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Summary 

 

Over the last decade microreactors have emerged as an attractive alternative to the 

conventional batch reactors commonly found in the chemical industry. The sub-millimeter 

inner diameter channels allow for surface-to-volume ratios above 10000 m2/m3, resulting 

in a significant intensification of the mass and heat transfer. Furthermore, the small 

volumes and laminar flow operation allow for reaction control otherwise unachievable in 

conventional stirred tank reactors. Consequently, higher product yields are achieved while 

the small size or microreactors allows for an increase in the process safety. Although 

significant research has been performed on single phase and gas-liquid systems in 

microreactors, relatively few studies exist on the liquid-liquid microreactor systems. One 

of the liquid-liquid chemical processes that would significantly benefit from microreactor 

application are those which are based on phase transfer catalysis. They employ catalysts 

which have the ability to penetrate the interface between two immiscible (liquid) phases, 

allowing for reactions to take place between otherwise nonreactive components. 

Consequently, phase transfer catalysis has found broad application in fine chemical, 

polymer and pharmaceutical industry.  

Today, most of the phase transfer catalyzed reactions are performed in conventional 

stirred tank reactors. Conversion and selectivity of phase transfer catalyzed reactions in 

stirred tank reactors depend, among other things, on the interfacial area of the liquid drops 

in the mixed suspension in the reactor. These liquid drops have a wide range of size 

distribution as the result of an inhomogeneous energy dissipation induced by the 

mechanical stirring of the suspension. Consequently, the conversion and selectivity varies 

from drop to drop, lowering the product quality and incurring additional separation costs 

to eliminate unwanted byproducts. The high degree of reaction control achievable in 

microreactors, allows for highly selective synthesis. Therefore, the combination of phase 

transfer catalysis and microreactor technology could reduce mass transfer limitations and 

increase the selectivity and product yield. The goal of this thesis was to gain insight on the 

impact of flow on the reaction, thus allowing to develop liquid-liquid microreactors for 

phase transfer catalysis applications. The research was mainly focused on the capillary 

microreactor which, with four stable operating flow patterns and a throughput range from 

g/h to kg/h, presents an attractive alternative to chip-based and microstructured reactors 

for lab and pilot scale applications. The developed microreactors were applied for 

selective synthesis, kinetics study and chemical production via phase transfer catalysis. 

In order to develop microreactors for phase transfer catalysis, first the hydrodynamics of 

the liquid-liquid flow in microchannels had to be understood.  Furthermore, optimal flow 

patterns for reaction applications had to be identified. In chapter 2 the extraction of 2-

butanol from toluene under different flow patterns in a water/toluene flow in a 250 µm 

inner-diameter capillary microreactors was studied. Four stable flow patterns were 

identified: annular, parallel, slug and bubbly flow. The influence of the capillary length, 

flow rate and aqueous-to-organic volumetric flow ratio on the flow pattern hydrodynamics 

was investigated. Weber number dependant flow maps were composed, which were used 
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to interpret the flow pattern formation in terms of surface tension and inertia forces. The 

flow patterns were evaluated in terms of stability, surface-to-volume ratio, achieved 

throughput and extraction efficiency. Slug and bubbly flow operation yielded 100 % 

thermodynamic extraction efficiency, while by increasing the aqueous-to-organic 

volumetric ratio to 9 allowed for 99 % 2-butanol extraction. The parallel and annular flow 

operational windows were limited by the capillary length, thus yielding maximal 2-

butanol extraction of 30 and 47 %, for the parallel and annular flow, respectively. 

The evaluation of flow patterns in chapter 2 showed that slug and bubbly flow pattern are 

most promising for reaction applications, due to large surface-to-volume ratios and 

extraction efficiencies. Slug flow was appropriate for low throughput applications, where 

long reaction times (>1 min) were required, while the bubbly flow was applicable in high 

throughput reaction systems with mass transfer limitations, which required short reaction 

times.  

In chapter 3, the hydrodynamics and the pressure drop of liquid-liquid slug flow in 

capillary microreactor were studied on the example of water-toluene and ethylene 

glycol/water-toluene flows. The slug lengths of the alternating continuous and dispersed 

phases were measured as a function of the slug velocity, the volumetric flow ratio, and the 

capillary microreactor internal diameter. The pressure drop was modeled as the sum of 

two contributions: the frictional and the interface pressure drop. Two models were 

presented, viz. the stagnant film model and the moving film model, both accounting for 

the presence of a thin liquid film between the dispersed phase slug and the capillary wall. 

The stagnant film model was found to accurately predict the liquid-liquid slug flow 

pressure drop. The influence of inertia and the consequent change of the slug cap 

curvature are accounted for by modifying Bretherton’s curvature parameter in the 

interface pressure drop equation.  The stagnant film model was in good agreement with 

experimental data with a mean relative error of less than 7 %. 

