 1
1

XX

C w
w   
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Li et al., 2010 12 fluids Circular and 

rectangular channel, 

dH  = 0.148-3.25 mm, 

Horizontal 

5.1Bo ; 45.09.11 BoC   

115.1  Bo ; 
56.05.0 )Re(4.109  BoC  

Qin et al., 2012 Water-steam Rectangular channel, 

Hd = 3.81 mm, 

Vertical 

  38.129.0 1Re5.209 om xC  
 

Zhang et al., 

2010a 

Liquid-gas and 

liquid-vapor flow 

Modified the 

correlation given by 

Moriyama et al., 

1992  

For adiabatic liquid-gas flow: 














*

674.0

121 Lo
w eC

 

For adiabatic liquid-vapor flow: 














*

142.0

121 Lo
w eC

 

Present work Liquid-liquid 

(water-toluene) 

Rectangular straight 

channel, 

Hd
 = 3.33 mm, 

Horizontal 

;2

w

w

m dz

dp

dz

dp

















     3638.03638.02 7796.1Re7796.1 wwww WeCa 

 

and   4854.04854.0
)(2375.1Re2375.1 wwww WeCaC   

Present work Liquid-liquid 

(water-toluene) 

The rectangular 

serpentine channel, 

Hd
 = 3.33 mm, 

Horizontal 

;2

w

w

m dz

dp

dz

dp

















     0398.0'0398.02 594.7594.7 wwww WeCaDe 

 

and 

  07912.0
92.4 www CaDeC   
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From the literature, it is observed that very little attention has been given to the rectangular straight 

and serpentine channels in both the micro and macro domains. It is noticed that in the case of the 

circular channel as well as the rectangular channel, the investigations are performed using mostly 

the air-water or gas-liquid systems (Kreutzer et al., 2005; Warnier et al., 2010). Most of the 

experiments have been carried out using air-water systems even though they used the rectangular 

curved channel. According to our knowledge, very few experiments have been performed to 

scrutinize the pressure drop of liquid-liquid flow through the packed and unpacked rectangular 

millichannels in both straight and serpentine geometries. The liquid-liquid two-phase flows have 

advantageous applications in the mass and heat transfer operations like micro and millichannel 

based extraction and heat exchanger devices. The present study aims to investigate the effect of 

operating variables on the pressure drop and friction factor for the liquid-liquid flow through the 

rectangular straight and serpentine millichannel with and without packing, and the development 

of general empirical models to interpret the results based on experimental results. The present work 

also aims to generate the empirical correlations to elucidate the experimental results and the local 

entropy generation rate in straight channel geometry. In industries, it would be the new beginning 

of the introduction of the rectangular packed bed for the process intensification for physical and 

reactive mass transfer. 

 

2.2. Theoretical background 

Frictional pressure drop for two-phase liquid flow can be expressed as 

inletgaTf PPPPP          (2.1) 

where ∆Pf is the two-phase frictional pressure drop, ∆PT is the total pressure drop, ∆Pa is the 

pressure drop due to the acceleration of fluid velocity, ∆Pg is the gravitational pressure drop. In 

the present study, the ∆Pa  term of Eq. (2.1) is nullified as the inlet and outlet velocities are 

considered to be the same. ∆Pinlet is the sum of contraction or expansion and entrance loss at the 

inlet which can be expressed as 

2
)(

2U
KPinlet


          (2.2) 

where  is the density of the fluid, U is the actual velocity of the fluid at the contraction or 

expansion zone, K is the contraction or expansion coefficient which is assumed to be equal to 0.5 
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and  is entrance loss coefficient and holds the value nearly equal to 1.31 (Martin, 1974). 

Gravitational effect on the pressure drop is expressed as Froude number 

Hgd

U
Fr             (2.3) 

where g is the gravitational acceleration, and dH is the hydraulic diameter. Though the horizontal 

flow is encountered in the following context, the density ratio of the two fluids greater than one 

results in the slip between the phases which incorporated the effect of Froude number or gravity 

or hydraulic jump (Sun et al., 1992; Woods and Hanratty, 1999; Kuntoro et al., 2015; Pressure 

Loss Calculations, http://fekete.com.). In that case, when the velocity of the phases increases, a 

wave is generated at the interphase of the two fluids, and at high velocity, the waves break down 

and form bubbles or slugs inside the flow field. Surface waves can form under the influence of 

gravity even in the absence of air and in the horizontal flow condition when the densities of the 

fluids are different. If there is stratified flow due to density difference is considered the film 

inversion (Estimation of Flow Patterns, http://14.139.172.204/nptel.) at the bends is also 

influencing the mixing or formation of bubble and slug in the experimental channel. At that 

condition, there is a density difference present along the vertical line through the channel that 

demands the effect of gravity or Froude number. In the present study, the density ratio is 1.154, 

and the Froude number for the mixture ranges from 0.99 – 5.18 makes the incorporation of Froude 

number in case of mixed-phase flow significantly. The Froude number ranges for the hydraulic 

jumps mainly for air-water flows are Weak jump (1 < Fr < 2.5), Oscillating jump (2.5 < Fr < 4.5), 

Steady Jump (4.5 < Fr < 9) and Strong jump (Fr > 9) (Rautenbach and Katz, 2010). The liquid 

densimetric Froude number is given by the Eq. (2.4) (Crowe, 2005). 

s

H

S
d U

gd
Fr

5.0

















          (2.4) 

The hydraulic jump is also observed in single-phase flow in laboratory channels (Crowe, 2005; 

Gas pockets and hydraulic jumps in pressurized pipelines, https://www.google.co.in/url.). In the 

present study, the Froude number for the single-phase flow ranges from 0.39 – 3.02, which also 

implies some effect on the fluids flow. In oil and gas stations, they keep Froude number always 

less than 0.30 using submerged outlets to avoid air entrainment and ensure undistributed flow 

without pulsations. The present study handles taking an air open outlet, so some entrainment might 
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be there, causing hydraulic jump and accounting higher Froude numbers. Moreover, there might 

be the release of some dissolved gas or vapor of its own or some air pocket at the joining of the 

pressure sensors. As a result, the Froude number is significant in both single and mixed-phase 

flows in the present study. Depending on the above effects, various types of flow patterns are 

observed in the liquid-liquid two-phase flows through the rectangular channels (Zhao et al., 2006; 

Cherlo et al., 2010; Tsaoulidis et al., 2013). The hydraulic diameter of the rectangular channel was 

calculated as 

 hw

wh
dH




2

                    (2.5) 

where w and h are the width and height of the rectangular channel, respectively. The calculations 

were done based on the actual velocities of the phases, depending on the flow distribution inside 

the channel. Actual velocities are calculated from the volume fraction of each phase inside the 

channel by measuring the volumetric flow rate of each phase. The friction factor is a dimensionless 

representation of the viscous pressure drop due to the effect of the viscosity of the fluid near the 

surface of the channel. As per the Fanning equation, the Fanning friction factor can be represented 

by  

LU

Pd
f

fH

2

'

2


            (2.6) 

In the case of the packed bed, U is replaced by effU / . 
eff  is the porosity of the packed channel. 

From the experimental results, it was observed that with changing velocities of the phases, the 

pressure drop changes. Therefore, the pressure drop mainly depends on the Reynolds number (Re). 

In the case of a rectangular curved channel, the radius of curvature affects the flow creating the 

Dean effect. As a result, the Dean number (De) replaces the Reynolds number (Re) for the flow 

through the rectangular curved channel. Friction factor depends on another two significant 

dimensionless numbers, such as a capillary number (Ca) for milli and micro-channel and Froude 

number (Fr) for mainly the fluids of different densities (Dimensionless numbers in fluid 

mechanics, https://en.wikipedia.org/wiki/.). According to the viscous-capillary paradox, which is 

an apparent contradiction, the structure of Darcy's law is that of a viscous law, but typical capillary 

numbers of 10-6 - 10-3 indicate a capillary dominated behavior (Cense and Berg, 2009). In the 

viscous-inertia regime, the capillary number is higher than 10-3. When one studies a two-phase 

TH-2503_156107032



Chapter - 2 

 

25 
 

flow system, the calculation of the capillary number is very much important to understand the 

factors that are affecting the flow behavior. The critical value of the capillary number depends on 

the geometry of the packing material and other fluid properties. The internal circulation within the 

slugs may arise depending on the physical properties of the fluids and the prevalent operating 

conditions (Kashid et al., 2005; Chaoqun et al., 2013). In fluid dynamics, capillary pressure is the 

pressure between two immiscible fluids in a thin tube or channel resulting from the interactions of 

forces between the fluids and solid walls of the tube. The capillary pressure can serve as both an 

opposing and driving force for fluid transport. In the present study, both phase water and toluene 

are also the wetting phase with the channel wall and the sand particles. So, there must be some 

capillary pressure due to the wetting characteristics. The Dean number, capillary number, Froude 

number, and friction factor for single and two-phase flows through the unpacked channel are 

represented as follows: 

Dean number for the single-phase is defined as  

Re
2

H
s s

c

d
De

R
           (2.7) 

where 

s

ssH
s

Ud




Re           (2.8) 

s

ss
s

U
Ca




             (2.9) 

H

s
s

gd

U
Fr             (2.10) 

and  

L

P

U

d
f f

ss

H
s




2

'

2
          (2.11) 

Dean number for the mixture phase is defined as  

Re
2

H
m m

c

d
De

R
            (2.12) 

where 

m

mmH
m

Ud




Re           (2.13) 
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m

mm
m

U
Ca




             (2.14) 

H

m
m

gd

U
Fr             (2.15) 

wwsoosm UUU  // ,,           (2.16) 

and  

L

P

U

d
f

f

mm

H
m




2

'

2
          (2.17) 

where the subscripts ‘s’ and ‘m’ represent the single- and the two-phase mixture flow. Hydraulic 

diameter (dH) is represented by the Eq. (2.5). Similarly, the three dimensionless numbers and the 

friction factor for the packed channel are calculated using the following relations: 

Dean number for the single-phase flow through the packed channel is defined as  

, ,Re
2

H
s p s p

c

d
De

R
           (2.18) 

where  

s

effssp

ps

Ud



 )/(
Re ,           (2.19) 

s

effss

ps

U
Ca



 )/(
,             (2.20) 

p

effs

Ps
gd

U
Fr

)/(
,


           (2.21) 

and  

L

P

U

d
f

pf

effss

p

ps

)(

)/(2
)(

2

'





                           (2.22) 

Dean number for mixture flow through the packed channel is defined as  

, ,Re
2

H
m p m p

c

d
De

R
            (2.23) 

where  

m

effmmp

pm

Ud



 )/(
Re ,           (2.24) 
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m

effmm

pm

U
Ca



 )/(
,            (2.25) 

p

effm

pm
gd

U
Fr

)/(
,


           (2.26) 

)//( ,,, weffwsoeffospm UUU           (2.27) 

and  

L

P

U

d
f

pf

effmm

p

pm

)(

)/(2
)(

2

'





        (2.28) 

where the subscripts ‘s,p’ represents the single-phase flow, and ‘m,p’ represents the two-phase 

flow through the packed channel. 

The mixture properties of the fluids are calculated from the following equations 

oowwm             (2.29) 

where m , w  and o  are densities of the mixture, aqueous phase (water), and the organic phase 

(toluene), respectively. The symbols w and o  denote the volume fractions of the aqueous phase 

and organic phase, respectively. According to Olimans (1976), the viscosity of the mixture is 

calculated by 

oowwm             (2.30) 

where m , w  and o  are viscosities of the mixture, aqueous phase, and an organic phase, 

respectively.  

 

The surface tension of the liquid-liquid mixture: The liquid mixture of two components, water 

and organic liquid (Toluene), is assumed to be in equilibrium with its own vapor. The liquid-vapor 

interface is treated here in the manner of Bakker (Bakker, 1928), Verschaffelt (Verschaffelt, 1936) 

and Guggenheim (Guggenheim, 1957) as a thin phase, separated from the bulk liquid and vapor 

by two dividing surfaces which enclose the region of property variation normal to the interface 

(Eberhart, 1966). The bulk liquid phase is assumed to have mole fractions xw for water and xo for 

organic liquid (Toluene), while the bulk vapor phase has mole fractions zw and zo for water and 

organic liquid, respectively. Although the interfacial or surface phase has a composition that varies 

in a direction normal to the dividing surfaces, it is assigned overall mole fractions yw and yo for 
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water and organic liquid, respectively, which satisfy the material balance conditions for the system. 

For component water in the mixture, for example, this condition is nw = nLxw + nsyw + nvzw where 

nw is the total number of moles of water in the three “phases,” of the mixture and nL, ns, and nv are 

the number of moles of water and toluene in the liquid, surface, and vapor phases, respectively. 

Since, in general, ns and nv are very much smaller than nL, it will be assumed that xw is essentially 

equal to the overall mole fraction of water, nw/(nw+n0). The surface tension of liquid mixture, m, 

is then assumed to be a linear function of the surface layer mole fraction, which is expressed as 

Eberhart (1966). In the present study, we are considering the liquid-liquid surface tension 

separately with its individual liquid-vapor. Based on the individual surface tension of the liquid 

with its vapor, the surface tension of the liquid-liquid mixture is calculated according to Eq. (2.31). 

, ,

, , , ,

( ) / ( ) /

( ) / ( ) / ( ) / ( ) /

m w w o o

w tot w w w o tot o w o
w o

w tot w w w o tot o w o w tot w w w o tot o w o

y y

V M V M

V M V M V M V M

  

   
 

       

 

 
 

 (2.31) 

where m , w  and o  are surface tensions of the mixture, aqueous phase, and the organic phase, 

respectively. Vtot is the total volume of the liquid-liquid mixture, Mw is the molecular weight of the 

liquid (g mol-1). 

The average particle diameter (dp,eff), effective porosity of the packed bed (eff), and sphericity of 

the packing material (p) are the three important parameters to govern the hydrodynamics in the 

packed bed. The average particle diameter is determined by the sieving method. In this method, a 

series of sieve sets have been used, and the particles are screened by the sieve of sizes ASTM No. 

35 and 40 (U.S. Standard). Based on the average particle diameter according to the literature 

(USGS Wentworth Grain Size Chart, https://www.scribd.com/.), the sand is classified as medium 

sand. The average particle size, as per the present experiment is 462 µm.  The effective porosity is 

calculated by using the Eq. (2.32) (Total Porosity and Effective Porosity, 

http://www.informit.com/.) 

B

p

eff
V

V
            (2.32)  

where Vp is the volume of the pores, and VB is the total volume of the bed. According to Zou and 

Yu (1995) for dH/dp > 3.95, the effective porosity eff  is defined as 

 1002.0372.0
306.15

 Hp dd

eff e        (2.33) 
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The effective porosity (eff) of a packed bed can also be calculated by the correlation (Eq. (2.34)) 

developed by Klerk (2003), which is valid in the range of 2  dH/dp  19. The correlation can be 

expressed as 
















p

H
eff

d

d
824.0exp917.0373.0        (2.34) 

The effective porosity estimated experimentally in the present work is 0.36, which is within 6% 

error based on the predicted value calculated by the Eqs. (2.33) and (2.34). The effective porosity 

is estimated by dividing the pore volume with the total volume of the channel. From the literature, 

it is seen that the porosity range of the medium sand is 0.22 to 0.49 (Morris and Johnson, 1967; 

Ribeiro et al., 2010; USGS Wentworth Grain Size Chart, https://www.scribd.com/.). Therefore, 

the present experimental data of porosity is justified for the sand particle taken for the experiment. 

The third and another important parameter for the packed bed is the sphericity of the packing 

materials. The sphericity is calculated by using the modified procedure of Krumbein and Sloss 

(1963). It is defined as the ratio of the diameter of the largest drawn circle possible inside the 

particle (rp) to the diameter of the smallest drawn circle surrounding the particle (rc) as shown in 

Fig. 2.1(a). A typical snapshot of the sand particle taken by Sony DSC-H400 Point and Shoot 

Camera is shown in Fig. 2.1(b).  

 

  

 

Fig. 2.1. Measurement of sphericity of packing materials: (a) schematic representation of 

sphericity, (b) typical pictorial analysis of particle by the image analysis software. 

(b) 
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It is analyzed by Digimizer® 4 software. The mathematical form of sphericity of particle is 

expressed as  

p

c
p

r

r
             (2.35) 

From the analysis, it is found that the sphericity of the particle is 0.80, which is within the range 

of 0.50 to 0.90 for natural sands reported by Cho et al. (2006). The volume fraction of each phase 

inside the channel was measured by the volumetric flow rate measurement process using a 

measuring cylinder (Borosil, 100 ml, Tolerance 0.5 ml) and a stopwatch (Seiko digital stopwatch 

Cal. S056, Accuracy 0.0012%).  

The percentage error of the experimental and calculated values are determined by 

100%
alExperiment

CalculatedalExperiment
%Error 







 
       (2.36) 

Finally, the deviation of experimental results from the available correlations and newly generated 

correlations are analyzed by the root mean square deviation (RMSD) and mean deviation (MD) 

which are defined respectively as  

 
%100

alExperiment

CalculatedalExperiment1
5.0

2







































 
 

N
RMSD     (2.37) 

 
%100

alExperiment

CalculatedalExperiment1










 
 

N
MD       (2.38) 

 

2.3. Experimental methods and materials 

A simplified experimental setup diagram of the straight channel geometry is represented in Fig. 

2.2. A schematic layout of the experimental setup of the serpentine geometry is shown in Fig. 2.3. 

Both the setup consist of two centrifugal pumps which provide the flows of aqueous and organic 

phases, transforming into one mixed-flow passing through a 'Y' connector before entering the test 

section. Inlet zone contains two rotameters, two control valves, two bypass lines along with another 

two control valves and two sets of the pressure sensor (PS100-2BAR and PS100-5BAR from 

Lutron Electronics, accuracy: 1% full-scale) connected with two pressure meters (Fisher Scientific 

TraceableTM, accuracy: 1% full-scale +1 digit) just before the inlet point. The outlet zone contains 

one pressure sensor and a pressure meter of the above-specified model. Two pressure meters are 
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finally connected to the computers for data logging. The test section contains the rectangular 

straight and serpentine channel blocks, respectively, and a temperature sensor (Fisher Scientific 

TraceableLIVETM, accuracy: 0.1 ℃) dipped in a constant temperature bath. The channels were 

240 0.3 mm long (L), 2 mm width (w), and 10 mm height (h) in case of the straight and serpentine 

channels. The radius of curvature (Rc) was 25.5 mm, for the serpentine channel geometry. 

 

 

Fig. 2.2. Experimental setup details: (a) simplified diagram, (b) 3D perspective of the rectangular 

channel block, and (c) the illustrated view of the experimental channel (PT = Pressure 

transmitter, and TT = Temperature transmitter).  

 

The whole experiment is conducted at a temperature of 25 1 ℃ temperature. Medium red sand 

packing was used to fill the rectangular straight and serpentine channel blocks for making the 

packed beds. The physical properties of the systems measured at 25 1 ℃ are shown in Table 2.2.  
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Table 2.2. The physical properties of the fluids, measured at 251 oC. 

Phases Density (kg m-3) Viscosity (Ns m-2) Surface tension (N m-1) 

Water 997.05 8.9 × 10-4 7.2 × 10-2 

Toluene 864.00 5.6 × 10-4 2.77 × 10-2 

The dimensions of the channel blocks are shown in the schematic diagram (Fig. 2.2 and Fig. 2.3). 

The pressure sensors and the temperature sensor are calibrated before the main experiment. The 

pressure sensors are calibrated with the help of a mercury manometer in which one side of the 

manometer was kept open to the air. A graduated cylindrical column of height 1.5 m is connected 

to the pressure sensor and the manometer at the same height from the datum level. The column is 

filled with water at a certain level and sets the pressure sensor reading as zero as per the initial 

manometer reading. After that, the water height of the column is increased, and the change in the 

manometer mercury level is noted down along with the pressure sensor reading.   

 

 

Fig. 2.3. Details of the experimental setup: (a) schematic diagram, (b) 3D view of serpentine 

channel block, and (c) pictorial view of the channel. 
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The temperature sensor is calibrated with the help of a TTI-10 high accuracy handheld 

thermometer by Isotech company (accuracy =  0.01 ℃), which is already calibrated by the 

primary standard platinum resistance thermometer. Both the temperature sensor (Accuracy = 

0.1 ℃) and the thermometer are dipped in a constant temperature water bath. The densities, 

viscosities and surface tensions are measured by specific gravity bottle (ATICO Medical Pvt. Ltd., 

AM-90024, 100 ml), rheometer (Anton Paar, Physica MCR-301) and tensiometer (Kyowa 

Interface Science, DY-300) respectively.  

 

Finally, the volumetric flow rate of the two-fluid mixtures is measured by collecting the sample 

for a particular time by measuring cylinder and a stopwatch. The volumetric flow rates are 

controlled and measured by the valves and the rotameters by changing one keeping the other fixed 

and vice versa. Average pressure drop for a particular mixture flow rate is noted by averaging 200 

data points measured using pressure sensors at each flow rate. The volume fraction of each phase 

in the channel is calculated from the total mixed-phase volumetric flow rate and the volumetric 

flow rate of a single-phase for a particular set of flow conditions. At first, the total volume of 

mixtures was collected at the outlet at a particular flow condition for a time interval of 1 minute. 

As the two-phases are immiscible and their densities are different, they are separated out by 

gravity. The total volume of the two-phases and the volume of each phase were measured 

separately. 

 

Then the volumes of the phases are divided by the time of collection to get the volumetric flow 

rate. The holdup of the particular phase was calculated separately as the ratio of the volumetric 

flow rate of the particular phase to the total volumetric flow rate of the mixture of the phases 

collected. Variation of the organic phase holdup with the aqueous phase volumetric flow rate for 

the straight channel is shown in Fig. 2.4. The organic phase holdup decreases with the increase of 

aqueous phase volumetric flow rate following a nonlinear relationship for both the channels, and 

the effect is higher in case of the packed channel (Fig. 2.4). Average pressure drops are recorded 

by averaging 200 sensor data for a single flow rate. The single-phase volumetric flow rate is used 

to measure the holdup of each phase in the channel for a specific set of flow conditions.  

The uncertainty analysis for all experimental results are calculated based on the theory as given in 

Appendix - I. 
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Fig. 2.4. Variation of the organic phase holdup with the aqueous phase volumetric flow rate.  

 

2.4. Results and discussions 

2.4.1. Variations of the frictional pressure drop and friction factor with the 

operating variables 

2.4.1.1. Straight channel geometry 

Frictional pressure drop is influenced by the flow rates of the phases. In the case of milli- or micro-

channel Capillary number has an important impact, whereas gravity in terms of Froude number 

affects the water-toluene flow due to their differences in densities. The pressure drop varies with 

the variation of the above specified dimensionless parameters, as shown in Figs. 2.5(a) and 2.5(b) 

for single and two-phase flows, respectively. As shown in the Figs. 2.5(a) and 2.5(b), a sharp 

increase is observed in the case of the Reynolds number variation, which confirms the higher 

impact of Reynolds number on frictional pressure drop than the other parameters with the 

increasing phase velocities. The effect of the Froude number is insignificant for the single-phase 

flow. There always remains a slip velocity due to the density differences between the two-phases. 
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Fig. 2.5. Variation of frictional pressure drop with the dimensionless parameters for the flow 

through the straight unpacked channel: (a) single-phase flow and (b) two-phase flow. 
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Fig. 2.6. Variation of friction factor with Reynolds number for the flow through the straight 

unpacked channel: (a) single-phase flow and (b) two-phase flow. 

 

As a consequence, when the velocities of the fluids are increased, the fluid interphase becomes 

wavy. Very high velocities form bubbles or slugs with the breaking of the waves. At this condition, 

a density difference always persists along the vertical axis, which satisfies the effect of the Froude 

number significantly. The friction factor variation with the Reynolds number for the straight 

unpacked channel is shown in Figs. 2.6(a) and 2.6(b). The friction factor decreases with increasing 

Reynolds number (Figs. 2.6(a) and 2.6(b)). Higher Reynolds number for the water-toluene flow 

promotes the lower friction factor value than the single-phase flow. Reynolds' number has a 
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notable impact on the pressure drop and friction factor in the case of the packed millichannel. The 

frictional pressure drop inside the packed millichannel is also influenced by the Froude number as 

like the Reynolds number and the capillary number. 

 

0 100 200 300 400 500 600

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

 

 

 Re
s,p

Ca
s,p

×10
5

( 
P

f/L
) s,

p
 ×

 1
0-5

 -
 e

xp
er

im
en

ta
l 

(N
 m

-3
)

Re
s,p

,Ca
s,p

 (-)

(a)

 

0 2000 4000 6000 8000 10000 12000

4.0

4.5

5.0

5.5

6.0

6.5

 

 

 Re
m,p

 Ca
m,p

×10
5

 Fr
m,p

×10
3

(
P

f/L
) m

,p
 ×

 1
0

-5
 -

 e
x
p
er

im
en

ta
l 

(N
 m

-3
)

Re
m,p

,Ca
m,p

,Fr
m,p

 (-)

(b)

 

Fig. 2.7. Variation of the frictional pressure drop with the dimensionless parameters for the flow 

through the packed straight channel: (a) single-phase flow and (b) two-phase flow. 
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Fig. 2.8. Variation of the friction factor with the Reynolds number for the flow through the 

packed straightchannel: (a) single-phase flow and (b) two-phase flow. 

The effect of the dimensionless parameters on the frictional pressure drop in the packed rectangular 

straight channel is shown in Figs. 2.7(a) and 2.7(b). The Reynolds number has a precious effect 

on the friction factor. The effect of the Reynolds number on the friction factor in the packed 

channel is shown in Figs. 2.8(a) and 2.8(b). Higher pressure drop and friction factor values are 
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observed in the packed millichannel (Fig. 2.7 and Fig. 2.8) than in the unpacked millichannel (Fig. 

2.5 and Fig. 2.6). 

 

2.4.1.2. Serpentine channel geometry 

Frictional pressure drop depends on flow velocity. Flow velocity is directly influenced by the 

Reynolds number. Reynolds number increases with the increasing flow velocity. Dean number is 

considered to interpret the hydrodynamics in case of flow through the serpentine channel as the 

curvature effects generate secondary flow (Norouzi and Biglari, 2013).  The capillary number 

influences the flow when the channel becomes milli- or micro. In the case of two-phase flow, when 

the densities of the two-phases are different, the gravity also affects the flow. The variations of 

pressure drop per unit length of the channel with the above three dimensionless numbers are shown 

in Fig. 2.9(a) and Fig. 2.9(b) for single and two-phase flows, respectively. 

 

0 100 200 300 400 500 600 700 800
2

3

4

5

6

7

 

 

 De
s

Ca
s
×10

5

 Fr
s
×10

3

( 
P

f/L
) s ×

 1
0

-3
 -

 e
xp

er
im

en
ta

l 
(N

 m
-3
)

De
s
,Ca

s
,Fr

s
 (-)

(a)

 
0 1000 2000 3000 4000 5000

30

40

50

60

70

80

90

100

 

 

 De
m

  Ca
m
×10

5

Fr
m
×10

3

( 
P

f/L
) m

 ×
 1

0-3
 -

 e
xp

er
im

en
ta

l 
(N

 m
-3

)

Ca
m
, Fr

m
, De

m
 (-)

(b)

 

Fig. 2.9. Variation of frictional pressure drop with the dimensionless numbers for the unpacked 

serpentine channel: (a) single-phase flow and (b) two-phase flow. 

 

Frictional pressure drop per unit length increases with increasing Dean number, capillary number 

as well as Froude number for both single and two-phase flow (Fig. 2.9(a), Fig. 2.9(b)). In both the 

figures, the Dean number curve is steeper than the others, which confirms the higher effect on 

frictional pressure drop with increasing the velocity of the phases. According to the experimental 

result, the Froude number effect is more pronounced in the case of two-phase flow than single-

phase flow due to the density difference between the two fluids. As the Dean number has a higher 
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contribution to frictional pressure drop, its influence on the friction factor prevails accordingly, as 

shown in Fig. 2.10(a) and Fig. 2.10(b). 
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Fig. 2.10. Variation of friction factor with Dean number for the unpacked serpentine channel: (a) 

single-phase flow and (b) two-phase flow. 

 

The friction factor decreases exponentially with increasing Dean number (Fig. 2.10(a) and Fig. 

2.10(b)). The friction factor value for the two-phase flow is lower than the single-phase flow as 

the Dean number is higher for the two-phase system.  
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Fig. 2.11. Variation of frictional pressure drop with dimensionless numbers for the packed 

serpentine channel: (a) single-phase flow and (b) two-phase flow. 
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In the case of the packed channel, also the Dean number has a significant effect on pressure drop 

as well as friction factor. Along with the Dean number, capillary number and Froude number 

effects are significant on the frictional pressure drop for the flow through the packed channel, as 

shown in Fig. 2.11(a) and Fig. 2.11(b). As the Dean number has a higher impact on the pressure 

drop, it demands a valuable impression on friction factor. The friction factor variation with the 

Dean number for the flow through the packed channel is shown in Fig. 2.12(a) and Fig. 2.12(b). 
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Fig. 2.12. Variation of friction factor with Dean number for the packed serpentine channel: (a) 

single-phase flow and (b) two-phase flow. 

 

Fig. 2.11, and Fig. 2.12 shows the higher values of the pressure drop and friction factor for the 

packed channel than those in the unpacked channel (Fig. 2.9 and Fig. 2.10). 

 

2.4.2. Analysis by model 

There is no reliable theoretical model available to predict the pressure drop as well as friction 

factor for the water or organic single-phase and water-toluene two-phase flow through the 

rectangular packed and unpacked straight and serpentine horizontal channels. In the present study, 

an attempt has been made to predict the pressure drop and friction factor by developing empirical 

correlations. 
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2.4.2.1. Analysis of pressure drop in the unpacked straight and serpentine 

millichannels 

2.4.2.1.1. Unpacked straight channel geometry 

The hydraulic diameter, actual velocity, density, viscosity, and surface tension of the liquids are 

the main controlling parameters for the pressure drop for the single-phase flow.  In addition to the 

above variables, the effect of the gravity of acceleration is significant for the water-toluene flow. 

The empirical correlations are generated to estimate the pressure drop in packed and unpacked 

channels in terms of operating variables, as shown in Eq. (2.39). 
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The pressure drop models are generated for the unpacked millichannel by dimensional analysis as 

the function of dimensionless parameters and are expressed in the form of Eqs. (2.40) and (2.41). 

The correlations for the single-phase (Eq. (2.40)) and for the water-toluene phase (Eq. (2.41)) in 

the unpacked channel are represented as 
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In Eq. (2.41), 
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The correlation coefficients and the standard errors are evaluated for the above expressions. These 

are seen to be equal to 0.9985 and 0.026 for Eq. (2.40), 0.9922 and 0.023 for Eq. (2.41) (The theory 

for the calculation of the correlation coefficient and standard error with ANOVA is given in 

Appendix – I). Eqs. (2.40-2.41) are able to satisfy the experimental data with a maximum error of 

4.52% and 4.24%, respectively. The pressure drops for both the single as well as the two-phase 

flow through the millichannel is controlled by the two important dimensionless parameters like 

Reynolds number and capillary number as per Eqs. (2.40-2.41). Froude number or the gravity 

effect is consolidated due to the slip between the two-phases as a consequence of density 

difference, though the liquid-liquid flow through the horizontal millichannel is experienced. 

 

2.4.2.1.2. Unpacked serpentine channel geometry 

As like the unpacked straight channel, the pressure drop in unpacked serpentine channel generally 

depends on different operating variables: hydraulic diameter, the radius of curvature, liquid 

superficial or actual velocity (U), the density of the liquid, the viscosity of the liquid, the surface 

tension of the liquid. The experimental data have been analyzed to develop the correlation for 

pressure drop as a function of the operating variables as: 

for single-phase flow 
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H c s s s s

s

P
f d R U g

L
  

 
 

 
        (2.42) 

for mixture flow 

   , , , , , ,f

H c m m m m

m

P
f d R U g

L
  

 
 

 
       (2.43) 

The subscripts ‘s’ denotes single-phase flow whereas ‘m’ denotes the mixture flow of phases. The 

functionality of pressure drop obtained by dimensional analysis (Buckingham Pi theorem) in terms 

of various significant dimensionless groups which can be expressed as  

cbaHfH FrCaDe
L

d

U

P

L

d
EuEu 







2

'        (2.44) 

where Eu' is the modified Euler number. The Euler number (Eu) is signified by the ratio of pressure 

forces to inertial forces. The parameter   is a coefficient and ‘a’, ‘b’, and ‘c’ is the rational 
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numbers. The correlations for flows through horizontal serpentine rectangular millichannel 

without packing are represented as follows: 

for single-phase flow through the unpacked channel:  

    2135.23730.0

2
15.12










 
ssss

s

f

ss

H FrCaDef
L

P

U

d


      (2.45)  

The ranges of validity of the correlation (Eq. 2.45) are as follows: 

70942518 






 


s

f

L

P
 N m-3; 96.14269.19  sDe ; 0022.000026.0  sCa and

742.0092.0  sFr . 

The correlation for aqueous-organic two-phase flow through the unpacked channel is 

    9670.32953.1

2
47.92










 
mmmm

m

f

mm

H FrCaDef
L

P

U

d


      (2.46) 

within a range of variables: 

9253034892 






 


L

Pf
 N m-3; 13.99867.192  mDe ; 0132.00025.0  mCa and 

178.5987.0  mFr . 

The correlation coefficients and the standard errors are found to be 0.999 and 0.035 for Eq. (2.45), 

0.999 and 0.024 for Eq. (2.46) (The theory for the calculation of the correlation coefficient and 

standard error with ANOVA is given in Appendix – I). The Eq. (2.45) and Eq. (2.46) fit the 

experimental data with maximum 4.6% (Fig. 2.19(a)) and 5.0% (Fig. 2.19(b)) error respectively. 

From Eq. (2.45) and Eq. (2.46), it is obvious that the pressure drop for single and two-phase flow 

depends on three significant dimensionless numbers, such as Dean number  De , capillary number

 Ca , and Froude number  Fr . 

 

2.4.2.2. Analysis of the pressure drop by the Lockhart-Martinelli model 

2.4.2.2.1. Model analysis for the unpacked straight channel 

The first pressure drop model in pipes was proposed by Lockhart-Martinelli (1949). The frictional 

pressure drop was expressed by them as the Eq. (2.47). 
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w

f
w

m

f

L
P

L
P









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





 2          (2.47) 

In Eq. (2.1.8), 2
w is the pressure drop multiplier, and the relationships between the pressure drop 

multiplier and the Lockhart-Martinelli’s parameter are demonstrated by the Eqs. (2.48a-2.48b) 

2

2 1
1

XX

C
w            (2.48a) 

22 1 XCXo            (2.48b) 

In Eq. (2.48a & b), C is the Chisholm’s constant (1967). Lockhart-Martinelli’s parameter for the 

two-phase flow represented as X and is expressed as the Eq. (2.49). 

5.0

)/(

)/(


















of

wf

LP

LP
X           (2.49) 

The correlations of '' 2
w  and C are generated considering the combined effect of the dependent 

variables, as shown in Eq. (2.50) and Eq. (2.52). 

    3638.03638.02 7796.1Re7796.1 wwww WeCa        (2.50) 

In Eq. (2.50), We  is the Weber number, expressed as shown in Eq. (2.51). 



 2

Re
Ud

CaWe H          (2.51) 

  4854.04854.0
)(2375.1Re2375.1 wwww WeCaC 

      (2.52) 

In Eq. (2.50) and Eq. (2.52), the operating variables vary within the ranges of

22.3017Re35.1370  w and 0099.00045.0  wCa . The maximum error and the standard 

deviation of the Eqs. (2.50) and (2.52) are found to be 4.46% and 0.027, respectively.  
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The variations of the parameters ( 2
w and C) are shown in Figs. 2.13(a) and 2.13(b). The 

experimental and predicted values are compared and shown in Figs. 2.14(a) and 2.14(b).  
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Fig. 2.13. Variation of the pressure drop with the dimensionless parameters for the straight 

channel: (a) pressure drop multiplier and (b) Chisholm’s constant. 
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Fig. 2.14. Comparison between the experimental and predicted values for the straight channel: 

(a) Lockhart-Martinelli parameter and (b) Chisholm constant. 

 

In the present context, the experimental data are differentiated from the models available in the 

literature, and the mean deviation values are tabulated in Table 2.3.  
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Table 2.3. Comparison of 2
w  and C values obtained from the experiments for the straight channel 

and the available models. 

Comparison of 2
w  values Comparison of C values 

Authors Mean deviation 

(MD) (%) 

Authors Mean deviation 

(MD) (%) 

Chisholm, 1967 26.24 Moriyama et al., 1992 21.54 

Tran et al., 1999 70.58 Mishima et al., 1993 67.01 

Chen et al., 2007 33.35 Lee and Lee, 2001 98.71 

Yue et al., 2008 13.28 Qu et al., 2003 79.84 

Sun and Mishima, 2009 5.26 Yue et al., 2004 76.00 

Present correlation 2.04 Lee and Mudawar, 2005 74.65 

  Kawahara et al., 2009 32.25 

  Sun and Mishima, 2009 48.82 

  Li et al., 2010 57.96 

  Zhang et al., 2010a 48.05 

  Present correlation 1.10 

 

Comparison of the experimental values of the pressure drop parameters ( 2
w and C) with the 

available models are also shown in Figs. 2.15(a) and 2.15(b). There is a remarkable deviation 

between the experimental and predicted values for the pressure drop parameters ( 2
w and C) in 

rectangular millichannel. The present study consists of the geometry of different dimensions along 

with the different fluids. Hence, the moderation of the available models is required, which is 

performed in this present context. From Table 2.3, it is seen that, for the 2
w  value, Sun and 

Mishima (2009) correlation is best fitted with the experimental data having only 5.26% error, 

whereas, for the C values, Moriyama et al. (1992) model is more appropriate having 21.54% error.  
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Our newly proposed correlation in the present work is satisfactory with the experimental data 

according to the error percentage, as represented in Figs. 2.15(a) and 2.15(b). The single and two-

phase friction factor ( '
sf and '

mf ) in the rectangular millichannel are calculated from the Eqs. (2.40-

2.41). 
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Fig. 2.15. Comparison of the experimental values for the straight channel with the available 

models: (a) 2
w  value comparison and (b) C value comparison. 

 

Available friction factor models in packed and unpacked straight channels are compared with the 

experimental data, and their deviations are shown in Table 2.4.  

 

Table 2.4. The friction factor correlations and their deviations from the calculated values for the 

unpacked rectangular straight channel. 

Authors Friction factor correlations Mean deviation (MD) 

(%) 

Singl-phase Two-

phase 

Blasius, 1913 25.0' Re0791.0 f  

where 510Re2000   

97.83 78.08 
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Shah and London, 

1978 

 )6274.01()1(Re/24 2'
cc AAf   for 

Ac<0.2 

96.19 90.89 

Leon and Roman, 

1984 

  25.016.0' )2Re/(0791.0


 cAf  96.90 78.87 

Bhatti and Shah, 

1987 

   11.05.18' /Re103.20054.0 wmf   

where 2300<Re<4000 

99.15 68.39 

 Harnett and Kostic, 

1989; Abdelall et al., 

2005; Hrnjak and Tu, 

2007 

' 2 3

4 5

(96 / Re)(1 1.3553 1.9467 1.7012

                                        0.9564 0.2537 )

c c c

c c

f A A A

A A

   

 

84.76 63.52 

Li and Hibiki, 2017a; 

Churchill, 1977 
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Hd

k
A  and

16

Re

37530








B  when 3000Re  ; k = 0.03 

mm  

87.22 96.92 

Present work Single-phase flow:

  7126.01' Re1077.9
 sss Caf  

Two-phase flow: 

    6356.33960.12' Re1053.7
 mmmm FrCaf  

1.86 1.66 

 

In Table 2.4, the data developed from the present experiment are analogized with the available 

models. Harnett and Kostic (1989), showed better fit with the experimental friction factor data 

having 84.76% and 63.52% error for the single and two-phase flows, respectively (Table 2.4). But, 

our derived correlation closely resembles the experimental data within the maximum deviation of 

1.86%. 
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2.4.2.2.2. Model analysis for the unpacked serpentine channel 

Based on the present experimental results, the correlations for '' 2
w  and C are developed 

incorporating the different operating variables which are represented as follows:  

     0398.00398.02 594.7594.7 wwww eWCaDe         (2.53) 

where weW   is the modified Weber number which is defined as  

  












 w

c

H
wwww Ca

r

d
CaDeeW

2
Re         (2.54) 

and 

  07912.0
92.4 www CaDeC           (2.55) 

The ranges of operating variables for the correlations (Eq. (2.53) and Eq. (2.55)) are 

21.44177.77  wDe  and 33 10713.51001.1   wCa . The correlation satisfies the 

experimental data within the maximum 4.7% error within the mean deviation of 2.51. The 

variations of 2
w and C with the dimensionless numbers are shown in Fig. 2.16(a) and Fig. 2.16(b). 
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Fig. 2.16. Variation of pressure drop parameters with dimensionless numbers for the serpentine 

channel: (a) pressure drop multiplier and (b) Chisholm’s constant. 
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The predicted values from the correlations are close enough to the experimental values. Predicted 

values from the present correlation are plotted against the experimental values and represented in 

Figs. 2.17(a) and 2.17(b) and Figs. 2.18(a) and 2.18(b).  
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Fig. 2.17. Experimental and predicted value comparison for the serpentine channel: (a) Lockhart-

Martinelli parameter and (b) Chisholm constant. 