The high degree of control over the aqueous and organic slug interfacial area in a 

microchannel slug flow provides an attractive means to optimize yield and productivity of 

a phase transfer catalyzed reaction. In chapter 4 the selective alkylation of phenyl-

acetonitrile to the monoalkylated product in a microchannel of 250 µm internal diameter 

operated continuously and solvent free in the slug flow regime was studied. The 

conversion of phenylacetonitrile increased from 40 % to 99 % as a result of 97 % larger 

slug surface-to-volume ratio when the volumetric aqueous-to-organic phase flow ratio was 

raised from 1.0 to 6.1 at the same residence time. The larger surface-to-volume ratio 

decreases selectivity due to the simultaneous increase of the rate of the consecutive 

reaction to the dialkylated product. Therefore, an optimum flow ratio with a maximal 

productivity was found, while achieving selectivity of 98 %. Conversion and selectivity in 

the microchannel reactor were both significantly larger than in a stirred reactor. 

In chapter 5 the precise control over the slug lengths in a microreactor was employed to 

study a complex system of liquid-liquid phase transfer catalyzed alkylation of 

phenylacetonitrile in a basic medium. The influence of the surface-to-volume ratio, the 

reactant molar ratios, base and phase transfer catalyst concentrations on the reaction were 
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investigated in order to observe the reaction on the liquid-liquid interface. The interfacial 

reaction was interpreted with two proposed mechanisms existing in the literature: the 

Starks extraction and Makosza interfacial mechanisms. The kinetic study showed a strong 

indication that the reaction proceeds via the interfacial mechanism. Microreactor kinetic 

study allowed for a degree of surface-to-volume ratio control unachievable in stirred tank 

reactors, which was used to measure of the observed interfacial reaction rate constant.  

The application of bubbly flow for phase transfer catalyzed production of benzyl benzoate 

was studied in chapter 6. An interdigital mixer - redispersion capillary reactor assembly 

was developed to prevent the liquid-liquid bubbly flow coalescence in microreactors. The 

application of constrictions to prevent coalescence resulted in a reproducibility increase by 

a factor of 6, achieving 33.4 % conversion in 10 s, compared to the 18.8 % in a capillary 

without the constrictions. By controlling the total flow rate and the aqueous-to-organic 

ratio the bubbly flow surface-to-volume ratio could be increased up to 230700 m2/m3, 

more than 100 times higher than in conventional stirred tank reactors. The increase of the 

redispersion capillary inner-diameter to 0.75 mm, allowed for the increase of the residence 

time to 67 s, resulting in a product yield of 98 %.  

The developed process allowed for ton per annum benzyl benzoate production. Compared 

to the conventional phase transfer catalyzed esterification, the continuous operation in the 

interdigital-redispersion capillary assembly eliminated the use of solvents and bases, 

removing an energy intensive step of distillation, while increasing process safety. 
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Chapter 1. Introduction 

 

 

 

 

 

 

 

 

 

 

1.1 Liquid-liquid reaction systems 

 

Reactions involving two immiscible liquid phases can be found in all chemical industries, 

from petrochemical to fine chemical, pharmaceutical and biotechnology industry. Notable 

examples of liquid-liquid reaction systems that are widely used include Friedel-Crafts  

alkylation1, aromatic nitration2, ester hydrolysis3, oxidations4, phase transfer catalysis5 and 

emulsion polymerization6. 

 

In a liquid-liquid reactor, the reaction rate is mainly controlled by three parameters: the 

mass transfer rate of the chemical species between the two immiscible liquid phases, 

chemical reaction in the bulk of the liquids and the reaction on the phase interface. 

Furthermore, in a typical liquid-liquid reaction system the overall reaction depends on the 

combination of the aforementioned parameters. The kinetics of these reactions often 

includes several parallel or consecutive reactions, affecting the yield and the purity of the 

final product. In the fine chemical and pharmaceutical processes, where high value, low 

volume products are used, the lower yield and the purity of the product often results in 

increased separation costs.  

 

In the last 50 years one of the fastest growing number of liquid-liquid applications was in 

phase transfer catalysis (PTC) reactions, which has by 1994 grown to a market of 10 

billion dollars per annum7, with current processes operating with throughputs as high at 

100000 t/annum8. PTC employs chemical compounds (e.g. quaternary ammonium salts) 

which are soluble in both the aqueous and organic phase, which induce reactions between 

otherwise immiscible and non reacting reactants. PTC technology enables the use of mild 

aqueous bases, such as sodium hydroxide, in where normally aggressive bases, such as 

metalhydrides, would be required9,10. Furthermore, conversion11 and selectivity12 are 
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significantly increased compared to traditional methods while limiting side reactions10. 

Consequently, significant reductions in material costs are achieved, allowing for the 

effective competition of Western producers with the low cost fine chemical producers 

from China and India.These advantages make PTC a widely applied method in the fine 

chemicals industry, for alkylation, arylation, condensation and carbene addition 

reactions10,13. Today, phase transfer catalyzed reactions are carried out in stirred tank 

reactiors, a non ideal solution which often brings about drawbacks such as loss of 

selectivity and catalyst deactivation due to the inefficient agitation.  