 

The pressure drop data obtained from the present study were also compared with the previous 

models, as shown in Table 2.1. The mean and root mean square deviation of the experimental 

values with predicted values from the available models are tabulated (Table 2.5 and Table 2.6). 

Percentage errors of the models with the experimental values are also plotted, as shown in Fig. 

2.18(a) and Fig. 2.18(b). 

 

Table 2.5. Comparison of the 2
w values with the other models. 

Authors Mean deviation (MD) (%) Root mean square deviation 

(RMSD) (%) 

Chisholm, 1967 81.01 81.07 

Tran et al., 1999 37.32 38.63 

Chen et al., 2007 707.09 708.25 

Present correlation 2.09 2.36 
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Fig. 2.18(a) and Fig. 2.18(b) represents the fact that there is a wide difference between the 

experimental data for 2
w  and C with the other available pressure drop equations for flow through 

the rectangular channel, which is either straight rectangular channel or two-phase flow having one 

gaseous in most of the cases.  
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Fig. 2.18. Comparison of the experimental values with the models for the serpentine channel: (a) 

2
w  value comparison and (b) C value comparison. 

 

Table 2.6. C –value comparison. 

Authors Mean deviation (MD) (%) Root mean square deviation 

(RMSD) (%) 

Moriyama et al., 1992 16.99 18.89 

Mishima et al., 1993 213.71 216.19 

Lee and Lee, 2001 493.29 558.86 

Lee and Mudawar, 2005 66.45 67.49 

Sun and Mishima, 2009 15.28 20.51 

Zhang et al., 2010a 44.24 46.51 

Qin et al., 2012 136.48 148.20 

Present correlation 2.51 2.72 
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The present study consists of very different geometries as well as different fluids like water and 

toluene. In this context, the modification of the previous model was done. The calculated ‘ 2
w ’ and 

‘C’ values of experimental data are compared with the available correlations (Table 2.5 and Table 

2.6). From Table 2.5 and Fig. 2.18(a), it is seen that Tran et al. (1999) model is the best fit with 

present experimental value for 2
w  whereas Sun and Mishima (2009), Zhang et al. (2010a) models 

show better fit for coefficient C as shown in Table 2.6 and Fig. 2.18(b). As per the newly developed 

correlation in this work, the present experimental data is shown better fit with respective errors, as 

shown in Fig. 2.17(a) and Fig. 2.17(b). The single-phase friction factor ( '
sf ) for the flow through 

the unpacked channel can be obtained by the Eq. (2.45). Similarly, the two-phase friction factor (

'
mf ) for the flow through the unpacked channel can be obtained from Eq. (2.46). Models available 

for the calculation of friction factor for both unpacked and packed channels and their deviation 

from the present values are tabulated in Tables 2.7-2.8, and Tables 2.11-2.12. 

 

Table 2.7. Correlations for friction factor as per different investigators for unpacked serpentine 

channel. 

Authors & 

Years 

Friction factor correlations Channel 

geometry 

Flow 

types 

Fanning, 1896 
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22


 For rectangular serpentine 

channel, this equation takes the form

 whQ

Phw

r
f

mm

f

cc 






2

33
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flow 

Blasius, 1913 25.0Re0791.0 f  

where 510Re2000   
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Kostic, 1989; 

Abdelall et al., 

2005; Hrnjak and 

Tu, 2007 


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16
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37530
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
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


m

B when 3000Re   

Present work For the single-phase:

    2106.23743.02' 107.57
 ssss FrCaDef  

For the mixture phase: 

    971.3292.1' 7252.4


 mmmm FrCaDef  

Rectangular 

serpentine 

millichannel 

For both 

laminar 

and 

turbulent 

flow 

regimes 

 

Calculated friction factor values from the present experiment are compared with the available 

correlations, which are shown in Table 2.7. Churchill (1977), Li and Hibiki (2017b) correlations 

are the better fit with our present experimental data, but the error percentage is high enough 91.06 

(Table 2.8). 

 

Table 2.8. Deviation of calculated friction factor values from different correlations with the 

present experimental data for the unpacked serpentine channel. 

Authors Mean deviation (MD) (%) Root mean square deviation 

(RMSD) (%) 

Single-phase Two-phase Single-Phase Two-phase 

Blasius, 1913 98.85 97.69 98.85 97.70 

Shah and London, 1978  95.18 97.81 95.19 97.81 

Hua and Yang, 1985 95.89 96.29 95.92 96.31 

Phillips, 1990 - 97.52 - 97.53 

Li and Hibiki, 2017b; 

Churchill, 1977 

- 90.85 - 91.06 

Present correlation 2.48 1.47 2.94 1.73 
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2.4.2.3. Analysis of pressure drop in the packed straight and serpentine 

millichannels 

2.4.2.3.1. Packed straight channel geometry 

The pressure drop correlation models are derived for the water, and water-toluene flows through 

the rectangular millichannel in packed condition by utilizing the same procedure as the unpacked 

channel. The developed models for the single and two-phase flows are represented by the Eqs. 

(2.56) and (2.57). 
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In Eq. (2.57), 
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)]1(//[ ,,, oeffwsoeffospm UUU   .The subscript ‘ ps, ’ and ‘ pm, ’ represent the single-

phase and two-phase packed condition, respectively. Eqs. (2.56) and (2.57) satisfies the 

experimental data with the correlation coefficients and the standard errors of 0.9979, 0.026, and 

0.9989 and 0.021, respectively. The Eqs. (2.56) and (2.57) are valid within a range of variables: 
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012.00038.0 ,  pmCa ; 71.1069.3 ,  pmFr . Eqs. (2.56) and (2.57) closely resemble the 

experimental data by the maximum error of 3.87% and 3.54%. Figs. 2.19(a) and 2.19(b), shows 

the comparison between the experimental and the predicted pressure drop values. 

The earlier experiments for the pressure drop were performed by the researchers either in the 

cylindrical geometry or in the structured column. Our experience says, a very small number of 

researchers accomplished their experiments in rectangular packed millichannels to date. The 

values generated from the available models deviated to a great extent as the geometry, and the 

working fluids are not similar in the present case. But our newly generated Ergun equation satisfies 

the present experimental data very closely for the packed channel geometry having a maximum 

error of 3.87% in the case of both single and two-phase flows (Figs. 2.20(a) and 2.20(b)). 
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Fig. 2.19. Comparison between the experimental and the predicted pressure drop values for (a) 

single-phase flow, and (b) two-phase flow, through the packed and unpacked straight channel. 

 

The modified Ergun equations are represented by the Eqs. (2.58) and (2.59). 
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The friction factor psf )( '
 and pmf )( '

 
is calculated from the Eqs. (2.56-2.57). The presently 

developed correlations are differentiated with the available correlations, which are shown in Table 

2.9. 
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Fig. 2.20. Comparison of the pressure drop values obtained from the experiment and the 

modified Ergun equation for (a) single-phase flow, and (b) two-phase flow, through the packed 

straight channel. 

 

Table 2.9. Important pressure drop correlations for the flow-through packed straight channel. 

Authors & 

years 

Equations Mean deviation 

(MD)% 

Single-

phase 

Two-

phase 

Ergun, 1952; 

McCbe et al., 
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Foumeny et 

al., 1993 
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The present experimental data for the pressure drop are compared with the available models in the 

packed channel and represented in Fig. 2.21. The data obtained from the experiments are varied to 

a great extent from the available models having the Maximum deviation of 99.27% and 99.43% 

for the single and two-phase flows, respectively (Table 2.9 and Fig. 2.21). Montillet et al. (2007), 

correlation predicts better results than the others both in the case of single and two-phase flows, 

63.74% and 71.94%, respectively. The available models on the friction factor for the spherical 

particles in the packed bed are shown in Table 2.10. According to the correlations, the friction 

factor of the packed bed mainly depends on the Reynolds number of particles and the effective 

porosity of the bed when the particles are spherical ones. In our case, the particles are medium red 

sand with the sphericity 0.85, which makes the deviation of the friction factor values much from 
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the available models. Lee and Ogawa (1974) model satisfies our experimental data closely for the 

two-phase packed channel flow within the minimum deviation of 35.58%. Hence, the new fiction 

factor correlation is generated following the Eqs. (2.56-2.57) the incorporation of the sphericity 

values in the calculations satisfies our experimental data with a maximum 2.11% deviation (Table 

2.10). 
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Feng single phase correlation ×102

 Foumeny single phase correlation 
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 Single phase modified Ergun correlation
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Fig. 2.21. Variation of the experimental pressure drop values with the available models for the 

flow through the packed straight channel (Montillet et al., 2007). 

 

Table 2.10. Friction factor correlations for the packed bed (Montillet et al., 2007). 

Authors Correlations Range of validity Mean 

deviation 

(MD)% 

Singl-

phase 

Two-

phase 

Rose, 1945 12Re60Re1000 5.01'  
pppf  - 95.93 97.00 

Rose and 

Rizk, 1949 
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pppf  - 96.87 97.71 
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2.4.2.3.2. Packed serpentine channel geometry 

Following the similar way of the unpacked channel, the correlations were generated for the 

pressure drop for both single and two-phase flows through the packed rectangular serpentine 

millichannel. Medium sand was used as the packing material. The generated correlations are as 

follows: 
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The subscript ‘ ps, ’ represents the single-phase flow through the packed bed. The correlation 

coefficient and the standard error of the Eq. (2.60) are 0.999 and 0.023, respectively. Various 

parameters for the correlation are 5

,
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84.1177.1 ,  psDe ; 0035.000053.0 ,  psCa  and 016.3387.0 ,  psFr . Eq. (2.60) shows the 

similarity with the experimental data by the maximum error of 5.1% (Fig. 2.22(a)). 
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Fig. 2.22. Comparison of experimental and predicted pressure drop values for (a) single-phase 

flow, and (b) two-phase flow, through the packed and unpacked serpentine channel. 
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The subscript ‘ pm, ’ represents the two-phase flow through the packed bed. The correlation 

coefficient and the standard error of the Eq. (2.61) are 0.999 and 0.025, respectively. The ranges 

of operating variables for the correlation are 5

,

5 10644.910063.4 






 


pm

f

L

P
N m-3; 

697.59866.9 ,  pmDe ; 0151.00026.0 ,  pmCa  and 640.16548.2 ,  pmFr . Eq. (2.61) shows 
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the similarity with the experimental data by the maximum error of 5.3% (Fig. 2.22(b)). The 

comparison of the experimental pressure drop values with the values calculated from the present 

correlation are shown in Fig. 2.23. The previously specified correlations for the pressure drop in 

packed bed were for the generally cylindrical geometry and for a structured column. According to 

our knowledge, no study has been performed until date using rectangular serpentine packed 

channels. 
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Fig. 2.23. Comparison of experimental and modified Ergun pressure drop values: (a) single-

phase flow, and (b) two-phase flow, through the packed serpentine channel. 

 

Due to the variation in the system geometry from the present study, the pressure drop calculated 

using the above available correlations indicates a higher deviation from the experimental values. 

However, the newly generated modified Ergun equation shows a maximum 5.21% error for both 

single and two-phase flow through rectangular serpentine packed channel (Fig. 2.23(a), Fig. 

2.23(b)). 

The single-phase friction factor psf )( '
 and two-phase friction factor pmf )( '

for the flow through the 

packed channel can be obtained by the Eq. (2.60) and Eq. (2.61) respectively. Different 

correlations for the flow through the packed channel are represented in Table 2.11. 
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Table 2.11. Important correlations for pressure drop in the packed channels (Ribeiro et al., 2010). 

Authors & years Equations 
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3232

2
1

75.1
1

150 s

pp

s

pp

v
d

L
v

d

L
P














  

Feng, 1989 2

25.0Re
2

106.0










 



 u

DgL

P
 kPa m-1 ; 

 





13

2

6

2

pdD

 

Foumeny et al., 1993 
    2

3232

2
1

28.2335.0

1
130 s

pp

p

H

p

H

s

pp

v
d

L

d
d

d
d

v
d

L
P























  

Eisfeld and Schitzlein, 

2001 

 
332

22

2

11

Re

154









 pw

w

pp

w

s

p

B

AA

Lv

Pd 






 where 

 









13

2
1

p

H

w

d
d

A  

and  

22

87.015.1


























H

p

w
d

d
B  

Montillet et al., 2007 




































 


 

12
Re60Re10001

061.0
5.0

2

120.0

32
p

p

p

p

p

H

s

p

d

d

vL

Pd






 

Newly developed 

modified Ergun 

equation (present 

work) 

   
427.0

3

468.0

322

2

4

,

11
1051.9











 











 








 










pp

s

pp

s

ps

f

d

v

d

v

L

P
 and

 

   
149.0

3

155.0

322

2

4

,

11
10895.1











 











 








 









pp

s

pp

s

pm

f

d

v

d

v

L

P

 

 

The model proposed by Montillet et al. (2007) satisfies the experimental results better with root 

means square deviation error of 15.14% for the two-phase flow (Table 2.12). 
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Table 2.12. Deviations of the calculated data for pressure drop from correlation with the present 

experimental data for the packed channel. 

Authors Mean deviation (MD) (%) Root mean square deviation 

(RMSD) (%) 

Single-Phase Two-phase Single-Phase Two-phase 

Ergun, 1952 67.07 171.26 83.68 174.41 

Feng, 1989 50.01 93.95 55.38 99.54 

Foumeny et al., 1993 63.54 136.12 79.14 139.14 

Eisfeld and Schitzlein, 2001 39.04 53.02 46.85 57.25 

Montillet et al., 2007 49.39 12.94 56.53 15.14 

Newly developed modified 

Ergun equation (present work) 

1.77 1.90 2.08 2.51 

 

The experimental pressure drop in the packed channel is plotted against predicted values from 

available correlations, which is shown in Fig. 2.24.  
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 Ergun, 1952 (single-phase)
 Modified Ergun correlation single-phase 

     [Table 11]

 

Fig. 2.24. Variation of the experimental values with the models in the packed serpentine channel. 
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From Table 2.12 and Fig. 2.24, it is seen that most of the correlation shows a high deviation from 

the experimental data. The maximum deviation is 174.02% for single-phase and 224.74% for two-

phase flow. Among them, Montillet et al. (2007) correlation predicts closer results with the 

experimental values, maximum mean 49.39% for single-phase, and 12.94% for two-phase flow. 

On the other hand, the best fitting expression for the single-phase flow is given by Eisfeld and 

Shnitzlein (2001), having a maximum 39.04% error. 

 

2.4.3. Local entropy generation rate for the two-phase flow through the 

unpacked channel according to the separated flow model 

Local entropy generation plays a vital role in non-equilibrium thermodynamics. The local entropy 

generation rate is minimum for the stationary phases. According to Bejan (2001), entropy is a 

principle thermodynamic parameter for the design of the heat transfer equipment.  At the diabatic 

flow condition, the entropy generation rate per unit length is expressed as Eq. (2.62), (Revellin et 

al., 2009) 
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'         (2.62) 

where, qm is the two-phase heat transfer rate and '
mM  is the mass flow rate of the two-phase 

mixture, P is the perimeter of the channel, lmT  is the log mean temperature difference, and L is 

the total length of the channel. In case of heating, the wall temperature of the channel is maintained 

at 30 ℃ by submerging the channel into a constant temperature water bath, and the inlet 

temperature of the two fluids is 25℃. '
mh is the heat transfer coefficient or specific enthalpy of the 

two-phase mixture. The heat transfer coefficient '
mh  can be calculated for the forced convection 

by using the equations shown in Table 2.13, depending on their validity range of parameters 

(Gnielinski, 1975; Incropera et al., 2007).  
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Table 2.13. Available correlations for forced convection in turbulent flow through the unpacked 

straight channel. 

Authors Correlation Validity 

Geielinski 

(Geielinski, 1975; 

Incropera et al., 

2007) 
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From Table 2.13, it is seen that the most suitable correlation is given by Geielinski for our 

experimental conditions: 14.7Pr29.6  m ; 6124Re3010  m . The Geielinski correlation 

represents the Nusselt number ( mNu ) as a function of Reynolds number ( mRe ), Prandtl number 

( mPr ), and the friction factor ( '
mf ). The Prandtl number for the two-phase mixture can be 

represented as 

m

mmP

m
k

C ,Pr             (2.63) 

In the Eq. (2.63), mPC ,  , m  and km are the specific heat capacity, viscosity, and the conductive 

heat transfer coefficient of the two-phase mixture. mPC ,  
and km are calculated by Eqs. (2.64) and 

(2.65) respectively 

oPmowPmwmP CMMCMMC ,
''

,
''

, )/()/(         (2.64) 

oowwm kkk             (2.65) 

TH-2503_156107032



Chapter - 2 

 

66 
 

The average Cp and k values between the temperature 25°C – 30°C for water and toluene are 

4179.0 J kg-1 K-1, 0.6104 W m-1 K-1, and 1752.18 J kg-1 K-1, 0.1398 W m-1 K-1 respectively. In Eq. 

(2.64), M' is the mass flow rate of the fluids. The two-phase heat transfer rate (qm) is calculated by 

using the Eq. (2.66). 

lmmlmSmm TLPhTAhq  )(''         (2.66) 

It is clear that the local entropy generation rate does not only depend on the temperature gradient. 

It depends on the flow condition and the physical properties of the fluid mixtures. The variation of 

the local entropy generation rate for a constant temperature gradient with the change of flow 

properties like Nusselt number and mass flow rate of the water-toluene mixture is shown in Figs. 

2.25(a) and 2.25(b).  
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Fig. 2.25. Variation of local entropy generation rate with the flow properties: (a) Nusselt number 

and Reynolds number and (b) Mass velocity. 

 

From Fig. 2.25, it is seen that with the increase of the Nusselt number or mass flow rate of the two-

phases, the local entropy generation rate increased due to the increase of turbulence within the 

flow channel. Similarly, the entropy generation rate becomes greater with the increase of the 

Reynolds number and decrease of the friction factor as the Reynolds number and friction factor 

are inversely proportional to each other. The pressure drop contribution to the entropy generation 

rate also shows a similar trend in the case of the two-phase flows (Fig. 2.26).  
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Generally, with the increase of pressure on a stationary system, the entropy of the system 

decreases. But, in the present experiment, the increased pressure drop is obtained as a result of the 

increased mass flow rate or Reynolds number. Hence, increased turbulence within the channel 

increases the local entropy generation rate as the consequence of higher-pressure loss. Nusselt 

number is the most important dimensionless number in the convective heat transfer calculations, 

which attracts the attention of the researchers for the generation of the correlations. 
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Fig. 2.26. Variation of local entropy generation rate with the pressure drop. 

 

The experimental Nusselt number values are calculated by using the Eq. (2.67). 

m

Hm
m

k

dh
Nu

'

            (2.67) 

The  '
mh  (heat transfer coefficients) values are calculated by using the Eq. (2.68) 

lmSminletoutletmpm TAhTTCM  '
,

' )(         (2.68) 

where Toutlet and Tinlet are the outlet and inlet temperatures of the fluids, respectively. AS is the total 

heat transfer surface area of the rectangular channel. The regression analysis is done to form the 

Nusselt number correlation for the water-toluene two-phase flow through the rectangular channel, 

as shown in Eq. (2.69). 

  9629.04 PrRe1038.6 mNu         (2.69) 
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The Eq. (2.69) satisfies the experimental data with the correlation coefficients and the standard 

errors of 0.9988 and 0.009, respectively. It shows a maximum 62.37% error with the Geielinski 

correlation, which is valid for single-phase and vertical columns but shows only a maximum 1.74% 

error with the experimental data. The deviation of the experimentally calculated Nusselt number 

values from the values estimated from our newly generated correlations is shown in Fig. 2.27. 
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Fig. 2.27. Comparison of Nusselt number values obtained from the experiment and our newly 

generated correlation. 

 

2.5. Conclusions 

The frictional pressure drops in the packed and unpacked rectangular straight and serpentine 

channels in horizontal orientation are enunciated in the present context. The results obtained in the 

present study are not predicted well with the available correlation as the geometry, and the flowing 

fluids are different. Therefore, the new correlation is developed for the present geometry and fluids 
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systems based on the concept of different models. Depending on the results of the present research, 

the conclusions are assembled as follows: 

a. The fluids flow rate is significant for the calculations of pressure drop and friction factor in the 

packed and unpacked rectangular straight and serpentine millichannels. The effect of gravity is 

absent in the case of the single-phase flow. 

b. The present work modifies the Ergun equation applicable to the flow in the packed straight and 

serpentine channels. The modified Ergun equation shows excellent performance to predict the 

frictional pressure drop. 

c. The local entropy generation rate increases with the increase of pressure drop in the case of the 

water-toluene flow through the unpacked straight channel.  

The geometry of the rectangular straight and serpentine channels used in the present study can be 

scaled up by a numbering up approach. Our proposed correlations, based on the present 

experiment, may be used for the design of millichannel based two-phase unit. The present study 

may be useful for further understanding of two-phase flow through milli or microchannel based 

devices applied for process intensification. The rectangular serpentine channel provided a higher 

mixing efficiency due to the existence of the Dean flow at the expense of higher pressure loss, 

which can make it more feasible in transport applications. With the incorporation of packing 

material, the mixing efficiency was again increased. The rectangular serpentine channel in the 

packed condition is highly recommended for intense mixing efficiency for the higher mass 

transport applications at the cost of higher frictional loss. 
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Chapter 3 
 

 

Hydrodynamics and Mixing in Rectangular Millimetric 

Packed Multichannel Based Device 

 

In the present chapter, the hydrodynamics and mixing characteristics for the single aqueous as well 

as the two-phase air-water flows through the rectangular millimetric packed channels having the 

variable cross-sections are studied with the help of residence time distribution (RTD) method. RTD 

studies are essential to determine the operating parameters for the design or scaling up the non-

ideal reactors. The present study includes the mixing and mass transfer characteristics, which were 

explained with the help of the axial dispersion model (ADM) for the water, and air-water two-

phase flows through the millimetric packed multichannel systems with different cross-sections.  

  

3.1. Introduction 

Gas-liquid flow through the fixed bed reactors are extensively used in the chemical industries, as 

in the operations of trickle bed reactors (gas-liquid concurrent downflow) (Stegeman et al., 1996; 

Iliuta et al., 1996a), packed bubble column reactors (concurrent upflow) (Iliuta et al., 1996b), and 

absorption or catalytic distillation columns (countercurrent flow) (Yuan et al., 2004). However, the 

gas phase may flow, in the concurrent or countercurrent direction, the concurrent flow is highly 

suggested for high loading, as there is a possibility of flooding in countercurrent flow (Wammes et 

al., 1991). The liquid-liquid mass transfer can also be intensified by the gas agitation (Su et al., 

2009). The packed bed provides a higher surface area to interact (catalyst packing), along with the 

higher interfacial mixing between the phases at the detrimental of the higher-pressure drop. The 

characteristic features of the packed bed made it preferable for the heat and mass transport 

applications. In recent decades, the milli- and micro-channels captivated the attraction of the 

researchers due to its high surface to volume ratio, which is beneficial for the amelioration of the 

transport applications. The mixing efficiency inside the packed columns profoundly affects the 
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other parameters like transport rate, product yield, and selectivity in any process.  Hence, the 

residence time distribution (RTD) analysis is an important tool for the design of a transport device, 

which provides the essential information to interpret the mixing efficiency of the single- or two-

phase flows inside the packed columns. Significant advancement in process intensification has 

been achieved by the implementation of miniature packed reactors with their enhanced fluids 

mixing and transport performances. However, the miniature devices are found to be lacking in 

industrial applications through large production and high throughput, which is required a 

numbering-up approach in terms of multichannel devices (Tonomuraet al., 2007; Saberet al., 2010; 

Yue et al., 2010). In a multichannel device, the conformity in the fluid distribution is regarded as 

the crucial issue to attain high-level performance and industrial-level production, which prompted 

to the parallelization of a large number of flow paths or packed multichannel. The parallelized 

milli- or micro-multichannel geometries are more effective than their series (Kockmann, 2007). 

The multi-millimetric channels can be used for the heat and mass transfer applications for their 

intense mixing and intensified transport properties (Guo et al., 2018). The literature showed that 

only a few studies are available for the flow-through millimetric single channel with packing 

(Serres et al., 2018), and without packing (Kulkarni and Kalyani, 2009; Zhang et al., 2011b), and 

the millimetric multichannel without packing (Guo et al., 2018). There is a lack of studies in the 

millimetric packed multichannel geometries for the single as well as gas-liquid two-phase flows.  

In the present study, the hydrodynamics and mixing characteristics for the single-phase (water), 

and the air-water two-phase flows through the packed multichannel geometries (millimetric 

dimensions) were studied by pulse tracer input method. Depending on the flow rates and the other 

geometrical parameters, the characteristic features of the fluid distribution uniformity in the 

multichannel devices change, which can be demonstrated by the axial dispersion RTD 

representation. The mixing characteristics depending on the operating parameters were interpreted 

with the help of the RTD curves and were compared with the available correlations. The effect of 

the multichannel dimensions on the flow distribution was also illustrated adequately by varying the 

heights of the channels for the two multichannel blocks in the present context. 
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3.2. Experimentation 

3.2.1. Reagents and instrumentation 

Deionized water from the Milli-Q water purification system (Millipore, MA, USA) was used in 

the experiment. The other two required materials, potassium chloride (KCl, 99.5.0%, M.W. = 

74.55 g mol-1, ACS reagent grade) and glass beads (average diameter (dp) of 350 µm) were 

supplied by the Merck Life Science Private Limited and Amazon.in, respectively. 

The main experimental section consists of two different rectangular multichannel blocks (11 

channels each) of variant heights packed with the glass beads. The width (w) of the individual 

channels were 2 × 10-3 m with the heights (h) of  0.6 × 10-3 (Block-1), and 1.2 × 10-3 m (Block-2), 

respectively, for the two multichannel blocks. The total length (l) of all the channels was 9.7 × 10-

1 m, and the average of the total length was considered as the length (li) of each channel (8.82 × 

10-2) in the multichannel block. The particle diameter (dp) is considered as the characteristic length 

in the case of the packed bed. It was assumed that the flow was equally divided through the 

channels. A schematic diagram of the experimental setup, as shown in Fig. 3.1.  

 

 

Fig. 3.1. (a) Schematic diagram of the experimental setup, (b) Top view of the experimental 

multichannel block, (c) Snapshot of the experimental setup, and (d) Snapshot of the multichannel 

block in operating condition. 

(c) 

(d) 

(a) (b) 
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Two syringe pumps (supplied by Amar Equipments Pvt. Ltd.) were used to regulate the volumetric 

flow rates of the gaseous phase (air), and the aqueous phase (water) respectively, through the 

channels, and the tracer solution was inserted (pulse input) into the system just before the inlet 

point through the injection port. A pre-calibrated differential pressure transmitter (Make: 

Electronet Equipments Pvt. Ltd., Model: ELPRT100SDP, Accuracy: ± 0.075% of URL for 

turndown ratio ≤ 10:1) was connected at the inlet and outlet points to measure the pressure drop 

for the volumetric flow rates of the fluids. An electrical conductivity meter (Model: VSI-04 ATC 

Deluxe, VSI Electronics Pvt. Ltd., India) was used to measure the conductivity of the collected 

samples. All the experiments were performed at room temperature (298 K). 

 

3.2.2. Procedure to perform the mixing studies (Residence Time Distribution, 

RTD) 

The millimetric multichannel block packed with the glass beads was filled with the fresh milli-Q 

water so that the air inside the channel removed. Then the syringe pumps (for air and water supply) 

were started simultaneously, and the 0.5 ml of 1 M KCl solution as the tracer was injected just 

before the inlet of the packed bed column by pulse input method. The stopwatch was started 

immediately with the pulse input, and the samples were collected at the outlet with the same time 

intervals. The conductivities (S m-1) of the collected samples were measured to estimate the 

concentrations of the tracer solution at the outlet point with respect to time. At the same time, the 

differential pressure values (minimum 20 values) were noted down, and the average of the values 

was considered as the actual pressure difference between the inlet and outlet points. The same 

processes were repeated by changing the flow rates of the fluids pair. In the case of the single-

phase flow operations, both the syringes were filled with the water (aqueous phase) only. 

 

3.3. Theoretical background 

3.3.1. Pressure drop analysis 

The viscosity, surface tension, density, velocity of the flowing fluids and their mixtures, the 

diameter of the packed materials, and the dimensions of the channel affects the pressure drop in 

the rectangular packed milli-channel blocks for the single-phase and multiphase flows. The 
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physical properties of the multichannel columns, packing materials, packed bed, and the flowing 

fluid are tabulated in Table 3.1. The pressure drop value for the flow through the channel can be 

correlated using the following dimensionless numbers, as shown in (Eqs. (3.1-3.4)). 

,

( / )
Re

m m eff p

p m

m

U d 


          (3.1) 

,

( / )m m eff

p m

m

U
Ca

 


           (3.2) 

2

, , ,

( / )
Re

m m eff p

p m p m p m

m

U d
We Ca

 


         (3.3) 

,

/

(9.81 )

m eff

p m

p

U
Fr

d





          (3.4) 

where Rep,m (-), Cap,m (-), Wep,m (-), and Frp,m (-) are the particle Reynolds number, Capillary 

number, Weber number, and Froude number for the flow through the individual packed channel. 

Whereas, 
m (kg m-3), 

m  (N-s m-2), and 
m  (N m-1), are the fluid density, dynamic viscosity, and 

surface tension of the two-phase mixture, respectively. The mixture properties of the two-phases 

were calculated as per the method of Mondal and Majumder, 2018. The actual velocity of the fluid 

mixture through each channel and the effective porosity of the packed bed are represented by Um 

(m min-1), and eff  (-). �� is the particle diameter (m) of the packing material. The hydraulic 

diameter of a rectangular channel can be calculated by Eq. (3.5). 

2
H

wh
d

w h



           (3.5) 

where w and h are the width and height of the rectangular cross-section. In the present study, the 

experimental multichannel block consist of eleven channels of an identical cross-section. It was 

considered that each channel experienced the same pressure loss as the total pressure loss (

1 2 ... i fP P P P     ; where 
iP  is the pressure loss of the ith channel, and fP  is the total 

frictional pressure loss), and the total volumetric flow rate (Q) is equally subdivided into each 

channel ( 1 1 iQ Q ). The gas holdup values at the different flow rates were determined by the ratio 

of the volumetric flow rates of the gas phase to the total volumetric flow rates of the two-phases. 
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Table 3.1. Properties of the multichannel columns, packing materials, packed bed, and the flowing 

fluid. 

Channel geometry Packing material Packed bed Fluid properties 

Multichannel block-1 Multichannel 

block-1 

Multichannel block-1 Water 

Width of the 

individual 

channel, w (m)  

2.0 

×10-3 

Sphericity, 

  (-)  

1.0 Effective 

porosity, eff  

(-)  

0.34 Density, 

w  (kg m-

3) 

9.97 

×102 

Height of 

individual 

channel, h (m)  

0.6 

×10-3 

Average 

diameter, 

dp (m)  

3.50 

×10-4 

The total 

volume of 

the bed, VT 

(m3)  

1.164 × 

10-6 

Viscosity, 

w  (N-s 

m-2)  

8.97 

×10-4 

The total length 

of the 

multichannel, l 

(m) 

9.70 

×10-1 

Multichannel 

block-2 

Total void 

volume, 

Vvoid (m3)  

0.396 × 

10-6 

Surface 

tension, 

w  (N m-

1)  

7.18 

×10-2 

Length of an 

individual 

channel, li (m)  

8.82 

×10-2 

Sphericity, 

  (-)  

1.0 Tortuosity, 

 (-)  

2.08 Air 

The cross-

sectional area of 

an individual 

channel, Ai (m2) 

1.20 

×10-6 

Average 

diameter, 

dp (m)  

3.50 

×10-4 

Multichannel block-2 Density, 

a  (kg m-

3) 

1.18 

Multichannel block-2  Effective 

porosity, eff  

(-)  

0.34 Viscosity, 

a  (N-s 

m-2)  

1.84 

×10-5 

Width of the 

individual 

channel, w (m)  

2.0 

×10-3 

The total 

volume of 

the bed, VT 

(m3)  

2.328 × 

10-6 

Surface 

tension, 

N.A. 
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a  (N m-

1)  

Height of 

individual 

channel, h (m)  

1.2 

×10-3 

Total void 

volume, 

Vvoid (m3)  

0.792 × 

10-6 

 

The total length 

of the 

multichannel, l 

(m) 

9.70 

×10-1 

Tortuosity, 

 (-)  

2.08 

Length of an 

individual 

channel, li (m)  

8.82 

×10-2 

 

The cross-

sectional area of 

an individual 

channel, Ai (m2) 

2.40 

×10-6 

 

3.3.2. Residence Time Distribution (RTD) analysis 

3.3.2.1. Moment analysis and the axial dispersion model 

The density distribution function E(t) of an RTD for the pulse injection of the tracer can be 

obtained from the relation (Eq. (3.6)) given by Levenspiel (1999). 

0

( )
( )

( )

c t
E t

c t dt






          (3.6) 

where c(t), is the concentration profile of the tracer at the outlet. E(t) is generally characterized by 

the first and second moments of the distribution. The mean residence time (tm), is described by the 

first moment of distribution (Eq. (3.7)). In the second moment of the distribution, the variance (

v ) of RTD is defined as the square deviation from the mean and is represented by Eq. (3.8). 

Lower the value of variance corresponds to the narrower distribution.  
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2 2 2 2

0 0

( ) ( ) ( )v m mt t E t dt t E t dt t
 

             

 (3.8) 

The dimensionless form of the variance (
2
 ), can be calculated by the Eq. (3.9). 

2
2

2
v

mt



             (3.9) 

where  is the dimensionless time ( / mt t  ). In the context of the axial dispersion model (ADM), 

the analytical solution of the normalized E(t) curves for the open-open boundary conditions, and 

the large deviation from the plug flow (i.e., Pea < 100), was proposed by the Levenspiel (1999), 

which can be represented by the Eq. (3.10). 

 
2

11
( ) exp

42 /

a

a

Pe
E t

Pe






 
  
 
 

                                                                                    (3.10) 

where Pea is the axial Peclet number, which is the ratio of convective to the diffusive transport. 

The reciprocal of the Peclet number is called the dispersion number, which is used for the 

measurement of the axial dispersion coefficient. Higher the axial Peclet number corresponds to the 

plug flow. The Peclet number for the axial dispersion is expressed by the Eq. (3.11). 

( / )m eff p

a

ax

U d
Pe

D


           (3.11) 

where Dax is the axial dispersion coefficient (m2 s-1) of the tracer in each channel. Dax contains all 

the effects that are responsible for the deviation from plug flow. Based on the moment method, the 

Peclet number can be correlated to the variance of the RTD (experimental), as shown in Eq. (3.12). 

2
2

2 2

8 2

m a at Pe Pe



             (3.12) 

According to Guo et al. (2018), the global RTD curve obtained for the multichannel systems in 

case of a particular volumetric flow rate is the combination of all the individual RTD curves 

considering each channel flow rate as the weighting factor (Eq. (3.13)). 
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1

1
( ) ( )

n

i i
i

E t Q E t
Q 

            (3.13) 

where i stands for the ith number of channels, and n is the number of channels. Therefore, in the 

case of the multichannel flow devices, the Peclet number obtained from the global RTD curves is 

the combination of the Peclet numbers of each individual channel. According to Taylor (1953), 

and Aris (1956), the axial dispersion model is applicable when 

4 / ( / 2 ) 6 .9i Hl d            (3.14) 

In the present case, the value was found to be 764.24 (block-1), and 470.4 (block-2), which 

satisfied the applicability of the axial dispersion model in the present experimental system. 

 

3.3.2.2. Velocity distribution model 

The actual dispersion coefficient depends on the combined effect of axial dispersion and molecular 

dispersion coefficients. In the present experimental condition, due to the low residence time inside 

the packed bed and the continuous flow disturbance due to the presence of particles, the effect of 

molecular diffusion on the characteristics of the RTDs is negligible (Atmakidis and Kenig, 2015). 

Molecular diffusion is insignificant compared with the axial dispersion in the case of multichannel 

tubular columns (Guo et al., 2018). In the present experimentation, the geometry of the 

multichannel columns are different from that has been reported by Guo et al. (2018). Hence, the 

molecular diffusion coefficients, along with the axial dispersion coefficients, have been studied in 

the present context. The axial dispersion coefficient (Dax), for the laminar flow of fluids through a 

packed bed, can be calculated based on the concept of Taylor (1953), and Aris (1956) (proposed 

the relation for the laminar flow in tubular columns), which can be expressed as 

2 2( / )

48

p m eff

ax m

m

d U
D D

D


           (3.15) 

Squires and Quake (2005), and Ajdari et al. (2006) proposed the similar types of correlations for 

the non-circular tubes, which can be written in terms of the packed bed parameters as 

2 2( / )

192

p m eff

ax m

m

d U
D D

D


           (3.16) 

where Dm is calculated from the molecular diffusive Peclet number, expressed as 
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 /m eff p

m

m

U d
D

Pe


           (3.17) 

The Peclet number for the molecular diffusion (Pem) can be obtained from the Eq. (3.18) (Delgado, 

2006). 

1 1 1 1

2a mPe Pe
            (3.18) 

where  is the tortuosity (-). The tortuosity for the flow through a randomly packed bed of 

symmetrical particles can be calculated by the Eq. (3.19) (Lanfrey et al., 2010). 

 
4/3

2

1
1.23

eff

eff s




 


           (3.19) 

where 
s  is the sphericity (-, holds the value one for the spherical glass beads). The tortuosity 

value was found 2.08 (-) in the present multichannel packed bed. Depending on the simulation 

results, Zeiser et al. (2001) suggested a correlation for the determination of the dispersion 

coefficients inside a packed bed column, which is represented by the Eq. (3.20). 

1.83

0.758
39

ax m

m

D Pe

D
            (3.20) 

 

3.3.3. Specific energy dissipation and the mixing performance in the 

multichannel packed bed columns 

The specific energy dissipation (Ed) in a channel based column increases with the increase of 

pressure drop, as shown in the Eq. (3.21). 

d

f

Q P
E

M


            (3.21) 

where, 

f voidM V            (3.22) 

where Mf is the mass (kg) of the fluid into which the specific energy is dissipated, and Vvoid is the 

void volume of the multichannel packed bed, calculated by subtracting the volume of the packing 

material from the total volume of the bed. The higher value of specific energy dissipation (W kg-

1) indicates the higher mixing performance of the columns, and its value is higher in the case of 
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multichannel continuous flow columns than the series of batch columns (Kockmann, 2007). 

According to Su et al. (2015), depending on the volumetric flow rate and pressure drop, the specific 

energy dissipation holds the values of magnitude between 10-2 – 103 W kg-1. When the value is < 

102 W kg-1, the mixing process is generally effected by molecular diffusion, which is a long way 

from ideal mixing. The value > 102 W kg-1, corresponds to the ideal or complete mixing controlled 

by the convection. In the packed bed multichannel columns, the performance of higher mixing 

may attain at the cost of higher dissipation of specific energy.  

The error percentages (%E) between the experimental (qexp) and the calculated (qcal) values are 

determined by following the Eq. (3.23). 

exp

exp

% 100
calq q

E
q


           (3.23) 

where qexp, and qcal are the adsorption capacities obtained from the experiment, and the 

calculations, respectively.  

 

3.4. Results and discussion 

3.4.1. Mixing characteristics 

3.4.1.1. Effect of volumetric flow rate on RTD curves and axial dispersion model 

(ADM) 

The RTD curves become sharper at a higher flow rate, which corresponds to the lower mean 

residence time (tm) for the single-phase flow (Fig. 3.2(a)). In the case of two-phase flow, when the 

flow rate of one phase is increased, leaving the other unaltered, the residence time decreased, and 

the RTD curves become sharper due to the increment of the velocity of the phases for the same 

volumetric flow rate (Fig. 3.2(b-c)). When the height of the packed channels (uniform packing 

materials and the bed porosity) decrease, for a particular flow rate of the fluids, the velocities and 

the mixing properties of the phases increased lowering the residence time and making the RTD 

sharper (Fig. 3.2(b), and Fig. 3.2(c)). The Peclet number, the ratio of advection to diffusion, is an 

important axial dispersion parameter, which reflects the degree of mixing, increases with the 

increase of flow rate or Reynolds number (Fig. 3.4(a)). The advection-dominated distribution is 

desired when the Peclet number is higher, whereas the smaller Peclet number is responsible for a 

diffusive flow. In the cases of the packed bed, the Peclet number increases with the increase of the 
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flow rate of fluid for the single-phase flow (Yoon and Nelson, 1984; Lanfrey et al., 2010; Zhang 

et al., 2016; Rastegar and Gu, 2017). However, in the case of water-air two-phase flow, with the 

increase of airflow, the Peclet number decreases due to the increasing gas holdup (Fig. 3.4(b)). 