 

1.2 Liquid-liquid reactions in stirred tanks  

 

Liquid-liquid heterogeneous reactions are most commonly carried out in mechanically 

stirred tank reactors, while to a lesser extent in packed, agitated or spray columns and 

static mixers14. The stirred tank reactor can be operated in batch, semi batch or continuous 

mode. The most common reactor employed in the fine chemical and pharmaceutical 

industry is the batch reactor. The wide application of the batch reactor stems from its 

flexibility, as gases, liquids and solids can be employed without significant reactor 

modification. In liquid-liquid reaction systems the reaction rate is highly dependent on the 

interfacial area as both the liquid-liquid extraction and interfacial reaction rate are highly 

dependent on it. Depending on the reactor volume and type of mechanical agitator the 

industrial stirred tank reactors can achieve interfacial areas from 100 to 1000 m2/m3 15. 

Often the agitation is not sufficiently increasing the interfacial area of the generated 

liquid-liquid dispersions, resulting in long reaction times needed to complete the reaction. 

Alternatives such as impinging-streams16 and rotating disk contactors17 were developed; 

however the fine chemical and pharmaceutical industry is rather conservative to accept 

them. To this date one of the most common technical solutions for the low interfacial areas 

achieved in batch reactors is the surfactant addition18 which often leads to increased 

separation costs. 

 

One of the main drawbacks of the stirred tank reactors is the inhomogeneous mixing 

induced by the stirrer, resulting in temperature and concentration gradients (Figure 1). 

Furthermore, the stirrer generates dispersions with a wide droplet size distribution which 

often differs from one batch to another. Systems where an intermediate product is desired 

or where parallel reactions occur often are not suitable for stirred tank batch reactors19 as 

the product quality will vary at the end of each batch campaign, therefore increasing the 

separation costs. Last, due to the inhomogeneous mixing hotspots can occur, resulting in 

runaway reactions severely decreasing the safety of operation20. 
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Figure 1: Stirred tank reactor vs. the continuous microreactor 

 

In recent years microreactors have been put in the spotlight as emerging technology that 

could replace the batch reactor and potentially revolutionize the fine chemical and 

pharmaceutical industry21. 

1.3 Microreactors: state of the art 

 

Microreactors gained much attention as a promising alternative to conventional reactors, 

allowing for higher mass transfer and product yield as well as increase in the process 

safety22. With decreasing linear dimensions significant increase of the surface-to-volume 

ratio is achieved. For the channel diameter from tens to hundreds of micrometers, the 

surface-to-volume ratio in the range of 10000 to 50000 m2/m3 is achieved23. Consequently, 

significant intensification of mass and heat transfer can be achieved, resulting in 

considerable reduction in operation times24. Additionally, microreactors can be operated at 

high pressures (up to 600 bar in stainless steel microreactors), therefore opening a path to 

novel process windows25 where a significant intensification of the reaction rate can be 

achieved by operating at high pressures and temperatures26 or in explosive regimes27. 

Microreactors were successfully applied in extraction28, chemical synthesis29 and 

biotechnology30. Furthermore, laminar flow operation and interface control allow for a 

level of reaction control otherwise unachievable in conventional stirred tank reactors31. 

Consequently, the performance of microreactors was found to outperform the structured 

reactors such as monolith, fixed bed and solid foams as shown in examples of methanol-

steam reforming32 and Fischer-Tropsch synthesis33. 

The microreactor research today utilizes a wide range of technical solutions which 

include: mesh34, catalyst-trap35, micro-packed bed36, falling film37, and meandering 

channel38 microreactors. Although there are a large number of variations, most of the 

microreactors can be roughly classified according to their structure and throughput to: 

chip, capillary, microstructured and industrial microreactors (Figure 2). 
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Figure 2: Four main classes of microreactors: chip
39

, capillary, microstructured
40

 and 

industrial microreactors
41

 

A comparison of estimated surface-to-volume ratios, characteristic internal dimensions 

and throughput ranges of the four aforementioned classes of microreactors is shown in 

Figure 3. Chip and capillary microreactors are commonly found with channel diameters 

below 250 µm, therefore allowing them to achieve surface-to-volume above 50000 m2/m3. 

Chip based microreactors are usually made of glass29, silicon42, PDMS 

(Polydimethylsiloxane)28 and PMMA (Polymethyl methacrylate)43. The designs of the 

chip microreactors can range from simple Y or T shapes to complex microstructures as 

shown in Figure 2. Due to their material properties, the chips often have to be operated at 

low pressures44-46, thus limiting their industrial application. A promising alternative to the 

chips is the application of low cost T and Y couples and capillaries as microreactor 

systems47,48. The couples and capillaries can be made from stainless steel or chemically 

resistant high performance polymers such as PEEK, thus allowing pressure operation up to 

450 bar. Moreover, the couples come in a range of geometries, such as T, Y or X thus 

eliminating the need for on-chip mixers. The main drawback of capillary microreactors 

lays their scale-up. Unlike chips, where multiple parallel channels can be etched on a 

single chip, scale-up of capillaries requires the employment of a large number of 

capillaries and manifolds. 