The increasing gas holdups with the increasing gas flow rates are shown in Fig. 3.3. The gas holdup 

attains the higher value at the higher gas flow rate and the lower liquid flow rate. At the low liquid 

and high gas velocities, the Peclet number holds the lower value, which indicates the presence of 

a diffusive process. In that case, the dispersion coefficient is proportional to the ratio of the 

diffusion coefficient to the tortuosity (�). At the high liquid and low gas velocities, when the Peclet 

number is higher (Pea > 10), the dispersion is controlled by the advection (Yoon and Nelson, 1984). 

A similar trend in the case of molecular Peclet number was obtained in the case of the single-

phase, as well as the two-phase flows due to the reason as mentioned above (Fig. 3.4(c) and Fig. 

3.4(d)). The channel dispersion number is the inversion of the Peclet number. When the channel 

dispersion number increases, the RTD curves become broader, as shown in Fig. 3.2(a) (Sharma et 

al., 2017). As per the present experiment, the lowest flow rate (1.0 ml min-1) corresponds to the 

highest dispersion number (0.09 (-)) for the single-phase flow through the channels block-1. 

However, in the case of multiphase flow, the above-specified trends altered for the gas flow. At 

the lowest water flow rate (5.0 ml min-1) and highest air flow rate (23.0 ml min-1), the dispersion 

number values were largest, which were 1.86 for the channels block-1, and 1.90 for the channels 

block-2. The axial dispersion coefficients, estimated from the RTD curves, hold a higher value at 

the higher flow rate of fluid in the case of single-phase, as shown in Fig. 3.5(a). However, in the 

case of two-phase flow, though the Peclet number decreases with the increase of gas flow, axial 

dispersion coefficient increases in both of the cases, either with the increase of liquid flow or gas 

flow, as the turbulence increases in both of the cases (Fig. 3.5(b)). 
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Fig. 3.2. The RTD curves at (a) different flow rates of water, (b) air-water two-phase flows 

(block – 1), and (c) air-water two-phase flows (block – 2). 
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Fig. 3.3. Gas holdup with the variation of the gas flow rate. 
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With the increasing volumetric flow rate, the Reynolds number, and the rate of specific energy 

dissipation increases, which results in higher axial dispersion, as shown in Fig. 3.5(c), and Fig. 

3.5(d).  
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In the present context, the specific energy dissipation (Ed) values were < 102 W kg-1 for both the 

blocks within the flow range. Therefore, according to Zeiser et al. (2001), the mixing processes 

were affected by molecular diffusion.  The specific energy dissipation (Ed) values for the single 
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and two-phase flows for both the channel blocks were shown in Fig. 3.5(c) and Fig. 3.5(d), 

respectively. Though, the increment of Dax/Dm ratio, with the increase of Reynolds number, 

indicates that the axial dispersion coefficient dominates over the diffusion coefficient at higher 

velocities (Fig. 3.8). 
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Fig. 3.5. Variation of the axial dispersion coefficient, (a) with the variation of single-phase flow, 

(b) with the variation of two-phase flow, and the variation of the specific energy dissipation (c) 

with the variation of single-phase flow, (d) with the variation of two-phase flow. 
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When the flow rate increases, the Reynolds number increases, giving the tracer molecules less time 

to pass through the device (Fig. 3.6). The Reynolds number value is greater in the case of block-

1, over the block-2, for the same volumetric flow rate, as it experienced a higher velocity due to 

the lower cross-sectional area. Therefore, the residence time is lower for block-1 than block-2 at 

the same volumetric flow rate (Fig. 3.6(b)). With the increasing liquid flow rate or gas flow rate at 

a particular liquid flow rate, the axial dispersion coefficient increases, increasing the mass transport 

rate. Still, due to the decrease of the retention time inside the device, the overall mass transport 

decreases for the physical transport processes like adsorption, where higher residence time is 

beneficial (Fig. 3.6(a)). 
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Fig. 3.6. Variation of the mean residence time (tm), and the variance (σ) of RTD with respect to 

the volumetric flow rate for the (a) single-phase flow, and (b) two-phase flow. 

 

The RTD parameters, Reynolds number, pressure drop, and the specific energy dissipation for the 

individual channel for the single-phase flow through block-1 are shown in Table 3.2. The two-

phase flow parameters for the block-1 and block-2 are shown in Table 3.3, and Table 3.4, 

respectively. 

 

3.4.1.2. Effect of pressure drop on mixing characteristics 

Pressure drop is another most important factor to characterize the performance of a millichannel 

based packed bed device. Pressure drop is the source of the energy input required for the process 
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of mixing. Pressure drop for the continuous flows through the packed systems depends on the 

particle Reynolds number (Rep) and increases with the increase of it. The Reynolds number 

increases with the increasing flow velocity and the decrease of the Fanning friction factor (fˊ). The 

variation of the friction factor values depending on the Reynolds number of the two-phase flow is 

shown in Fig. 3.7. In that way, the pressure drop is dependent on the Reynolds number, which 

increases with the increase of the volumetric flow rate, which is shown in Fig. 3.8. 
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Fig. 3.7. The variation of the Fanning friction factor with respect to the Reynolds number. 

 

In the present context, the pressure drop values are correlated with the dimensionless parameters 

by doing multiple regression analysis. It was observed that for the single-phase flow, the pressure 

drop values are dependent on the Reynolds and Capillary numbers, whereas for the two-phase flow 

Froude number effects the flow along with the other two dimensionless numbers (Mondal and 

Majumder, 2018a, and 2018b)). The pressure drop correlations for the two-phase flows are 

represented as follows. 
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  (3.25) 

 

The Eq. (3.24), and Eq. (3.25) satisfied the experimental data well with the correlation coefficients 

of 0.99 (The theory for the calculation of the correlation coefficient and standard error with 

ANOVA is given in Appendix – I). The maximum error percentages were 4.87 and 3.21, 

respectively. The Eq. (3.24) is valid within the range of operating variables: ,624 Re 2980m p  ; 

,0.01 0.07m pCa   and ,27 133m pFr  , whereas, the Eq. (3.25) is valid within the operating 

ranges of ,311 Re 1488m p  ; ,0.01 0.03m pCa   and ,13 67m pFr  . 

Higher-pressure drop incorporates higher turbulence, which increases the efficiencies of mixing 

and dispersions, resulting in higher mass transfer coefficients (Su et al., 2009). As a result, the 

block-1, having the less cross-sectional area, it may provide the higher mass transfer coefficients, 

generating the higher-pressure drop for the two-phase flow. However, due to the decrement of 

residence time, despite having a higher mass transport coefficient, block-1 at the higher flow rate 

may not be preferable over the block-2 for the slow mass transfer processes. Therefore, for the 

reactive mass transport processes, block-1, with a higher flow rate, may be preferable. 
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Fig. 3.8. Pressure drop variation with respect to the Reynolds number for the (a) single-phase 

flow, and (b) two-phase flow. 
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Table 3.2. Mean residence time, Particle Reynolds number, and the coefficient of axial dispersion Dax in the multichannel based packed 

bed device (block-1) for different flow rates of single-phase fluid with a KCl of 1 mole dm-3 solution (T = 298 K). 

Single-phase flow (block-1) 

Total 

volumetr

ic flow 

rate, Q 

(ml min-

1) 

Velocity 

through 

an 

individual 

channel, 

Ui (m min-

1) 

Mean 

residen

ce 

time, tm 

(min) 

Total 

pressure 

drop, ΔPf 

(N m-2) 

Particle 

Reynolds 

number 

for an 

individua

l channel, 

Rep (-) 

��
� (-) Axial Peclet 

number of the 

multichannel 

packed bed, 

Pea (-) 

Axial 

dispersion 

coefficient for 

an individual 

channel, Dax 

(m2 min-1) 

Specific energy 

dissipation for the 

individual 

channel, Ed (W kg-

1) 

1.0 1.26 × 10-3 4.74 5.32 × 103 1.45 2.52 × 10-1 10.86 1.32 × 10-6 2.04 × 10-2 

4.0 5.05 × 10-3 1.84 5.87 × 103 5.78 2.37 × 10-1 11.41 5.01 × 10-6 9.01 × 10-2 

5.0 6.31 × 10-3 1.81 6.05 × 103 7.23 2.29 × 10-1 11.73 6.10 × 10-6 1.16 × 10-1 

8.0 1.01 × 10-2 0.94 6.33 × 103 11.56 2.03 × 10-1 12.90 8.87 × 10-6 1.94 × 10-1 

10.0 1.26 × 10-2 0.86 6.52 × 103 14.45 1.77 × 10-1 14.42 9.92 × 10-6 2.50 × 10-1 

12.0 1.52 × 10-2 0.84 6.66 × 103 17.34 1.58 × 10-1 15.82 1.09 × 10-5 3.06 × 10-1 

15.0 1.89 × 10-2 0.72 6.82 × 103 21.68 1.33 × 10-1 18.31 1.17 × 10-5 3.93 × 10-1 

18.0 2.27 × 10-2 0.62 7.09 × 103 26.02 1.22 × 10-1 19.76 1.30 × 10-5 4.90 × 10-1 

20.0 2.53 × 10-2 0.51 7.19 × 103 28.91 1.09 × 10-1 21.76 1.31 × 10-4 5.51 × 10-1 
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Table 3.3. Mean residence time, Particle Reynolds number, and the coefficient of axial dispersion Dax in the multichannel based packed 

bed device (block-1) for different flow rates of two-phase fluid (water-air) with a KCl of 1 mole dm-3 solution (T = 298 K). 

 

Two-phase flow (block-1) 

 

Water 
volumetr
ic flow 
rate, 
Qwater (ml 
min-1) 

Air 
volumetr
ic flow 
rate, Qair 
(ml min-

1) 

Total 
volumetr
ic flow 
rate, Q 
(ml min-

1) 

Velocity 
through 
an 
individu
al 
channel, 
Ui (m 
min-1) 

Mean 
residen
ce 
time, tm 
(min) 

Total 
pressure 
drop, ΔPf 
(N m-2) 

Particle 
Reynold
s 
number 
for an 
individu
al 
channel, 
Rep,m (-) 

��
� (-) Axial 

Peclet 
number of 
the 
multichan
nel packed 
bed, Pea (-) 

Axial 
dispersion 
coefficient for 
an individual 
channel, Dax 
(m2 min-1) 

Specific 
energy 
dissipatio
n for the 
individual 
channel, 
Ed (W kg-

1) 

5.0 5.0 10.0 0.56 1.25 6.35 × 103 624.46 0.32 8.96 7.03 × 10-4 0.49 

5.0 10.0 15.0 0.94 1.13 6.55 × 103 1034.24 0.41 7.45 1.43 × 10-3 1.13 

5.0 15.0 20.0 1.48 0.98 6.56 × 103 1604.66 0.47 6.80 2.47 × 10-3 2.01 

5.0 20.0 25.0 2.17 0.94 6.64 × 103 2308.74 0.52 6.30 3.91 × 10-3 3.17 

5.0 23.0 28.0 2.65 0.93 6.69 × 103 2790.78 0.57 5.91 5.09 × 10-3 4.00 

10.0 5.0 15.0 0.94 0.71 6.75 × 103 1063.85 0.24 11.31 9.40 × 10-4 0.58 

10.0 10.0 20.0 1.11 0.63 6.83 × 103 1248.93 0.31 9.26 1.36 × 10-3 1.05 

10.0 15.0 25.0 1.45 0.55 7.12 × 103 1610.98 0.33 8.78 1.87 × 10-3 1.70 

10.0 20.0 30.0 1.88 0.53 7.19 × 103 2068.48 0.37 8.12 2.62 × 10-3 2.48 

10.0 23.0 33.0 2.17 0.50 7.28 × 103 2380.81 0.41 7.52 3.27 × 10-3 3.03 

15.0 5.0 20.0 1.45 0.65 6.95 × 103 1636.53 0.22 12.15 1.38 × 10-3 0.71 
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15.0 10.0 25.0 1.48 0.49 7.19 × 103 1686.52 0.24 11.18 1.47 × 10-3 1.15 

15.0 15.0 30.0 1.67 0.40 7.47 × 103 1873.39 0.29 9.63 1.96 × 10-3 1.72 

15.0 20.0 35.0 1.98 0.35 7.83 × 103 2217.18 0.33 8.90 2.53 × 10-3 2.45 

15.0 23.0 38.0 2.21 0.34 7.96 × 103 2458.22 0.34 8.62 2.91 × 10-3 2.94 

20.0 5.0 25.0 1.88 0.47 7.03 × 103 2127.70 0.17 14.68 1.62 × 10-3 0.84 

20.0 10.0 30.0 1.98 0.43 7.28 × 103 2241.76 0.19 13.14 1.68 × 10-3 1.26 

20.0 15.0 35.0 2.17 0.39 7.59 × 103 2474.45 0.22 12.34 1.82 × 10-3 1.78 

20.0 20.0 40.0 2.22 0.38 7.86 × 103 2497.85 0.25 11.00 2.29 × 10-3 2.41 

20.0 23.0 43.0 2.40 0.38 8.14 × 103 2690.69 0.29 9.68 2.81 × 10-3 2.88 

23.0 5.0 28.0 2.17 0.36 7.88 × 103 2465.66 0.16 15.57 1.84 × 10-3 1.03 

23.0 10.0 33.0 2.21 0.35 8.14 × 103 2499.47 0.19 13.37 1.93 × 10-3 1.48 

23.0 15.0 38.0 2.40 0.33 8.39 × 103 2705.00 0.23 11.82 2.12 × 10-3 2.02 

23.0 20.0 43.0 2.56 0.32 8.61 × 103 2872.53 0.29 9.78 2.78 × 10-3 2.65 

23.0 23.0 46.0 2.65 0.27 9.32 × 103 3024.87 0.34 8.67 3.34 × 10-3 3.29 
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Table 3.4. Mean residence time, Particle Reynolds number, and the coefficient of axial dispersion Dax in the multichannel based packed 

bed device (block-2) for different flow rates of two-phase fluid (water-air) with a KCl of 1 mole dm-3 solution (T = 298 K). 

 

Two-phase flow (block-2) 

Water 
volumetric 
flow rate, 
Qwater (ml 
min-1) 

Air 
volumetric 
flow rate, 
Qair (ml 
min-1) 

Total 
volumetric 
flow rate, 
Q (ml min-

1) 

Velocity 
through an 
individual 
channel, Ui 
(m min-1) 

Mean 
residenc
e time, tm 
(min) 

Total 
pressure 
drop, ΔPf (N 
m-2) 

Particle 
Reynolds 
number for 
an 
individual 
channel, 
Rep,m (-) 

��
� (-) Axial Peclet 

number of 
the 
multichannel 
packed bed, 
Pea (-) 

Axial 
dispersion 
coefficient 
for an 
individual 
channel, Dax 
(m2 min-1) 

Specific 
energy 
dissipation 
for the 
individual 
channel, Ed 
(W kg-1) 

5.0 5.0 10.0 0.28 1.65 6.27 × 103 311.88 0.39 7.79 4.04 × 10-4 0.24 

5.0 10.0 15.0 0.47 1.21 6.41 × 103 515.96 0.45 6.99 7.60 × 10-4 0.55 

5.0 15.0 20.0 0.74 1.00 6.43 × 103 799.66 0.54 6.12 1.37 × 10-3 0.99 

5.0 20.0 25.0 1.09 0.99 6.54 × 103 1149.27 0.56 6.00 2.05 × 10-3 1.57 

5.0 23.0 28.0 1.33 0.97 6.58 × 103 1388.31 0.59 5.78 2.60 × 10-3 1.98 

10.0 5.0 15.0 0.47 0.71 6.48 × 103 531.62 0.28 10.09 5.27 × 10-4 0.28 

10.0 10.0 20.0 0.56 0.63 6.79 × 103 623.75 0.32 8.95 7.04 × 10-4 0.52 

10.0 15.0 25.0 0.72 0.55 6.99 × 103 804.13 0.35 8.46 9.70 × 10-4 0.84 

10.0 20.0 30.0 0.94 0.53 7.07 × 103 1031.92 0.38 7.90 1.35 × 10-3 1.22 

10.0 23.0 33.0 1.09 0.50 7.18 × 103 1187.35 0.43 7.24 1.70 × 10-3 1.50 

15.0 5.0 20.0 0.72 0.66 6.70 × 103 842.94 0.28 9.94 8.35 × 10-4 0.34 

15.0 10.0 25.0 0.74 0.49 6.99 × 103 817.64 0.29 9.82 8.45 × 10-4 0.56 

15.0 15.0 30.0 0.83 0.43 7.18 × 103 935.63 0.31 9.15 1.03 × 10-3 0.83 

15.0 20.0 35.0 0.99 0.38 7.34 × 103 1106.92 0.35 8.51 1.32 × 10-3 1.15 

TH-2503_156107032



Chapter - 3 

 

92 
 

15.0 23.0 38.0 1.10 0.35 7.45 × 103 1226.99 0.37 8.11 1.54 × 10-3 1.38 

20.0 5.0 25.0 0.94 0.48 6.74 × 103 1236.87 0.21 12.50 9.84 × 10-4 0.40 

20.0 10.0 30.0 0.99 0.47 6.94 × 103 1063.24 0.26 10.71 9.93 × 10-4 0.60 

20.0 15.0 35.0 1.09 0.44 7.07 × 103 1119.92 0.28 9.96 1.13 × 10-3 0.83 

20.0 20.0 40.0 1.11 0.41 7.18 × 103 1247.51 0.31 9.30 1.35 × 10-3 1.10 

20.0 23.0 43.0 1.20 0.41 7.22 × 103 1343.60 0.32 9.08 1.50 × 10-3 1.28 

23.0 5.0 28.0 1.09 0.45 6.88 × 103 1512.05 0.19 13.71 1.04 × 10-3 0.45 

23.0 10.0 33.0 1.10 0.38 6.99 × 103 1232.21 0.23 11.78 1.10 × 10-3 0.64 

23.0 15.0 38.0 1.20 0.35 7.09 × 103 1248.80 0.27 10.44 1.20 × 10-3 0.85 

23.0 20.0 43.0 1.28 0.35 7.18 × 103 1351.16 0.32 9.06 1.50 × 10-3 1.11 

23.0 23.0 46.0 1.33 0.34 7.28 × 103 1434.63 0.37 8.12 1.78 × 10-3 1.29 
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3.4.1.3. Generation of correlation between the axial dispersion coefficient and 

the molecular diffusion coefficient 

The axial dispersion coefficient is a function of different operating variables such as the actual 

velocity (Um), density (
m ), viscosity (

m ) of the fluid mixture, the hydraulic diameter (dH) of the 

individual channel, and the particle diameter (dp) of the packing material, etc. The dimensional 

analysis yields the following relation 

   
1 1

, , ,
Re/ /

ax mH

p p pp m eff p m eff

D Dd
f

d Wed U d U 

 
 
 
 

      (3.26) 

In the case of the two-phase flows, the empirical correlations for the ratios of the diffusion 

coefficients were generated by doing the multiple regression analysis and can be represented as  

0.062 0.062/ 1.04(Re ) 1.04ax m p p pD D Ca We   (Single-phase flow, block-1)    (3.27) 

0.51 0.88 0.51 0.88/ 5.61(Re ) (Fr ) 5.61ax m p p p p pD D Ca We Fr    (Two-phase flow, block-1)  (3.28) 

0.35 0.59 0.35 0.59/ 2.97(Re ) ( ) 2.97ax m p p p p pD D Ca Fr We Fr    (Two-phase flow, block-2)  (3.29) 

The proposed correlation for the single-phase flow is valid within the range of operating variables: 

1.45 < Rep < 28.91, 4.64 × 10-5 < Cap < 9.28 × 10-4. The ranges of the operating variables for the 

Eqs. (3.28-3.29) were indicated previously.  
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The Dax/Dm values obtained in the present experiment were compared with the various correlations 

like Taylor (1953) and Aris (1956) (Eq. (3.15)); Squires and Quake (2005), and Ajdari et al. (2006) 

(Eq. (3.16)); and Zeiser et al. 2001 (Eq. (3.20)), as shown in Fig. 3.9. 
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Fig. 3.9. Variation of the (Dax/Dm) ratios with respect to the Reynolds number (a) single-phase 

flow (block – 1), (b) two-phase flow (block -1), and (c) two-phase flow (block -2). 

 

The present proposed correlation satisfied the experimental data with a maximum error of 15.0%. 

When the experimental results were compared with the available correlations, the correlation 

suggested by Zeiser et al. (2001), closely resembled the experimental data with the maximum error 

of 8% (Fig. 3.9(a)). However, for the two-phase flows, all the available correlations did not satisfy 

the experimental data properly (maximum errors up to 50%), either for the geometrical difference 

or the proposed correlations were for the single-phase flow through the unpacked channels only.  
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3.5. Conclusion 

In this chapter, the hydrodynamics and mixing characteristics for the single-phase (water), and the 

air-water two-phase flows through the packed multichannel geometries (millimetric dimensions) 

were enunciated based on the experimental observations. The characteristic features of the fluid 

distribution uniformity in the multichannel devices were analyzed by the axial dispersion model.  

The Peclet number values increase with the increase of volumetric flow rates for the single-phase 

flow. In the case of the two-phase flow, thought the Peclet number increases with the increase of 

liquid flow rates; it decreases with the increase of gas flow rate for a particular liquid flow rate. 

The axial dispersion coefficient, as well as the specific energy dissipation, increases with the 

increase of flow rates for both the phases. This increment is higher for the block-1 than block-2 of 

higher height, as for the same volumetric flow rate, the channel of lower cross-section produce the 

higher Reynolds number and pressure drop. With the increase of Reynolds number, the Dax/Dm 

ratio increases, which specifies that at the higher velocity, the axial dispersion coefficient 

dominates the diffusion coefficient. From the overall observations, it can be concluded that block-

1, at the higher flow rates of the two-phases, provides higher energy dissipation and a higher mass 

transfer coefficient at the expense of higher pressure drop. Moreover, at that condition, the use of 

block-1 is not preferable for the slow transport process like adsorption, as the higher flow rate 

reduces the total mass transport capacity reducing the residence time inside the packed bed. 

Therefore, for fast transport processes like catalytic reaction, the operation of block-1 at the very 

high flow rate with the incorporation of air is preferable, and for the other slow processes block-2 

with the lower flow rate of fluid is preferable. 
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Chapter 4 
 

 

Heat Transport Based on Hydrodynamics and Local 

Entropy Generation in Millimetric Packed Channel 

 

4.1. Introduction 

The packed beds, which can improve the contact between the two phases, have essential 

applications in the chemical and biochemical industries. These are used in the separation processes 

like absorption, stripping, separation processes, catalytic reactions, and distillation. It can also be 

used for the development of heat and mass transport equipment.  Recently, miniaturization is the 

main target of the researchers and engineers for process intensification. Depending on the specific 

demands, the application of new packing materials and the developments of the new packed beds 

are continuing since the last decades. In general, when the flow of fluids through the packed bed 

is considered, the pressure gradient is determined by the Ergun equation (Ergun, 1952; McCabe et 

al., 2005). It consists of the combination of the laminar flow term (Kozeny–Carman equation, 

viscous term), and the turbulent flow term (Burke-Plummer equation, inertia term) (McCabe et al., 

2005). It simplified to Darcy’s law if the body force of the fluids is neglected in the laminar flow 

regime. Many researchers have attempted to modify the Ergun equation for their specific 

application depending on the flow properties, bed geometries, and the characteristics of the 

packing materials (Metha and Hawley, 1969; Reichelt, 1972; Macdonald et al., 1979; Feng, 1989; 

Foumeny et al., 1993; Lee and Ogawa, 1994; Dolejš and Machač, 1995; Liu and Masliyah, 1996; 

Raichura et al., 1999; Gibilaro, 2001; Eisfeld and Schnitzlein, 2001; Nemec and Levec, 2005; 

Vafai et al., 2006; Singh et al., 2006; Montillet et al., 2007; Çarpinlioğlu and Özahi, 2008; Cheng, 

2011; Allen et al., 2013; Chen et al., 2017a; Tian et al., 2018). The researchers have given the 

correlations for the pressure drops as well as the friction factors considering the same concept 

followed by Ergun, which are shown in Table 4.1, and Table 4.2.  
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The previous literature revealed the fact that most of the conduits were the columns with a circular 

cross-section. They were larger in-size, packed with large spherical or other regular shaped 

materials and, used mainly for the single-phase flow. Hence, the previous correlations would not 

be sufficient to demonstrate the present situation of the two-phase flow through narrow channels 

packed with the irregular shaped small size sand particles of different diameters. The present 

packed straight and serpentine channels are regular in size and do not involve the microscale effect. 

However, the present experimental channels are defined as narrow, based on the aspect ratio of the 

channels. According to the concept of Chow (1959), and Dey (2014), channels can be classified 

as wide and narrow, based on the aspect ratio w/h (w = width of the channel, and h = height of the 

channel). The ratio, w/h < 5, refers to the narrow channel, whereas it is regarded as a wide channel 

if the ratio is greater than 10. Based on the same concept of the aspect ratio, Kouidri et al. (2015) 

also stated their experimental channel of dimensions 5 × 10-3 m (w), and 25 × 10-3 m (h), with the 

aspect ratio of 0.2, as the narrow channel (Kouidri et al., 2015). In the present case, the ratio is 0.2 

(w = 2 × 10-3 m, and h = 10 × 10-3 m), based on which the channels are considered as narrow 

channels. On the other hand, according to Bejan (2001), entropy is one of the most important 

thermodynamic parameters used in the design of heat transfer equipment.  Entropy generation 

plays an essential role in the case of non-equilibrium thermodynamics. In the case of stationary 

phases, with increasing pressure and decreasing temperature gradient, the entropy of the systems 

decreases. In continuous flow, entropy generation depends on the fluid flow properties (Vafai and 

Sofen, 1990; Vollmari et al., 2015). 

 

Nusselt number (represented by the convective to conductive heat transfer across the boundary), 

is considered the main dimensionless parameter in the convective heat transfer study. The Nusselt 

number is the function of the Reynolds number and the Prandtl number. The pressure drop in the 

two-phase flows is proportional to the Reynolds number. Hence, the Nusselt number and pressure 

drop both depend on the Reynolds number, and they are related to each other. 
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Table 4.1. Pressure drop correlations available for the packed channels. 

Authors 

(years) 

Pressure drop equations in the packed bed (In each equation pm,Re is replaced by

 
pmDe , in case of the serpentine channel). 

Particle shape 

Ergun, 

1952; 

McCabe et 

al., 2005 

   
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
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p

mm

eff

efff
2

3

2

23

2 )1(
75.1

)1(
150









 






; where 

)1(6

4
1
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2
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   
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
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 
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
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  
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Foumeny et 

al., 1993    
2
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2

,

1

28.2335.0
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p
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
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

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


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 
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   
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

H

p

H

p

w
d

d

d

d
C

2
1

24
1

2

2


 

Spherical 

Raichura et 

al., 1999 

   
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
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
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
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
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
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
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

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 
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2

,

2
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2
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
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
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Levec, 2005 3

2
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,
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where vm is the superficial velocity of the mixture. 

Uniform spherical and 

non-spherical particles 
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


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 
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
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 
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
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Table 4.2. Important correlations for the friction factor in the packed bed. 

Authors 

(years) 

Available correlations (In each correlation pm,Re  is replaced by pmDe ,  in case of 

the serpentine channel) 

Particle shape and size 
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 
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; where 4

, 106Re1.0  pm  
Spherical 

Ergun, 1952); 

McCabe et 

al.,2005 

  75.1
Re

150

)1( ,

3

2

' 





pmeff

eff

mm

pf

pm
UL

dP
f






; where 10/ pH dd ; 2000Re1 ,  pm  

Spherical 

Rose, 1945   12Re60Re1000 5.0
,

1
,

'  
pmpmpmf  Spherical 

Rose and Rizk, 

1949 

  14Re125Re1000 5.0
,

1
,

'  
pmpmpmf  Spherical 

Hicks, 1970 
  2.0

,3

2.1

' Re
)1(

8.6 


 pm

eff

eff

pmf



; where 4

, 106Re300  pm  
Spherical 

Tallmadge, 

1970 
 











 












 
  6/1

,3

166.1

3

2

,

' Re
)1(2.4)1(

Re

150
pm

eff

eff

eff

eff

pm

mf







; where 4.11/ pH dd ; 

5
, 10Re1.0  pm ; 88.033.0  eff  

- 

Brauer, 1971 
 

1.0
,,

3

2

'

Re

1.3

Re

160

)1( pmpmeff

eff

mm

pf

pm
UL

dP
f 











; where 4

, 104Re01.0  pm  
Spherical 
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Lee and 

Ogawa, 1974 
   1.0Re56.1Re32.29)1(

Re

5.12

2

1
,

1
,

2

,

' 











  n

pmpmeff

pm
pmf   with 

2275.01.0352.0 effeffn    and 5
, 10Re1  pm  

- 

Jones and 

Krier, 1983 
 

13.0
,,

3

2

'

Re

89.3

Re

150

)1( pmpmeff

eff

mm

pf

pm
UL

dP
f 











; where 5

,
3 101Re101  pm ; 

52/8  pH dd  

Spherical 

Watanabe, 

1989 
   28.0Re6Re21)1(

4

25 5.0
,

1
,

2

3

' 











 

pmpmeff

eff

pmf 


; where 3
, 104Re1.0  pm  

Granular 

Idelchik, 1989 
 




















 3.0

Re

3

Re

30765.0

)1()1( 7.0
,,

2.4

33

2

'

pmpmeffeff

eff

eff

eff

mm

pf

pm
UL

dP
f










; 

where 1000Re001.0 ,  pm ; 8.03.0  eff

 

Spherical 

Wu and 

Pruess, 1996 
 

2

3

'

)1(3 mm

f

eff

peff

pm
U

P

L

d
f



 




 

Porous media 

Nemec and 

Levec, 2005 
 

3/4
,

2/3

3

2

' 75.1

Re

150

)1( ppmpeff

eff

mm

pf

pm
UL

dP
f











 ; where 400Re , pm

 

Uniform spherical and 

non-spherical particles 

(cylinders, rings, 

trilobes, and 

quadralobes) 

Singh et al., 

2006 
 

2)(log85.11945.2696.02.0
,

3

' Re466.4
)1(

pef effppm

eff

eff

pm










 ; where 5000Re1500 ,  pm  

Spherical, cubical and 

cuboids 
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Montillet et al., 

2007    12Re60Re1000
1

5.0
,

1
,

2.0

3

' 
























 
 

pmpm

p

H

eff

eff

pm
d

d
af




 where a = 0.061 for dense 

packing or a = 0.050 for loose packing, 5040/8.3  pH dd  and 2500Re10 ,  pm  

Spherical 

Ozahi et al., 

2008 

  pmpmf ,
' Re61.1160 ; where 2.17/4.6  pH dd ; 7773Re708 ,  pm ; 

56.036.0  eff  

Spherical and non-

spherical 

Yang et al., 

2012 

  pmpmf ,
' Re99.03.145  ; where 73.2/ pH dd ; 476.0eff  uniform sphere and 

ellipsoid, non-uniform 

sphere 

Harrison et al., 

2013   6/5
,

22

' Re
5.0

1
24

163.4
)1(6

18.119 pm

H

p

H

p

Heff

p

pm
d

d

d

d

d

d
f












































; 

where 50/3.8  pH dd ; 7700Re32.0 ,  pm ; 88.033.0  eff  

- 

Chen et al., 

2017a 
  5.2

Re

150

,

' 
pm

pmf

 

Cubical 

Guo et al., 

2017 
  97.0

,
' Re8054.25374.9180 pm

H

p

pm
d

d
f 








 ; where 3/2  pH dd  

Spherical 

Present work Serpentine channel:     6939.10732.0

,,
' 29.23  FrCaDef pmpmpm ; 21.7/ pH dd  

Straight channel:     7022.11182.0

,,
' Re74.16  FrCaf pmpmpm ; 21.7/ pH dd  

Non-uniform shape 

(sand particle) 
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The local entropy generation rate depends on the Nusselt number, which related to the pressure 

drop through the Reynolds number. Thus, the local entropy generation rate and pressure drop are 

inter-related (Revellin et al., 2009). Several attempts have been made to develop the correlation 

for the Nusselt number based on the operating variables, as shown in Table 4.3. 

 

Table 4.3. Correlations proposed by various investigators for the forced convection (Nusselt 

number) in case of the turbulent flow. 

Authors (years) 
Nusselt number (

pm

ppm

pm
k

dh
Nu

,

'
,

,   ) correlations in turbulent flow 

condition (In each correlation pm,Re  is replaced by pmDe ,  in case of 

the serpentine channel). 

Dittus-Bolter, 1942 4.0
,

8.0
,, PrRe023.0 pmpmpmNu  ;  where 160Pr6.0 ,  pm ; 10000Re , pm  

Ranz and Marshall, 

1952 

3/1
,

50.0
,, PrRe6.02 pmpmpmNu  ; where 7.0Pr , pm ; 5

, 102Re pm  

Bird et al., 1960 3/1
,

59.0
,, PrRe534.0 pmpmpmNu   

Beek, 1962 4.0
,

8.0
,

3/1
,

3/1
,, PrRe117.0PrRe22.3 pmpmpmpmpmNu 

 
Hsu, 1965 5.0

,
5.0
,, PrRe921.0 pmpmpmNu  ; where Prm,p <1; 5

, 102Re pm  

Siderman, 1966 5.0
,

5.0
,, PrRe13.1 pmpmpmNu  ; where Prm,p <1; 5

, 102Re pm  

Kunii and 

Levenspiel, 1969 

3/1
,

50.0
,, PrRe8.12 pmpmpmNu 

 

Galloway and Sage, 

1970 

5.0
,,

33.0
,

5.0
,, PrRe049.0PrRe03.22 pmpmpmpmpmNu 

 

Whitaker, 1972 
3/1

,
6.0
,

3/1

15/1
,

5.0

1.0
,, PrRe

)1(
Re2.0

)1(
Re5.0 pmpm

eff

eff

pm

eff

eff

pmpmNu
























 














 
 








 

and   4.0
,

67.0
,

5.0
,, PrRe06.0Re4.02 pmpmpmpmNu   where Prm,p = 0.7;

4
, 108Re pm  

Gnielinski, 1976 

5.0'
,

3/2
,

,
'
,,

,
)8/)(1(Pr7.121

Pr)8/(Re

pmpm

pmpmpm

pm
f

f
Nu


 ;  
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where   2

,
'
, 64.1)ln(Re79.0


 pmpmf ; 6

,
4 105Re10  pm  

2000Pr5.0 ,  pm  

Wakao et al., 1979   3/1
,

6.0
,

6.0

, PrRe)1(61.12 pmpmeffpmNu  ; where 8500Re15 ,  pm

 
KTA, 1983 5.0

,
86.0
,

3/1
,

36.0
,, PrRe0825.0PrRe776.3 pmpmpmpmpmNu   where Prm,p = 0.7; 

5
, 10Re100  pm  

and 86.0
,07.1

2/1
,36.0

,18.1

3/1
,

, Re
Pr

033.0Re
Pr

27.1 pm

eff

pm

pm

eff

pm

pmNu


 ; 

where 5
, 10Re100  pm ; 46.036.0  eff  

Kays and London, 

1984 

3/1
,

7.0
,

3.0

, PrRe
)1(

26.0 pmpm

eff

eff

pmNu



  

Incropera and 

DeWitt, 1990 

3/1
,

425.0
,, PrRe

79.0
pmpm

eff

pmNu


  

Macias – Mechin  

et al., 1991 

 

29.0

41.0
,

56.0
,,

1
PrRe66.227.1













 
 

eff

eff

pmpmpmNu




 

Kemp et al., 1994 3/1
,

8.0
,

3/1
,

5.0
,, PrRe02.0PrRe5.02 pmpmpmpmpmNu 

 
Kuwahara et al., 2001 

3/1
,

6.0
,

2/1
, PrRe)1(

2

1)1(4
1 pmpmeff

eff

eff

pmNu 















 
  

Nsofor and Adebiyi, 

2001 

3/1
,

2.0
,, PrRe34.974.8 pmpmpmNu   

Kreith et al., 2001 4.0
,

8.0
,

3/1
,

3/1
,, PrRe094.0PrRe58.2 pmpmpmpmpmNu 

 
Kamiuto and Yee, 

2005 

  791.0

,,, PrRe124.0 pmpmpmNu 
 

Melissari and 

Argyropoulos, 2005 

36.0
,

5.0
,, PrRe47.02 pmpmpmNu  ; where 10Pr003.0 ,  pm ; 

4
, 105Re100  pm  

Benmansour et al., 

2006 

5.0
,,

33.0
,

5.0
,, PrRe049.0PrRe03.22 pmpmpmpmpmNu  ; used the same 

correlation proposed by Galloway and Sage (1970). 

Saidi et al., 2006   73.0

,,, PrRe11.0015.0 pmpmpmNu 
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The previous works of literature reveal the fact that most of the pressure drop studies are performed 

within a cylindrical packed column in the vertical orientation with the structured packing. The 

columns are also large in dimensions. A few studies were reported on the pressure drop (frictional) 

of the liquid-liquid two-component multiphase flow in the packed straight (Su et al., 2010) and 

Frischmann et al., 

2008 

23.0
,

60.0
,, PrRe70.0 pmpmpmNu 

 

Nakayama et al., 

2009 pmpm

p

p

pmNu ,,

3/2

, PrRe
1

07.0





















 

Zhou et al., 2010 3/1
,

5.0
,, PrRe2.12 pmpmpmNu 

 
Nie et al., 2011  

3/1
,

86.0
,

14.0

, PrRe
1

052.0 pmpm

eff

eff

pmNu



  

Yang et al., 2012 
3/1

,
7.0
,

3/1

, PrRe16.073.1 pmpmeff

H

p

pm
d

d
Nu 








 

 

Incropera et al., 2013   3/1
,

425.0
,, PrRe/06.2 pmpmeffpmNu  ; where 7.0Pr , pm ; 

3
, 104Re90  pm  

Roshan et al., 2014    3/1
,

7.2
,

5
, PrRe6.285104.2 pmpmpmNu  

 
Feng et al., 2016 3/1

,
66.0
,

07.0
, PrRe198.0 pmpmppmNu 

 
Zanoni et al., 2017 3/1

,
97.1
,, PrRe001.0 pmpmpmNu 

 
Chen et al., 2017a 4.0

,
8.0
,, PrRe194.0 pmpmpmNu  ; where 712.0Pr , pm ; 4

, 104Re pm  

Tian et al., 2018 

 pmpmeff

H

p

pm
d

d
Nu ,,

3/1

, PrRe16.073.1






























   

Present work Serpentine channel:   8459.0

,,, Pr06.0 pmpmpm DeNu  ; where 

38.11801.20 ,  pmDe ; 92.5Pr90.5 ,  pm  

Straight channel:   8283.0

,,, PrRe016.0 pmpmpmNu  ; where 

454Re35.139 ,  pm ; 95.5Pr90.5 ,  pm
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unpacked serpentine rectangular narrow channels (Wu and Sundén, 2019). The studies of the 

multiphase flow through the rectangular serpentine channel in packed condition are scarce. The 

serpentine channel may provide a greater extent of mixing between the phases compared to the 

same dimension straight channel. Few literature are available about the influence of the flow 

parameters on the local entropy generation (Deinirel and Kahraman, 1999; Nazari et al., 2017) 

(entropy generated per unit volume, one of the determining factors for the performances of the 

thermal machines), other than the temperature gradient for the flow through the straight and the 

serpentine packed channels. The present context aims at the comparative study of pressure drop 

(frictional) and local entropy generation rate between two separate packed channels with the 

straight and serpentine geometries. The Nusselt number correlations were developed for the liquid-

liquid two-phase flows through the straight and serpentine packed channels. The impact of 

pressure drops on the local entropy generation rates was explained for both the channels, as 

mentioned earlier. The effect of the actual flow velocities of the phases (in case of the two-phase 

flows) on the pressure drops and local entropy generation rates, as well as the degree of heat 

transfer, were discussed in the present context. The effect of effective particle diameters of the 

packing material and the different aqueous-organic phases (water-toluene, water-benzene, and 

water-p-xylene) on the entropy generation were also studied as well. 

 

4.2. Materials and methods 

Two packed channels (the serpentine channel with three semicircles of curvature radius (Rc) = 

0.0255 m and the straight channel) of the same cross-sectional area and length were used for the 

present experimentation as shown in Fig. 4.1. The diameter (d), height (h) and length (L) of the 

channels are 0.002  0.0001 m, 0.010  0.0001 m and 0.2403  0.0001 m respectively. The 

length of the serpentine channel is the same as the actual length of the straight channel, 0.02403 

m. Both the channels were packed with the same type of sand particles of different effective 

particle diameters of 4.6 × 10-4 m, 5.5 × 10-4 m, and 6.5 × 10-4 m. A water-bath was used to maintain 

the temperature outside the channels. The water-bath temperature was maintained at 323 K 

temperature. Two syringe pumps (supplied by Amar Equipments Pvt. Ltd.) were used to pump the 

fluids (water-toluene, water-benzene, and water-p-xylene), which can control the flow rate as well. 

Water was used as the aqueous phase, and toluene, benzene, and p-xylene were used as the organic 

TH-2503_156107032



Chapter - 4 

 

109 
 

phases, passed through the channel. The syringe speed ratios (water/organic) varied from 0.3 to 

3.0 for the straight channel and 0.7 to 1.6 for the serpentine channel.  