Microstructured reactors are usually made of glass, stainless steel or highly resistant alloys 

such as Hastelloy. They employ more complex mixing elements than the T or Y 

geometries, such as the interdigital49 or “split and recombine”50 mixer. Combining small 

internal dimensions with specially designed mixers, allows for surface-to-volume ratios 

above 10000 m2/m3 for liquid-liquid extraction, with throughput in the l/h range51. 

Stainless steel, alloy and glass industrial microreactors have already found their place in 

chemical production in a number of companies such as DSM52, Lonza53, Degussa and 

Bayer54. 
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Figure 3: Surface-to-volume ratio, characteristic internal dimensions and throughput 

ranges of the chip, capillary, microstructured and industrial microreactors when 

compared to the solid foam, monolith and conventional reactors. 

 

Scale-up of the microreactors is an ongoing challenge, as two approaches exist:  

• Parallelization, whereby large number of identical microchannels are employed 

(Figure 4 a). 

• Internal scale-up, whereby a combination of microsturctured reactor design and 

conventional dimension scale-up is applied (Figure 4 b). 

Parallelization was demonstrated as an efficient method in the case of single phase or gas-

solid reaction systems. Ohio based Velosys, has been one of the pioneers of microreactor 

parallelization concept for GTL applications57. Internal scale-up, is highly promising 

although not widely employed approach, with most application reports coming from the 

Swiss company Lonza53.  

Last, the small sizes of microreactors, excellent safety profile coupled with their high 

performance have been touted as one of the future tools of modular chemical production. 

Consequently, a quick modification of production capacity would be possible, allowing 

the producer to adapt to both periods of demand growth and demand destruction (Figure 

5). 
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     a.          b. 

  

Figure 4: Scale-up by parallelization (Velocys GTL microreactor
55

) (a.) and internal 

scaling-up (IMM StarLaminator
56

) (b.) 

 

 
Figure 5: Modular microprocess production allows for addition and removal of 

production capacity, thus enabling a quick response for change in product demand 

compared to conventional production. 
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Table 1: Overview of industrially relevant liquid-liquid microreactor studies found in 

literature. 

Reaction Remarks 

Hydrodehalogenation61,62  Yields from 69 to 100 % achieved at residence times 

from 8 to 10 s. The use of microreactor resulted in 30 % 

increase in selectivity compared to the batch process. 

Acylation of amines63 Combinatorial chemistry allowing for parallel synthesis. 

The yields were in the range from 80 to 95 %. 

Nitration of aromatics64,65 Yields of 60-94 % comparable to conventional 

production methods. Lower temperature and increased 

safety of operation. Residence times more than 5 times 

shorter than in conventional production.  

Diazo coupling66 Conversion (>99 %) is higher than in any macroscopic 

system at residence times of 2.3 s. Improved selectivity 

and safety of the process. 

Isomerization of allyl 

alcohols67 

Yields comparable to those in conventional batch reactor. 

Depending on the alcohol used (C4-C8), the yields range 

from 1 to 61 %. 

Photocyanation of aromatics68 Yields from 28 to 73 %. Two operation regimes 

investigated: oil-water and water-oil-water. Residence 

times from 70 to 210 s.   

Nitration of aliphatics69 Yields from 75 to 90 % with selectivity up to 100 %. 

Dihydro addition70 Yields up to 80 % achieved using a microgrid for 

dispersing the phases coupled with a micromixer 

Heck reaction71 Heck reaction rates of reactions performed in 

microreactors were higher than in conventional reaction 

flasks. Two flow regimes were investigated: laminar and 

segmented flow. By operating in segmented flow regime 

the reaction yields were increased by more than 10 %. 

Malonic ester methylation72      The segmented flow regime achieved by alternating 

pumping resulted in reaction yields from 19.8 to 28.2 %. 

The batch reaction yield for the same reaction times was 

23 %. 

Phase transfer alkylation73 Yields were from 75-96 % in a microreactor vs. 49 % in 

a conventional batch reactor. The residence times 

employed were 2-10 min. 

Indigo synthesis74 Operation in a bubbly flow regime prevented the 

clogging of the microreactor by the precipitating reaction 

product. The maximum yields obtained were 87-97 %. 

Strecker reaction75 Reaction yields from 43 to 67 %. The in situ production 

of HCN coupled with small volume processing greatly 

increases the safety of this reaction system. 
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1.4 Liquid-liquid microreactors 

 

Unlike the gas-liquid58-60 and single phase microreactor systems, relatively few studies 

were done on liquid-liquid systems in microchannels. Hydrodynamic studies performed in 

gas-liquid and liquid-liquid systems, showed the existence of a number of flow patterns 

such as the slug, bubbly, parallel and annular flow. Although a number of flow patterns 

were identified, no classification was made in terms of mass transfer characteristics and 

reaction application. An overview of industrially relevant liquid-liquid microreactor 

studies is shown in Table 1. Most attention was given to slug flow, where it was 

successfully demonstrated in the case of industrially significant nitrations64,65,69 and 

alkyations73. 