                     

(a) 

 

                     

(b) 

 

Fig. 4.1. (a) Schematic illustration of the experimental setup (PT – Pressure Transducer and TT – 

Temperature Transducer), and (b) typical snapshot of the experimental setup.  
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Two pressure transducers (PS100-5bar, Lutron Electronics) were attached to the inlet and outlet 

flow lines of the experimental channel to measure the pressure gradient. The pressure transducers 

were connected to the two pressure meters (Fisher Scientific TraceableTM) and finally to a 

computer to record the data. The data recording software was taken the average of 100 data and 

recorded the result as the pressure data for a particular set of flow conditions. Temperature sensors 

(Fisher Scientific Traceable LIVETM) with data-logger were used to record the temperature data. 

One at the constant temperature water-bath and another six at the inlet and outlet respectively to 

measure the inlet and outlet temperatures of single, and water-organic mixed phases. The two 

phases were collected at the outlet collector, where the phases were separated by gravity and were 

recycled. The physical properties (density, viscosity, and surface tension) of the fluids were 

estimated by following the procedures described elsewhere (Mondal and Majumder, 2018a; 

Mondal and Majumder, 2018b). The water-organic mixture density ( m ), viscosity ( m ), and 

surface tension ( m ) inside the channels were calculated by using the two-fluid models (Eberhart, 

1966) as oowwm   , oowwm   and oowwm yy    respectively. The 

subscripts ‘w’, ‘o’, and 'm' correspond to the aqueous phase, organic phase, and the mixture of the 

two-phases, respectively.   and y are the holdup of the fluids and the mole fraction of the 

components. The holdups of the fluids inside the channel were estimated with the help of the 

volumetric flow rates measurement technique. In this method, the total volumetric flow rates of 

the mixed phases and the individual volumetric flow rates (after the phase separation by gravity) 

of the phases were measured with the help of a stopwatch and a measuring cylinder. The total 

volume of the mixture collected per unit time is the volumetric flow rate of the mixture. The 

volume of the individual phases can be measured after the gravity separation, and their volumetric 

flow rates can be determined by dividing the collected volume with the collection time. Then the 

holdup values of the individual phases inside the channels were calculated separately from the 

ratios of the volumetric flow rates of the individual phase to the total volumetric flow rates of the 

mixture. 

 

In the packed bed, the flow properties depend on the properties of the packing materials and the 

bed. The average particle diameter (dp) was calculated by using standard sieves set (American 

Standard Test Sieve Series). The average particle diameter of the sand particle determined in the 
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present work is 4.63 × 10-4 m, 5.52 × 10-4 m, and 6.54 × 10-4 m, which are classified as the medium 

sand (Zou and Yu, 1995). The effective porosity of the bed ( eff ) was calculated by the ratio of 

total bed volume to the total pore volume. The values determined in the present experiment are 

0.36, 0.38, and 0.40, respectively, which are approximately equal to the value calculated from the 

correlation developed by Zou and Yu (1995). In this regard, it is worthy of mentioning that Zou 

and Yu (1995) classified the sand particles according to their average diameter range and provided 

the effective porosity for the sand bed. The sphericity of the particle was determined according to 

the Krumbein and Sloss method (Krumbein and Sloss, 1963). It was done by analyzing an image 

of the particles with the help of an image analyzing software (Digimizer® 4 software). As per the 

present experiment, its value is 0.85, which falls within the range of 0.50 to 0.90 as per the 

characteristic feature of natural sand reported by Cho et al. (2006). The physical properties of the 

packed materials, as well as the fluids, are tabulated in Table 4.4. 

 

Table 4.4. Physical properties of the fluids, packed materials, and the bed. 

Fluid properties: 

Fluids Density 

(kg m-3) 

Viscosity 

(N-s m-2) 

Surface tension 

(N m-1) 

Thermal 

conductivit

y (W m-1 K-

1) 

Specific 

heat 

capacity (J 

kg-1 K-1) 

Water (298 K) 997.05 48.90 10  21022.7   0.6104 4179.0 

Toluene (298 K) 864.00 45.60 10  22.77 10  0.1398 1745.5 

Benzene (298 K) 876.50 46.12 10  22.76 10  0.1385 1759.0 

p-xylene (298 

K) 

860.00 43.43 10  22.83 10  0.1313 1837.5 

Packed material properties: Packed bed properties: 

Packed 

material 

Sphericity 

(-) 

Average 

particle 

diameter 

(m) 

Type of bed Packed bed 

density (kg 

m-3) 

Effective 

porosity (-) 

Medium sand 

particle 

0.85 41063.4   Medium sand 

packed bed 

1376 0.36 

0.85 45.53 10   1325 0.38 

0.85 46.54 10   1274 0.40 
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4.2.1. Estimation of heat transfer coefficient 

In the case of forced convection, the heat transfer coefficient was determined by using Eq. (4.1) 

(Incropera and DeWitt, 1990; Nazari et al., 2017). 

lmS

inletoutletmppm

pm
TA

TTCM
h






)('
'

,,

,         (4.1) 

In Eq. (4.1), As is the effective surface area of the heat transfer. The specific heat capacity mPC ,

was calculated by, (Rule of Mixtures Calculator for Heat Capacity, internet sources) 
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Q, assigned as the fluid volumetric flow rate. The heat transfer coefficient and the mass flow rate 

of the liquid-liquid mixture through the packed bed are represented by h'm,p, and M'm,p (

mc

eff

m
pm A

U
M 

 












,'  (Incropera and DeWitt, 1990); where Ac is the cross-sectional area of the 

channel, and Um is the actual velocity of the mixture within the channel). The inlet and outlet 

temperatures of the liquids are designated as Tinlet and Toutlet. LMTD or lmT  is the logarithmic 

mean temperature difference (
)/ln( outletinlet

outletinlet
lm

TT

TT
T




 ; where the inlet and outlet temperature 

differences are represented by the terms ∆Tinlet and ∆Toutlet, respectively (McCabe et al., 2005)). 

The terms ∆Tinlet, and ∆Toutlet were calculated from the temperature differences between the phases 

at the inlet and outlet by measuring the temperatures of the fluids just before mixing, and 

immediately after the phase separation at the collection tank. The inlet temperatures of both the 

fluids (water-toluene) and their mixtures before entering the channels were maintained at 318 K. 

Therefore, the ∆Tinlet values are fixed at 278 K. The channel blocks along with the packing 

materials were given sufficient time before each run to attain the water-bath temperature, 323 K. 

The outlet temperatures of the mixtures, hold different values depending on the mass flow rate of 

the channels along with the channel geometries (318.5 K – 319 K for the serpentine channel and 

318.3 K – 318.8 K for the straight channel). Hence, the lmT  values varied from 4.48 – 4.75 at an 

average of 4.61 for the serpentine channel and 4.58 – 4.84 at an average of 4.71 for the straight 

channel. According to Martin (1981), 1/6th of the total number of particles relocates and eventually 
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interacts with the heat transfer surface. Thus the effective surface area of the particle (As) taking 

part in the convection process is the surface area of the 1/6th of the total number of particles. The 

total number of particles (N') in the packed bed was estimated by using the correlation (Eq. (4.3)), 

proposed by Jamialahmadi et al. (1995). 

p

H
eff

H

p

d

d

Ld

dN

2

3
)1(

2'



          (4.3) 

where dH is the hydraulic diameter of the channels. The surface area of one particle (Ap) is 

calculated by, (Jamialahmadi et al., 1995) 

 
2/31/3 6 p

p

p

v
A






          (4.4) 

vp is the volume of a single particle, φp is the sphericity of the particles. The volume of the single-

particle can be calculated from the mass of the particle in the bed as per the following mass balance 

(Moffat, 1988) 

' /p b bN v M 
          (4.5) 

where ρb is the density of the bed, and Mb is the mass of the bed of particles. Based on the 

experimental heat transfer coefficient data, the Nusselt number was defined by (McCabe et al., 

2005) 

pm

ppm

pm
k

dh
Nu

,

'
,

,            (4.6) 

where Num,p is the Nusselt number, which mainly depends on two dimensionless numbers, 

Reynolds number (Rem,p) and Prandtl number (
pm

mmP

pm
k

C

,

,

,Pr


  (McCabe et al., 2005)). In Eq. 

(4.6), the average particle diameter (dp) was used instead of characteristic length as it is equivalent 

to the equivalent diameter of the channels in case of the empty channels and equivalent to the 

average particle diameters in case of packed channels. km,p is the conductive heat transfer 

coefficient for the liquid-liquid flow through the packed bed which was calculated by (Incropera 

and DeWitt,1990) 

oowwpm kkk  ,           (4.7) 
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4.2.2. Local entropy generation  

Heat transfer in a system depends on the thermodynamic irreversibility and the local entropy 

generation. Entropy generation decreases the quality of the heat transfer phenomenon, as it is the 

measure of chaos. Hence, to optimize the thermodynamic and fluid flow irreversibility, the 

minimization of the entropy generation is desired. At the diabatic flow condition, the combination 

of the second law of thermodynamics and the energy equations resulted in the entropy generation 

rate per unit length (ds'm,p), is represented by Eq. (4.8) (Revellin et al., 2009), 



2 '
, ,

' 2
, ,entropy generation 

heat transfer contribution pressure drop contribution

/m p m p m eff f'
m,p

m p lm lm m p

q P M U P
ds

h T T L

  
   

    

     (4.8) 

where, qm,p is the two-phase convective heat flux in the packed bed, and P is the channel perimeter. 

The value of qm,p is calculated by using Eq. (4.9) (Revellin et al., 2009). 

'
, ,m p m p lmq h T            (4.9) 

During the whole process, the channel-wall temperature was maintained at 303 K. 

 

4.2.3. Error analysis 

The percentage of errors (%E) between the experimental data and the estimated values from the 

correlations are calculated by the Eq. (4.10). Finally, the mean absolute percentage error (MAPE) 

between the experimental results and the results obtained from the correlations proposed by 

various authors and the newly developed correlations were calculated. MAPE values are 

determined by Eq. (4.11), where the experimental and predicted values are denoted by EV and PV, 

respectively. N is the total number of measurements in the Eq. (4.11) (Mondal and Majumder, 

2018a, and 2018b). 
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4.2.4. Uncertainty analysis of the experimentally measured data 

The estimation of the experimental uncertainty is essential to assess the reliability of the results. 

The uncertainties in the measured data propagate into the results. In the present context, the average 

values of the six to eight experiments were taken as the final values. The detailed uncertainty 

analysis was done, followed by Mondal and Majumder (2018a, and 2018b), and Moffat (1988). 

(Appendix - I) 

 

4.3. Results and discussion 

4.3.1. Pressure gradient (frictional) for the liquid-liquid flow in the packed 

straight and serpentine channel 

Pressure gradient (Frictional) for the liquid-liquid flow, considering there is no pressure drop due 

to acceleration, can be represented as [34] 
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where LPT /  is the total pressure gradient obtained from the experiment, LPg /  is the pressure 

gradient, due to the gravitational acceleration. In the subscript 'm,p’, m refers to the liquid-liquid 

mixture, and p refers to the packed condition. LPinlet /  is the total inlet pressure gradient 

(considering the outlet pressure gradient is as zero), which can be expressed as (Mondal and 

Majumder, 2018a) 
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

 
       (4.13) 

In the Eq. (4.13), 'K  and   are the coefficients of head loss due to contraction or expansion and 

the entrance, which were considered as 0.5 and 1.31, respectively. Two loss coefficients were used 

in Eq. (4.13), due to the presence of two head losses in the experimental setup, just before the 

entrance where the inlet pipe diameter changed from 0.004 m to 0.002 m, and at the entrance, 

where the 0.002 m circular geometry is changed to the 0.010 m rectangular geometry. Um were 

calculated by (Mondal and Majumder, 2018a) 
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o w
m

eff o eff w

U U
U

   
            (4.14) 

where Uo and Uw are the actual velocities of the organic and water phases, respectively. By 

performing the dimensional analysis and the regression analysis of the dependent flow parameters, 

Mondal and Majumder (2018a, and 2018b) suggested the correlations of the pressure drop 

(frictional) for the liquid-liquid flow through the packed straight and serpentine channels which 

are expressed as 
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where  
pmf

'  is the Fanning friction factor for the flow of the phase mixture. pmDe , , pmCa ,  and 

pmFr ,  in the Eqs. (4.15-4.16) represent the Dean number (
c
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pmpm
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(McCabe et al., 2005)), and Froude number (
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effm
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,   (McCabe et al., 2005), respectively 

(The theory for the calculation of the correlation coefficient and standard error with ANOVA is 

given in Appendix – I). 

In the present work, a correlation for the pressure drop (frictional) in the packed serpentine channel 

is developed incorporating the viscous and inertial terms of Ergun equation, following trial and 

error method, which is expressed as 
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where 135.6 and 0.12 are the dimensionless constants. The frictional pressure drop correlation is 

suggested for the rectangular straight packed channel which is represented by 
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The dimensionless constants were found to be 56.3 and 0.10 for the straight channel, as shown in 

Fig. 4.2. The Eqs. (4.17–4.18) are valid within the range of operating variables: 454Re139 ,  pm

; 011.00035.0 ,  pmCa  and 55.1140.3 ,  pmFr . The newly developed equations based on 

Ergun viscous and inertial terms for the straight and serpentine packed channels closely predict 

the experimental data with the MAPE values of 2.04 and 2.46 within the specified operating 

variables, as shown in Fig. 4.2, and Table 4.5. In case of the serpentine channel, the pressure drop 

models demonstrated by Reichelt (1972), Eisfeld and Schitzlein (2001), and Singh et al. (2006) 

resemble the experimental data approximately with MAPE values of 13.03, 17.95 and 21.88 

respectively (Table 4.5) whereas, for straight packed channel Nemec and Levec (2005) correlation 

satisfies the experimental pressure drop data with MAPE value of 77.77. In the case of the 

serpentine channel, the friction factor models given by Idelchik (1989), and Wu and Pruess (1996) 

were satisfied the experimental data with the MAPE values of 17.33 and 62.5, respectively (Table 

4.5). 
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Fig. 4.2. Experimental versus predicted pressure drop values (phases: water-toluene, and dp = 

4.63 × 10-4 m). 
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The serpentine channel results in more pressure drop for the same actual mixture velocity as 

compared to the straight channel of the same dimensions, and the predicted pressure drop obtained 

from the correlations available in the previous literature does not express the experimental results 

precisely, as shown in Table 4.5, and Fig. 4.3.  

 

Table 4.5. Deviation of the experimental pressure drop and friction factor values with the available 

correlations (phases: water-toluene, and dp = 4.63 × 10-4 m). 

Pressure drop Friction factor 

Authors Mean absolute 

percentage error 

(MAPE) 

Authors 

 

Mean absolute 

percentage error 

(MAPE) 

Straight 

channel 

Serpentine 

channel 

Straight 

channel 

Serpentine 

channel 

Ergun, 1952; 

McCabe et al., 2005 

406.71 43.94 Carman, 1937 311.19 23.37 

Metha and Hawley, 

1969 

480.53 76.31 Ergun, 1952; 

McCabe et al., 2005 

322.49 19.88 

Reichelt, 1972 539.76 13.03 Rose, 1945 - - 

Macdonald et al., 

1979 

415.56 60.16 Rose and Rizk, 1949 - - 

Feng, 1989 
99.02 99.58 

Hicks, 1970 - - 

Foumeny et al., 1993 192.65 42.60 Tallmadge, 1970 - - 

Lee and Ogawa, 

1994 

94.24 53.04 Brauer, 1971 324.12 23.17 

Liu and Masliyah, 

1996 

407.31 57.58 Lee and Ogawa, 1974 99.49 99.56 

Raichura et al., 1999 755.21 173.41 Jones and Krier, 1983 335.94 25.34 

Gibilaro, 2001 347.48 69.36 Watanabe, 1989 - - 

Eisfeld and 

Schitzlein, 2001 

 199.08 17.95 Idelchik, 1989 245.14 17.33 
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Nemec and Levec, 

2005 

77.77 88.80 Wu and Pruess, 1996 62.5 62.5 

Dolejš and Machač, 

2005 

92.35 677.27 Nemec and Levec, 

2005 

427.69 32.69 

Vafai et al., 2006 382.82 63.08 Singh et al., 2006 272.42 22.88 

Singh et al., 2006 266.18 21.88 Montillet et al., 2007 362.52 - 

Montillet et al., 2007 167.52 96.05 Ozahi et al., 2008 - - 

Çarpinlioğlu et al., 

2008 
95.99 93.34 

Yang et al., 2012 - - 

Cheng, 2011 
- 41.43 

Harrison et al., 2013 - - 

Allen et al., 2013 
289.02 356.57 

Chen et al., 2017a 466.17 32.02 

Chen et al., 2017a 
497.03 47.60 

Guo et al., 2017 - - 

Tian et al., 2018 
91.29 96.41 

Present work 2.12 2.58 

Present work 
2.04 2.46 
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Fig. 4.3. Parity plot of the experimental pressure drops with the available correlations (a) 

Straight channel and (b) Serpentine channel (phases: water-toluene, and dp = 4.63 × 10-4 m). 

 

The main reasons of the deviations with the previous correlations are for the difference in geometry 

(large size cylindrical column in vertical orientations), as well as the variation in the physical 
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properties of the fluid and the packing materials, which were used by different investigators as 

cited in Table 4.5. The variations of experimental pressure drop with the mass flow rate for the 

flow-through both the channels are shown in Fig. 4.4. As expected, the pressure drop increases 

with the increase of mass flow rate in case of the channel flow. At a constant mass flow rate, the 

pressure drop (frictional) is higher for the packed serpentine channel, due to the presence of 

secondary flow or Dean flow.  
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Fig. 4.4. Experimental pressure drop versus mass flow rate (phases: water-toluene, and dp = 4.63 

× 10-4 m). 

 

4.3.2. Convective heat transfer 

At the lower Reynolds number values, both the channels experience the same effects on the Nusselt 

number values. In the case of the serpentine channel due to the effect of Dean flow (curvature 

effect), the Nusselt number values were found to be higher than the straight channel at the higher 

Reynolds number values, as shown in Fig. 4.5. 

 

In the present study correlations for the convective heat transfer coefficient incorporating Nusselt 

numbers were suggested by doing the dimensional and regression analysis for the two-phase flow 

through the packed straight and serpentine channel considering the same temperature driving force 

between the inlet and outlet, which are expressed respectively as  
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   
0.99 0.352

, , ,2.41 10 Re Pr                                   for straight channelm p m p m pNu     (4.19)  

   
1.11 0.722

, , ,3.34 10 Pr                               for serpentine channelm p m p m pNu' De    (4.20) 

Eq. (4.19) and Eq. (4.20) are valid within the ranges of ,92.08 Re 454m p  ; ,5.89 Pr 5.95m p   

and ,23.54 96.65m pDe  . 
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Fig. 4.5. Variation of the Nusselt number values concerning the Reynolds number values for the 

liquid-liquid flow through the packed straight and serpentine channel (phases: water-toluene, and 

dp = 4.63 × 10-4 m). 

 

As shown in Fig. 4.5, the Nusselt number increases, when the Reynolds number (Rem,p) increases, 

in the case of both channels. However, the increment is more significant in the case of the 

serpentine channel due to the curvature effect, which implied the higher heat transfer coefficient 

or higher transfer rate than the straight channel according to the first law of thermodynamics. The 

experimental Nusselt number values were compared with the values estimated from the 

correlations available in the literature and tabulated in Table 4.6.  
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Table 4.6. Deviation of the experimental Nusselt number values with the available correlations in 

turbulent flow condition (phases: water-toluene, and dp = 4.63 × 10-4 m). 

Authors Mean absolute percentage error (MAPE) 

Straight channel Serpentine channel 

Dittus-Bolter, 1942 68.62 87.52 

Ranz and Marshall, 1952 71.28 35.66 

Bird et al., 1960 125.60 23.85 

Beek, 1962 406.73 271.17 

Hsu, 1965 216.79 110.21 

Siderman, 1966 288.67 157.92 

Kunii and Levenspiel, 1969 378.16 239.41 

Galloway and Sage, 1970 712.72 340.58 

Whitaker, 1972 
216.26 and 61.28 38.02 and 233.60 

Gnielinski, 1976 63.75 85.29 

Wakao et al., 1979 - 525.91 

KTA, 1983 556.60 and 652.33 361.47 and 422.83 

Kays and London, 1984 393.83 114.79 

Incropera and DeWitt, 1990 269.74 187.55 

Macias – Mechin et al., 1991 
210.77 97.03 

Kemp et al., 1994 73.11 35.97 

Kuwahara et al., 2001 
151.05 133.07 

Nsofor and Adebiyi, 2001 430.71 612.49 

Kreith et al., 2001 306.41 197.54 

Kamiuto and Yee, 2005 264.52 30.53 

Melissari and Argyropoulos, 2005 17.48 28.14 

Benmansour et al., 2006 712.72 340.58 

Saidi et al., 2006 106.13 15.78 

Frischmann et al., 2008 160.22 39.91 

Nakayama et al., 2009 
- 607.57 

Zhou et al., 2010 224.72 137.54 

Nie et al., 2011 160.58 19.27 

Yang et al., 2012 39.71 50.74 

Incropera et al., 2013 - 649.82 

Roshan et al., 2014 - - 

Feng et al., 2016 22.32 42.10 

TH-2503_156107032



Chapter - 4 

 

123 
 

Zanoni et al., 2017 - 67.02 

Chen et al., 2017a 199.28 8.99 

Tian et al., 2018 - 50.74 

Present work 3.71 6.17 

 

The correlations developed by Melissa and Argyropoulos (2005) and Feng et al. (2016) satisfied 

the experimental data with the MAPE values of 17.48 and 22.32 for the straight channel. Whereas, 

Chen et al. (2017a), Nie et al. (2011), and Saidi et al. (2006) correlations satisfied the present 

experimental data with the MAPE value of 8.99, 19.27, and 15.78 respectively for the serpentine 

channel (Table 4.6). The newly generated correlations satisfy the experimental values very closely 

with the MAPE values of 3.71 and 6.17 for the straight and serpentine channel, respectively. The 

deviations of the experimental values from various correlations are shown in Fig. 4.6 and tabulated 

in Table 4.6. As the pressure drop, the Nusselt number values also showed high deviations with 

the literature due to the reasons mentioned earlier. With the increase of the Reynolds number, the 

Nusselt number increases by 3.63% for the straight channel and 4.12% for the serpentine channel.  
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Fig. 4.6. Experimental versus predicted (from the available correlations) Nusselt number values 

(a) Straight channel and (b) Serpentine channel (phases: water-toluene, and dp = 4.63 × 10-4 m). 

 

Though the difference in the Nusselt number values between the two geometries is found very 

small in the present context, it can be enhanced by decreasing the curvature ratio (Curvature ratio 

= hydraulic diameter of the channel / (2  radius of curvature) = 0.065 in the present case) of the 
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serpentine geometry for a particular mass flow rate (Naphon and Suwagrai, 2007). Higher Nusselt 

number corresponds to a higher heat transfer coefficient, which enables the packed serpentine 

channel more efficient than the packed straight channel for its use as a heat transfer device. 

 

4.3.3. Relation of heat transfer coefficient in terms of friction factor 

The friction factor, related to the pressure drop, is another essential factor to influence the Nusselt 

number as well as the heat transfer coefficient. The influence of the friction factor on the pressure 

drop and the Nusselt number were shown in Fig. 4.7(a) and Fig. 4.7(b), respectively. The friction 

factor is reduced with the increase in pressure drop, which increases with the increasing mass flow 

rate. The reduction rate is more significant in the case of the serpentine channel compared to the 

straight channel, as shown in Fig. 4.7(a). The higher friction factor corresponds to the higher 

Nusselt number as well as the higher heat transfer coefficient, as shown in Fig. 4.7(b), which 

ensures the serpentine channel more efficient to heat transfer. 

 

Based on the present experimental results, correlations for the heat transfer coefficients were also 

developed by incorporating the friction factors, which are represented for the straight and 

serpentine packed channels respectively as 

1 0.044 0.981 0.048
, , , ,0.68 10 (Re ) (Pr ) ( )        for straight channelm p m p m p m pSt Fa      (4.21) 

1 0.020 0.486 0.064
, , , ,1.03 10 ( ) (Pr ) ( )     for serpentine channelm p m p m p m pSt De Fa       (4.22) 

where 

 

   

'

,
'

,

/ 2

1 5 / 2 Pr 1

m p

m p

m m pp

f
Fa

f


 
        (4.23) 

In Eqs. (4.21-4.22), Stanton number (the ratio of heat transferred into a fluid to the thermal capacity 

of the fluid) is defined for the straight and serpentine channel respectively by, (Incropera and 

DeWitt, 1990) 

)Pr/(Re ,,,, pmpmpmpm NuSt 
         (4.24) 

)Pr/( ,,,, pmpmpmpm DeNutS 
         (4.25) 

The Eqs. (4.21-4.22) are strictly satisfied with the experimental data with MAPE values of 3.78 

and 5.63, respectively.  
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Fig. 4.7. Deviation of the friction factor with the (a) pressure drop, and (b) Nusselt number 

(phases: water-toluene, and dp = 4.63 × 10-4 m). 

 

4.3.4. Entropy generation rate for the liquid-liquid flow based on the separated 

flow model 

The entropy generation rate for the liquid-liquid flow through the channel is dependent on the 

pressure drop (frictional) along with the other flow parameters like the actual velocity of the fluids 

mixture, the mass flow rate of the fluids and obviously on the Nusselt number as the heat transfer 

coefficient (Eq. (4.8), described in the materials and method section). 
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Fig. 4.8. Variation of the entropy generation concerning the (a) actual velocity of the fluid 

mixture, and (b) mass flow rate of the mixture (phases: water-toluene, and dp = 4.63 × 10-4 m). 
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Packed materials, packed bed geometry, and the properties of the fluids can control the local 

entropy generation when the driving force for the heat transfer is the same for both the straight and 

serpentine packed channels. The effect of actual mixture velocity on the local entropy generation 

rate inside the channels is shown in Fig. 4.8. With the increase of the actual velocity of the fluid-

mixture, the Reynolds number, as well as the turbulence increases, which increases the entropy 

generation. At a fixed actual velocity of the mixture, the local entropy generation is lower subject 

to the serpentine channel due to the curvature or Dean effect initiating secondary flow (Fig. 4.8(a)). 

The fluids mass flow rate increases with the increase of the actual velocity, which shows a similar 

effect on the entropy generation (Fig. 4.8(b)). As said earlier, the Nusselt number and pressure 

drop also influence the rate of the local entropy generation, as shown in Fig. 4.9(a), and Fig. 4.9(b). 

The same trends were observed in Fig. 4.9, as the effect of the actual velocity of the fluids mixture 

(Fig. 4.8(a)) and mass flow rate (Fig. 4.8(b)). When the mass flow rate (resulted at the increase of 

actual mixture velocity), Nusselt number, and the pressure drop of the mixture increases, the rate 

of the local entropy generation increases (Fig. 4.8 and Fig. 4.9). The entropy generation is higher 

for the straight channel concerning the serpentine channel for a particular value of Nusselt number 

and pressure drop (Fig. 4.9(a) and 4.9(b)). 
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Fig. 4.9. Variation of the local entropy generation rate concerning (a) the Nusselt number, and 

(b) pressure drop (phases: water-toluene, and dp = 4.63 × 10-4 m). 
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If the curvature ratio of the serpentine geometry decreases, the entropy generation due to friction 

decreases, and thus the deviation between the entropy generation rate in the case of the straight 

and serpentine geometries may be increased (Khosravi-Bizhaem and Abbassi, 2018). Bejan 

number ( '
,  (heat transfer) ,/m p m pBe ds ds  (Incropera and DeWitt, 1990; Zhou et al., 2010)), determines 

the importance of heat transfer contribution to the total entropy generation. In the case of channel 

flow, at the lower mass flow rate (lower pressure drop), the entropy generation is mainly due to 

heat transfer. However, at the higher mass flow rate (higher-pressure drop), the entropy generation 

mainly depends on the pressure drop contribution (Revellin et al., 2009). As per present 

experimental result, the Bejan number within the range of experimental conditions were close to 

zero indicated the influence of the fluid flow irreversibility rather than the thermal irreversibility 

to the entropy generation. Hence, the pressure drop contribution is a prominent factor in the present 

experimental condition. Both types of geometries (straight and serpentine), provided the same 

increasing trend in entropy generation. Still, serpentine geometry acquires a lower entropy 

generation than the straight geometry due to the secondary flow. Hence, the serpentine channel 

may be appropriate at the higher mass flow rate with the higher Nusselt number and reduced 

entropy generation, but at the lower mass flow rate, the straight channel may be used. 

 

The effect of the particle diameter (packing material) on the Bejan number and the entropy 

generation is shown in Fig. 4.10(a) and Fig. 4.10(b). The Bejan number value decreases with the 

increase of mass flow rate and acquires the lower values in the case of the serpentine channel for 

a particular mass flow rate. Hence, at the higher mass flow rate, the heat transfer contribution is 

lower than the pressure drop contribution to the entropy generation in the case of both the channels. 

Still, the effect is higher in the case of the serpentine channel due to the higher pressure drop (Fig. 

4.10(a)). At a fixed mass flow rate, with the increase of particle diameter of the packing material, 

the Bejan number value increases for a particular channel geometry as the pressure drop value 

decreases. As the diameter increases, the gap between the two Bejan number curves for the two 

different geometries decreases as the pressure drop values come closer, diminishing the effect of 

Dean flow for the serpentine channel. The lower Bejan number value, in the case of the serpentine 

channel, promotes the contribution of the fluid flow irreversibility more than the heat transfer 

irreversibility, resulting from lower entropy generation, than the straight channel (Fig. 4.10(b)).  

At the lower mass flow rate, the entropy generations are more or less the same for both the channel 
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geometries and the entire particle diameter range. With the increase of mass flow rate, the entropy 

generation values for the channel geometries deviates, and the serpentine channel holds the lower 

value at the expense of higher-pressure drop.  
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Fig. 4.10. Influence of the particle diameter (packing material) using the separated flow model, 

(a) Bejan number as a function of mass flow rate, and (b) local entropy generation as a function 

of mass flow rate. 

 

At the higher value of mass flow rate, the entropy generation rate decreases with the decrease of 

particle diameter. It provides a lower value in the case of the serpentine channel, which acquires a 

higher pressure drop and lower Bejan number value (Fig. 4.10(a) and Fig. 4.10(b)). Hence, the 

packed serpentine channel geometry, with the lower particle diameter and at the higher mass flow 

rate, promotes heat transfer applications for its lower entropy generation. 

 

At a particular volumetric flow rate, the variation of the fluids in the mixture may also affect the 

mass flow rate and the pressure drop as well as the Bejan number and the entropy generation 

depending on the physical properties of the fluid. In a flowing fluid system, the viscosity of the 

fluids has a huge impact on the pressure loses, and it increases with the increase of viscosity of the 

fluids. With the decrease of viscosity of the fluid mixture, the Bejan number value increases (Fig. 

4.11(a)), and the heat transfer contribution increases, increasing the entropy generation (Fig. 

4.11(b)) as the pressure loss value decreases. As a result, the water-benzene mixture for a given 

flow rate, having the higher viscosity, acquires the higher pressure loss as well as lower Bejan 

number (Fig. 4.11(a)) with the generation of the lower entropy (Fig. 4.11(b)). As shown in Fig. 
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4.10, the serpentine channel geometry experienced the lower Bejan number and lower entropy 

generation as compared with the straight channel at the higher mass flow rate for the water-benzene 

mixtures. Hence, the packed serpentine channel geometry prefers the heat transfer application 

provided with the higher viscosity of the fluid mixture. 
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Fig. 4.11. Influence of the fluid mixtures (liquid-liquid two-phase) using the separated flow 

model, (a) Bejan number as a function of mass flow rate, and (b) local entropy generation as a 

function of mass flow rate. 

 

However, at the lower mass flow rate, both the channel geometries acquired the same amount of 

entropy generation; according to the higher Nusselt number value (heat-transfer coefficient value), 

the serpentine channel is preferable over the straight channel (Fig. 4.5). In the case of the heat 

transfer applications, the straight channel packed with the smaller-size particle, and encountered 

the flow of higher viscous fluid mixture, may be used only in case of a lower mass flow rate. But, 

for the higher mass flow rate serpentine packed channel is more advantageous compared to the 

straight channel geometry at the same mass flow rate for its higher frictional pressure drop (better 

mixing), as well as the lower local entropy generation rate. 

 

4.4. Conclusions 

The new correlations for the frictional pressure drop (modifying the Ergun equation) and the 

Nusselt number were generated for the present channel geometry, fluid, and the packed material 
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based on the idea of the available correlations. Based on the current investigation, the subsequent 

interpretations are made: 

(a) The decreasing particle diameter favors the heat transfer by the decrement of the Bejan 

number values, and the decrement of the entropy generation at a particular mass flow rate.  

(b) Fluid mixture with the higher viscosity acquires the higher-pressure loss as well as the 

lower Bejan number, prefers the heat transfer contribution decreasing the entropy 

generation. 

(c) The entropy generation rate is higher for the straight packed channel geometry when the 

same pressure drop, particle diameter, and the fluid mixture are encountered. 

The suggested correlations for the pressure drop (frictional) and Nusselt number depending on the 

present experimental data can be applied for the design of packed multiphase heat and mass 

transfer units. In the case of the straight packed channel, the entropy generation rate is higher, 

when both the channels of the same dimension encountered the same pressure drop, particle 

diameter, mass flow rate, and the fluid mixture due to the lower mixing in the absence of Dean 

flow. The current research results suggested the use of rectangular serpentine packed channel 

geometry (provided with the smaller particle diameter and the higher viscosity of fluid mixture) at 

the higher mass flow rate as the transport devices for its higher heat transfer rate and lower entropy 

generation. 
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Chapter 5 
 

 

Extractive Mass Transport in Rectangular Packed and 

Unpacked Millimetric Channel-based Devices 

 

5.1 Introduction 

Solvent extraction or liquid-liquid extraction is a tool of analytical chemistry by which every 

metallic component present in the periodic table are separable depending on their relative 

solubilities in two different immiscible liquids, generally water and an organic solvent. Solvent 

extraction is the second most important and attractive separation technique used in the industries 

for the selective separation and purification of metals from their mixtures as well as from their ores. 

Solvent extraction consists of the transfer of one or more number of solids from feed solutions to 

another immiscible liquid, called the solvent. The solvent enriched with the solute(s) is called the 

extract, and the feed solution, depleted in the quantity of solute(s), is called the raffinate. Depending 

on the selectivity and the reactivity, extraction processes are classified into two categories: the 

physical, and reactive extraction. In the physical extraction processes, the solute consists of a low 

distribution coefficient. Whereas, in the reactive extraction processes provide high mass transfer 

coefficient, and can provide selective separation of the constituent present in the feed by the 

chemical reaction with the reactive component of the solvent at the higher efficiency. The reactive 

extraction depends on the various parameters like aqueous and organic phase compositions, types 

of complexes formed, properties and types of the solvent, temperature, and pH of the feed (Kahya 

et al., 2001). The stripping of metal ions may be achieved by mixing the metal-organic complex 

with the strongly acidic solution. In the present context, the extractive separation of one of the 

heavy metal (copper) has been documented, which is an important engineering metal having wide 

industrial applications. It is also a toxic metal for living creatures and water pollutants after a 

specific limit. Therefore, the maximum recovery of the copper metal from the industrial effluent 

would be environmentally as well as economically beneficial. Presently, researchers and engineers 
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are also interested in miniaturization or scaling down approaches for the intensification of 

extraction.  An increase in the surface to volume ratio increases the reaction and mass transport 

rate, which is significant in the case of the millimetric channels. Millimetric channels have the 

potential to overcome the shortcoming associated with large-scale equipment by reducing the 

analyte to the reagent volume. Various types of extractants were used so far in the copper 

extraction, mainly oximes and organophosphorus compounds from the Cyanex and Lix® group of 

companies, as shown in Table 5.1. 

 

Table 5.1. Various types of extractants used in copper extraction.  

(a) Cyanex group of extractants 

Extractants Extractant compositions  Diluents 

Cyanex 272 Bis (2,4,4-

trimethylpentyl) 

phosphinic acid 

Xylene (Sole and Hiskey, 1995; Gupta et 

al., 2003), 

Kerosene or Isododecane (Sahu et al., 2004; 

Gouvea and Morais, 2010; Biswas and 

Singha, 2007), 

1-hexanol (Biswas and Singha, 2007), 

1-heptanol (Biswas and Singha, 2007), 

N-heptane (Wang et al., 2012a), 

Shellsol D70 (Cheng et al., 2016) 

Cyanex 302 Monothio-analog of 

Cyanex 272 

Xylene (Sole and Hiskey, 1995; Gupta et 

al., 2003) 

Cyanex 301 Dithio-analog of Cyanex 

272 

Xylene (Sole and Hiskey, 1995; Gupta et 

al., 2003), 

Isododecane (Fouad, 2009) 

Cyanex 923 A mixture of four trialkyl-

phosphine oxides 

Kerosene (Tang and Steenari, 2015) 

Cyanex 921 TOPO which contains 

trialkylphosphine  

oxide 

Kerosene (Pradhan et al., 2014; Mishra and 

Devi, 2011) 

(b) LIX group of chemicals 
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LIX 84 2-hydroxy-5-

nonylacetophenone oxime 

Tetradecane (Hu et al., 2000), 

Kerosene (Sahu et al., 2004), 

Shellsol D70 (Cheng et al., 2016) 

LIX 84-I 2-hydroxy-5-

nonylacetophenone oxime 

Kerosene (Reddy and Priya, 2005; Lu and 

Dreisinger, 2013), 

Toluene (Hu et al., 2013) 

LIX 54 1-phenyldecanone-1,3-

diones 

Kerosene (Kyuchoukov et al., 1998; 

Cierpiszewski and Szymanowski, 2001) 

 

LIX 973N A mixture of 5-

nonylsalicylaldoxime and. 