 

Furthermore, extensive studies have been performed on the slug flow size control and the 

numerous reports were made of the significant improvements in yield in slug flow, yet 

little effort was made to understand the link between the slug hydrodynamics and reaction 

control. Few pressure drop studies on the liquid-liquid slug flow were performed, with no 

accurate models for the hydrodynamic resistance in a two phase flow. Therefore, the 

understanding of liquid-liquid flow hydrodynamics in microchannels, flow pattern 

interfacial areas and pressure drop is essential for the design of liquid-liquid 

microreactors. Finally, scale-up via parallelization in multiphase systems represents a 

challenge as flow maldistributions are common76.   

 

1.5 Scope and outline 

 

The research was carried out within the NWO/CW TOP project “Smart structured 

reactors”. The goal of the project was to develop new types of microstructured multiphase 

reactors, with full control over the interfacial areas and with an optimal balance between 

pressure drop, mass transfer, and catalytic reactivity. These new reactors would render 

major yield and selectivity improvements by complete control of the interaction of 

physical transport and reaction processes. The improvements were demonstrated on the 

examples of phase transfer catalyzed reactions employed in the synthesis, kinetic study 

and chemical production applications. The research was focused on the capillary and 

microstructured reactors. The achievable throughputs range from g/h to kg/h, therefore 

presenting an attractive alternative to chip-based reactors for lab and pilot scale 

applications. As a result, novel processes for fine chemical and pharmaceutical industry 

were developed resulting in optimal space-time yields and minimum waste production. 

 

In order to design a multiphase microreactor, first the hydrodynamic flow patterns have to 

be analyzed. In chapter 2, the results of a liquid-liquid flow pattern study in capillary 

microreactor are presented. The flow patterns were evaluated in terms of stability, surface-

to-volume ratio, achieved throughput and efficiency of the desired product from one phase 

into another. The flow maps were composed using Weber number as coordinates, thus 

allowing the interpretation of the flow pattern formation in terms of surface tension and 
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inertia forces. The influence of the capillary length, flow rate and aqueous-to-organic 

volumetric flow ratio on the slug, bubbly, parallel and annular flow hydrodynamics was 

investigated. Furthermore, the extraction of 2-butanol under different flow patterns was 

studied. 

 

The hydrodynamics and the pressure drop of liquid-liquid slug flow in round capillary 

microreactor are further investigated in chapter 3. Two liquid-liquid flow systems are 

considered, the water-toluene and ethylene glycol/water-toluene flow. The slug lengths of 

the alternating continuous and dispersed phases were measured as a function of the slug 

velocity, the volumetric flow ratio, and the capillary internal diameter. The pressure drop 

was modeled as the sum of two contributions: the frictional and the interface pressure 

drop. The influence of inertia and the consequent change of the slug cap curvature were 

accounted for by modifying Bretherton’s curvature parameter in the interface pressure 

drop equation. 

 

In chapter 4, an emerging methodology in microreactor research, “fluidic reaction control” 

is investigated. As a result, precise control over the interfacial area of aqueous and organic 

slugs in segmented flow in a microchannel reactor providing an attractive means to 

optimize yield and productivity of a phase transfer catalyzed reaction. The selective 

alkylation of phenylacetonitrile to the monoalkylated product in a microchannel of 250 µm 

internal diameter operated continuously and solvent free in the slug flow regime was 

studied. Optimum flow conditions for maximal productivity and comparison with the 

conventional batch reactor are discussed. 

 

Chapter 5 describes the application of capillary microreactors as tools for kinetics studies. 

The fluidic control over the interfaces in a microreactor was employed to study a complex 

system of liquid-liquid phase transfer catalyzed alkylation of phenylacetonitrile in a basic 

medium. The influence of the surface-to-volume ratio, the reactant molar ratios, hydroxide 

and phase transfer catalyst concentrations on the reaction were investigated in order to 

observe the reaction on the liquid-liquid interface. The interfacial reaction was interpreted 

with two proposed mechanisms existing in the literature: the Starks extraction and 

Makosza interfacial mechanisms. The interfacial mechanism was modified in order to 

observe the interfacial reaction, allowing for the measurement of the observed interfacial 

reaction rate constant. 

 

Chapter 6 focuses on the scale-up of the capillary microreactor system to t/annum scale, 

by employing an internal scale-up principle. A novel interdigital mixer - redispersion 

capillary reactor assembly was developed. The system was tested on the phase transfer 

catalyzed esterification to produce benzyl benzoate. The bubbly flow generated by the 

interdigital mixer-redispersion capillary assembly was studied as a function of capillary 

length and flow rates. The benefits of the novel process compared to the conventional 

phase transfer catalyzed esterification process in terms of yield, safety and waste reduction 

are discussed. Finally, the main conclusions and recommendations are presented in 

chapter 7. 
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Abstract 

The capillary microreactor, with four stable operating flow patterns and a throughput 

range from g/h to kg/h, presents an attractive alternative to chip-based and microstructured 

reactors for lab and pilot scale applications. In this chapter the extraction of 2-butanol 

from toluene under different flow patterns in a water/toluene flow in long capillary 

microreactors is presented. The influence of the capillary length (0.2-2.2 m), flow rate 

(0.1-12 ml/min) and aqueous-to-organic volumetric flow ratio (0.25-9) on the slug, 

bubbly, parallel and annular flow hydrodynamics was investigated. Weber number 

dependant flow maps were composed for capillary lengths of 0.4 and 2 m, which are used 

to interpret the flow pattern formation in terms of surface tension and inertia forces. By 

decreasing the capillary length from 2 to 0.4 m, the transition of annular to parallel flow 

was observed. The capillary length had little influence on the slug and bubbly flows. The 

flow patterns were evaluated in terms of stability, surface-to-volume ratio, achieved 

throughput and extraction efficiency. Slug and bubbly flow operation yielded 100 % 

thermodynamic extraction efficiency, while by increasing the aqueous-to-organic 

volumetric ratio to 9 allowed for 99 % 2-butanol extraction. The parallel and annular flow 

operational windows were limited by the capillary length, thus yielding maximal 2-

butanol extraction of 30 and 47 %, for the parallel and annular flow, respectively. 
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2. 1 Introduction 

 

When operating on a lab scale, chips and capillaries are commonly employed as 

microreactors1, 2.  In comparison to chips, there exist several advantages of capillary 

systems, apart from low-cost building blocks: First, residence time can be varied over a 

wide range without changing flow patterns. Usually in the microreactor based reaction 

studies, the residence time is changed by altering the flow rates3. In multiphase systems 

varying the flow rate to alter the residence time will result in change of flow patterns4,5, 

consequently changing the reaction conditions (Figure 1). It is much better to change 

residence time by changing the reactor length at a constant flow rate. On chip, longer 

channels may be difficult to fabricate, a limitation that does not hold for capillaries, which 

are easily longer than 10 m as shown in chapter 4. Second, the transparency of the 

capillary is easily achieved by employing fused silica or PTFE capillaries. Last, the 

capillary microreactor system can be easily assembled and modified, thus allowing one 

assembly to perform a function for which multiple chips would be needed. 

Detailed knowledge about the hydrodynamics that are occurring in multiphase reactors are 

of crucial importance as different flow patterns influence the mass transfer and axial 

dispersion, which each directly impact the conversion and selectivity of the reaction. 

Compared to the large number of liquid-liquid hydrodynamic studies in performed in 

microchips4-11 there exist relatively few studies of the different flow patterns in a capillary 

microreactor system12. Depending on the total flow rate and the volumetric flow ratio, 

several liquid-liquid flow patterns are achievable in microchannels, such as: annular, 

parallel, bubbly or slug flow13. In literature most attention has been given to the liquid-

liquid slug flow 12,14,15 while the studies of other flow patterns are scarce. Furthermore, 

there are no studies reported in the literature on the influence of microchannel length on 

the hydrodynamics of liquid-liquid flow patterns. 

 

Figure 1: Multiphase studies in chips: increase of flowrate in order to change the 

residence time, results in flow pattern transition. 

This study is focused on the extraction of 2-butanol from toluene under different flow 

patterns in a water/toluene flow in long capillary microreactors. While significant 

improvements in mass transfer are achieved in microreactors, the extraction efficiency has 

only been studied under slug and parallel flow 4, 16. In this study the influence of the 
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capillary length, flow rate and volumetric flow ratio on the flow pattern hydrodynamics 

has been investigated. A Y-mixer was used due its ability to form reproducible flow 

patterns12. The flow patterns were evaluated in terms of stability, surface-to-volume ratio, 

achieved throughput and extraction efficiency. 

 

2.2 Experimental 

Chemicals. All chemicals used in this work are commercially available GC grade and 

were obtained from Sigma-Aldrich. The organic phase consisted of 18.0 wt% solution 2-

butanol in toluene. Decahydronaphthalene was used as the internal standard in the organic 

phase for the GC analysis, at a concentration of 0.57 mol/L. The aqueous phase was 

demineralized water. 

 

Physical Properties. The interfacial surface tension between the aqueous and organic 

phases was measured via a Krüss K11 tensiometer at 20 °C. The viscosity was measured 

with a Brookfield LVDV-I Prime viscometer at 20 °C. The physical properties of the 

liquids used in the experiments are shown in Table 1. The contact angles were measured 

by taking high resolution pictures of drops on a fused silica plate immersed in toluene and 

demineralized water, for demineralized water and toluene drops, respectively. The values 

of the contact angles were measured by analyzing the high resolution images with the 

MatlabTM software. 