2-hydroxy-5-

nonylacetophenone oxime 

Iberfluid (Alguacil and Cobo, 1999) 

LIX 860 2-hydroxy-5-

dodecylsalicylaldoxime 

Mixture of n-hydrocarbons (Laxarova and 

Boyadzhie, 1993) 

LIX 860N IC 5-nonylsalicylaldoxime Exxsol D80 (Willner and Fornalczyk, 

2014), 

Kerosene and a mixture of phosphine 

oxides (Tang and Steenari, 2015) 

LIX 984N or LIX 

984N-C or LIX 984 

1:1 volume blend of LIX 

860N-IC and 

LIX 84-IC or mixture of 

5-nonylsalicyl 

aldoxime and 2-hydroxy-

5-nonyl 

acetophenone oxime 

Kerosene (Aminian and Bazin, 2000; Kul 

and Çetinkaya, 2009; Gouvea and Morais, 

2010; Sridhar and Verma, 2011; Liqing et 

al., 2011; Lu and Dreisinger, 2013; Sinha et 

al., 2016), 

Isododecane (Fouad, 2009), 

Escaid®100 (Ochromowicz and 

Chmielewski, 2013) 

LIX 841C 2-hydroxy-5-

nonylacetophenone oxime 

Kerosene (Choubey et al., 2015) 

LIX 63 5,8-diethyl-7-

hydroxydodecan-6-oxime 

Kerosene (Gouvea and Morais, 2010), 
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Shellsol D70 [100% aliphatic] (Zhu et al., 

2012) 

LIX 7950 Tri-alkyl guanidine N-dodecane (Xie and Dreisinger, 2009) 

LIX 7820 Quaternary amine and 

nonylphenol 

N-octane (Xie and Dreisinger, 2009) 

LIX 612N-LV Proprietary mixture of 2-

hydroxy-5-nonyl 

benzaldehide oxime and a 

high flash point  

hydrocarbon diluents with 

low viscosity 

Kerosene (Gouvea and Morais, 2010; Lu 

and Dreisinger, 2013), 

Escaid®100 (Ochromowicz and 

Chmielewski, 2013) 

LIX 664N Mixture of 5-

nonylsalicylaldoxime with 

a proprietary ester 

modifier and a high flash  

point hydrocarbon 

diluents 

Kerosene (Kumar et al., 2013) 

(c) Chemicals and mixtures of extractants 

2-ethylhexanal 

oxime 

2-ethylhexanal oxime Kerosene (Shibata et al., 1999) 

N,N,N',N'-

tetrahexylpyridi 

ne-3,5-

dicarboxamide with  

2-hydroxy-5-t-

octylbenzo 

phenone oxime or l-

phenyl 

decane-1,3-dione 

N,N,N',N'-

tetrahexylpyridine-3,5- 

dicarboxamide with 2-

hydroxy-5-t-

octylbenzophenone oxime 

or l- 

phenyldecane-1,3-dione 

Toluene (Resterna and Szymanowski, 

2000) 

Di(2-

ethylhexyl)pyridine- 

Di(2-ethylhexyl)pyridine-

2,4-dicarboxylate 

Toluene (Cierpiszewski and Szymanowski, 

2001) 
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2,4-dicarboxylate 

Acorga CLX-50 Di-isodecyl pyridine 3,5-

dicarboxylate 

Kerosene (Bouvier et al., 1998), 

Toluene (Cierpiszewski and Szymanowski, 

2001) 

Acorga M5640 A fatty ester 2,4,4-

trimethyl-1,3-pentanediol 

diisobutyrate modified 5-

nonylsalicylaldoxime 

ShellSol D70 (Agarwal et al., 2010; 

Ferreira et al., 2010), 

Escaid®100 (Ochromowicz and 

Chmielewski, 2013) 

H2L N,N’-bis(2-hydroxy-5-

bromo- benzyle) 1,2 

diaminopropane 

Chloroform (Kara and Alkan, 2002) 

N-6-(2-

ethylhehylamido)-2-

pyridine carboxylic 

acid and N-6-(t-

dodecylamido)-2-

pyridine 

carboxylic acid 

N-6-(2-ethylhehylamido)-

2-pyridine carboxylic acid 

and N-6-(t-dodecyl 

amido)-2-

pyridinecarboxylic acid 

Kerosene (Tasaki et al., 2007) 

N 902 2-hydroxy-5-nonyl 

salicylaldoxime 

Kerosene (Cui et al., 2007) 

TBP Tri-butyl Phosphate 1-octanol (Lee et al., 2008), 

Petroleum-based organic solvents (Chang et 

al., 2010), 

Shellsol D70 [100% aliphatic] (Zhu  et al., 

2012), 

Kerosene (Choubey  et al., 2015) 

TOMAS Trioctylmethylammonium 

salicylate 

Ethanol (Egorov et al., 2010) 

4,4-dimethyl-1-(4-

dodecyl 

4,4-dimethyl-1-(4-

dodecylphenyl)- 

Kerosene (Hui-ping et al., 2010) 
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phenyl)-1,3-

pentanedione 

 (β-diketone) 

1,3-pentanedione (β-

diketone) 

LK-C2 One of the 136ydroxyl 

oxime, similar structure 

with LIX 984 

Kerosene (Zhang et al., 2010b) 

PC-88A Mono-2-ethylhexyl ester N-heptane (Wang et al., 2012a) 

Lauric acid Lauric acid Benzene (Ghanadzadeh and Abbasnejad, 

2011) 

Mixture of Cyanex 

301 and LIX 984N 

Mixture of Cyanex 301 

and  

LIX 984N 

Isododecane (Fouad, 2009) 

D2EHPA 

Or PIA-8 

Di(2-

ethylhexyl)phosphoric 

acid 

Kerosene and 5 (volume %) TBP (Shibata 

and Nishimura, 1982), 

Kerosene (Nagaosa and Binghua, 1997; 

Ihm et al., 1988; Geist et al., 2000; Ren et 

al., 2007; Gouvea and Morais, 2010; Chang 

et al., 2011; Bidari et al., 2013), 

Heptane (Nagaosa and Binghua, 1997), 

Naphtezol M (Nagaosa and Binghua, 

1997), 

Petroleum-based organic solvents (Chang et 

al., 2010), 

N-heptane (Wang et al., 2012a; Belkhouche 

et al., 2005) 

N-(thiocarbamoyl) 

benzami 

dine and N-

benzoylthiourea 

 derivatives 

N-(thiocarbamoyl) 

benzamidine and 

N-benzoylthiourea 

derivatives 

Toluene (Aamrani et al., 1999), 

Kerosene (Aamrani et al., 1999), 

Cumene (Aamrani et al., 1999) 

EHO 2-ethylhexanal oxime Kerosene (Shibata et al., 1999) 
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Dithizone Sulfur-containing organic 

compound 

1-butyl-3-methylimidazolium 

hexafluorophosphate [C4mim][PF6] (Wei 

et al., 2003) 

2-H-5-BDA 2-hydroxy-5-

dodecylbenzaldehyde 

Kerosene (Molinari et al., 2004) 

FHA A mixture of fatty 

hydroxamic acids  

from palm olein 

Alcohol (Yeen et al., 2005) 

Pyridineketoximes Oxime of 1-(2-

pyridyl)tridecan-1-one 

Toluene and Exxsol D80, both with 10% 

(v/v) addition of decan-1-ol (Wieszczycka 

et al., 2012) 

 

The extraction efficiency of D2EHPA, Cyanex 272, LIX 63, LIX 984N, LIX 612N-LV on copper 

(II) extraction was investigated by Gouvea and Morais, 2010. They concluded that D2EHPA is the 

best extractant for the Cu (II) extraction process. In the present study, D2EHPA has been used as 

the Cu (II) extractant diluted in benzene. 

 

In the liquid-liquid extraction processes, the extent of mixing between the two phases is important 

as it enhances the mass transfer coefficient. Every researcher in this field is trying to modify the 

extraction devices to get a high percentage of separation utilizing less amount of mechanical and 

electrical energy. The different types of reactors used for the extraction process are shown in Table 

5.2. 

 

Table 5.2. The different types of reactors used for the extraction process. 

Type of reactors Findings References 

Stirred cell 

reactor 

The mass transfer kinetics for the extraction of  Cu (II), 

Cd (II), Ni (II), Pb (II), and Zn(II)  from sulfate solution 

using D2EHPA in kerosene as the extracting phase was 

studied. They determine the mass transfer coefficients of 

each metal in the experimental condition.   

Geist et al., 

2000 
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Stoppard flasks 

in a thermostatic 

bath shaker 

Investigated the extraction and stripping equilibrium of 

Cu (II). Cu(II) is extracted from the aqueous acetate 

buffer solution using D2EHPA dissolved in kerosene as 

the extractant. The results showed that acetate ions 

greatly improve copper extraction efficiency. 

Ren et al., 2007 

 

A constant 

interfacial area 

cell 

 

Studied the rate of copper (II) extraction from the copper-

laden aqueous solution using D2EHPA dissolved in 

kerosene. 

 

Juang and 

Chang, 1993 

A box type 

Eberbach shaker 

The kinetics and mechanism of the extraction of copper 

with 2-hydroxy-5-nonylbenzophenone oxime were 

investigated. 

Carter and 

Freiser, 1980 

A pulse sieve 

plate column 

Performed the copper extraction experiments for selecting 

the composition of the organic phase and the pH of the 

leach solution. Studied the hydrodynamic and mass 

transfer performance of the extraction column using an 

organic phase with 10% (v/v) Acorga M5640 and 2.5% 

(v/v) iso-tridecanol. 

Ferreira et al., 

2010 

A mass transfer 

cell with 

vibrational 

mixing 

Studied the kinetics of metal extraction by the chelate 

formation in 1980 and examined the rate of extraction of 

copper from the aqueous solution by LIX 64N dissolved 

in kerosene in the year 1981. 

Rod, 1980, and 

1981 

A two-

impinging-jets 

reactor (TIJR) 

TIJR was utilized for the extraction of copper using LIX 

84 as the extractant. The effects of the upper disk speed, 

aqueous and organic flow rates, the reactor's dimension, 

including the disk diameter and the distance between the 

disks, have been investigated. 

Dehkordi, 2002 

Flow-through 

porous media 

Experimented with the applications to heap leaching of 

copper ores and showed that in case of packed 

microchannel the extraction efficiency is 81-96%. 

Su et al., 2010 
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From the previous literature, it is clear that a few studies on extraction have been done on the 

serpentine rectangular millimetric channels with and without packing materials. The objective of 

the present study is to optimize the extraction parameters of copper after the separation of it from 

an aqueous phase mixture using a commercially available extractant diluted in benzene through a 

rectangular serpentine packed and unpacked millimetric channels. The present study also focuses 

on the difference between the performances of those two channels. 

 

5.2. Experimental methods and materials 

Generally, copper remains as a mixture of various metal ions in the industrial effluents. Hence, 

initially a lab-made mixture of copper, nickel, and cadmium of different concentrations was taken 

as the experimental solutions. Gravimetric analysis was done to estimate the copper separated 

from the other two metals as a hydroxide-precipitate by the addition of dilute sodium hydroxide 

(NaOH) solution into the mixture. Depending on the stability of the three metal hydroxides with 

pH, copper was separated from the mixture as a copper hydroxide precipitate within a pH value 

of 5.5 to 7.5. The copper hydroxide precipitate was separated by filtration using Whatma® 42 filter 

paper and dissolved in excess ammonia solution (NH4OH). A deep blue color solution resulted in 

the formation of a copper amine complex [Cu(NH3)4]2+  was used as the experimental copper 

solution. A flow chart of the whole process is shown in Fig. 5.1. The pH of the solution was 

measured by a digital tabletop pH meter (Equiptronics, EQ 610 model). A schematic diagram of 

the extraction and stripping section is shown in Fig. 5.2.  

 

Both the extraction and stripping unit consists of two centrifugal pumps which provide the flows 

of aqueous and organic phases, transforming into one mixed-flow passing through a 'Y' connector 

before entering the test section. Inlet zone contains two rotameters, two control valves, two bypass 

lines along with two control valves and two sets of pressure sensors (PS100-2BAR and PS100-

5BAR from Lutron Electronics, accuracy: 1% full-scale) connected with two pressure meters 

(Fisher Scientific TraceableTM, accuracy: 1% full-scale +1 digit) just before and after the inlet and 

outlet points. Two pressure meters are connected to computers for data logging. The test section 

contains the rectangular serpentine channel block and a temperature sensor (Fisher Scientific 

TraceableLIVETM, accuracy:  0.1 oC) dipped in a constant temperature bath. 
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Fig. 5.1. Details of the process flow chart. 

 

The channel was 240  0.3 mm long (L), 2 0.1 mm width (w), and height (h) of 10 0.1 mm 

with the radius of curvature (Rc) 25.5 0.1 mm. Medium red sand as a packing material was used 

for making the packed bed in the channel. The physical properties of the systems measured at 25

 1C are shown in Table 5.3. The pressure and the temperature sensors are calibrated before the 

main experiment with the help of a manometer and thermometer, respectively. The physical 

properties of the experimental fluids such as densities, viscosities and surface tensions are 

measured by specific gravity bottle (ATICO Medical Pvt. Ltd., AM-90024, 100 ml), rheometer 

(Anton Paar, Physica MCR-301) and tensiometer (Kyowa Interface Science, DY-300) 

respectively. Finally, the volumetric flow rate of the two-fluid mixtures is measured by measuring 

cylinder and a stopwatch by collecting the sample for a particular time. The volumetric flow rates 

are controlled and measured by the valves and the rotameters. The pressure drop for a particular 
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mixture flow rate is measured by the pressure sensors. The aqueous to organic volume ratio (A/O 

ratio) of each phase in the channel is calculated from the total mixed-phase volumetric flow rate 

and the volumetric flow rate of a single-phase for a particular set of flow condition. The initial and 

final concentration of copper in the aqueous phase was measured by a flame type atomic 

absorption spectrophotometer (Varian, AA240FS model).  The concentration of copper in the 

organic phase was calculated by subtracting the final concentration from the initial concentration 

of copper in the aqueous phase. 

 

 

Fig. 5.2. Details of the experimental setup: (a) schematic diagram of the extraction process, (b) 

3D view of serpentine channel block, and (c) schematic diagram of the stripping process.  

 

Table 5.3. The physical properties of the fluids, measured at 25  1C. 

Phases Density (kg m-3) Viscosity (N-s m-2) 

Water 997.05 8.90×10-4 

100 ppm CuSO4 Solution 997.35 8.91×10-4 

200 ppm CuSO4 Solution 997.61 8.92×10-4 

300 ppm CuSO4 Solution 997.86 8.93×10-4 

400 ppm CuSO4 Solution 998.11 8.94×10-4 
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Benzene 873.68 6.03×10-4 

0.01M D2EHPA in benzene 873.99 7.03×10-4 

0.02M D2EHPA in benzene 874.31 7.92×10-4 

0.05M D2EHPA in benzene 875.25 10.81×10-4 

 

The average particle diameter (dp,eff), effective porosity of the packed bed (eff), and sphericity of the 

packing material (p) are the three important parameters to govern the hydrodynamics as well as 

mass transfer in the packed bed. The average particle diameter is determined by the sieve of sizes 

ASTM No. 35 and 40 (U.S. Standard). The average particle size, as per the present experiment is 

462 µm.  The effective porosity is calculated by the ratio of the volume of the pores to the total 

volume of the bed. The effective porosity estimated experimentally in the present work is 0.36. The 

total volume of the bed is calculated by the channel dimensions. The wetted solid volume is 

measured by the liquid displacement method. The pore volume is obtained by subtracting the 

volume of the wetted solid from the total volume of the bed. The solid is taken in wetted condition 

to minimize the liquid absorption during the measurement. The sphericity is calculated by using 

the modified procedure of Krumbein and Sloss (1963). It is defined as the ratio between the 

diameters of the largest drawn circle possible inside the particle (rp) to the diameter of the smallest 

drawn circle surrounding the particle (rc). It is determined by analyzing a snapshot of the sand 

particle taken by Sony DSC-H400 Point and Shoot Camera using Digimizer® 4 software. The 

mathematical form of sphericity of particle is expressed as Eq. 5.1. 

p

c
p

r

r
             (5.1) 

From the analysis, it is found that the sphericity of the particle is 0.80, which is within the range 

of 0.50 to 0.90 for natural sands reported by Cho et al. (2006). The holdup of each phase inside 

the channel was measured by the volumetric flow rate measurement process using a measuring 

cylinder (Borosil, 100 ml, Tolerance  0.5 ml) and a stopwatch (Seiko digital stopwatch Cal. S056, 

Accuracy  0.0012%).  

 

5.3. Theoretical Background 

The copper forms a pale blue precipitate by the addition of dilute sodium hydroxide (NaOH) or 

ammonium hydroxide (NH4OH) solution at a pH range of 5.5 to 7.5. This results in a deep blue 
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color solution of copper ammonia complex by the addition of excess ammonia solution (NH4OH) 

to the precipitate at a pH above 9.0. The reactions occurred are represented by Eqs. (5.2-5.4). 

 

Cu2+: CuSO4 (aq.) + 2NaOH (aq.) = Cu(OH)2   + Na2SO4 (aq.)    (5.2) 

                                                       (Pale blue precipitate) 

CuSO4 (aq.) + 2NH4OH (aq.) = Cu(OH)2  + (NH4)2SO4 (aq.)    (5.3) 

                                                       (Pale blue precipitate) 

Cu(OH)2  + 4NH4OH (aq.) = [Cu(NH3)4](OH)2 (aq.) + 4H2O    (5.4) 

(Pale blue precipitate)                    (Deep blue solution) 

 

The presence of the other two metals cadmium and nickel in the aqueous solution was confirmed 

by the following Eq. (5.5) and Eq. (5.6). 

 

Cd2+ : CdSO4 (aq.) + Na2S (s) + Heat = CdS   + Na2SO4 (aq.)    (5.5) 

                                                          (Yellow color precipitate) 

Ni2+ : NiSO4 (aq.) + Na2S (s) + Heat = NiS   + Na2SO4 (aq.)    (5.6) 

                                                           (Black color precipitate) 

 

A mixture of Cd2+ and Ni2+ solution along with Na2S, when heated, forms a yellowish black color 

precipitate, which confirms the mix of the two above-specified metals. The nickel can be separated 

from the mixture of nickel and cadmium by the formation of a Ni-DMG (nickel-dimethyl 

glyoxime) complex, a red color chelate, as shown in Eq. (5.7). 

 

Ni2+ : NiSO4 + 2C4H8O2N2 = Ni(C4H7O2N2)2   + H2SO4     (5.7) 

                             (DMG)     (Ni-DMG complex) 

                                                   (Red chelate) 

 

The hydraulic diameter and actual velocity of the mixture through the channel are calculated 

respectively by the Eq. (5.8) and Eq. (5.9). 

)(

2

)(2

4

wh

hw

wh

A
dH





          (5.8) 
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hw
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A
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U oaoa

m





          (5.9) 

where A is the cross-sectional area of the channel, h and w are the height and width of the channel, 

Qa and Qo are the volumetric flow rate of the aqueous and organic phase, respectively. 

The mixture properties like density (m), viscosity (m) of two fluids are calculated by the Eq. 

(5.10) and Eq. (5.11). 
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          (5.11) 

where 

oa

a
a

QQ

Q


           (5.12) 

The parameter   in Eqs. (5.10-5.12) represents the volumetric flow rate fraction, ‘a’ and ‘o’ 

represent the aqueous and organic phase, respectively. The experiments have been conducted 

within a range of 100 – 400 ppm CuSO4 solutions having pH 2-10 with 0.01 - 0.05 M extractant 

solution [Bis-(2-ethylhexyl)-phosphate] (H2EHPA) diluted in benzene. The extent of extraction 

(% E) and the extraction efficiency (%) are expressed by Eq. (5.13) and Eq. (5.14) respectively 

(Darekar et al., 2016). 
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
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           (5.14) 

where 
in
aC is the solute concentration in the aqueous phase at the inlet, 

out
aC  is the solute 

concentration in the aqueous phase at the outlet, out
oC is the solute concentration of the organic 

phase at the outlet, KD is the distribution coefficient. The percentage efficiency depending on the 

various organic to the aqueous phase flow ratios (O/A ratios), is expressed by the Eq. (5.15) 

(Darekar et al., 2016). 
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The overall volumetric mass transfer coefficient (KLa) is expressed as Eq. (5.16) (Darekar et al., 

2016). 
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The logarithmic mean concentration difference ( LMC ) is defined as 
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where VChannel is the total volume of the serpentine channel, Qa is the total volumetric flow rate of 

the aqueous phase. The logarithmic mean concentration difference is used to calculate the overall 

volumetric mass transfer coefficient in Eq. (5.16). 
in

EqbaC ,  and 
out

EqbaC ,  are the solute concentration in 

the aqueous phase in equilibrium with the solute concentration of the organic phase at the inlet 

and outlet, respectively. Darekar et al. (2014) proposed a correlation for the overall volumetric 

mass transfer coefficient applicable for the flow through the serpentine microchannel, which can 

be expressed as the Eq. (5.18). 

m

L

UA

O
aK

795.25
360.0850.0(

1



        (5.18) 

where, Um is the actual velocity of the mixture inside the serpentine millimetric channel. 

 

5.4. Results and discussion 

5.4.1. Extraction study in packed and unpacked channels 

The main parameters for liquid-liquid extraction are pH of the metal ion solution, concentration 

of the extractant solution (CE), metal ion concentration (Cm), and the temperature (T) of the 

extractant and metal ion solutions. The pH effect on the copper extraction process has been 

performed by dissolving pure copper sulfate in milli-Q water (Milli-Q®, IQ 7000).   
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The pH dependency on the extraction process was evaluated by taking a particular concentration 

of metal ion solution and the extractant solution at a constant temperature, as shown in Fig. 5.3. 
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Fig. 5.3. Variations of extraction percentage (%E) with the solution pH (Cm = 0.0047 M, CE = 

0.05 M, A/O = 1 or Um = 0.177 m s-1 & Uw = 0.099 m s-1 for packed channel, Um = 0.76 m s-1 & 

Uw = 0.38 m s-1 for unpacked channel). 

 

From Fig. 5.3, it is seen that % E decreases with increasing pH from 5.92 to 7.86, then increases 

with increasing pH from 7.86 to 9.26 and again decreases from pH 9.26 to 10.20, which indicates 

that the pH value significantly affected the % E compared with other factors. The decrease of % 

E at the pH range of 5.92-7.86 is due to the less solubility of the copper ion in the aqueous phase 

with the formation of Cu(OH)2 in the presence of OH-  ion which tends to separate the Cu2+ as the 

precipitate. The extractant molecules have to break the Cu-OH bonds to extract copper, which 

results in the extraction percentage decrease slightly. When the excess base (NaOH or ammonium 

hydroxide) is added, the copper has dissolved again in the aqueous phase forming a deep blue 

color solution. As much as the basicity increases, the value of the distribution coefficient, which 

is the ratio of the concentration of copper (II) in the organic phase to the aqueous phase increases 

(Cortina et al., 1995). According to Ren et al. (2007) and Ihm et al. (1988), in the extraction 

process, H+ enters the aqueous phase and Cu2+ moves towards the organic phase. Due to the release 

of the H+ from the extractant into the aqueous phase, the pH of the aqueous phase decreases from 

the pH at equilibrium state (Ren et al., 2007). At lower pH, the concentration of the H+ remains 

high, which favors the backward reaction, according to Le Chatelier's principle. With increasing 

pH, the alkalinity of the aqueous phase increases, favoring the forward reaction, and the metal ion 

expresses the tendency to move towards the organic phase, results in increasing the extraction 
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percentage within pH ranges of 7.86 to 9.26. The isoelectric point (the point at which a particular 

molecule carries no electrical charge) is 9.5 for the Cu2+ ion. As a consequence, at a higher pH 

value greater than 9.50, the extractant molecule is prone to extract a statistically neutral molecule, 

which results in a decrease of percentage extraction (% E). The maximum % E value was observed 

at a pH of 9.26. The maximum extraction was found 96.17% for the 300 ppm (0.0047 M) copper 

ion solution and 0.05 mol.lit-1 (0.05 M) extractant solution as shown in Fig. 5.3. 

It is seen that A/O (aqueous to organic phase volume) ratio has an impact on the extraction 

percentage as well as the extraction efficiency. The variations of degree of extraction as a function 

of the A/O ratios for both packed and unpacked channels are shown in Fig. 5.4.  

 

0.8 1.2 1.6 2.0 2.4 2.8

84

88

96

100

 

 

%
 E

 (
-)

A/O Ratio (-)

 Packed Channel
 Unpacked Channel

 

Fig. 5.4. Variations of extraction percentage with the A/O ratio (Cm = 0.0047 M, CE = 0.05 M, 

pH = 9.26). 

 

With an increasing A/O ratio from A/O = 1, percentage extraction increases up to a certain limit 

(around 1.9) and then decreases. The increase is due to the availability of the more number of metal 

ions in the vicinity. After that limit, the number of metal ions is more than enough for the affinity 

of the extractant molecules. 

 

In a packed or unpacked channel, the A/O ratio depends on the actual velocities of the either of the 

two phases Uw (actual velocity of the aqueous phase) and Uo (actual velocity of the organic phase). 

When the Um (actual velocity of the mixture, is the sum of the actual velocities of the two phases) 

increase from 0.055 m s-1 to 0.36 m s-1, the A/O ratios increase from 0.78 to 2.62 for the packed 
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channel, whereas for the unpacked channel the A/O ratios increase from 0.496 to 1.38 with the 

increase of Um values from 0.18 m s-1 to 0.94 m s-1. At a particular pH, fixed metal ion, and 

extractant concentration, with the increase of the actual mixture velocity, higher mixing is 

achieved, which is influenced by the increased pressure inside the channel (Mondal and 

Majumder, 2018a). This effect is higher in the case of the packed channel due to the flow of the 

fluid through the tortuous paths. Instead of showing higher value for the packed channel, both the 

packed and unpacked channel shows the same trend. With the increase of flow velocity or A/O 

ratio, the rate of extraction reflecting the extraction percentage increases as shown in Fig. 5.4. 
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Fig. 5.5. Variations of extraction percentage (%E) and extraction efficiency (% ) with the 

Copper concentration (solution pH 9.26, A/O = 1, Um = 0.177 m s-1, Uw = 0.099 m s-1, Um = 0.76 

m s-1 & Uw = 0.38 m s-1 for unpacked channel). 

 

From Fig. 5.5, it is seen that for a particular extractant concentration with increasing copper 

concentration (Cm) in the aqueous phase, the % E decreases as the metal ion concentration 

increases at a fixed concentration of extractant. With increasing the copper concentration, the 

extraction rate remains initially high. Still after a while, the affinity of the extractant molecule 

towards the metal ion is decreased due to the occupancy of the binding sites of the extractant 

molecule by the metal ions. It lowers the overall extraction percentage. The % E value increases 

with increasing the extractant concentration (CE) in the organic solvent for a fixed aqueous phase 
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metal ion concentration. With increasing the extractant concentration, the number of binding sites 

increases. Therefore, it is worth to say that the % E mainly depends on the availability of the vacant 

site percent at the extractant molecule. A maximum of 98.88% extraction was obtained at 0.05 M 

of extractant concentration at the metal ion concentration of 100 ppm.  

 

The packed channel exhibits a higher extraction percentage than the unpacked channel (Fig. 5.5) 

for a particular extractant concentration (CE) and metal ion concentration (Cm) since extraction is 

mainly the surface phenomena and the interfacial area of contact between the two phases increases 

with packing. According to the pressure drop concept, the packed channel experience a higher 

pressure drop compared to the unpacked channel for the same flow condition resulting in higher 

mixing as well as higher extraction percentage. High liquid-liquid dispersion is possible in the 

packed channel, which permits high mass transfer between the two immiscible phases. The 

maximum of 99.88% and 90.00% of copper extraction are obtained for packed and unpacked 

channel respectively for the 0.05 M extractant in benzene and the 100 ppm (0.00156 M) copper 

ion concentration in the aqueous phase at a pH of 9.26 (Fig. 5.5).  
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Fig. 5.6. Effect of temperature on extraction percentage and extraction efficiency in packed and 

unpacked channel (Cm = 300 ppm or 0.007 M, CE = 0.002 M and 0.001 M, pH = 9.26, A/O = 1, 

Um = 0.177 m s-1 & Uw = 0.099 m s-1 for packed channel). 
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The variation of extraction efficiency (%ƞ) with the copper ion concentration (Cm) follows the 

same trends as the percentage extraction (Fig. 5.5). The maximum extraction efficiency has been 

observed 98.89% for the packed channel, whereas the unpacked channel shows 91.01% (Fig. 5.5). 

Fig. 5.6 shows the variation of % E with the increase of temperature (T) and also with the increase 

of extractant concentration. The % E increases with the increase of temperature, but the rate of 

increase is higher for the temperature range of 25-50C, whereas the rate decreases within the 

range of 50-75C for a particular extractant concentration. The increase in temperature increases 

the particle movement inside the phases. Therefore, the starting region of the plot is steeper than 

the latter part. Thus in practice, an extraction temperature of 50C could be used to avail the 

combined effects of the excellent extraction efficiency as well as a higher extraction rate. The 

experiments were performed up to a temperature of 75C to avoid the evaporation of the organic 

phase. When the extractant concentration increases, the % E also increases for a fixed temperature, 

as shown in Fig. 5.5 and Fig. 5.6. In both of the extractant concentrations, the trend is the same; 

only the rate of the extraction rate increment is higher in case of higher extractant concentration. 

The extraction efficiency also increases wth the increase of temperature, due to the increased 

movement of the molecule (Brownian motion) inside the phases. The equilibrium time at different 

temperatures for a fixed value of metal ion concentration, extractant concentration, and pH is 

shown in Fig. 5.7.  
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Fig. 5.7. Variations of extraction percentage with time at the different temperatures (Cm = 300 

ppm, CE = 0.02 M, pH = 9.26, A/O = 1, Um = 0.177 m s-1 & Uw = 0.099 m s-1 for packed 

channel). 

TH-2503_156107032



Chapter - 5 

 

151 
 

 

It is seen that the percentage extraction fixed at 90.64% on and after the 40s at 25C, which was 

fixed at 97.02% and 98.17% at 50C and 75C on and after 30s and 20s respectively. At the 

temperatures of 25C, 50C and 75C the equilibrium reaches in 30-40s, 20-30s, and 10-20s, 

respectively, as shown in Table 5.4.  

 

Table 5.4. Variation of extraction percentage with respect to time and temperature at Cm = 0.0047 

M i.e., 300 ppm, CE = 0.02 M, pH = 9.26, A/O = 1. 

Temp.    /    Time 20s 30s 40s 60s 

25C 82.55 88.51 90.63 90.63 

50C 88.94 97.02 97.02 97.02 

75C 98.17 98.17 98.17 98.17 

 

The time-dependent percentage extraction study was performed in the case of the unpacked 

channel only. Due to the higher mass transfer rate for the packed channel, the equilibrium comes 

before 10s. But there is required around 10-12s for the separation of the two phases. 

 

5.4.2. Stripping in packed channel 

Stripping depends on the bond strength of the extractant molecule and the metal ion. The stripping 

of the metal ion from the organic phase to the aqueous phase is required before the electrowinning 

or electroextraction process to get the pure metals on the electrodes. The physical properties of the 

stripping medium (H2SO4 solution) at different temperatures and pH values are shown in Table 

5.5. 

 

Table 5.5. Physical properties of the stripping medium (H2SO4 solution) at different temperatures 

and pH values. 

Temperature (C) pH (-) Density (kg m-3) Viscosity (N m-2) 

25 0.5 1004.31 9.77×10-4 

1.0 999.38 9.17×10-4 

1.5 997.78 8.99×10-4 
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2.0 997.33 8.93×10-4 

50 0.5 994.78 5.96×10-4 

1.0 989.94 5.67×10-4 

1.5 988.41 5.57×10-4 

2.0 987.92 5.54×10-4 

75 0.5 981.64 4.13×10-4 

1.0 976.86 3.97×10-4 

1.5 975.35 3.91×10-4 

2.0 974.87 3.89×10-4 

 

The main parameters for the stripping process are optimized in case of the packed channel only. 

The effect of the parameters follows the same trends in spite of giving higher value in the case of 

the packed channel. This is due to the higher contact area available between the two phases and 

higher overall volumetric mass transfer rate, which is the multiplication of the mass transfer 

coefficient and the specific interfacial area. Stripping of metal ion from the organic phase is mainly 

done by using acidic aqueous phase. The pH of the aqueous phase is another important stripping 

parameter. 
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Fig. 5.8. Variations of stripping percentage (%S) with the pH of the acidic aqueous phase at 

metal ion concentration in the organic phase = 0.0022 M, A/O = 1, Um = 0.177 m s-1 & Uw = 

0.099 m s-1 for packed channel, Temperature = 25C. 
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With decreasing pH, i.e., with increasing the acidity of the acidic aqueous phase, the stripping 

percentage (% S) increases. Fig. 5.8 shows that reducing the pH from 2.0 to 0.5, the stripping 

percentage increases to the highest value of 97.66% at a pH of 0.5. The increased rate of stripping 

percentage is higher at the initial pH decrease from 2.0 to 1.5. The increase in the rate of stripping 

percentage decreases later on and shows the minimum value at the pH ranges from 1.0 to 0.5. At 

very low pH, the acidic aqueous phase can corrode the metal electrode itself. The optimum pH 

1.0-1.5 is selected for the stripping study. The main reason behind the increase of stripping 

percentage with the decrease of pH value is that with the increase in acidity of the aqueous phase 

the concentration of the H+ ion in the solution increases, which increases the solubility of the metal 

ion in the aqueous phase-shifting the equilibrium towards stripping (Eq. (5.19)).  

 

2
2 2 22 2 2eKCuR HR H Cu H R           (5.19) 

 

The fact is opposite to the extraction equilibrium (Eq. (5.20)). Temperature dependency of the 

stripping process is shown in Fig. 5.9.  
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Fig. 5.9. Variations of stripping percentage (%S) with temperature (metal ion concentration in 

the organic phase = 0.0022 M, A/O = 1, Um = 0.177 m s-1 & Uw = 0.099 m s-1 for packed 

channel, pH = 1.5). 

 

With the increase in temperature, from 25-75C for a particular metal ion concentration in the 

organic phase (0.0022 M) and a pH of 1.5, the stripping percentage increases rapidly up to the 
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temperature of 50C. At the temperature range of 50-75C, the stripping percentage is increased, 

but the rate of increase is very low (Fig. 5.9). Though the viscosities of both phases decrease with 

temperature, the viscosity of the organic phase always remains higher than the acidic aqueous 

phase, as shown in Table 5.3 and Table 5.5. Hence the stripping is increased with decreasing 

viscosity, as the molecular diffusion is increased from high viscous to lower viscous liquid.  
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Fig. 5.10. Variations of stripping percentage with the A/O ratio (Cm in the organic phase = 

0.0022 M, pH = 1.5, Temperature = 25C). 
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Fig. 5.11. Variations of the percentage stripping (%S) with metal ion concentration (Cm) in the 

organic phase (A/O = 1, Um = 0.177 m s-1 and Uw = 0.099 m s-1 for packed channel, pH = 1.5, 

Temperature = 25C). 
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From the experiment, it is seen that the A/O ratio does not significantly change the stripping. With 

the increase of A/O ratio from 1-2, only a 5% increase in the stripping percentage has been 

observed (Fig. 5.10). It is better to operate the stripping process at an A/O ratio equal to one for 

saving pumping as well as electrical costs. According to Huang et al. (1986), the stripping process 

does not depend on the D2EHPA concentration in the organic phase and the A/O ratio. The 

stripping increases with increasing the metal ion concentration in the organic phase due to the 

concentration difference between the phases. The variation of the degree of the stripping with the 

changes in the metal ion concentration in the organic phase is shown in Fig. 5.11. Initially, the 

stripping percentage increases with the increase of metal ion concentration in the organic phase at 

a particular A/O ratio. But, after a certain value (0.0045 M), the rate of the increase of the stripping 

percentage becomes low due to the saturation of the aqueous phase with the metal ions. Further 

increase in the ion concentration in the organic phase does not result in the increase of the stripping 

percentage.  

 

5.4.3. Determination of the equilibrium constant for the copper extraction 

process 

In a nonpolar solvent like benzene, di-(2-ethylhexyl) phosphoric acid (D2EHPA) remains as a 

dimer by making hydrogen bonding. But, it has an affinity towards the heavy metal ions present 

in the aqueous phase, which remains in contact with the organic surface containing D2EHPA. It 

forms a complex with the heavy metal ions. It's dimer formation, and also the complex formation 

with the copper metal ion is shown in Fig. 5.12. 

 

Fig. 5.12. Dimer and copper complex formation by the extractant D2EHPA. 
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The overall extraction reaction of the copper ion with the extractant solution D2EHPA is shown 

by the Eq. (5.20) (Ihm et al., 1988; Ren et al., 2007). 

 

  HHRCuRRHCu eK 222 222
2

       (5.20) 

 

where Ke is the equilibrium constant which can be represented as  

  
  222

2

2

2 2

RHCu

HHRCuR
Ke





          (5.21) 

The overbar indicates the species present in the organic phase. 

In Eq. (5.21), as the H+ ion exchanges with the Cu2+ ion and enters into the aqueous phase, the 

equilibrium pH becomes lower than the initial pH. One Cu2+ ion goes to the organic phase releasing 

two H+ ion in the aqueous phase. As the concentration of H+ increases in the solution, the pH of the 

solution decreases, which leads to slow down the reaction. The values of equilibrium pH and their 

corresponding equilibrium constant (Ke) are shown in Table 5.6. 

The Ke for packed channel varies from 1.52×10-6 to 1.05×10-5, whereas for the unpacked channel 

it varies from 3.67×10-6 to 2.09×10-5 (Table 5.6). According to Le Chatelier's principle and Eq. 

(5.19), pH has an important role in the equilibrium constant Ke. Literature shows that the Ke value 

ranges from 1.8×10-3 to 2.02×10-3 for the Cu2+ extraction from the copper sulfate solution by 

D2EHPA extractant at the equilibrium pH of 3.75 to 3.81 (Ihm et al., 1988). The values of 

equilibrium constants at our experimental pH, are within the range reported in the literature. 

 

Table 5.6. The equilibrium pH values and their corresponding Ke values. 

Temperature 

(C) 

Initial 

pH (-) 

Equilibrium 

Ph (-) 

(Unpacked 

Channel) 

Equilibrium Ph (-

) (Packed 

Channel) 

Ke  for 

unpacked 

Channel (-) 

[Eq. (5.21)] 

Ke  for 

packed 

Channel (-)  

[Eq. (5.21)] 

25 9.26 6.76 

 

6.72 

 

4.91×10-06 

 

1.39×10-05 

 

9.26 7.04 

 

7.00 

 

2.78×10-06 

 

7.39×10-06 
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9.26 7.22 

 

7.17 

 

1.95×10-06 

 

4.91×10-06 

 

9.26 7.34 

 

7.29 

 

1.52×10-06 

 

3.67×10-06 

 

50 9.26 6.75 

 

6.70 

 

7.39×10-06 

 

1.84×10-05 

 

9.26 7.03 

 

6.98 

 

4.20×10-06 

 

9.83×10-06 

 

9.26 7.19 

 

7.14 

 

2.98×10-06 

 

6.46×10-06 

 

9.26 7.30 

 

7.26 

 

2.34×10-06 

 

4.85×10-06 

 

75 9.26 6.70 

 

6.65 

 

1.05×10-05 

 

2.09×10-05 

 

9.26 6.98 

 

6.93 

 

5.93×10-06 

 

1.16×10-05 

 

9.26 7.15 

 

7.11 

 

4.17×10-06 

 

7.93×10-06 

 

9.26 7.27 7.20 3.28×10-06 5.88×10-06 

 

5.4.4. Determination of the mass transfer coefficient for the copper extraction 

process 

The mass transfer coefficients (KLa) are calculated by using the Eqs. (5.16) and (5.17). The 

experimental results are analyzed by Darekar et al. (2014) model, applicable for the flow-through 

serpentine microchannel (Eq. 5.18). Taking A/O ratio = 1, the KLa value from Darekar et al. model 

(2014) becomes 8.74×10-3 for the packed channel and  7.96×10-3 for the unpacked channel.  In the 

present study, the mass transfer is the reactive mass transfer. The other parameters, like pH, initial 

and final concentration of the ions in the aqueous and organic phases, may also have an influence 

on the KLa values, similar to the Ke values. As per Eq. (5.16) the KLa value depends on the initial 

and final concentration of the metal ion solution and the VChannel/Qa ratio, which is referred to as 

residence time inside the reactor ( r ). In the present work, the samples are manually collected, 
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and after the phase separation, the aqueous phase is tested for the determination of copper ion 

concentration. As a consequence, the total time required to collect the sample for tests after the 

phase separation is considered as the residence time ( r ). The KLa values for the packed and 

unpacked channel are shown in Table 5.7, at different variables. 

 

Table 5.7. The KLa values for the packed and unpacked channels (A/O = 1). 

Channels The initial 

concentration of 

copper in the 

aqueous phase 

(mol l-1) 

The final 

concentration 

of copper in the 

aqueous phase 

(mol l-1) 

LMC  

(mol l-1) 

Residence 

time, r  (s) 

KLa (s-1) 

Packed 1.60×10-3 1.80×10-5 1.58×10-3 120 8.37×10-3 

Packed 1.60×10-3 1.80×10-5 1.58×10-3 90 11.2×10-3 

Packed (actual 

reaction time) 

1.60×10-3 1.80×10-5 1.58×10-3 10 1.0×10-1 

Unpacked 1.60×10-3 1.60×10-4 1.43×10-3 120 8.33×10-3 

Unpacked 1.60×10-3 1.60×10-4 1.43×10-3 90 11.1×10-3 

Unpacked 

(actual 

reaction time) 

1.60×10-3 1.80×10-5 1.43×10-3 10 1.0×10-1 

 

As shown in Table 5.7, at a particular A/O ratio and pH value, logarithmic mean concentration 

difference (LMC),  i.e., the mass transfer flux, is higher for the packed channel, which favors a 

higher amount of mass transfer. But the flux does not significantly change the volumetric mass 

transfer coefficient (KLa). The mass transfer coefficient highly depends on the residence time. 

Higher residence time results in lower volumetric mass transfer coefficient at constant 

concentration difference. Though the rate of increase of the KLa values for the packed and 

unpacked channels are the same, for the same flow condition, the packed channel has the low 

residence time due to the decrease of flow area and increase in flow velocity. Therefore, the packed 

channel is highly efficient than the unpacked channel under the same A/O ratio. Our experimental 

results satisfy the Darekar et al. (2014) model very closely. 
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5.5. Conclusions 

The main parameters for the copper extraction and stripping process were optimized for the flow 

through a rectangular serpentine channel, and the effect of packing on the extraction efficiencies 

was explained in this present work. It is observed that pH is one of the most important parameters 

for the extraction process. At a pH = 9.26, Cm = 0.047 M, CE = 0.05 M and A/O = 1, the higher 

percentage of extraction (96.17%) as well as higher extraction efficiency (96.32%) is obtained by 

the packed channel whereas the unpacked channel shows 86.81% extraction at an efficiency of 

88.58%. For a particular A/O ratio, the present newly developed packed serpentine channel is more 

efficient than the unpacked channel. After fixing the parameters of the extraction process at a 

particular value other than temperature, the percentage of extraction and efficiency for both the 

channels increases, but at a temperature 50C, the higher extraction percentage (97.02%) and 

higher extraction efficiency (97.11%) for packed channel again proved its benefit over the 

unpacked channel which showed 86.38% copper extraction with an efficiency of 88.28%. The use 

of a packed channel as the stripping device has also given a fruitful result over the other one. The 

highest stripping percentage (97.66%) is achieved by the packed channel. It is seen that the Ke and 

the KLa values are quite satisfactory for the packed channel. Due to a large number of benefits like 

higher reaction rate, the higher mass transfer coefficient, and for the higher extraction efficiency 

(98.89%), the rectangular packed channel device may be used as a highly efficient extraction as 

well as stripping or any other reaction devices. The present work may be helpful for the motivation 

and innovation of the new rectangular serpentine packed channel mass transfer devices in the 

future.  
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Chapter 6 
 

 

Synthesis of Graphene-based Material and Its 

Characterization for Adsorption in Millimetric Fixed-

bed Device 

 

Adsorption is an effective separation process by which the atoms, ions, or molecules from a gas, 

liquid, or dissolved solid adhere to a surface. The industries widely use adsorption for its cost-

effectiveness. This process mostly depends on the interactions between the adsorbent and 

adsorbate molecules. In this process, a film of the adsorbate molecules is created on the surface of 

the adsorbent molecules. The adsorbent is usually porous, having high surface area, which can 

adsorb substances onto its surface with the help of intermolecular forces. The adsorbate is a 

substance, which is adsorbed on the surface of another substance. From the previous chapter 5, it 

is clear that the packed millimetric channels are more efficient in the mass transfer over the 

unpacked channels. The packing materials used so far were inert (medium-sized red sand), effected 

the mass transfer characteristics by only enhancing the interactions between the two phases. If an 

active material can replace it, then the mass transport process will be intensified. In the continuous 

mode, the residence time of the adsorbate molecules inside the small millimetric channels is very 

low, and the adsorption process is a slow process, which is another big challenge in front of us. 