 

Table 1: Physical properties of the studied system 

Mixture Density, kg/m
3
 Viscosity, Pa·s Surface tension, 

N/m 

2-butanol/toluene 0.867a 5.9 ·10-4 a 3.85 · 10-2 a 

Demineralized H2O 0.998b 10-3 b - 

a-experimental 

b-taken from Perry et al. (1997) 

 

Experimental setup. A schematic view of the experimental set-up is given in Figure 2. 

The system consists of two HPLC pumps (Shimadzu LC-20AD) which feed the organic 

and aqueous phases to a stainless steel Y-mixer. In order to eliminate any flow 

disturbances caused by the HPLC pump pulsation, 1 m long PEEK constrictions with a 

150 µm inner diameter were used in both lines. The internal diameter of the Y-mixer inlets 

and outlet was 250 µm, with an angle of 110° between the two inlet lines. A transparent 

fused silica microcapillary with an internal diameter of 250 µm was connected to the Y-

mixer. In the experiments, the length of the fused silica microcapillary was varied from 

0.2 to 2.2 m. Experiments were performed at flow rates of 0.05 – 8.0 ml/min, and organic-

to-aqueous flow ratios of 1.0 – 9.0. 
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The liquid-liquid flow was visualized under a microscope (Zeiss Axiovert) and recorded 

by a high speed camera (Redlake MotionPro CCD) at 2500 frames per second. The 

calculation of the slug lengths and the interfacial surface areas was performed via image 

analysis using the MatlabTM software. 

 

Analysis. The organic phase was quantitatively analyzed using a Varian CP-3800 gas 

chromatograph equipped with a 30 m x 0.25 mm CP-Sil 5 CB column and a FID detector. 

 

Mass transfer in the sampling zone. The overall mass transfer in the microreactor 

system includes the contributions from the Y-mixer, capillary, and the receiving container. 

The mass transfer in the mixer and capillary cannot be physically decoupled, thus they are 

measured together17. Furthermore, due to the large differences in flow rates of the 

individual flow patterns (from 0.1 to 12 ml/min), separate sampling methods were 

employed. 

The slug flow was studied at flow rates from 0.1 to 0.6 ml/min. A 4 mm inner diameter 

glass tube with a thin PTFE tape bottom was used to minimize the contact time in the 

sampling vessel. The aqueous phase was removed by a syringe via the PTFE bottom, thus 

limiting the mass transfer time to no longer than 5 s. Organic phase samples of 5 µl were 

taken by a syringe via the PTFE bottom and analyzed via the gas chromatograph. 

Stable dispersions were formed in the sampling vessel under bubbly flow. The washing of 

the dispersion with toluene induced phase separation. The sampling was performed in a 2 

ml vial containing 0.7 ml of toluene and 0.7 ml of demineralized water. The capillary 

outlet was placed near the phase interface, thus allowing quick separation. Each sample 

was collected for 2 s. 

The efficiency of the sampling under slug and bubbly flows was tested by directing the 

aqueous and organic feed lines in the sampling vessel. The measurements showed average 

deviations of the organic inlet concentration of 5.4 % and 6.2 % for the slug and bubbly 

flows, respectively. Those were deemed sufficient for the extraction experiments. 

The high total flow rates (3-12 ml/min) corresponding to annular and parallel flows caused 

aqueous and organic phase redispersion and interface disruptions in the sampling vessel, 

creating significant mass transfer during sampling.  In order to ensure the validity of the 

measured data, the mass transfer in the sampling vessel was measured. The sampling vial 

was modeled as a constant volume semibatch system with mass transfer, described as: 

( ) ,0

2 BuOH−= − − +
org org org

L org aq

org

dC F C
k a C K C

dt V
         (1) 

where Corg and Caq are the organic and aqueous concentrations, respectively; Forg is the 

organic flow rate (1.5-6 ml/min); Vorg is the organic phase volume in the vial (0.3 ml); K2-

BuOH is the partition coefficient (0.94 at the AO ratio of 1) and kLa is the vial mass transfer 

coefficient. Samples of 10 µl were collected at different time intervals in order to estimate 

the average mass transfer coefficient in the vessel (Figure 3), which was determined from 
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Eq. 1, via the least square method. In order to verify the kLa values from vial mass transfer 

model, the vial mass transfer coefficient was determined by using the Eq. 9 from the 

results section. The mean difference between the kLa values acquired via the Eq.1 and 

Eq.9 was 6.5 %. Therefore the kLa results were deemed sufficient for the calculation of the 

organic concentration at the capillary outlet via Eq.1. For all annular and parallel flow 

mass transfer measurements, the sampling time was 2 s. 

Emulsion stability. The stability of emulsions generated by the bubbly flow was analyzed 

by aging 20 ml emulsion samples in 50 ml vials at 20 °C and 40 °C. The aging was 

performed in a Heraeus Instruments T-6120 oven. 