Graphene-based adsorbent materials attracted the attention of the researchers due to its high 

surface area, presence of functional groups specific for adsorptions, and its ability to form π-bonds. 

In the present context, graphene-based adsorbent synthesized for the removal of one kind of 

universally used drug naproxen. 
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6.1. Introduction 

Naproxen (C14H14O3, NPX), is a widespread non-steroidal anti-inflammatory drug, widely 

prescribed by the medical practitioner for pain relief such as muscle aches, headache, dental pain, 

tendonitis, and menstrual cramps. After the intake, drugs are absorbed by the body organisms and 

take part in metabolic reactions. The organisms leave the unmetabolized substances comprising 

these drugs via urine or sludge into the sewage water. Moreover, the main sources of these drug 

contaminations are the inefficient effluent of the pharmaceutical industries, the improper ejection 

of unused or expired drugs in hospitals, which are increasing water contamination day by day due 

to their stability. Naproxen may affect water quality adversely. Human life and ecosystem can be 

directly influenced by the long-term intake of contaminated aquatic food like fish and potable 

water (Isidori et al., 2005; Önal et al., 2007). It may affect the regulation and functioning of the 

organisms present in the ecosystems by influencing the activity of enzymes as it is a biologically 

active substance (Górny et al., 2019). The reported ranges of their existence in the environment 

are 0.1–2.6 μg dmin treated wastewater and 0.01–0.1 μg dmin surface waters (Isidori et al., 

2005; Boyd et al., 2005; Tang et al., 2014). The researchers employed various removal methods 

for the separation or degradation of NPX from the contaminated water. The coagulation-

flocculation, sedimentation, ultrasonic-degradation processes are not effective enough (Im et al., 

2013). The other important processes are photo-degradation (Jallouli et al., 2016), bio-degradation 

(Wojcieszynska et al., 2014; Górny et al., 2019), and the advanced oxidation processes such as 

chlorination (Boyd et al., 2005), degradation with UV/H2O2 (Kim et al., 2009; Afonso-Olivares et 

al., 2016), ozonation (Li et al., 2019; Patel et al., 2019)), and their combinations or others. 

Advanced oxidation processes may produce 1-(6-methoxy-2-naphthyl) ethanol, 1-(6-

methoxynaphthalen-2-yl) ethanone, 2-ethyl-6-methoxynaphthalene, 1-(6-methoxynaphthalen-2-

yl) ethyl-hydroxy-peroxide as the byproducts in the reaction medium (Jallouli et al., 2016). 

Although the advanced oxidation processes are highly effective in removing or degrade naproxen 

from the aqueous medium, it may create environmental toxicity due to the production of highly 

toxic intermediates than the parent compound (Straub and Stewart, 2007). However, the adsorption 

process is quite effective and mostly used for the removal of naproxen without the formation of 

any harmful byproducts. Activated carbon (Önal et al., 2007; Yu et al., 2008), activated carbon 

nanocomposite (Begum and Ahmaruzzaman, 2018), activated sludge (Tang et al., 2014), micelle–
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clay complex (Qurie et al., 2013), nanoparticles decorated onto graphene oxide (Nodeh et al., 

2018) are used as adsorbents, extensively. 

 

In recent years, reduced graphene oxide (RGO) has attracted great attention from researchers for 

its good electrical, thermal, mechanical, and optical properties. Moreover, RGO and its 

nanocomposites are broadly used as excellent adsorbents and applied in water purification 

processes. Adsorption being a surface phenomenon not only depends on the surface area and 

micropores present, but it also depends on the surface characteristics of the adsorbing materials. 

The 2D planes of RGO film with the attachment of fewer amounts of functional groups provide 

high surface area and bonding sites susceptible to adsorption. The delocalized π-electrons present 

in RGO film have strong binding efficiency towards the harmful pollutants, which makes it a rapid 

adsorbent for the removal of contaminants (Apul et al., 2013). Otherwise, nanoparticles have 

efficient disinfectant or degradation or complex formation ability depending on the surface charge 

under optimized pH conditions. Hence, the nanoparticles decorated RGO film may provide 

excellent removal efficiency towards the various water pollutants, like, harmful organic dyes (Sun 

et al., 2014; Song et al., 2016; Nafiey et al., 2017), heavy metals (Nafiey et al., 2017; Sang et al., 

2017; Padhi et al., 2017; Zhang et al., 2018), phenol and phenolic compounds (Nafiey et al., 2017; 

Padhi et al., 2017) as well as pharmaceuticals (Lin et al., 2017; Fang et al., 2018). 

 

Previously, RGO and its composites, have been produced using a variety of reducing agents like 

acids, such as alanine (Wang et al., 2017a) and ascorbic acid (Zhang et al., 2010c), metal or metal 

oxides (Pei and Cheng, 2012; Chua and Pumera, 2014), reducing sugars (Liu et al., 2016), reducing 

salts (Bo et al., 2014), hydrazine (Gao et al., 2010; Park et al., 2011), organic compounds like 

indole (Liu et al., 2013b) and plant extracts (Lee and Kim, 2014; Suresh et al., 2015). These RGO 

were utilized in versatile purposes other than the removal of naproxen. A very few studies have 

been performed for the adsorption of NPX on RGO or RGO nanocomposites produced by chemical 

reduction using sodium borohydride (Park et al., 2018) and Sodium ascorbate (Umbreen et al., 

2018). Moreover, the silver-decorated reduced graphene oxide nanocomposites have been 

attracted the attention of the researchers for its huge application like heterogeneous nanocatalysis 

(Navalon et al., 2016; Wang and Astruc, 2018), hydrogen peroxide detection (Tajabadi et al., 

2015), photocatalysis (Qustia et al., 2014; Wang et al., 2017b), temperature (Neella et al., 2017), 
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ammonia gas (Kavinkumar and Manivannan, 2016) and H2S gas sensing (Ovsianytskyi et al., 

2018) and also in water purification (Deng et al., 2017; Mangalam et al., 2019).  

 

Recently, the use of bio-extracts as the reducing agents are gaining importance to the scientific 

community for the green synthesis of nanoparticles that are useful for their various kinds of 

applications, as said earlier. In this regard, turnip (Brassica rapa subsp. Rapa) leaves-extract is 

remarkable (Vilchis-Nestor et al., 2008; Martinez et al., 2010; Salam et al., 2012). The phenolic 

and nitrogen compounds, vitamins, reducing sugars, terpenoids, and other metabolites present in 

the turnip leaves may act as the reducing agents in green synthesis of nanoparticles (Salam et al., 

2012). The presence of polyols, hydroxyl, and carboxylic groups may act as reducing as well as a 

capping agent in the nanoparticle synthesis (Vilchis-Nestor et al., 2008). Turnip leaves-extract 

contains a sufficient amount of ascorbic acid or vitamin C (95.28 ± 0.98 to 143.38 ± 7.31 mg per 

100 g) and total phenolics (218.54 ± 48.77 to 240.01 ± 6.08 mg per 100 g) may signify it as an 

active reducing medium (Martinez et al., 2010). The practical application of the Ag-RGO 

nanocomposite in the water purification fields should be advantageous for its higher adsorptive 

removal capacity and efficiency towards the water contaminants. The Conductive Ag-

nanoparticles in the synthesized material may have antimicrobial activity (Moghayedi et al., 2017) 

based on the charge generated on it depending on the experimental pH values (Abbaszadegan et 

al., 2014) as well as it can show the catalytic activity towards naproxen degradation/complex 

formation (Bastus et al., 2014). The Ag-nanoparticles degraded byproducts formed, if any, may 

also be adsorbed/removed by the RGO surfaces with the higher π-π interactions. Ag-nanoparticles 

may also increase the hydrophilicity of the graphene film. Higher hydrophobicity can provide a 

higher adsorption capacity by expanding the adsorbate and adsorbent interactions. Hence, the 

prepared Ag-RGO film may be utilized by the industries for the adsorptive removal of naproxen 

without any harmful byproducts generation. 

 

As per literature, the use of the silver (Ag) nanoparticles decorated RGO (Ag-RGO) film 

synthesized by the green method using turnip leaves-extract is the initiation for the adsorptive 

removal of naproxen, which is considered in the present study. The main objectives of the present 

study are to synthesize the Ag-RGO film using turnip leaves-extract and its utilization as an 

efficient remediation of naproxen by adsorption from the naproxen-contaminated water without 
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the formation of harmful byproducts. Besides, the adsorption parameters were optimized to obtain 

the maximum adsorption capacity. The adsorption kinetics and equilibrium isotherms were also 

enunciated based on the present experimental conditions. 

 

6.2. Experimental 

6.2.1. Reagents and Materials 

Natural graphite flakes (atomic weight = 12.01, assay 99.5%) and caustic soda pellets (NaOH, 

MW = 40.00, assay = 98.0%) were bought from Himedia Laboratories Private Limited. Potassium 

permanganate (KMnO4, MW = 158.03, assay = 99.0%) was purchased from Central Drug House 

(P) Limited. The other required chemicals, 98.0% sulfuric acid (H2SO4, MW = 98.08 g mol-1, assay 

= 95.0 – 98.0%), 88.0% phosphoric acid (H3PO4, MW = 98.0 g mol-1, assay  85.0%), 37.0% 

hydrochloric acid (HCl, MW = 36.46 g mol-1, assay = 36.5 – 38.0%), 30.0% hydrogen peroxide 

(H2O2, MW = 34.01 g mol-1, assay = 29.0 – 32.0%) and silver nitrate (AgNO3, MW = 169.87 g 

mol-1, assay  99.5%) of ACS reagent grade were supplied by Merck Life Science Private Limited. 

Hayman Group Limited supplied ethyl alcohol AR (C2H6O, MW = 46.07 g mol-1, assay = 99.9%). 

Anhydrous naproxen (C14H13O3, MW = 230.26 g mol-1, assay = 98.5 – 101.5%) meets USP testing 

specifications supplied by Sigma-Aldrich (USA), was used in the present experiments without any 

further purification. 

 

6.2.2. Preparation of graphene oxide (GO) 

GO was prepared following the improved Hummers method without using NaNO3, which restricts 

the release of NOX. The GO produced by this method constitutes a more regular structure with less 

disrupted basal plane, making the process advantageous for mass production (Marcano et al., 

2010). Improved Hummers method is further modified herewith (modified improved Hummers 

method), to produce high quality GO in a more economical way of consuming lesser time and 

chemicals than the improved Hummers method. 90 cm3 concentrated H2SO4 and 10 cm3 

concentrated H3PO4 acids (9:1 ratio) were mixed and stirred for 30 min using a magnetic stirrer. 

Then 2 g of natural graphite flakes (GF) were added to the acid mixture and stirred for one hour. 

The mixture temperature was maintained at 273 – 278 K with the help of an ice bath, and 12 g of 

KMnO4 was added slowly with continuous stirring. The mixture was stirred for 90 min, followed 

TH-2503_156107032



Chapter - 6 

 

165 
 

by sonication for one hour at 208 K and 20 min at 358 – 363 K, respectively. A deep green color 

solution was obtained, indicating the completion of the oxidizing reaction (Fig. 6.1). Then 150 cm3 

and 350 cm3 of milli-Q water were added successively and sonicated the solutions for one hour, 

respectively, at 298 – 308 K to complete the hydrolysis.  

 

 

Fig. 6.1. GO preparation scheme (modified improved Hummers method). 

 

A brown color mixture was obtained, and 10 cm3 30.0% H2O2 was added to the brown color 

solution with 10 min continuous stirring to remove the unreacted KMnO4 from the solution 

mixture then the brown color solution turns into yellow color.  The prepared GO was washed with 

1.5 dm3 of 1:10 aqueous HCl solution (direct dilution of 37.0% concentrated HCl) to remove metal 

ions. Then the prepared GO was washed and centrifuged (12000 rpm for 20 min) with the milli-Q 
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water several times (minimum seven times) and got the GO hydrogel of final pH 3.02.  The 

prepared GO hydrogel was then dried in a hot air oven for 24 h at 333 K. The dried GO film was 

crushed by a mixture grinder to get GO powder of yellowish-brown color, which was preserved 

for the further analysis. A detailed flow diagram for the GO synthesis has been shown in Fig. 6.1. 

 

6.2.3. Green synthesis of silver-reduced graphene oxide (Ag-RGO) 

nanocomposite 

100 g of fresh green turnip leaves collected from the local market were cut into pieces and taken 

into 400 cm3 milli-Q water in a one dm3 glass beaker. It was heated at 353 K for two hours with 

continuous stirring and filtered to get the leaves-extract. The leaves-extract was then concentrated 

to 100 cm3 by boiling (yellowish-green in color) and preserved for further use (pH 5.30). After 

that, 100 mg of GO powder was dispersed into 50 cm3 milli-Q water by one hour sonication at 

room temperature 298 K (pH 2.96). Then 20 cm3 0.1 M AgNO3 (pH 9.86) solution and 70 cm3 

concentrated turnip leaves-extract were added into the GO suspension. The mixture was then 

heated for 24 h at 353- 363 K temperature with continuous stirring (pH 5.92). The color of the 

solution turns black with the simultaneous reduction of GO to RGO and Ag+ to Ag-nanoparticles. 

The prepared RGO film decorated with Ag-nanoparticles (Ag-RGO nanocomposite film) was 

filtered and centrifuged with milli-Q water (13400 rpm for 20 min), dried at 363 K for 24 hours in 

an oven and conserved for the additional experimentations. 

 

6.2.4. Characterization methods 

The physical properties and structure of the nanocomposite material were analyzed by the X-ray 

powder diffraction (XRD) (Model: D8 Advance, Make: Bruker, Netherlands) with Cu-Kα 

radiation of wavelength 1.5406 Å (40 kV, 40 mA) over the range of 2θ = 10–80° at a rate of 3° 

min-1. The surface functional groups of the synthesized material were recognized by Fourier-

transform infrared spectroscopy (FTIR) (Model: IR Affinity-1, Make: Shimadzu, Japan) using 

finely ground KBr with 0.5% of the sample to form pellets with the average of 30 scans ranges 

from 400–4000 cm-1. The graphene layer formed in the prepared sample was analyzed by a Raman 

system (Make: Horiba Jobin Vyon, Model: LabRam HR, Japan) with the help of the band shift by 

dispersion of monochromatic light (wavelength 488 nm). Field Emission Transmission Electron 
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Microscope (FETEM) (Make: JEOL, Model: 2100F, Japan) and Field Emission Scanning Electron 

Microscope (FESEM) (Make: Zeiss, Model: Sigma, Germany) were used to inspect the surface 

morphology of the prepared sample. The composition of the prepared material was analyzed by 

Energy-dispersive X-ray spectroscopy (EDS). NPX concentrations before and after the adsorption 

experiments were measured by High-Performance Liquid Chromatography (HPLC) (Model: 

Prominence HPLC System; Make: Shimadzu, Singapore). The other necessary instruments, like 

the digital balance (Model: ME 204, Make: Mettler Toledo, Switzerland), pH meter (Model: pH 

700, Make: Eutech Instruments, Singapore), magnetic stirrer with a hot plate (Make: Antech, 

Model: AN-MSH-680), ice flaker machine (Make: NTF, Model: SLF 225, Italy), sonicator 

(Model: 3.5 L/00H/DTC, Make: PCI, India), centrifuge (Model: 2-16P, Make: Sigma, Germany), 

hot air oven (Model: Digital, Make: SoNuu, India) and mixture grinder (Model: LLMG20 500 W, 

Make: Lifelong, India) were used for the desired material synthesis purpose. 

 

6.2.5. Adsorption experiments 

Naproxen adsorption was conducted in a batch mode with continuous stirring with the help of 

magnetic stirrer using 20.2 mg of Ag-RGO composite (suspended by one hour sonication in 2 cm3 

milli-Q water) and 50 cm3 NPX solutions in each case. Continuous mixing was achieved by 

moving a glass rod in the opposite direction of magnetic stirring. The effective parameters like pH 

(2.50, 4.50, 6.50 and 8.50 at room temperature 298 K), adsorption time (0.33–3.0 min) and 

naproxen concentration (25–100 mg dm3) on the adsorption capacity were investigated. The 

naproxen removal percentages (R%), the adsorption capacities (mg g-1) at equilibrium and at time 

t were calculated based on the naproxen concentrations before and after the adsorption studies 

following Eq. (6.1), Eq. (6.2) and Eq. (6.3) respectively. 

100%
0

0 



C

CC
R e           (6.1) 

( )ee CC
m

V
q  0

          (6.2) 

( )tt CC
m

V
q  0

          (6.3)
 

where C0 (mg dm) and Ce (mg dm) are the initial and equilibrium concentrations of naproxen 

in solution, qe (mg g-1) is the equilibrium adsorption capacity, Ct (mg dm) and qt (mg g-1) are the 
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concentration of NPX in the solution and adsorption capacity of the adsorbent at time t. V (dm3) is 

the volume of naproxen solution taken for each batch adsorption study, and m (g) is the adsorbent 

(Ag-RGO) dosage. 

 

The concentration of NPX was measured by HPLC, provided with a UV detector and a C18 

column (Eclipse XDB, Agilent, USA) having dimensions of 250 mm × 4.6 mm, and packed with 

the particles of 5 μm diameter. The mobile phase was a mixture of acetonitrile (50%) and 1% 

aqueous solution of acetic acid (50%) with an isocratic flow rate of 1.0 cm3 min-1. The detection 

wavelength and temperature were set at 260 nm and 298 K, respectively. 

 

6.2.6. Adsorbent regeneration experiments 

Regeneration study is necessary, as it is a crucial factor for the industrial use of adsorbents. The 

used adsorbent was regenerated at room temperature by mixing with 100 cm3 pure ethyl alcohol. 

The mixture was stirred for one hour using a magnetic stirrer, sonicated for 30 min, filtered, 

washed with ethyl alcohol, and finally dried in a hot air oven for further use. A similar process was 

repeated for regeneration purposes up to the fifth recycle. 

 

6.3. Results and discussion 

6.3.1. Material characterization results 

Fig. 6.2(a) shows the X-ray diffraction patterns for GF, GO, and Ag-RGO. GF shows the sharp 

peak at 2θ = 26.6°, which corresponds to interlaying spacing value (ds) of 3.36 Å for (002) plane. 

GO has a much higher d spacing value (28.0 Å) for 2θ = 10.45° due to the involvement of oxide 

bonds, which confirms the extensive oxidation of GF. The pattern for Ag-RGO shows the four 

peaks 38.1°, 44.2°, 64.4°, and 77.4° and assigned planes were found to be (111), (200), (220), and 

(311) (Dutta et al., 2013; Bhunia and Jana, 2014; Shao et al., 2015; Jiao et al., 2015; Maryami et 

al., 2016; Neella et al., 2017). This approves a face-centered cubic (FCC) lattice in Ag-RGO 

[JCPDS no. 01-087-0597]. 

 

Raman spectroscopy is one of the widely used and most sensitive techniques to characterize 

disorder in sp2 hybridized carbon materials. A comparison of Raman spectra of GF, GO, and Ag-

RGO is shown in Fig. 6.2(b). The plane stretching vibrations between sp2 carbon atoms are 
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responsible for G band (graphitic peak) is due to the E2g vibrational mode resulted from the C-C 

bond stretching inside all the sp2 carbon samples whereas the D band (disorder peak) is important 

for the A1g vibrational mode arisen from the disordered shape of sp2-hybridized carbon systems. 

GF shows the G band characteristic peak at 1540 cm1, as well as a weaker D band at 1330 cm1. 
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Fig. 6.2. (a) X-ray diffraction pattern (b) Raman spectroscopy of GF, GO, Ag-RGO 

nanocomposite, and (c) FTIR spectrum of GF, GO, Ag-RGO nanocomposite and Ag-RGO-AA 

(Ag-RGO nanocomposite after adsorption).  
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In GO, the G band widened and shifted towards 1600 cm1 to 1540 cm1 due to amorphization in 

the lattice (Dutta et al., 2013; Bhunia and Jana, 2014; Jiao et al., 2015). Higher ID/IG of GO (0.98) 

than GF (0.15) indicates the oxidation. In Ag-RGO, the ID/IG increased from 0.98 to 1.04, which 

may correspond to a higher degree of disorder, new and isolated smaller graphitic domains, or 

multilayer formation due to chemical bonding between GO and Ag-nanoparticles (Dutta et al., 

2013; Shao et al., 2015). 

 

Fig. 6.2(c) shows the FTIR spectrum of GF, GO, Ag-RGO, and Ag-RGO-AA (Ag-RGO after 

adsorption study), which determines the functional groups present in the materials. Peaks at 3695 

cm-1, 3422 cm-1, and 3151 cm-1 correspond to the O-H bond stretching of free or intra-molecularly 

bonded alcohol. The peak at 1394 cm-1 represented O-H bending of alcohol or carboxylic acid 

groups. Peaks exhibited at 3422 cm-1, and 3151 cm-1 demonstrate the presence of N-H bonds 

stretching of primary amines or amine salts. The peak at 1646 cm-1 represented medium or strong 

C=C stretching of mono-substituted, di-substituted, or conjugated alkene groups, whereas the peak 

at 914 cm-1 corresponds to the C=C bending of alkene groups. The wavelength 1646 cm-1 

represented the common C=N bond stretching of imine or oxime groups. The peaks at 1394 cm-1 

and 1198 cm-1 are the evidence of S=O bonds stretching of sulfate or sulfonyl chloride. The 

evidence of strong bond stretching of C-O secondary alcohol, tertiary alcohol, aliphatic ether, vinyl 

ether, or alkyl aryl ether was confirmed by the presence of peaks at 1198 cm-1, 1109 cm-1, and 

1023 cm-1. The peak at 1023 cm-1 also corresponds to the presence of common C-N bond stretching 

of amine groups. The peak identified at 773 cm-1 is the evidence of the C-H bending of the mono-

substituted and 1-2-disubstituted benzene derivative. The peak at 609 cm-1 represented the bond 

stretching of the halo compounds (C-Cl or C-Br). The peak present in the Ag-RGO-AA compound 

at the wavelength 1721 cm-1 corresponds to the C-H bending of aromatic compounds or C=O 

stretching of aldehydes, conjugated anhydrides, aliphatic ketones, carboxylic acids or α,β-

unsaturated esters. Strong C-O bond stretching of tertiary alcohol or the S=O bond stretching of 

sulfonamides, sulfones or sulfonic acids were represented by the peak at 1155 cm-1 (Blázquez et 

al., 2011; Dutta et al., 2013; Shao et al., 2015; Jiao et al., 2015; Infrared spectroscopy adsorption 

table, LibreTexts™). The FTIR spectrum of Ag-RGO (before adsorption) and Ag-RGO-AA (after 

adsorption) indicates a decrease in the intensity of the peaks for the latter one along with some 

shifts or changes in some of the characteristic bands. In case of Ag-RGO-AA, the peaks 
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disappeared at 1307 cm-1 and appeared at 1721 cm-1, 1264 cm-1, 859 cm-1, 816 cm-1. The peak of 

C-O shifted from 1109 cm-1 to 1155 cm-1. These results implied the possibility that adsorption may 

take place through an ion-exchange process rather than complexation (Kiran et al., 2005; Blázquez 

et al., 2011). Figs. 6.3(a) and 6.3(d) show the FETEM micrographs of GO and Ag-RGO. The 

images illustrate the sheet-like structures and homogeneous dispersion of GO and Ag-

nanoparticles on the RGO sheets, respectively. Ag-nanoparticles are found more or less uniform 

in shape and sizes (diameter: 34.49 nm to 61.70 nm) with an average particle diameter of 48.46 

nm (inset figure of Fig. 6.3(d)). According to Meng et al. (Meng et al., 2015), the Ag-RGO nano-

crystals with the Ag-particle (diameter of 40-45 nm), showed an efficient catalytic activity in 8 

min. and according to Bastus et al. (2014), the Ag-nanoparticles of diameter 53.2 nm 

functionalized easily than 19.7 nm and 103.1 nm particles (53.2 nm > 103.1 nm > 19.7 nm) 

and also stable enough against aggregation. Hence, high functionalization efficiency and catalytic 

activity, as well as naproxen degradation efficiency, may be provided by the newly synthesized 

Ag-RGO material without Ag-nanoparticles aggregation. Moreover, the larger size of the Ag-

particles may be due to some aggregation bound by the bio-organic capping molecules present in 

the leaves-extract (Maryami et al., 2016). Figs. 6.3(c) and 6.3(f) demonstrate the FESEM images 

of GO and Ag-RGO, which illustrate the even distribution of Ag-nanoparticles on RGO sites, 

which associates with presence of oxygen-containing polar functional groups on RGO surface 

(Bhunia and Jana, 2014; Li et al., 2017).   

 

Figs. 6.3(b) and 6.3(e) represent the SEAD pattern for GO and Ag-RGO. The four rings assigned 

to a face-centered cubic lattice plane of Ag-nanoparticles, which are (111), (200), (220), and (311). 

Meanwhile, the ring-shaped pattern of diffraction recommends the crystalline structure of Ag-

nanoparticles (Li et al., 2017). 

 

Figs. 6.4(a) and 6.4(b) represent the EDS spectrum of GO and Ag-RGO, respectively, which 

confirm the introduction of Ag-nanoparticles on the RGO sheet. Fig. 6.4(a) validates the presence 

of carbon and oxygen in GO. It is evident in Fig. 6.4(b) that the relative intensity of C decreased 

in Ag-RGO and Ag-nanoparticles are present in a significant amount (32.3 wt%). According to 

Divya et al. (2018), 30 wt% Ag-nanoparticles showed catalytic degradation/complex formation 

activity towards organic compounds (Rhodamine B), which may be the evidence of catalytic 
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degradation/complex formation efficiency towards naproxen (organic compound) in the present 

case. In the case of 30 wt% at an average diameter of 48.46 nm, the release rate of Ag-nanoparticles 

in the form of Ag+ depending on the pH value from the RGO surface to the solution is quite low. 

With increasing concentration (wt%) and decreasing size, the release rate increases (Molleman 

and Hiemstra, 2017). Hence, the presence of Ag+ in the acidic pH stacked on the RGO surface 

may increase the removal efficiency of the naproxen molecules by adsorption/complex formation. 

Images of multi-elemental EDS mapping of Ag-RGO is shown in Fig. 6.4(c), which indicates that 

the Ag-RGO composite is mainly composed of C, O, and Ag elements. 

 

6.3.2. Parametric effects on naproxen adsorption capacity 

6.3.2.1. Effect of pH on the naproxen adsorption capacity 

The adsorbate and adsorbent interaction depends on the following interactive forces (a) 

electrostatic attraction or repulsion between the charged adsorbent and naproxen molecules, (b) 

  interaction (between reduced graphene oxide and the benzene ring present in the naproxen 

molecules) and (c) H-bonding. The electrostatic interactive force depends on the isoelectric point 

(the pH at which a particular molecule behaves as electrically neutral in the statistical mean), which 

may shift towards the higher pH values with the increasing amount of doped materials (Zuccaro 

et al., 2015). In the case of the currently synthesized material, the doping percentage of the silver 

nanoparticles is 32.3 or higher, according to the EDS spectrum (Fig. 6.4(b)). Hence the pH of the 

solutions plays a vital role in the adsorption mechanism. The effect of pH on the NPX removal 

using Ag-RGO was studied at the pH values of 2.50, 4.50, 6.50, and 8.50. The acidic and basic 

pHs were maintained with the addition of 1 M HCl and NaOH solutions, respectively. The removal 

efficiency was higher at pH 4.50 than the highly acidic (pH 2.50) and highly basic (pH 8.50) 

conditions (Fig. 6.5(a)). Such adsorption nature could result in depending on the point of zero 

charges (PZCs) of the graphene-based materials (pHpzc ~ 6.0, the pH value when the surface has a 

net zero charge) (Zuccaro et al., 2015), and the ionization form of naproxen (pKa ~ 4.2). Hence, 

at pH > 4.2, ionization of NPX led to form anions. Additionally, at pH < 4.2, the adsorbent surface 

behaves as positively charged, and at pH > 6, the adsorbent surface behaves as negatively charged 

(Nodeh et al., 2018). 
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Fig. 6.3. (a) FETEM micrograph of GO, (b) SEAD pattern of GO, (c) FESEM image of GO, (d) FETEM micrograph of Ag-RGO, and 

size distribution of Ag-nanoparticles (inset figure), (e) SEAD pattern of Ag-RGO and (f) FESEM image of Ag-RGO.
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Thus, the high electrostatic interactions between the oppositely charged adsorbent surfaces and the 

naproxen anions ensured the high adsorption capacity and efficiency of Ag-RGO toward NPX at 

pH 4.50. At pH < 4.2, the ionic interaction is not possible, and at pH> 6, the electrostatic repulsive 

force between the naproxen anions and negatively charged surfaces of the adsorbent diminishes 

the adsorption capacity and efficiency. Moreover, when the pH value decreased, the detachment 

of Ag+ from the RGO surface increased (Molleman and Hiemstra, 2017). At pH 2.50, the number 

of Ag+ releases into the solution decreasing the adsorption on the adsorbent surface, whereas, at 

pH 4.50, most of the Ag+ ions remain on the RGO surface, increasing the adsorption capacity 

towards negatively charged naproxen anions. The maximum adsorption capacity and efficiency 

were obtained at pH 4.50, considered as the optimum pH value. 

 

 

Fig. 6.4. (a) EDS spectrum of GO, (b) EDS spectrum of Ag-RGO, and (c) EDS mapping of Ag-

RGO nanocomposite.  

 

(a) (b) 

(c) 
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6.3.2.2. Effect of the initial naproxen concentration on the adsorption capacity 

The effect of initial concentration on the adsorption capacities was studied using 100 mg dm, 50 

mg dm, and 25 mg dm NPX solutions at room temperature (298 K) for a fixed value of 

adsorbent dose (20.2 mg per 50 cm3). It was observed that for particular pH value, the adsorption 

capacity increases with the increase of initial NPX concentration in the solution, probably due to 

the availability of more NPX anions for adsorption before the surface vacant site saturation point 

reached (Fig. 6.5(b)). Beyond the saturation point, the adsorption capacity will remain constant, or 

some desorption will occur even if the initial concentration increases. At the present experimental 

condition, 100 mg dm-3 showed a higher adsorption capacity of 229.25 mg g-1 (92.62%) at pH 

4.50.  

 

6.3.2.3. Effect of the contact time on the naproxen adsorption capacity 

Generally, the physical adsorption capacity of the adsorbent material increases with the increase 

of contact time. However, when ionic interactions present between surfaces of the adsorbent and 

the adsorbate ions, the adsorption process becomes faster. The effect of contact time on the 

adsorption capacities was examined by mixing 20.2 mg of Ag-RGO into 50 cm3 aqueous solution 

of NPX (for the optimum pH value of 4.5 at different NPX concentrations of 25-100 mg dm-3) and 

collecting the samples at different time intervals (Fig. 6.5(c)). The removal efficiency reached to 

75.13% within 0.33 min and increased to 92.46% in 2.0-3.0 min for 100 mg dm-3 concentration at 

a pH value of 4.50. Which demonstrated the rapid adsorption of NPX on the adsorbent surface 

before reaching the equilibrium due to the possible interactions between the positively charged 

external surface and the negative NPX anions. The adsorption of NPX using Ag-RGO attained the 

equilibrium within 2.0 min to 3.0 min as the removal capacities were not changed significantly 

(Fig. 6.5(c)). Therefore, 3.0 min can be considered as the equilibrium time for further adsorption 

studies. 
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6.3.3. Adsorption kinetics 

Pseudo-first-order, pseudo-second-order, intra-particle diffusion, and Elovich models were used 

to estimate the kinetic parameters of the NPX adsorption at the pH 2.50-8.50, contact time 3 min, 

adsorbent dose 20.2 mg and initial NPX concentration of 100 mg dm-3 obtained from the previous 

optimization results (Fig. 6.5). 
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Fig. 6.5. Variations of the adsorption capacities depending on the (a) pH, (b) initial NPX 

concentration, and (c) contact time. 

 

The linearized form of the Pseudo-first-order model can be expressed as (Aydin et al., 2008; 

Bouhamed et al., 2012; Bouhamed et al., 2016) 
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( )
303.2

loglog 1tk
qqq ete           (6.4) 

The amount of NPX adsorbed (mg g-1) on the Ag-RGO nanocomposite at equilibrium and at time 

t are represented by qe and qt, respectively. The parameter, k1 is the first-order rate constant. The 

values of k1 were obtained from the log (qe – qt) versus t (min) plot for the variant concentration 

of NPX anions (Fig. 6.6(a)). The pseudo-second-order kinetic model can be represented by (Ozcan 

et al., 2005; Sandy et al., 2012; Demiral and Gungor, 2016) 

eet q

t

qkq

t


2
2

1
          (6.5) 

Where k2 is the second-order rate constant (g mg-1 min-1). The values of k2 and qe can be calculated 

from the intercept and slope of the plot of t/qt against t (Fig. 6.6(b)).  

The intraparticle diffusion equation is represented by (Ozcan et al., 2005; Bouhamed et al., 2012; 

Bouhamed et al., 2016) 

1/2
1t pq k t C             (6.6)  

where C1 is the intercept and kp is the rate constant (mg g-1 min-1/2) of the intra-particle kinetic 

model, which is obtained from the slope of qt versus t1/2 plot (Fig. 6.6(c)). This model is used to 

understand the steps of diffusion. The Elovich kinetic model is used to examine the presence of 

chemical adsorption processes, which is applicable to the heterogeneous absorbing surfaces. The 

linearized form of the Elovich equation is represented as (Homagai et al., 2010) 

t
bb

ba
q

ee

ee
t ln

1)ln(
           (6.7) 

where ae and be are the initial sorption rate (mg g-1 min-1) and the scope of surface coverage for 

the chemisorption (g mg-1), which are obtained from the intercept and slope of the qt versus lnt 

plot (Fig. 6.6(d)). The average relative errors (ARE%) were calculated by using Eq. (6.8) to find 

out the suitable match of the experimental data with the kinetic and isotherm models. 





N

cal

q

qq

N
ARE

1 exp

exp100
(%)         (6.8) 

Where N represents the number of data points. qexp and qcal (mg g-1) are the equilibrium values 

obtained from the experiment and the isotherm model, respectively.  
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The average relative errors (ARE%) were estimated to ascertain the deviation between the 

experimental data and the data obtained from the kinetic and isotherm models by using the Eq. 

(6.8). The parameters, calculated from the kinetic models, are tabulated in Table 6.1.  
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Fig. 6.6. NPX adsorption kinetics: (a) pseudo-first-order model, (b) pseudo-second-order model, 

(c) intra-particle diffusion model and (d) Elovich model. 

 

The experimental data fitted with the pseudo-second-order kinetic model with the higher 

correlation coefficient value of R2 = 0.99 and lower ARE% compared with the pseudo-first-order 

kinetic model at all pH values. The minimum value of k2 (k2 = 0.044) at pH 4.50 corresponds to 

the relatively high driving force of the concentration gradient sustained for more extended time for 

the adsorption of the NPX anions (NPX dissociation occurs at that pH value to form NPX anions) 
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towards positively charged binding sites of Ag-RGO surface giving higher adsorption capacity 

(Demirbas et al., 2009; Maryami et al., 2016). 

 

Table 6.1. Kinetic parameters for the NPX adsorption onto the Ag-RGO nanocomposite film 

(NPX concentration, 100 mg dm-3; the volume of NPX solution, 50 cm3; Ag-RGO dose, 20.2 mg; 

temperature, 298 K and contact time, 0.33 - 3 min). 

 

Kinetic models pH Kinetic parameters R2 ARE% 

Pseudo-first -order 2.50 k1 = 2.096 qe = 91.80 0.912 56.12 

4.50 k1 = 2.764 qe = 120.00 0.977 50.44 

6.50 k1 = 2.126 qe = 79.24 0.961 63.35 

8.50 k1 = 1.920 qe = 48.24 0.942 57.80 

Pseudo-second -order 2.50 k2 = 0.056 qe = 197.98 0.999 3.02 

4.50 k2 = 0.044 qe = 237.58 0.999 3.28 

6.50 k2 = 0.051 qe = 200.60 0.999 3.55 

8.50 k2 = 0.086 qe = 104.54 0.999 3.10 

Intra-particle diffusion 2.50 kp = 38.90 C1 = 132.68 0.954 1.45 

4.50 kp = 42.83 C1 = 168.55 0.922 1.63 

6.50 kp = 34.88 C1 = 143.12 0.921 1.64 

8.50 kp = 24.48 C1 = 66.90 0.964 1.14 

Elovich 2.50 ae = 1.09×105 be = 0.050 0.982 0.85 

4.50 ae = 3.08×105 be = 0.045 0.979 0.82 

6.50 ae = 3.29×105 be = 0.054 0.974 0.93 

8.50 ae = 0.29×105 be = 0.084 0.995 0.41 

 

The qe value at that pH (237.58 mg g-1) was only 3.63% higher than the experimental equilibrium 

value (229.25 mg g-1), and the qt values deviate with the low ARE% of 3.28.  This tendency 

provides the evidence of an indication that the rate-limiting step for the adsorption of NPX on the 

Ag-RGO surface followed the chemisorption process involving valence forces by sharing the 

electrons between the adsorbent surface and the adsorbate molecules. The increasing pH value 

causes the negatively charged surface, and the k2 values also increased from 0.044 to 0.086. In the 
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case of intra-particle diffusion model, the non- zero value of intercept C1 shown in Table 6.1 

explains the fact that the adsorption process follows a complex mechanism not only the intra-

particle diffusion as the rate-limiting step (Sohni et al., 2017; Umbreen et al., 2018). The higher 

value of kp (kp = 42.83) at pH 4.50 validates the existence of intra-particle distribution at that pH. 

According to the results shown in Table 6.1, the ae values of the Elovich model were high enough 

to satisfy the kinetic data, as demonstrated in Fig. 6.6, exhibiting fast adsorption kinetics where 

the equilibrium attained within 3 min. Moreover, the much lower values of be were also (smallest 

be =0.045, for pH 4.50) the evidence of excellent adsorption and effective π–π interaction between 

the Ag-RGO and NPX molecular surfaces (Zhao et al., 2011; Umbreen et al., 2018). At the pH 

value of 4.50, the Elovich model held a higher correlation coefficient value of R2 = 0.98, and the 

qt values deviate with the very low ARE% of 0.82, which was the authentication of the 

chemisorption process. 

 

6.3.4. Adsorption isotherms 

Adsorption isotherms experimented at the pH range of 2.50-8.50 with the 50 cm3 NPX solutions 

of different concentrations (25-100 mg dm-3) for the contact time of 3 min and the adsorbent dose 

of 20.2 mg in each case. Langmuir, Freundlich, Temkin, and Dubinine-Radushkevich (D-R) 

adsorption isotherm models were studied. The Langmuir adsorption model, applicable mainly for 

the monolayer adsorption processes where the surfaces of the adsorbent are uniform, can be 

represented as (Demirbas et al., 2009; Homagai et al., 2010) 

1e e

e o o

C C

q bq q
            (6.9) 

where Ce and qe are the solution concentration of NPX at equilibrium (mg L-1) and the amount of 

NPX adsorbed on the AC (mg g-1), respectively. The adsorption equilibrium constant is 

represented by b (L mg-1), and qo is the maximum adsorption capacity (mg g-1). The adsorption 

coefficients were determined from the intercept and slope of a plot of Ce/qe versus Ce (Fig. 6.7(a)). 

The heterogeneous systems are described by an empirical equation called Freundlich isotherm, is 

expressed as (Feng et al., 2009; Demiral and Gungor, 2016) 

efe C
n

kq log
1

loglog           (6.10) 
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The adsorption capacity and its intensity are represented by the terms kf and n, which were 

determined from the intercept and slope of log qe versus log Ce plot (Fig. 6.7(b)). 

The Temkin isotherm model accounts for the adsorbate and adsorbent interaction. The heat of 

adsorption decreasing linearly with the coverage and the uniform distribution of binding energy 

are the main assumptions of this model. The Temkin adsorption isotherm model can be represented 

as (Cheng et al., 2015) 

ete CBkBq lnln            (6.11) 

The Temkin adsorption isotherm constants kt (equilibrium binding energy, L mg-1) and B (related 

to the heat of sorption) were calculated from the qe versus lnCe plot (Fig. 6.7(c)). D-R model is 

generally used to analyze the sorption processes where the surface is heterogeneous, and the 

sorption potentials of the sorption sites are variable. The linear form of the D-R model is expressed 

as (Ghaedi et al., 2014) 

2'lnln Bqq se            (6.12) 

where ε is the Polanyi potential, related to the equilibrium as follows 











eC
RT

1
1ln           (6.13) 

In Eq. (6.12), qs and qe are the adsorption capacity (mol g-1) and the concentration of NPX in 

equilibrium on the adsorbent surface (mol g-1), respectively. The model constants qs and B’ (mol2 

kJ-2) are obtained from the lnqe versus ε2 plot (Fig. 6.7(d)). Ce is the solution concentration of NPX 

at equilibrium (mol L-1), R is the universal gas constant (8.314  10-3 kJ mol-1 K), and T (K) is the 

absolute temperature (Eq. (6.13)). The mean free energy of adsorption (E) is obtained by the Eq. 

(6.14), which is calculated with the aforementioned B' value (Gonzalez and Pliego-Cuervo, 2014). 

'2
1

B
E             (6.14) 
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Fig. 6.7, represents the isotherm models, and the model constants are described in Table 6.2, which 

indicate that the adsorption pathways or the isotherm followed changed with the change in pH 

values. Through the correlation coefficient, values were high enough; the experimental data were 

not satisfied by the Langmuir monolayer adsorption capacity as it showed a very high deviation 

from the experimental data at all the pH values. Hence, the experimental data may be satisfied by 

the Freundlich isotherm model.  
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Fig. 6.7. Adsorption isotherms: (a) Langmuir, (b) Freundlich, (c) Temkin, and (d) Dubinine-

Radushkevich (D-R). 
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Table 6.2. Adsorption isotherm constants for the sorption of NPX onto the Ag-RGO (NPX 

concentrations, 25, 50, 75, and 100 mg dm-3; the volume of NPX solution, 50 cm3; Ag-RGO dose, 

20.2 mg; temperature, 298 K and contact time, 3 min).  

 

Isotherms pH Constants R2 ARE% 

Langmuir 2.50 qo = 483.09 b = 0.026 0.927 2.61 

4.50 qo = 302.11 b = 0.414 0.993 3.74 

6.50 qo = 406.50 b = 0.039 0.958 2.77 

8.50 qo = 378.79 b = 0.006 0.924 1.57 

Freundlich 2.50 kf  = 17.44 n = 1.33 0.982 1.09 

4.50 kf  = 92.61 n = 2.18 0.971 1.16 

6.50 kf  = 22.63 n = 1.44 0.999 0.17 

8.50 kf  = 3.27 n = 1.19 0.999 0.18 

Temkin 2.50 B = 80.67 Kt = 0.38 0.983 4.30 

4.50 B = 64.84 Kt = 4.43 0.988 5.63 

6.50 B = 71.62 Kt = 0.56 0.954 7.92 

8.50 B = 44.61 Kt = 0.14 0.966 7.08 

D-R 2.50 qs = 0.046 B' = 0.0071 E = 8.39 0.988 5.74 

4.50 qs = 0.025 B' = 0.0037 E = 11.62 0.991 4.68 

6.50 qs = 0.036 B' = 0.0064 E = 8.84 0.998 3.68 

8.50 qs = 0.022 B' = 0.0088 E = 7.54 0.998 2.97 

 

The constant kf, which shows the tendency of the adsorbent to adsorb ranges from 3.27 to 92.71 

mg g-1 and n represents the potentiality of the adsorbate to be adsorbed, hold the values greater 

than 1 in all the cases. The highest values of kf  and n were obtained at pH 4.50, with the low ARE% 

of 1.16. The qe value calculated at that pH was 231.69 mg g-1, 1.06% higher than the experimental 

qe value (229.25 mg g-1). Therefore, the Freundlich isotherm model indicates the favorable 

multilayered adsorption of NPX on the heterogeneous surface of the Ag-RGO nanocomposite film. 

The positive values of the Temkin constant B obtained in the present context designate the 

endothermic nature of the process, which provides evidence of chemical or ionic interaction rather 

than the physical adsorption (Inam et al., 2017). The D–R isotherm model analyzed the mean free 
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energy (E) required for the adsorption process along with the type of adsorption. According to 

Kose et al. (2011), the free energy, E > 8 kJ mol-1 is responsible for the chemical adsorption 

process, but according to Argunet et al. (2007), when 8 kJ mol−1 < E < 16 kJ mol−1, ion-exchange 

is the governing factor. In the case of E > 16 kJ mol−1, the diffusion processes mainly govern the 

adsorption. As shown in Table 6.2, the E values varied from 7.54 (at pH 8.50) to 11.62, indicates 

that the nature of adsorption changes from physical to chemical or ion-exchange type with the 

change in pH values. A good agreement with the chemical or ion-exchange route of adsorption 

was observed at the optimum pH value (pH = 4.50), having a maximum E value of 11.62 kJ mol−1 

and minimum B' value (activation energy required for the adsorption process) of 0.0037 mol2  kJ-

2. The Langmuir isotherm and the pseudo-second-order kinetic model showed a higher correlation 

coefficient and fixed values for NPX adsorption, which could have a close similarity with the bond 

formation between the NPX anions and the positively charged groups; however, the higher 

correlation coefficients of Freundlich isotherm recommends more than one mechanism and a 

degree of heterogeneity for the ionic species present in the solution and on the substrate surface. 

Therefore, the results obtained from the experimental data make it difficult to suggest a specific 

mechanism for the adsorption of NPX anions on the surfaces of Ag-RGO nanocomposite film. 

Naproxen adsorption capacities of various kinds of adsorbents, along with their fitted kinetic and 

isotherm models were shown in Table 6.3. 

 

Table 6.3. Naproxen adsorption capacities of various kinds of adsorbents along with their fitted 

kinetic and isotherm models. 

Adsorbent 

used 

Kinetic 

model 

Isotherm 

model 

pH (-) for 

maximum 

adsorption 

Initial NPX 

concentration 

(mg dm-3) 

Maximum 

adsorption 

capacity 

(mg g-1) 

Reference 

Activated 

carbon from 

waste apricot 

Pseudo-

second-

order 

Langmuir 5.82 100-500 106.38 Önal et al., 

2007 

       

Activated coal - Freundlich 6.4 1×10-5-8×10-4 3.5 Yu et al., 

2008 
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Fe3O4-SiO2 

nanoparticles 

decorated GO 

- Freundlich 5.0 10-400 31.25 Nodeh et 

al., 2018 

RGO-

hydrogel 

Pseudo-

second-

order 

Langmuir 2.0 100-1000 360 Umbreen et 

al., 2018 

Activated 

carbon from 

agricultural 

byproduct 

Pseudo-

second-

order 

Langmuir 2.01 20 39.5 Baccar et 

al., 2012 

Natural clay Pseudo-

second-

order 

Freundlich 6.0 50 37.0 Khazri et 

al., 2016 

Activated 

biochar 

- Freundlich 6.5 3.30 64.5 Jung et al., 

2015 

Metal–organic 

framework 

MIL-101 

Pseudo-

second-

order 

Langmuir 5.0 1-20 154.0 Hasan et 

al., 2013 

Bone char Pseudo-

first-order 

Sips model 

(includes the 

features of 

both 

Langmuir and 

Freundlich) 

7.0 50-200 3.2 Avila et al., 

2015 

Carbon-based 

magnetic 

adsorbents 

Pseudo-

second-

order 

Langmuir 3.0 1-30 20.75 

(carbon 

nanotubes) 

87.79 

(activated 

carbon) 

Ilbay et al., 

2015 

Ag-RGO  Pseudo-

second-

order, 

Elovich 

Freundlich, 

D-R 

4.50 25-100 229.25 Present 

study 
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6.3.5. Statistical analysis 

The user-defined discrete design and reduced quadratic model of RSM were used to optimize the 

following three parameters: pH (A), initial NPX concentration (B, mg dm-3), and the contact time 

(C, min) to maximize the NPX adsorption capacity on the surface of Ag-RGO film. A statistical 

regression model equation was developed to optimize the parametric conditions of the adsorption 

process. The employment of the experimental process data and the variables, overall interactive 

effects on it make the methodology practicable. The average equilibrium adsorption data, qe (mg 

g-1) were used to acquire the predicted responses. The statistical analysis utilizes experimental 

data, and their interactions on the process which was accomplished by placing the experimental 

process data to a model equation expressed as (Eq. (6.15)) (Zhang et al., 2011a; Inam et al., 2017), 

iji
ji

ijj

k

j
jjj

k

j
jo exxxxY  



 2

11

      (6.15) 

where Y and βo represent the response and a coefficient (constant); βj, βjj and βij are the linear, 

quadratic and second-order interaction coefficients, xi and xj are the independent variables; k and 

ei are assigned for the number of designed factors and the error terms, respectively. The parameters 

are shown in Eq. (6.15) can be estimated by using the formula 

i

oi
i

x

xx
X




            (6.16) 

where xi and xo represent the coded and uncoded values (at the center point) of the ith independent 

variable, and ∆xi is the step change values between the low (-1) and high level (+1). The log10 

transformed and reduced quadratic model equation represented in terms of the coded factors is 

expressed by Eq. (6.17).  

log10 (qt) = + 2.16 + 0.0099A + 0.2963B +0.0597C – 0.0141BC 

– 0.0833A2 – 0.0912B2 – 0.0466C2    (6.17) 

 

Predictions about the response can be made using Eq. (6.17) in terms of coded factors. A large F-

value (5257.40) and a low p-value (< 0.05) validate the significance of the model and model terms. 

The predicted values were kind enough to estimate a precise response having the standard 

deviation (std. dev.), the coefficient of variance (CV, %), the adjusted and predicted R2 values of 

0.0069, 0.3437, 0.9993 and 0.9989, respectively. The CV value (is the ratio of the stand. dev. to 

the mean value of response) determines the reproducibility of the model. A model is considered as 
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sensitive if its CV value is less than 15%. The process optimization results, achieved from the 

design expert software, were quite similar to the experimental optimization results (Fig. 6.8). 

 

 

 

 

Fig. 6.8. Numerical optimization for the (a) independent factors varied within the range (pH, 

initial concentration, time) to get the maximum response (adsorption capacity) and (b) user-

defined factors (pH targeted to 4.50, NPX concentration and time focused to maximum) to get 

maximum response. 

 

The adsorption capacity obtained at the numerically optimized conditions (pH: 4.70, NPX 

concentration: 98.70 mg dm-3 and time: 2.49 min) is 233.10 mg g-1 (Fig. 6.8(a)), 1.68% higher 

than the value estimated at experimentally optimized conditions (229.25 mg g-1 at pH: 4.50, NPX 

concentration: 100 mg dm and time: 3 min). When the pH was targeted to 4.50, and the other 

two parameters were maximized, the adsorption capacity achieved from the design expert software 

was 228.98 mg dm, which was only 0.12% lower than the experimental value of 229.25 mg g-1 

as shown in Fig. 6.8(b). The 3D plot for the surface response of NPX adsorption onto the Ag-RGO 

nanocomposite film concerning the actual pH factor is represented in Fig. 6.9, where at the pH 
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25 100
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4.50 and NPX concentration 100 mg dm, the maximum adsorption capacity was obtained. Hence, 

the experimental observations were satisfied by the numerical analysis data. 

 

 

 

Fig. 6.9. 3D plot for the surface response of NPX adsorption onto Ag-RGO nanocomposite film 

concerning actual factor: pH = 4.50. 

 

6.3.6. Regeneration of the adsorbent 

The samples used in the highest adsorption conditions (pH 4.50, initial NPX concentration 100 mg 

dmand adsorption time 3 min) were regenerated by washing with a conventional solvent ethyl 

alcohol and reused again for the adsorptive removal of NPX.  
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Fig. 6.10. Effect of recycling numbers on the adsorbed amount of NPX over Ag-RGO composite 

(pH: 4.50, adsorption time: 3 min and initial concentration of NPX: 100 mg dm-3). 
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As shown in Fig. 6.10, the adsorption capacities of Ag-RGO towards NPX (100 mg dm) 

decreased slightly with the increasing number of recycles. However, the adsorption capacity 

decreased only 16.78% (38.47 mg dm) after the fifth cycle. The regeneration data demonstrated 

its possible application as a suitable adsorbent in commercial plants. 

 

6.4. Conclusion 

This study demonstrated that the newly synthesized Ag-RGO nanocomposite film (following a 

newly developed green route) provides significant removal efficiency of 92.62% for the NPX 

anions from their contaminated solutions. The adsorption process was highly dependent on the pH 

of the initial solution, and the maximum removal capacity of 229.25 mg g-1 was obtained at pH 

4.50 for the initial NPX concentration of 100 mg dmin less than 3 min. Pseudo-second-order 

kinetic model and Elovich model were best fitted with the experimental data indicating 

chemical/ion-exchange type of adsorption at the optimum pH value (pH 4.50). The innovative 

adsorption capacities were well explained by the Freundlich isotherm rather than the Langmuir 

isotherm, suggesting the multilayer adsorption on the heterogeneous surfaces for the naproxen 

removal process. The free energy (E) and the required activation energy (B') for the D-R adsorption 

isotherm holds the highest (E = 11.62 kJ mol−1) and lowest (B' = 0.0037) values at pH 4.50, also 

confirm the chemical or ion-exchange type of adsorption. The reduced quadratic model under the 

user-defined discrete design of RSM well explained the parametric optimization results from the 

experiments. Although the NPX adsorption by Ag-RGO film is encouraging, its mechanism is 

very complex and not precisely defined. Further studies are required to decide the exact mechanism 

of the adsorption process that occurred in the reaction medium. Lastly, the Ag-RGO 

nanocomposite film, having a high NPX adsorption capacity with fast kinetics, suggested a newly 

synthesized highly efficient adsorbent in the wastewater treatment industries with excellent 

recyclability. 
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Chapter 7 
 

 

Adsorptive Mass Transport in Millimetric 

Multichannel Device Packed with the Graphene-based 

Material 

 

The previous study, described in chapter three, revealed the fact that with the increase of flow rate 

or the introduction of air or the lowering of the cross-section of the channel, the mixing or mass 

transfer efficiency increases, and the column exhausted faster. However, due to the decrement of 

the residence time, the total adsorption capacity of the column decreases. Therefore, the lower 

flow rate and higher cross-sectional area without the introduction of air facilitates the higher 

adsorption capacity at the expense of some lower efficiency. This chapter seven reports the copper 

(II) adsorption behavior along with the parametric optimization for the multichannel-based packed 

adsorption device having a higher cross-sectional area without the introduction of air.   

 

7.1. Introduction 

Freshwater is one of the essential natural resources on our planet, and it is in a limited amount. 

With the ever-increasing population and demand, we need to be more judicious in our usage of 

fresh water and make sure we leave more than a sufficient amount for our future generations. The 

quality of water has also deteriorated over the years. Large-scale industries dump their wastewater 

into the water bodies. Industries like electroplating, battery manufacturing, chemical 

manufacturing, and metal finishing generate large-amount of wastewater, which have a high 

concentration of heavy metals. The presence of heavy metals is hazardous to the environment due 

to their toxicity and bioaccumulation tendency. Heavy metals such as copper can be harmful to 

human health if it is consumed in moderate to high concentrations. The World Health Organization 

(WHO) has recommended that the maximum allowable concentration of Cu (II) in drinking water 
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is 1.5 mg dm-3 (Anirudhan et al., 2013). Therefore, the remediation of copper contamination is 

environmentally and economically advantageous. Adsorption is one of the most important and 

widely used separation process approved by the industries. 

 

The researchers have studied the adsorption capacities and efficiencies of the various types of 

adsorbents like activated carbon (Mondal and Majumder, 2019a and 2019b), chitosan (Li and Bai, 

2005; Ngah and Fatinathan, 2008), kaolinite (Hizal and Apak, 2006), zeolite (Elwakeel et al., 

2018), and silica gel (Wang et al., 2009), etc. for years. Reduced graphene oxide (Zhang et al., 

2014; Fu and Huang, 2018) or graphene oxide composite (Kong et al., 2017; Huang et al., 2018) 

might be a suitable adsorbent due to its high surface area, high adsorption capacity, and affinity 

towards the metal contaminants. In the present context, amine-functionalized reduced graphene 

oxide was tested for the adsorptive removal of copper (II), as the functional group amine can form 

covalent bonds with most of the metals ions, which can increase the adsorption capacity of the 

adsorbent. As per previous literature, most of the copper (II) adsorption studies were performed in 

batch mode (Kong et al., 2017; Elwakeel et al., 2018; Huang et al., 2018; Mondal and Majumder, 

2019a and 2019b). Though the batch processes are safe and easy to manage, it requires more 

energy, more cost, and longer time. However, Continuous processes are efficient and cost-

effective. With the revolution of the industries, the amount of contaminated effluents increases. 

Therefore, the continuous mode of operation is essential to attend the recent increasing demand of 

the industries, which is signified by the application of fixed bed adsorption devices packed with 

the adsorbent materials (Hessel et al., 2005). The packing materials in a fixed bed intensified the 

interaction properties, increasing the mass transport or adsorption rate. The continuous operation 

in a fixed bed device provides higher adsorption capacity than that in the batch adsorption 

(Barquilha et al., 2017). The design of a particular fixed-bed adsorption device operating in the 

continuous mode, with its higher removal capacity as well as efficiency using an efficient packing 

material, for the removal of the metal contaminant is required. The copper (II) (heavy metal 

contaminant) adsorption studies performed by the various investigators in the fixed bed devices of 

higher dimensions are shown in Table 7.1. The details about all the models stated in Table 7.1 

have been described in Table 7.2. As described in Table 7.1, though the adsorption studies were 

performed in the continuous mode using different kinds of adsorbent materials, these studies were 

carried out in the columns of larger dimensions.  
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Table 7.1. Details of copper adsorption studies performed in the fixed beds. 

Adsorbent used Operational 

parameters 

Influent copper 

(II) 

concentration 

(mg dm-3) 

Influent 

volumetric 

flow rate 

(ml min-1) 

Model investigated Operating 

pH (-) 

Thomas 

maximum 

adsorption 

capacity 

(mg g-1) 

Reference 

Functionalized SBA- 

15 mesoporous silica  

 

Polyamidoamine 

Flow rate and bed 

height 

31.8 – 317.8 0.4 – 0.8 Thomas and Bed 

depth service 

time models 

4.5 – 4.8 101.67 Shahbazi et 

al., 2013 

Chitosan–zeolite 

composite 

Bed height 15.0 – 40.0 0.17 Bed depth service 

time and Clark 

model 

1.0 – 6.0 25.96 Ngah et al., 

2012 

Kenaf (Hibiscus 

cannabinus, 

L) fibers 

Flow rate and bed 

height 

100.0 4.0 – 9.0 Thomas and Bed 

depth service 

time models 

5.0 47.27 Hasfalina 

et al., 2012 

Surface-modified 

Eucalyptus 

globulus seeds 

Initial 

concentration, flow 

rate 

and bed height 

25.0 – 150.0 5.0 – 25.0 Thomas, Bed 

depth service 

time and Yoon-

Nelson models 

- 300.5 Kumar et 

al., 2015 

Magnetized sawdust 

(Fe3O4– 

SD) 

Initial 

concentration, flow 

rate 

10.0 – 30.0 15.0 – 

25.0 

Thomas, Adam-

Bohart and Yoon-

Nelson models 

5.0 31.89 Kapur and 

Mondal, 

2016 
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and bed height 

Amino-

functionalized ramie 

stalk 

Initial 

concentration flow 

rate 

and bed height 

19.1 – 44.5 3.0 -5.0 Thomas, Adam-

Bohart, Yoon-

Nelson, and Bed 

depth service 

time models 

5.0 33.55 Wang et al., 

2018b 

Sugarcane bagasse Initial 

concentration, flow 

rate 

and bed height 

76.95 1.4 Thomas and 

Adam-Bohart 

models 

6.0 66.85 Xavier et 

al., 2018 

Yersiniabactin, 

immobilized to 

XAD16 resin 

Flow rate and pH 2.0 – 6.2 10.0 – 

30.0 

Thomas and 

Modified dose 

response models 

5.0 – 7.0 7.63 Moscatello 

et al., 2018 

Tetraethylene 

pentamine-modified 

sugarcane bagasse 

Initial 

concentration, flow 

rate 

and bed height 

20.0 6.25 Thomas and Yoon-

Nelson Models 

5.1 16.52 Chen et al., 

2017 

Natural and 

immobilized 

marine algae 

Sargassum sp. 

Initial 

concentration, flow 

rate 

and bed height 

49.25 – 49.63 6.0 Thomas model 5.0 130.90 Barquilha 

et al., 2017 
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Sodium 

hydroxide-modified 

oil palm frond 

Flow rate 

and bed height 

100.0 8.2 – 24.7 Adams-Bohart, 

Thomas and Yoon-

Nelson Models 

4.5 13.87 Salamatinia 

et al., 2008 

Dried 

activated sludge and 

dried activated nano-

sludge 

Flow rate 

and bed height 

25.0 2.0 – 6.0 Thomas model 3.0 5.5 Ahmari et 

al., 2015 

Activated charcoal 

and bone charcoal in 

1: 1 ratio 

Flow rate 

and bed height 

100.0 10.0 – 

30.0 

Thomas model, 

Yoon-Nelson 

model 

- 54.31 Tadepalli et 

al., 2016 

Cedrus deodara 

sawdust 

Flow rate 

and bed height 

93.0 1.8 – 5.3 Bohardt-Adams, 

Wolborska, 

Modified dose-

response, and 

Thomas model 

- 55.63 Mishra et 

al., 2013 

Modified chitosan 

hydrogel 

Initial 

concentration, flow 

rate 

and bed height 

50 - 100 0.2 – 0.4 Adams-Bohart, 

Thomas and Yoon-

Nelson Models 

6.0 45.0 Kavianinia 

et al., 2012 

Lignocellulosic 

wastes 

Initial 

concentration, flow 

rate 

50 - 100 1.0 – 3.0 Adams-Bohart, 

Thomas and Yoon-

Nelson Models 

5.5 60.21 Chowdhury 

et al., 2015 
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and bed height 

Sugarcane Bagasse Initial 

concentration, flow 

rate 

and bed height 

18.0 100 - 200 Thomas, Adams-

Bohart and 

Yoon-Nelson 

models 

5.0 3.98 Duga et al., 

2016 

Activated carbon 

prepared from nipa 

palm nut 

Initial 

concentration, flow 

rate 

and bed height 

50 - 150 5.0 – 10.0 Thomas, and 

Yoon-Nelson 

models 

7.0 17.22 Nwabanne 

and 

Igbokwe, 

2012 

 

 

Table 7.2. Details about all the models investigated previously for the adsorption in the fixed bed. 

Model Equation Parameters (unit) 

Adams-Borhart 
0 0

0ln 1 AB
AB

t

C K N l
K C t

C U

 
   

   

KAB = Adams-Borhart rate constant (ml mg-1 min-1), 

N0 = The sorption capacity of the adsorbent per unit 

volume of the bed (mg ml-1), l = bed length for 

horizontal channel (m), and U = Actual velocity 

inside the bed (m min-1). 

Thomas 

 0
0 0

1

1 exp

t

T
t

C

C K
q M C V

Q


 

  
 

 

Linearized form: 

KT = Thomas rate constant (ml min-1 mg-1), and q0 

= Adsorption capacity of the adsorbent (mg g-1). 
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0 0 0ln 1 T T
t

t

C K q M K C
V

C Q Q

 
   

 
 

Yoon-Nelson 
 '

0

ln t
YN

t

C
K t t

C C

 
  

 
 

KYN = Yoon-Nelson model-constant (min-1), and tˊ 

= The required time for 50% adsorbate 

breakthrough (min). 

Bed depth service 

time (BDST) 
0 0

0 0

1
t ln 1

BDST t

N C
l

C U C K C

 
   

 
 

KBDST = Rate constant for Bed depth service time 

model (ml mg-1 min-1), N0 = The sorption capacity of 

the adsorbent per unit volume of the bed (mg ml-1), 

l = bed length for a horizontal channel (m), and U = 

Actual velocity inside the bed (m min-1). 

Dose-Response 

0 0

0

1
1

1

t
a

C

C C Q

q M

 
 

  
   

a = Constant (-), and q0 = Adsorption capacity of 

the adsorbent (mg g-1). 

Clark 1

1

0

1

1

n
t

rt

C

C Ae





 
     

A & r = The Clark model constants (-), and n = The 

Freundlich parameter (-). 
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Moreover, nowadays, the milli- and microchannel-based devices are gaining importance as a 

simple and inexpensive means of achieving high process efficiency. Due to their reduced sizes, 

milli- and micro-channels can minimize the imperfections associated with the larger-scale 

equipment. The transport phenomena can be enhanced by packing the channel with any solid 

materials efficient for the phase interactions. Though the Micro- and milli-channels have the 

limitations of high throughput, they are used to enhance the applications which involve surface 

phenomena (for example, adsorption) as they include the usage of high surface areas for the small 

amount of volume, treated based on their hydrodynamics and phase mixing. Strong capillary forces 

differentiate the hydrodynamics between giant- and miniature-packed beds. In the case of the 

miniature packed beds, the mass transfer resistance is negligible, and the overall mass transfer is 

mostly coupled with the kinetic studies, provides the additional advantages of the miniature 

devices. The throughput of the small channel can be increased by increasing the numbers of the 

parallel channels in a single device. The hydrodynamics and mixing properties, as well as the 

separation efficiencies, depends on the dimensional variation of the devices. The hydrodynamic 

behaviors of the larger dimensional devices are different from the devices of the smaller 

dimensions. Hence, for designing an efficient adsorption device of a smaller dimension, the study 

of the hydrodynamics and the mixing characteristics inside the device are essential as the mixing 

efficiency highly affects the other parameters like transport rate, product yield, and selectivity. 

Moreover, the parallel multichannel devices are more efficient than the series of channels of the 

same dimension (Kockmann, 2007). The multi-millimetric channels provide the fast mixing effect 

and the compact transport properties. As a result, it can be used for multiple purposes like heat and 

mass exchange, mixing, and chemical reactions (Guo et al., 2018). 

 

From the previous literature, few studies on hydrodynamics and RTD are available for the flow-

through millimetric packed single channel of cylindrical geometry (Tidonaet al., 2012; Knoblochet 

al., 2013; Faridkhou and Larachi, 2014), square geometry (Faridkhou and Larachi, 2014; Serres et 

al., 2018), and the rectangular millimetric multichannel, especially with packing (Losey et al., 

2001; Faridkhou et al., 2016), without packing (Guo et al., 2018). However, these studies were not 

sufficient in the field of hydrodynamics for the flow through the packed miniature devices. As per 

our knowledge, the packed multichannel-based millimetric devices are used for the chemical 

reactions that occurred under high pressure, and temperature like the Fischer–Tropsch synthesis 
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(Knobloch et al., 2013), and hydrogenation reaction (Losey et al., 2001), no adsorption study was 

executed in such channel geometries. In spite of that, the copper (II) adsorption behavior of the 

amine-functionalized RGO is also unavailable in the previous studies. There is no particular 

relationship between the hydrodynamic parameters and the contaminant removal efficiency of the 

adsorbent materials. In the present study, the hydrodynamics and mixing characteristics for the 

flow through the packed multichannel bed were studied by the pulse tracer input method. The 

mixing characteristics depending on the operating variables were addressed based on the available 

correlations. A new correlation is proposed based on the experimental results to predict the mixing 

intensity. Secondly, the copper adsorption studies were carried out in the aforementioned packed 

multichannel-based device. The coated glass beads of diameter 3.0 × 10-4 – 4.0 × 10-4 m were used 

as the packing materials, where RGO-NH2 acted as the adsorbent. The kinetic mass transfer rate 

or adsorption rate is also correlated with the hydrodynamic parameters. The present study will 

provide the readers with an overall idea about the impact of hydrodynamics and mixing on the 

adsorption phenomena or any kind of transport, which will be helpful for designing the 

multichannel-based millimetric transport devices. 

 

7.2. Experimentation 

7.2.1. Reagents and instrumentation 

Hydrogen peroxide (H2O2, 30%, M.W. = 34.01 g mol-1), Sulfuric acid (H2SO4, 98%, M.W. = 98.08 

g mol-1), Nafion® 117 binders (5% in a mixture of lower aliphatic alcohol and water), and Amine 

functionalized reduced graphene oxide (RGO-NH2) were purchased from Sigma-Aldrich. 

Hydrochloric acid (HCl, 37.0%, M.W. = 36.46 g mol-1) and potassium chloride (KCl, 99.5%, 

M.W.= 74.55 g mol-1) of ACS reagent grade were supplied by Merck Life Science Private Limited. 

Glass beads of an average diameter (dp) of 350 µm was purchased from Apex Abrasives Industries, 

and copper (II) sulfate pentahydrate (CuSO4.5H2O, 98.5%, M.W. = 249.69 g mol-1) was supplied 

by HiMedia Laboratories. Field Emission Scanning Electron Microscope (FESEM) (Make: Zeiss, 

Model: Sigma, Germany) was used to examine the surface morphology of the Piranha cleaned, 

and RGO-NH2 coated glass beads. Deionized water from the Milli-Q water purification system 

(Millipore, MA, USA) was used in the experiment.  
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The main experimental section consists of a rectangular multichannel (11 channels) block packed 

with the glass beads. The dimensions of each channel were 2 × 10-3 m width (w) and 1.2 × 10-3 m 

height (h). The total length (l) of all the channels was 9.7 × 10-1 m, and the average of the total 

length was considered as the length (li) of each channel (8.82 × 10-2) of the multichannel block. 

The particle diameter (dp) is considered as the characteristic length in the case of the packed bed. 

It was assumed that the flow was equally divided among the channels. A schematic diagram of the 

experimental setup is shown in Fig. 7.1.  

 

 

Fig. 7.1. (a) Schematic diagram of the experimental setup (b) Snapshot of the experimental 

setup, (c) Top view of the experimental multichannel block, (d) Conductivity meter, and (e) AAS 

instrument. 

 

A syringe pump (supplied by Amar Equipments Pvt. Ltd.) was used to regulate the aqueous 

volumetric flow rate (with or without copper contaminations) through the channels, and the tracer 

solution was inserted (pulse input) into the system just before the inlet point through an injection 
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port. A pre-calibrated differential pressure transmitter (Make: Electronet Equipments Pvt. Ltd., 

Model: ELPRT100SDP, Accuracy: ± 0.075% of URL for turndown ratio ≤ 10:1) was connected 

at the inlet and outlet points to measure the pressure drop with respect to the volumetric flow rates 

of the fluid. An electrical conductivity meter (Model: VSI-04 ATC Deluxe, VSI Electronics Pvt. 

Ltd., India) was used to measure the conductivities of the collected samples to determine the tracer 

concentrations. A hot air oven (Model: Digital, Make: SoNuu, India) was used for the drying of 

the coated glass beads. Atomic Absorption Spectrophotometer (AAS) (Model: Spectra AA 220FS, 

Make: Varian) was used to measure the copper concentration (with the help of concentration versus 

absorbance calibration) during the experimentation. All the experiments were performed at room 

temperature (298 K). 

 

7.2.2. Experimental methods 

7.2.2.1. Piranha Cleaning 

The glass beads were cleaned by the Piranha solution so that the coating can be stabilized on the 

etched beads for a longer time. The Piranha solution was made by mixing 30% H2O2 and 98% 

H2SO4 in a 1:3 ratio. The glass beads were dipped into the Piranha solution and were kept for an 

hour. Thereafter, the glass beads rinsed with deionized water several times to wash away all the 

acid. Then the glass beads were dried in the oven at 333 K for a day. The FESEM images of the 

Piranha cleaned, and the RGO-NH2 coated glass beads are shown in Fig. 7.2. Piranha solution, a 

mixture of sulfuric acid (H2SO4) and hydrogen peroxide (H2O2), is a strong oxidizing agent. 

Therefore, it can remove most of the organic matters by etching, increasing the surface roughness 

(Jradi et al., 2011), and it can also hydroxylate most of the surfaces (adding -OH groups) (Ismail, 

2016), making them highly hydrophilic in nature. Due to the increase of roughness (rough surface 

is visible in Fig. 7.2(b)), functionality, and the hydrophilicity, the stability of the coated materials 

on the Piranha cleaned surface increases (Jradi et al., 2011). 

 

7.2.2.2. Mixing studies (Residence Time Distribution, RTD) 

Firstly, the packed channel (packed with uncoated glass beads) was filled with the fresh Milli-Q 

water so that the air inside the channel is removed. Then the syringe pump was started, and the 0.5 

ml of 1 M KCl solution as a tracer was injected just before the inlet of the packed bed by the pulse 

input method. The stopwatch was started immediately with the pulse input, and the samples were 
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collected at the outlet with the same time intervals. The conductivities (S m-1) of the collected 

samples were measured to estimate the concentrations of the tracer solution at the outlet point with 

respect to time. At the same time, the differential pressures (minimum 20 readings) were noted 

down, and the average of the readings was considered as the actual pressure difference between 

the inlet and outlet points. The same processes were repeated by varying the flow rates of the fluid.   

 

 

Fig. 7.2. FESEM image of the glass beads, (a-b) Piranha cleaned, and (c-d) RGO-NH2 coated. 

 

7.2.2.3. Coating of glass beads 

The glass beads were coated with RGO-NH2 with the help of the Nafion binder. A mixture of 50 

mg RGO- NH2 and 10 ml Nafion (5%) was sonicated for an hour. After the sonication, the glass 

beads were added into the prepared colloidal solution and kept in the hot oven (at 313 K) to dry 

for 24 hours. When the glass beads were completely dried, it was packed inside the bed, and the 

device becomes ready for the adsorption study. After each individual adsorption study, the 

exhausted packing materials were removed, and the device was packed by the new live one.  

 

7.2.2.4. Procedure to perform the adsorption studies 

Copper solutions of different concentrations (2.5 mg dm-3, 5 mg dm-3 and 10 mg dm-3) were passed 

through the packed bed (packed with the coated glass beads) at different flow rates (2 ml min-1, 5 

ml min-1, 10 ml min-1 and 15 ml min-1) using a syringe pump. The bed was packed with a constant 
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amount of adsorbent, 4.231 mg (estimated by subtracting the weight of uncoated glass beads from 

the coated one used for the packing). The pressure differences at different flow rates were recorded 

by a differential pressure transmitter, fitted with its two terminals at the two ends of the bed.  After 

switched on the syringe pump, the samples were collected from the outlet at an equal interval of 

time. The concentration of the Cu(II) ions in the outlet samples (Ct) were determined by the 

calibrated AAS instrument. All the adsorption experiments were performed at a normal pH range 

of 5.40 - 5.45, which held after the preparation of the copper solutions. 

 

7.3. Theoretical background 

7.3.1. Pressure drop analysis 

The pressure drop analysis was done according to section 3.3.1. The properties of the multichannel 

device, packing materials, and the flowing fluid through the channel of higher cross-sectional area 

(multichannel block – 2) as shown in Table 3.1. 

 

7.3.2. Residence Time Distribution (RTD) analysis 

7.3.2.1. Moment analysis and the axial dispersion model 

The moment analysis and the axial dispersion model were demonstrated according to section 

3.3.2.1 in Chapter 3. 

 

7.3.2.2. Velocity distribution model 

The analysis of the velocity distribution model was analyzed in section 3.3.2.2 in Chapter 3. 

 

7.3.3. Specific energy dissipation and the mixing performance in the 

multichannel packed bed 

The specific energy dissipation (Ed) and the mixing performance in the multichannel packed bed 

device were estimated in a similar way, as shown in section 3.3.3 in Chapter 3. 

 

7.3.4. Adsorption study 

The total treated volume of the fluid (Veff, ml) for the adsorption is calculated by using the Eq. (7.1) 

(Kapur and Mondal, 2016; Tsai et al., 2016). 
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eff tV Qt            (7.1) 

where tt (min) is the total time of flow. The quantity of the total contaminant adsorbed ( '
tq , mg) is 

calculated by 

 '
0

00
1000 1000

t t
t t t t

t ad t
tt

Q Q
q C dt C C dt

 



          (7.2) 

where C0 and �� are the inlet solute concentration (mg dm-3) and the solute concentration in the 

effluent (mg dm-3), respectively. Cad (mg dm-3) is the quantity adsorbed at time tt.  Q is the 

volumetric flow rate of the fluid (ml min-1). The total quantity of copper (II) fed to the packed bed 

(mt, mg) can be estimated by following Eq. (7.3) (Kapur and Mondal, 2016; Tsai et al., 2016). 

0

1000
t

t

C Qt
m             (7.3) 

The total removal percentage (%R) of the soluble contaminant is calculated as 

% 100t

t

q
R

m

 
  
 

          (7.4) 

The error percentages (%E) between the experimental (qexp) and the calculated (qcal) values are 

determined by  

exp

exp

% 100
calq q

E
q


           (7.5) 

where qexp and qcal are the adsorption capacities obtained from the experiment, and from the model 

equation, respectively. 

 

7.3.4.1. Modeling of adsorption in channels 

Thomas and Yoon-Nelson models are extensively used to investigate the adsorption kinetics in the 

packed bed (Salamatinia et al., 2008; Kumar et al., 2015; Wang et al., 2018b). The present study 

was concentrated to find out the best-suited model for the adsorption occurred, which can explain 

the adsorption kinetics, the characteristics of the breakthrough curves, and finally can estimate the 

adsorption capacity of the channel-based packed bed device for the removal of Cu (II). 
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7.3.4.1.1. Thomas model 

The Thomas Model is very effective in the estimation of the adsorption capacity and the parameters 

of the kinetic model for continuous flow through the packed bed. The expression given by Thomas 

for the analysis of the performance of a packed bed is (Thomas, 1944; Baek et al., 2007)  

 0
0 0

1

1 exp

t

T
a t

C

C K
q M C V

Q


 

  
 

        (7.6) 

The linearized form of the Thomas model is as follows 

0 0 0ln 1 T a T
t

t

C K q M K C
V

C Q Q

 
   

 
        (7.7) 

where Ma is the total mass of the adsorbent (g), Vt is the volume of fluid passed at time t. q0 is the 

total adsorption capacity of the adsorbent (mg g-1), and KT is the Thomas rate constant (dm3 min-1 

mg-1). 

  

7.3.4.1.2. Yoon-Nelson model 

This model does not control by the physical properties of the adsorption bed, characteristics of the 

adsorbate, and the nature of the adsorbent materials. The linearized form of the Yoon-Nelson 

model is represented by (Yoon and Nelson, 1984) 

 '
0

ln t
YN

t

C
K t t

C C

 
  

 
         (7.8) 

where the Yoon-Nelson model-constant, the sampling time, and the required time for 50% 

adsorbate breakthrough are denoted by KYN (min-1), t (min), and tˊ (min), respectively. The values 

of KYN and tˊ are estimated from the intercept and slope of the 0ln[C /( )]t tC C  versus time (t) plot. 

 

7.4. Results and discussion 

7.4.1. Mixing characteristics 

7.4.1.1. Effect of volumetric flow rate on RTD curves and axial dispersion model 

(ADM) 

At the lower flow rate, the RTD curves become broader, which corresponds to the higher mean 

residence time (tm) (Fig. 7.3). The Peclet number, one of the most important axial dispersion model 
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parameters, which generally reflects the degree of mixing, increases with the increase in flow rate 

or Reynolds number (Fig. 7.4(a)). The Peclet number is significant to measure the relative extent 

of the advection versus diffusion, where a larger number indicates an advection dominated 

distribution, and a smaller number indicates a diffusive flow. Almost in all the cases of the packed 

bed, the same trend of increasing Peclet number with the increasing flow rate was obtained (Chung 

and Wen, 1968; Yuan et al., 2004; Zhang et al., 2016; Rastegar and Gu, 2017; Sharma et al., 2017). 

At the low velocities, when the Peclet number holds the lower value, the diffusive process 

dominates. In that case, the dispersion coefficient is proportional to the ratio of the diffusion 

coefficient and the tortuosity (�). At the higher velocities of the fluid, when the Peclet number is 

higher (Pea > 10), the dispersion by the advection will dominate (Zhang et al., 2016). The inversion 

of the Peclet number (Pea) is called the channel dispersion number. The RTD curves become 

broader with the higher values of the channel dispersion number, as shown in Fig. 7.3 (Rossi et 

al., 2017). As per the present experiment, the lowest flow rate (1.0 ml min-1) corresponds to the 

highest dispersion number (1.11 (-)) for the single channel, and the values varied from 0.51 (23.0 

ml min-1) to 1.11. The axial dispersion coefficients were calculated from the RTD curves.  
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Fig. 7.3. The RTD curves at different flow rates (the inset figure is the broad view of the RTD 

curve at the flow rate of 12.0 ml min-1). 

A higher liquid flow rate resulted in the higher axial dispersion coefficient, as shown in Fig. 7.4(b), 

where the Peclet number and the axial dispersion coefficient have been calculated by using the Eq. 

TH-2503_156107032



Chapter - 7 

 

206 
 

(3.11) and Eq. (3.10), respectively. With the increasing volumetric flow rate, the rate of specific 

energy dissipation increases, which results in higher axial dispersion, as shown in Fig. 7.5(a). In 

the present case, the specific energy dissipation (Ed) values were <102 W kg-1 (10-2 < Ed < 10-1); 

hence, the mixing processes were affected by the molecular diffusion with the various flow rates 

of fluid (Su et al., 2016).  
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Fig. 7.4. Variation of the (a) Peclet number, and (b) axial dispersion coefficient with respect to 

the Reynolds number. 
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Fig. 7.5. Variation of the (a) Rate of specific energy dissipation, and (b) the Dax/Dm ratio with 

respect to the Reynolds number. 

Dax/Dm ratio increases with the increasing Reynolds number indicates the fact that the axial 

dispersion coefficient dominates over the diffusion coefficient at higher velocities (Fig. 7.5(b)).  
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Fig. 7.6. Variation of the mean residence time (tm), and the variance (σ) of RTD with respect to 

the volumetric flow rate. 

When the flow rate increases, the Reynolds number increases, giving the tracer molecules less time 

to pass the device (Fig. 7.6). With the increasing liquid flow rate, the retention time in the device 

decreases, which decreases the overall mass transport. The RTD parameters, Reynolds number, 

pressure drop, and the specific energy dissipation for the individual channel are shown in Table 

7.3.  

 

7.4.1.2. Effect of pressure drop on mixing characteristics 

Pressure drop is one of the most important factors to estimate the performance of a millichannel-

based packed bed. Pressure drop is depleted into the energy input required for the process of 

mixing. Pressure drop for the continuous flows through the packed systems depends on the particle 

Reynolds number (Rep) and increases with the increase of the aforementioned dimensionless 

number. The Reynolds number increases with the increasing flow velocity and the decrease of the 

Fanning friction factor (fˊ). The pressure drop is dependent on the Reynolds number, which 

increases with the increase of the volumetric flow rate, is shown in Fig. 7.7. 
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In the present context, the mixing efficiencies of the multichannel-based device are explained in 

terms of breakthrough curves in the context of their volumetric flow rate as well as pressure drops.  
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Fig. 7.7. Pressure drop variation with respect to the Reynolds number. 
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Table 7.3. Mean residence time, Particle Reynolds number, and the coefficient of axial dispersion Dax in the multichannel based packed 

bed device for different flow rates with a KCl of 1 mole dm-3 solution (T = 298 K). 

Total 

volumetric 

flow rate, 

Q (ml min-

1) 

Velocity 

through 

an 

individual 

channel, 

Ui (m min-

1) 

Mean 

residence 

time, tm 

(min) 

Total 

pressure 

drop, ΔPf 

(N m-2) 

Particle 

Reynolds 

number for 

an 

individual 

channel, 

Rep (-) 

��
� (-) Axial Peclet 

number of 

the 

multichannel 

packed bed, 

Pea (-) 

Axial 

dispersion 

coefficient for 

an individual 

channel, Dax 

(m2 min-1) 

Specific 

energy 

dissipation 

for the 

individual 

channel, Ed 

(W kg-1) 

1.0 3.79 × 10-2 8.4 5.28 × 103 0.80 2.83 × 10-1 9.91 4.77 × 10-5 1.01 × 10-2 

4.0 1.52 × 10-1 2.23 5.79 × 103 3.18 2.72 × 10-1 10.23 1.85 × 10-4 4.44 × 10-2 

5.0 1.90 × 10-1 2.22 5.95 × 103 3.98 2.66 × 10-1 10.41 2.27 × 10-4 5.71 × 10-2 

8.0 3.03 × 10-1 1.22 6.23 × 103 6.37 2.24 × 10-1 11.90 3.18 × 10-4 9.56 × 10-2 

10.0 3.79 × 10-1 0.95 6.42 × 103 7.96 1.91 × 10-1 13.54 3.49 × 10-4 1.23 × 10-1 

12.0 4.55 × 10-1 0.74 6.57 × 103 9.55 1.60 × 10-1 15.72 3.61 × 10-4 1.51 × 10-1 

15.0 5.68 × 10-1 0.57 6.72 × 103 11.94 1.40 × 10-1 17.53 4.04 × 10-4 1.93 × 10-1 

18.0 6.84 × 10-1 0.51 6.91 × 103 14.32 1.29 × 10-1 18.76 4.53 × 10-4 2.38 × 10-1 

20.0 7.56 × 10-1 0.50 7.03 × 103 15.91 1.14 × 10-1 10.90 4.62 × 10-4 2.70 × 10-1 

23.0 8.70 × 10-1 0.48 7.14 × 103 18.30 1.10 × 10-1 21.56 5.04 × 10-4 3.15 × 10-1 
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7.4.1.3. Generation of correlation between the axial dispersion coefficient and 

the molecular diffusion coefficient 

The axial dispersion coefficient is a function of different operating variables such as the actual 

velocity (U), density (�), viscosity (�) of the fluid, the hydraulic diameter (dH) of the individual 

channel, and the particle diameter (dp) of the packing material, etc. The dimensional analysis yields 

the following relation 

   
1 1

, , ,
Re/ /

ax mH

p p pp eff p eff

D Dd
f

d Wed U d U 

 
 
 
 

       (7.9) 

 Multiple regression analysis was done to generate the correlation of the axial dispersion 

coefficient with the molecular diffusion coefficient, which can be expressed as 

0.064 0.064/ 1.18(Re ) 1.18ax m p p pD D Ca We          (7.10) 

The correlation coefficient and the standard error of the Eq. (7.10) was found to be 0.97, and 0.05, 

respectively (The theory for the calculation of the correlation coefficient and standard error with 

ANOVA is given in Appendix – I). The proposed correlation is valid within the range of operating 

variables: 0.80 < Rep < 18.30, 1.85 × 10-5 < Wep < 9.77 × 10-3.  
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Fig. 7.8. Variation of the (Dax/Dm) ratios with respect to the Reynolds number. 
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The Dax/Dm values obtained in the present context are compared with the values obtained from the 

various correlations of Taylor (1953), and Aris (1956) (Eq. (3.14)); Squires and Quake (2005), and 

Ajdari et al. (2006) (Eq. (3.15)); and Zeiser et al. 2001 (Eq. (3.20)), and shown in Fig. 7.8. The 

present proposed correlation satisfied the experimental data with a maximum error of 5.0%. When 

the experimental results were compared with the available correlations, the correlation suggested 

by Zeiser et al. (2001), closely resembled the experimental data with the maximum error of 25% 

(Fig. 7.8). 

 

7.4.2. Results of the adsorption studies 

7.4.2.1. Breakthrough curves (BTCs) 

The variation of concentration of Cu (II) ions with respect to time for different flow rates and 

initial levels of concentrations is called the breakthrough curve. The breakthrough curves are 

essential for determining the adsorption capacity and efficiency of the adsorbent material in the 

packed bed at the breakthrough point, as well as at the exhaustion point (the point where the vacant 

sites of the adsorbent saturated by the adsorbate molecules). At first, during the startup, the effluent 

remains free from the contaminant, which becomes available in the effluent after the breakthrough 

point. At the exhaustion point, the concentration of the contaminant in the influent and effluent 

becomes same. The points where the ratios of the effluent to influent concentrations of the 

contaminant reached 0.1 were considered as the breakthrough points, and when it reached to 0.95, 

those were considered as the exhaustion points in the present experiment. Longer the breakthrough 

time (tb) indicates higher efficiency of the adsorbent material packed in the channel in removing 

the desired contaminant. That is, the removal capacity of the packed material is high, and it will 

function for a longer time without regeneration/replacement. Such materials, device geometry, and 

operating conditions are always convenient in surface adsorption technology, especially for water 

treatment technology. 

 

7.4.2.2. Effect of flow rate on the breakthrough curve 

Influent flow rate is one of the most important factors for the determination of the effectiveness of 

the adsorbents in the continuous flow fixed-bed adsorption device. The effect of the influent flow 

rate for the adsorptive removal of Cu (II) on the RGO-NH2 coated glass beads was studied by 

changing the influent flow rates (2, 5, 10, and 15 ml min-1) for a fixed initial concentration of the 
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contaminant. Fig. 7.9 shows the plot of normalized Cu (II) concentration (Ct/C0) and time (t) at the 

varying flow rates. The similar types of variations were observed for the different influent 

concentrations (2.5 mg dm-3 (Fig. 7.9(a)), 5.0 mg dm-3 (Fig. 7.9(b)), and 10.0 mg dm-3 (Fig. 

7.9(c))). At the higher flow rate, the breakthrough point appeared readily, and for a fixed 

concentration, the saturation point of bed reached faster for the flow rate of 15.0 ml min-1 and 

reached slower for the flow rate of 2.0 ml min-1. As the velocity increased for 2.0 ml min-1 to 15.0 

ml min-1 at the copper concentration of 2.50 mg dm-3, the Cu (II) molecules eluted faster, and the 

time of breakthrough decreased from 48 to 5 min (Table 7.4). The essential BTC parameters are 

tabulated in Table 7.4. The speed of the adsorption zone increased at the higher flow rates, and the 

time required to achieve the breakthrough concentration was lower as compared to that at the lower 

flow rate (Fig. 7.9). 
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Fig. 7.9. Breakthrough curves for the Cu(II) solution at the different flow rates of (a) 2.5 mg dm-

3, (b) 5.0 mg dm-3 and, (c) 10.0 mg dm-3. 
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From Table 7.4, it is clear that the Cu(II) removal percentage, as well as the adsorption capacity, 

decreased with the increasing flow rate. The mass transfer rate increased with the increasing 

velocity, which magnified the rate of adsorption. Hence, at the higher flow rate, the early 

breakthrough point was observed. At the higher flow rates, the residence time or the contact time 

of the adsorbate molecules in the packed bed was lower, so the intra-particle diffusion phenomena 

between the adsorbate and the adsorbent molecules did not accomplish properly. Therefore, the 

total adsorption capacity decreased, and the equilibrium was not achieved.  

 

Table 7.4. Estimated parameters from the breakthrough curves for the adsorption of Cu (II) on the 

RGO-NH2 coated glass beads at different influent flow rates and concentrations. 

Q (ml 

min-1) 

Concentration 

(mg dm-3) 

tb (min) Veff (ml) tt (min) mt (mg) qt (mg) % R 

2.0 2.5 9.53 96.0 48.00 0.240 0.095 39.58 

2.0 5.0 7.93 80.0 40.00 0.404 0.166 41.04 

2.0 10.0 7.00 60.0 30.00 0.606 0.268 44.15 

5.0 2.5 1.98 85.0 17.00 0.212 0.078 36.54 

5.0 5.0 1.86 70.0 14.00 0.354 0.131 37.15 

5.0 10.0 1.73 52.5 10.50 0.530 0.205 38.75 

10.0 2.5 0.78 80.0 8.00 0.200 0.065 32.31 

10.0 5.0 0.72 65.0 6.50 0.328 0.109 33.18 

10.0 10.0 0.53 47.5 4.75 0.478 0.166 34.67 

15.0 2.5 0.48 75.0 5.00 0.187 0.058 31.15 

15.0 5.0 0.43 60.0 4.00 0.303 0.098 32.19 

15.0 10.0 0.33 45.0 3.00 0.454 0.152 33.43 

 

It was the evidence of the fact that the saturation time increases with the decrease in flow rate. It 

is due to the combined effect of the higher residence time, along with the availability of the higher 

number of contaminant molecules for a particular concentration. When the bed acquired a higher 

value of exhaustion point, longer time required to saturate the adsorbent inside the bed, eventually 

larger volume of inflow passed, increasing the availability of a higher number of adsorbate 

molecules though the concentration was fixed. Hence, lower flow rates, as well as the lower 
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concentrations of the contaminant, are desirable for the feasible operation of packed bed adsorption 

devices for its better efficiency, capacity, and durability. 

 

From Table 7.4, it was clear that compared to the other flow rate intervals, %R differs significantly 

when the flow rate was increased from 2.0 – 5.0 ml min-1. It is probably due to the disappearance 

of the dead zones. According to Guo et al. (2018), it was assumed that the flow is equally divided 

into the individual channels. However, practically it did not happen. According to Menon et al. 

(2019), in the case of the packed bed, when the flow rate increases, the dead zone decreases, 

increasing the active region. From the experimental results, it is evident that in the present case of 

the millimetric multichannel system, most of the dead zones are converted to the active zone for 

the changes of flow rate from 2.0 – 5.0 ml min-1. Therefore, the deviation in %R was maximum in 

that case. 

 

7.4.2.3. Effect of initial concentration on the breakthrough curve 

The adsorption experiment was conducted with different concentrations of Cu (II) ions: 2.5 mg 

dm-3, 5.0 mg dm-3, and 10.0 mg dm-3. The typical variations of the breakthrough curves depending 

on the initial concentrations of the contaminant are shown in Fig. 7.10.  

 

For a fixed flow rate (2.0 ml min-1 (Fig. 7.10(a)), 5.0 ml min-1 (Fig. 7.10(b)), 10.0 ml min-1 (Fig. 

7.10(c)), and 15.0 ml min-1 (Fig. 7.10(d))), it was observed that the saturation point of the bed was 

reached earliest for the 10.0 mg dm-3 solution, and reached latest for the 2.5 mg dm-3 solution. 

Therefore, the saturation time decreases with an increase in initial concentration as with the 

increasing concentration, the number of contaminant molecules increases in a particular volume. 

The higher number of contaminant molecules occupied the vacant sites of the adsorbent readily. 

However, with the increment of influent concentration, due to the higher concentration gradient, 

the mass transfer rate and the adsorption capacity increases for a particular flow rate. As shown in 

Table 7.4, the highest adsorption capacity was obtained at a lower flow rate (2.0 ml min-1), and 

higher influent concentration (10.0 mg dm-3). Therefore, though the lower concentration is suitable 

for longer operation times, a higher concentration is preferable to achieve an elevated adsorption 

capacity. 
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Fig. 7.10. Breakthrough curves for the Cu(II) solution at the different influent concentration of: 

(a) 2.0 ml min-1, (b) 5.0 ml min-1, (c) 10.0 ml min-1, and (d) 15.0 ml min-1 Cu (II) solution at 

different influent concentrations. 

 

7.4.3. Dynamic modeling of adsorption in channel-based packed bed device 

7.4.3.1. Thomas model for the adsorption study 

According to the Thomas model, the effect of influent concentration on the adsorption capacity is 

shown in Fig. 7.11. The stiffness of the straight line increases with the increase of concentration 

at a particular flow rate, which signifies the decrease of the KT values with the increase of the 

adsorption capacity due to the availability of the more number of adsorbate molecules. The lowest 

KT value (Thomas model parameter) and highest adsorption capacity (q0) were obtained for the 
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influent concentration of 10.0 mg dm-3 at a 2 ml min-1 flow rate are 0.035 dm3 min-1 mg-1, and 

61.91 mg g-1, respectively. The Thomas model parameters are shown in Table 7.5. 

From Table 7.5, it is clear that when the influent concentration is increased, the KT values were 

found to decrease, and the adsorption capacity increased for a particular flow rate due to the 

presence of a sufficient concentration gradient. The opposite trend was followed for the increasing 

flow rate at a particular concentration due to the shorter residence time. The calculated adsorption 

capacity values from the Thomas model satisfied the experimental data with higher correlation 

coefficients of 0.96 to 0.99, and the percentage errors of 12 – 15%. From the analysis, it is obvious 

that the adsorption process does not follow the second-order rate equation properly, as per one of 

the assumptions of the Thomas model. 

 

0 20 40 60 80 100
-10

-8

-6

-4

-2

0

2

4

6

8

 

 

(a)
Flow rate = 2.0 ml min

-1

 2.5 mg dm
-3

 (R
2
 = 0.982)

 5.0 mg dm
-3

 (R
2
 = 0.950)

 10.0 mg dm
-3

 (R
2
 = 0.970)

ln
(C

0/C
t -

 1
) 

(-
)

V
t
 (ml)

0 20 40 60 80 100
-10

-8

-6

-4

-2

0

2

4

6

8(b)

 

 

Flow rate = 5.0 ml min
-1

 2.5 mg dm
-3

 (R
2
 = 0.989)

 5.0 mg dm
-3

 (R
2
 = 0.991)

 10.0 mg dm
-3
 (R

2
 = 0.969)

ln
(C

0/C
t -

 1
) 

(-
)

V
t
 (ml)

0 20 40 60 80 100
-10

-8

-6

-4

-2

0

2

4

6

8(c)
Flow rate = 10.0 ml min

-1

 2.5 mg dm
-3

 (R
2
 = 0.995)

 5.0 mg dm
-3

 (R
2
 = 0.956)

 10.0 mg dm
-3

 (R
2
 = 0.956)

 

 

ln
(C

0/C
t -

 1
) 

(-
)

V
t
 (ml)

0 20 40 60 80 100
-10

-8

-6

-4

-2

0

2

4

6

8(d)

 

 

Flow rate = 15.0 ml min
-1

 2.5 mg dm
-3

 (R
2
 = 0.967)

 5.0 mg dm
-3

 (R
2
 = 0.958)

 10.0 mg dm
-3

 (R
2
 = 0.960)

ln
(C

0
/C

t -
 1

) 
(-

)

V
t
 (ml)

Fig. 7.11. Thomas model plot for the concentration variation at the constant flow rate, (a) 2 ml 

min-1, (b) 5.0 ml min-1, (c) 10.0 ml min-1, and (d) 15.0 ml min-1. 
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Table 7.5. Thomas kinetic model constants at the different experimental conditions. 

Flow rates 

of fluid (ml 

min-1) 

Initial Cu (II) 

concentrations 

(mg dm-3) 

KT (dm3 

mg-1 

min-1) 

q0 (mg g-1) - 

experimental 

q0 (mg g-1) - 

calculated 

R2 %E 

2.0 2.5 0.085 21.94 24.64 0.98 12.30 

2.0 5.0 0.049 38.39 43.19 0.95 12.48 

2.0 10.0 0.035 61.91 71.19 0.97 15.00 

5.0 2.5 0.202 17.96 20.73 0.99 15.42 

5.0 5.0 0.132 30.41 34.42 0.99 13.19 

5.0 10.0 0.083 47.54 53.30 0.97 12.11 

10.0 2.5 0.414 14.95 17.25 0.99 15.41 

10.0 5.0 0.265 25.22 28.20 0.96 11.82 

10.0 10.0 0.178 38.48 43.65 0.96 13.43 

15.0 2.5 0.679 13.51 15.59 0.97 15.40 

15.0 5.0 0.420 22.59 26.02 0.96 15.22 

15.0 10.0 0.314 35.16 39.97 0.96 13.68 

 

The efficiency of the millimetric multichannel device compared to the conventional copper 

adsorption columns available in the literature, in terms of the Thomas rate constant values, are 

tabulated in Table 7.6. 

 

Table 7.6. Copper (II) adsorption efficiencies of the columns in terms of Thomas rate constant 

(KT). 

Column dimensions Largest KT value 

(dm3 min-1 mg-1) 

Reference 

Borosilicate glass column (I.D. = 1.8 cm, 

and length = 76 cm) 

2.57 × 10-4 Tsai et al., 2016 

Circular column (length = 75.5 cm) 1.28 × 10-2 Mishra et al., 2013 

Cylindrical column (I.D. = 4cm, and total 

height of the column =100 cm) 

2.68 × 10-5 Tadepalli et al., 2016 
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A glass column (I.D. = 1 cm, and height = 

30 cm) 

1.30 × 10-7 Kavianinia et al., 2012 

Pyrex glass column (I.D. = 4.5 cm, and 

height = 30 cm) 

4.30 × 10-7 Chowdhury et al., 2015 

Cylindrical column (I.D. = 5 cm, and 

height = 30 cm) 

3.61 × 10-5 Duga et al., 2016 

A glass adsorption column (I.D. = 30 mm, 

and length = 300 mm) 

1.67 × 10-4 Nwabanne and Igbokwe, 

2012 

Jacketed stainless steel column (I.D. = 2.8 

cm, and height = 50 cm) 

3.00 × 10-2 Barquilha et al., 2017 

Laboratory‐scale glass column 

(I.D. = 0.6 cm, and length 12 cm) 

2.50 × 10-5 Shahbazi et al., 2013 

PVC  column (I.D. = 10  cm, and  height = 

70  cm) 

7.38 × 10-5 Hasfalina et al., 2012 

A glass column (I.D. = 3 cm, and height = 

40 cm) 

2.96 × 10-3 Kumar et al., 2015 

A glass column (I.D. = 1.1 cm, and height 

= 15 cm) 

9.62 × 10-6 Wang et al., 2018b 

Bio-Rad chromatography columns 

(2.5 × 10, 5 × 30, and 5 × 50 cm) 

8.01 × 10-3 Moscatello et al., 2018 

Perspex up-flow column (I.D. = 45.0 mm, 

and height = 110.0 mm) 

3.58 × 10-3 Salamatinia et al., 2008 

A glass tube (I.D. = 2/5 cm, and length = 

50 cm) 

7.05 × 10-6 Ahmari et al., 2015 

A jacket glass column (I.D. = 1.0 cm, and 

length = 10.0 cm) 

1.29 × 10-3 Xavier et al., 2018 

A glass column (I.D. = 2.54 cm, and length 

= 30 cm) 

2.60 × 10-3 Kapur and Mondal, 2016 

Rectangular millimetric multichannel 

device 

6.79 × 10-1 Present work 

*N.B.: I.D. = Internal diameter. 
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In the present case, the most significant rate constant value is quite higher (6.79 × 10-1 dm3 min-1 

mg-1), than the conventional columns, where the values laid within the range of 4.30 × 10-7 to 1.28 

× 10-2 dm3 min-1 mg-1, represented the higher efficiency of the experimental multichannel device 

(Mishra et al., 2013; Chowdhury et al., 2015). 

 

7.4.3.2. Yoon-Nelson model 

Yoon-Nelson model is a simple theoretical model to examine the behavior of the breakthrough 

curves of the adsorption processes. Yoon –Nelson model constants (KYN) for the various flow rates 

and concentrations are obtained from the slope of the straight line of ln[Ct/(C0 – Ct)] vs. t, which 

are shown in Fig. 7.12 and tabulated in Table 7.7. 

 

Table 7.7. Yoon-Nelson kinetic model constants at different experimental conditions. 

Flow 

rates of 

fluid (ml 

min-1) 

Initial Cu (II) 

concentrations 

(mg dm-3) 

KYN (min-

1) 

tˊ (min) - 

experimental 

tˊ (min) - 

calculated 

R2 %E 

2.0 2.5 0.212 19.33 20.85 0.98 7.83 

2.0 5.0 0.233 16.93 18.42 0.97 8.78 

2.0 10.0 0.352 13.87 14.91 0.97 7.53 

5.0 2.5 0.505 6.46 7.02 0.98 8.60 

5.0 5.0 0.669 5.59 5.76 0.98 3.09 

5.0 10.0 0.839 4.10 4.47 0.97 9.04 

10.0 2.5 1.034 2.68 2.92 0.99 9.15 

10.0 5.0 1.341 2.15 2.36 0.96 10.00 

10.0 10.0 1.799 1.77 1.83 0.96 3.14 

15.0 2.5 1.696 1.60 1.76 0.97 10.21 

15.0 5.0 2.120 1.33 1.45 0.96 9.42 

15.0 10.0 3.174 1.08 1.12 0.96 3.01 
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It can be noticed that the model equation fulfilled the experimental data satisfactorily with the 

higher regression coefficient of > 0.96. The percentage errors between the experimental and 

predicted tˊ (the time required for the 50% breakthrough) values lie within the range of 3.0 – 

10.0%, which proves the better match of the model compared to the Thomas model.  
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Fig. 7.12. Yoon-Nelson model plot at the flow rate: (a) 2 ml min-1, (b) 5.0 ml min-1, (c) 10.0 ml 

min-1, and (d) 15.0 ml min-1. 

 

From Table 7.7, it is clear that with the increase of both the flow rate and Cu(II) concentration, the 

KYN value increased, whereas the tˊ value decreased. At the higher concentration, the Cu(II) 
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molecules raised competition to occupy the vacant sites on the surface of the adsorbent, which 

resulted in a higher adsorption rate. 

 

7.4.3.3. The effect of the Peclet number and the Damköhler number on the 

kinetic mass transfer rate (adsorption rate) 

The recovery percentages by adsorption as a function of the Peclet number and the Damköhler 

number can be expressed as (Levenspiel, 1999) 

 
2 2

4 exp / 2
% 100

(1 ) exp( / 2) (1 ) exp( / 2)
e a

e a e e a e

a Pe
R

a Pe a a Pe a
 

   
    (7.11) 

where 

1 4( / )e aa Da Pe            (7.12) 

where Da is the Damköhler number, a dimensionless number, which is expressed as the ratio of 

the adsorption rate to the diffusive mass transfer rate, and thus quantifies the effect of convection-

diffusion on the overall adsorption process. The Damköhler number (Da) for the nth-order reaction 

can be represented as  

1
0
n

r tDa K C t            (7.13) 

where Kr is the kinetic mass transfer rate (rate of adsorption). As the Thomas model satisfied the 

experimental adsorption data with 12-15% error, the adsorption process was not recommended to 

follow the second-order kinetic model properly, and the axial dispersion was also encountered 

effectively. In general, adsorption is a complex multistep process, and the kinetic studies provide 

valuable insights into the sorption mechanisms, which include mass transfer, diffusion, and surface 

phenomenon. However, in reality, the kinetic models are not enough to describe the complex 

adsorption processes. Putting the values of n = 1 (for the first-order reaction), and the other 

experimental data in the above Eq. (7.13), the Kr (min-1) values for different flow conditions are 

calculated and tabulated in Table 7.8. According to Tadepalli1 and Murthy (2017), during the 

column adsorption studies of copper (II), the mass transfer coefficients hold the values in the order 

of 10-12 for the variable flow rate and bed height. However, Losey et al. (2001) reported the average 

reaction rate in the range of 10-4 – 10-3 for the cyclohexane hydrogenation reaction in the 

microfabricated multiphase packed-bed reactors. In that point of view, the experimental 
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millimetric multichannel packed-bed device was efficient enough, having the kinetic mass transfer 

rate in the range of 10-2 – 10-1, as shown in Table 7.8. 

 

Table 7.8. Calculated Kr values at various flow conditions. 

Flow rates 

of fluid (ml 

min-1) 

Initial Cu (II) 

concentrations 

(mg dm-3) 

ae (-) Pea (-) %R (-) - 

calculated 

Da (-) Kr (min-1) 

2.0 2.5 1.183 10.08 39.52 1.007 2.10 × 10-2 

2.0 5.0 1.180 10.08 40.14 0.989 2.47 × 10-2 

2.0 10.0 1.164 10.08 41.01 0.894 2.98 × 10-2 

5.0 2.5 1.192 10.41 36.54 1.095 6.44 × 10-2 

5.0 5.0 1.189 10.41 37.15 1.077 7.69 × 10-2 

5.0 10.0 1.181 10.41 38.75 1.027 9.78 × 10-2 

10.0 2.5 1.166 13.54 32.31 1.217 1.52 × 10-1 

10.0 5.0 1.162 13.54 33.18 1.186 1.82 × 10-1 

10.0 10.0 1.155 13.54 34.67 1.131 2.38 × 10-1 

15.0 2.5 1.132 17.53 31.15 1.233 2.47 × 10-1 

15.0 5.0 1.129 17.53 32.19 1.204 3.01 × 10-1 

15.0 10.0 1.124 17.53 33.43 1.154 3.85 × 10-1 

when Da ˂ 1, the diffusion rate is higher than the adsorption rate and reaches equilibrium earlier 

as in case of influent flow rate 2 ml min-1.  The adsorption rate is greater than the diffusion rate for 

Da > 1, and the distribution is diffusion-limited as like the situation encountered by the influent 

flow rate of 5 ml min-1 to 15 ml min-1 (Table 7.8). Therefore, the limiting phenomena change with 

the changes in the volumetric flow rate of the influent. If the Peclet number is considered constant 

for a particular flow rate, then with the increase of concentration total operation time of the device 

and the Damköhler number decreases, but the kinetic adsorption rate increases due to the presence 

of higher concentration gradient as shown in Table 7.8. The adsorption rate also increases with the 

increase of flow rate as well as the Peclet number due to the availability of the greater number of 

adsorbate molecules within less time interval, but the total adsorption capacity decreases due to 

the less operation time of the device. A multistage regression analysis was done to predict the 
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correlation of %R as a function of Peclet number (Pea) and the Damköhler number (Da), which is 

expressed as 

   
0.096 0.85801% 4.95 10 aR Pe Da
 

         (7.14) 

The values estimated by the Eq. (7.14) satisfied the experimental data within 0.68% deviation. The 

correlation coefficient and the standard error were 0.99 and 0.006, respectively, within the 

operating ranges of 10.08 < Pe < 17.53, and 0.89 < Da < 1.23. 

7.4.4. Regeneration of the adsorptive multichannel based fixed-bed device 

The multichannel-based packed bed device was regenerated by passing 0.05 M hydrochloric acid 

(HCl) solution at the flow rate of 5.0 ml min-1 for 60 min. It is known that with the increase of HCl 

concentration in the solution, the regeneration efficiency increases, but the higher acidic condition 

may peel off the coating from the surface of the glass beads. Hence, such a lower acidic medium 

was used in the present case. The recycling process was repeated for at least five times, and it was 

reused again for the adsorption study at a flow rate of 2.0 ml min-1 with the influent concentration 

of 10.0 mg dm-3. It was observed that the adsorption capacities of the regenerated adsorbent were 

decreased by only 5.45% after five times regeneration, as shown in Fig. 7.13. 
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Fig. 7.13. Recycling of the adsorbent material. 
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Therefore, the multichannel-based packed bed device (packed by the RGO-NH2 coated glass 

beads) showed excellent adsorption efficiency as well as the regeneration efficiency.  

 

7.5. Conclusion 

With the variation of volumetric flow rates from 1.0 to 23.0 ml min-1, the Peclet number varies 

from 9.91 to 21.56. The increase in the volumetric flow rate increases the frictional pressure drop. 

As the Reynolds number increases, the specific energy dissipation rate and the Dax/Dm ratio 

increases, which indicates that at the higher velocity, the axial dispersion coefficient is dominating 

over the diffusion coefficient. The higher-pressure drop corresponds to the higher mixing 

efficiency for the packed bed, providing the required energy input to the mixing process. The 

proposed correlation for the ratio of axial dispersion and molecular diffusion coefficient satisfied 

the experimental data within a ± 5.0% error. From the adsorption studies, it can be concluded that 

with the increase of velocity, the mass transfer coefficient increases, but due to the less residence 

time, the adsorption capacity decreases. Both the mass transfer coefficient and the adsorption 

capacity increases with the increase in influent concentration due to the increase of the 

concentration gradient. However, from the perspective of the bed, the operational view, higher 

concentration saturates the device earlier, and the regeneration requires in a short time. Hence, the 

packed bed should be operated at a lower flow rate and lower concentration to get the performance 

for a longer time. In the present case, the optimum condition was 2.0 ml min-1 flow rate and 10.0 

mg dm-3 concentration with respect to operational time and capacity. The RGO-NH2 showed 

sufficient adsorption capacity towards the copper ions concerning the other RGO composites 

available in the literature. Both the Thomas and Yoon-Nelson models satisfied the experimental 

data within a 15.0% error. The newly developed correlation for the %R met the experimental data 

within 0.68% deviation. The packed bed was regenerated well with the decrement of the adsorption 

capacity of 5.45% after five recycle. From the overall analysis, it can be concluded that the 

millimetric multichannel packed bed device, as well as the RGO-NH2 may be used for the 

adsorptive removal of copper (II) contaminant to fulfill the increasing demand of the society. 
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Chapter 8 
 

 

Overall Conclusions and Recommendations  

 

This chapter summarizes the overall conclusions drawn from the previously discussed chapters 

and provides the recommendations for further work. 

 

8.1. Overall conclusions 

 The present work has been tried to fabricate a millichannel-based transport device, 

provided with a higher efficiency towards the transport processes. In this concern, 

the different millimetric geometries were considered. The hydrodynamics inside 

the devices were studied, as the transport processes depend on the flow behavior 

inside the geometries. The geometries are used in the heat transfer and extractive 

mass transfer applications. The millimetric geometry was then packed with the 

synthesized graphene-based material, and utilized as an effective and efficient 

adsorptive mass transport device. Hence, this study contains a vast field from 

material synthesis to its applications in the separation or water purification 

processes in millichannel-based devices.  

 In the case of the multiphase flows through the packed geometries of identical 

dimensions, the serpentine packed channels provide better mixing characteristics 

over the straight channels at the expense of higher frictional pressure loss, due to 

the initiation of the Dean flow creating greater turbulence. The pressure drop values 

increases from 5.86 × 105 N m-3 to the 9.64 × 105 N m-3, for the multiphase flow 

through the serpentine geometry at the same volumetric flow rates of the fluids. 

 At the higher Reynolds number value (Rem,p = 455), due to the effect of Dean flow 

(curvature effect), the Nusselt number value was found to be higher for the packed 

serpentine channel (Num,p = 18.73) compared to the straight channel geometry 

(Num,p = 16.18). Moreover, at a particular Nusselt number value (Num,p = 18), the 
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local entropy generation rate was lower in case of the serpentine channel (dsˊ = 

23.66 × 102 W K-1 m-1) over the straight channel (dsˊ = 25.15 × 102 W K-1 m-1). The 

serpentine packed channel geometry is more efficient than the straight channel with 

respect to the heat transfer between the phases providing higher Nusselt number 

and the lower entropy generation. 

 The performance study of the packed and unpacked serpentine channel reveals that 

the extraction efficiency of the packed channel is higher (85-99%) than the 

unpacked channel (80-91%). The overall volumetric mass transfer coefficient 

values (KLa) were 8.33×10-3 s-1, and 8.37×10-3 s-1 for the unpacked and packed 

serpentine millichannels, respectively, at the same residence time of 120 s. 

 The graphene-based nanocomposite materials are efficient enough with respect to 

the adsorption capacity associated with their faster kinetics. The Ag-RGO 

nanocomposite showed the maximum naproxen removal capacity of 229.25 mg g-

1 at pH 4.50 for the initial NPX concentration of 100 mg dmin less than 3 min 

(NPX removal efficiency was 92.62%). 

 From the copper (II) adsorption studies, performed in a millimetric multichannel-

based packed bed device under the continuous mode, it is clear that with the 

increase of velocity, the mass transfer coefficient increases, but the overall 

adsorption capacity decreases due to the decrease in residence time. Both the mass 

transfer coefficient and the adsorption capacity increases for the higher influent 

concentration because of an increased concentration gradient. However, the higher 

concentration saturates the device earlier, and the regeneration requires in a short 

time. Hence, the packed bed devices should be operated at a lower flow rate and 

lower concentration to get the performance for a longer time. 

 The millichannel-based packed bed devices may be used in heat and mass transport 

applications, where high efficiency and precession are required. The millchannel-

based fixed-bed devices may also be applicable in a highly reactive environment 

where high heat and pressure are generated. 
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8.2. Recommendations for further work 

The probable recommendations for future research in the prescribed field can be summarized as 

 All the contaminated samples were synthetic (laboratory-made); hence the synthesized 

materials and the device can be used for the real industrial effluents where the interferences 

are present, which will cause the changes of the results. 

 The mass or heat transport performances for the serpentine channels were higher than the 

straight channel geometries. However, the differences between their performances were 

negligible. The acceptable differences may be achieved by changing the curvature ratios 

and the number of bending in the near future. 

 The experimental data obtained from the fluid flow operations can be compared with the 

results of the CFD simulations. 

 The metal ion extractants are mainly the LIX and Cyanex group of chemicals, which are 

costly. The new cheap extractant with better extraction efficiency and better recovery 

during stripping can be synthesized by applying the retrosynthetic analysis techniques. 

 The synthesized adsorbent material was not selective for a particular contaminant. The 

selective nature can be provided, either by changing the surface properties or by making 

the surface functionality with the specific groups. 

 In the continuous mode of operation, RGO-NH2 was used as the adsorbent material, which 

is a costlier one. The synthesis of cheap adsorbent provided with the highly charged 

surfaces may solve this economic issue.  

 The multichannel-based packed bed device was operable for a very short period. Hence, 

the new design is required so that it can be operated for a longer time. 
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Appendix-I 
 

A. Uncertainty analysis 

 

Uncertainties in the measured experimental data 

The average values are taken, repeating each experiment for at least five times in the present work. 

The standard deviation (SD) and standard uncertainties (SU) of the experiments are expressed by 

the Eqs. (A1-A2). ix is the ith component, and N is the total number of variables. 

 
2

1

1

N

ii
x x

SD
N








          (A1) 

U

SD
S

N
            (A2) 

In Eq. (A1), x is the mean value, and it is represented by Eq. (A3). The relative uncertainties (RU) 

in percentage are estimated by Eq. (A4) (Moffat, 1988). 

1

1 N

ii
x x

N 
             (A3) 

%100
x

S
R U
U           (A4) 

 

Uncertainty analysis (Typically for Chapter 2) 

 

Table A1. Uncertainties in the measured experimental data for the flow through unpacked and 

packed straight channel geometries.  

Properties and 

measurements 

Mean No. 

of  

run 

Standard  

Deviation × 

102 (SD) 

Standard  

Uncertainty × 

102 (SU) 

% relative 

Uncertainties 

(RU) 

Total volumetric flow  

rate × 106 (m3 s-1)   

[without packing] 

3.63 – 5.61 10 0.34 – 0.67 0. 11 – 0.21 0.030 – 0.037 
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Total volumetric flow  

rate × 106 (m3 s-1)  

[with packing] 

0.72 – 1.77 10 0. 38 – 0.56 0.12 – 0.18 0.10 – 0.17 

Pressure drop per  

unit length × 10-4 (N 

m-3) 

[without packing] 

1.40 – 3.14 10 0. 32 – 0.42 0.10 – 0.13 0.041 – 0.071 

Pressure drop per  

unit length × 10-5 (N 

m-3) 

[with packing] 

1.54 – 5.55 10 0.30 – 0.40 0.095 – 0.13 0.023 – 0.062 

 

Table A2. Uncertainties to the experimentally measured quantities for the flow through the 

unpacked and packed serpentine channel geometries.  

Properties and 

measurements 

Mean No

. of  

run 

Standard  

Deviation×102 

Standard  

uncertainty×102 

% relative 

uncertainties 

Total volumetric flow  

rate × 106 (m3 s-1)   

[without packing] 

0.89 – 5.43 10 0.037 – 0.24 0.012 – 0.075 0.013 – 0.014 

Total volumetric flow  

rate × 106 (m3 s-1)  

[with packing] 

0.30 – 1.52 10 0.038 – 0.23 0.012 – 0.074 0.04 – 0.05 

Pressure drop per  

unit length × 104 (N 

m-3) 

[without packing] 

3.51 – 9.28 10 0.032 – 0.038 0.010 – 0.012 0.0013 – 0.003 

Pressure drop per  

unit length × 105 (N 

m-3) 

[with packing] 

4.09 – 9.68 10 0.033 – 0.040 0.010 – 0.013 0.0013 – 0.002 
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B. Calculation Procedure for Typical Multiple Regression 

[Chapter – 2, Equation (2.46)] 

The regression equation is  

1

32 4

12
, De ,Ca ,

b

bb bcH
p p p

m m H

Rd P
c Fr

U L d

   
   

  
       B1 

Taking logarithm on both sides of equation A1, one get 

1 1 22

3 4

( ) (De )
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 

     B2 

The Equation B2 can be written as 

0 1 1 2 2 3 3 4 4Y b b X b X b X b X e             B3 

where  Y = Log (
2

H

m m

d P

U L


), X1=Log (Rc/dH), X2 = Log(Dep), X3 = Log(Cap), X4 = Log(Frp), and 

b0 = Log (c1). e is the error term which has to be minimized to estimate the regression model as 

 0 1 1 2 2 3 3 4 4Y b b X b X b X b X    


        B4 

Y


is the predicted value of Y 

The intercept b0 and coefficients b1, b2, b3, and b4 have been estimated by multiple regression 

analysis by “Data Analysis Tool” of Software “Microsoft Excel”. 

The software gives the outputs on the basis of the following calculation 

The equation B3 can be written as matrix form for n (here n = 19) observations and k (here k = 4) 

variables as 
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  Y   =               X                      ×   B   +   e 
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Regression Statistics  

  Explanation 

Multiple R 0.999716 R = square root of R2 

R Square 0.999433 R2 = coefficient of determination 

Adjusted R Square 0.999362 Adjusted R2 used if more than one X variable 

Standard Error 0.024346 This is the estimate of the st. dev. of the error e 

Observations 19 Number of observations used in the regression (n) 

 

Analysis of Variance 

 
Degrees 

Of  freedom 
Sum of Square 

Mean Sum of 

Square 
F-stat 

Regression 2 16.702 8.351040 14089.04 

Residual 16 0.009 0.000593  

Total 18 16.711   

 

where 

2SquareofSumRegression YnYXB   

2SquareofSumTotal YnYY   

Residual Sum of Square = Total Sum of Square – Regression Sum of Square 
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The F-stat gives the overall F-test of null hypothesis H0: bi = 0. The F-stat gives the associated 

Probability-value. Since it is greater than 0.05 at the 5% significance level we do not reject null 

hypothesis for the goodness of fit. 
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