 

 

Figure 2:  Experimental setup: stainless steel Y-mixer coupled with a 250 µm internal-

diameter fused silica capillary. Supply of the organic and aqueous mixtures was provided 

by two HPLC pumps (Shimadzu LC-20AD). 

 

Figure 3: Modeling (solid lines) and experimental measurements (points) of the mass 

transfer in the sampling vial at total flow rates from 3 to 12 ml/min and the AO ratio of 1. 
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2.3 Results 

2.3.1 Hydrodynamics 

The flow patterns achievable in the Y mixer capillary microreactor were studied at 

aqueous and organic flow rates from 0.05 to 8.0 ml/min. In order to observe the influence 

of the capillary length on the flow patterns, the capillary length was varied from 0.2 to 2.2 

m. 

The minimum surface energy in the studied system is obtained when the aqueous phase 

wets the wall. Consequently, given enough time to evolve, all flow rate combinations 

ended up at this energetic minimum. Two types of startup conditions were studied, with 

the aqueous and the organic phases wetting the capillary wall, which resulted in flow 

patterns where the continuous phase was the aqueous phase (Figure 4 a-e) and the organic 

phase (Figure 4 f-h), respectively. Four distinct flow patterns were identified: annular, 

bubbly, parallel and slug flow (Figure 4 a-e). Furthermore, three inverted flow patterns 

were observed, in which the organic phase partially wetted the capillary wall (Figure 4 f-

h). Those were unstable with the exception of the inverted bubbly flow, and quickly 

reverted to the flow pattern with the aqueous phase as the continuous phase. Last, the 

transitional intermittent flow pattern was observed in the transition region between flow 

patterns. The stability of the flow patterns can be explained by the difference in the 

wetting properties of the two phases used. The contact angle of the aqueous and organic 

phases on the fused silica was 53.1° and 139.2°, respectively. Dreyfus et al. (2003) 

showed that in the case when the continuous phase is partially wetting the capillary walls, 

unstable disordered flow patterns were observed6. The flows with the continuous aqueous 

phase were studied in the mass transfer experiments due to their reproducibility and 

stability. 

The flow maps of the identified flow patterns as a function of the organic and aqueous 

flow rates are shown in Figure 5. The liquid properties and the relevant dimensionless 

numbers for the observed flow patterns are listed in Tables 1 and 2. It can be seen from the 

Reynolds (Re) and Capillary (Ca) number values that the inertia and surface tension are 

dominating over the viscous stresses for all the flow patterns. Zhao et al. (2006) proposed 

the use of Weber (We) number for mapping of flow patterns as it expresses the ratio of the 

two most dominant stresses in the system, the surface tension and inertia13. The flow 

maps, replotted using We numbers, are shown in Figure 6. Several regions can be 

distinguished: 

• At small Weber numbers for both phases, formation of slugs happens immediately 

at the inlet, i.e. flow perturbations grow faster than they can be convected away. 

Both in the short capillary and the long capillary, slug flow is found, in which the 

continuous phase wets the channel and the discontinuous phase forms the drops. 

The low We numbers indicate that it is a surface tension dominating region, in 

which surface tension generates regular interfaces of alternating continuous and 

discontinuous slugs. 
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• At higher flow rates of the organic phase, the absolute instability that leads to drop 

formation becomes a convective instability, i.e. perturbations at the feed are 

convected away from the inlet faster than they can grow against the flow. The 

crossover to this regime occurs at a Weber number of the organic phase of about 

unity, in agreement with observations reported in the literature18.  As a result, a 

parallel flow is observed in the beginning of the capillary, and it takes significant 

length for the disturbances to grow. The range of flow rates that exhibit parallel 

flow region gets smaller with length. The influence of the capillary length on the 

flow patterns was studied by varying the length from 0.2 to 2.2 m. In the range of 

capillary lengths from 0.4 to 2.2 m, the flow map remained unchanged, while the 

reporducibility of the annular flow is decreased yielding wavy annular flow at 

lengths lower than 1.5 m (Figure 4 e). At capillary lengths of 0.4 m and lower, the 

flow pattern map changes, with wavy annular flow transforming into parallel flow. 

No significant influence on the flow patterns was observed at the capillary lengths 

of 0.2 -0.4 m. The flow pattern maps at capillary lengths of 0.4 and 2 m are shown 

in Figures 5 and 6. 

• At high flow rates with Weber numbers larger than unity for both phases, droplet 

(bubbly) flows are observed. Here, the more abundant phase is the continuous one; 

when the flow rate of organic phase is more than 5 times higher than that of the 

aqueous phase, then small aqueous droplets are dispersed in the organic phase. 

This is in contrast to what happens at lower flowrates, where minimization of 

surface energy always put the aqueous phase on the wall. Clearly, at We>>1, the 

contribution of surface terms to the energy of the system is not as important. 

Droplets form because the inertial stresses, of order ρv2, easily overcome the 

surface stresses, of order γ/d, that resist breakup. 

• An intermittent flow was observed in flowrate ranges between droplet flow and 

slug flow. 

 

 

Figure 4: Flow patterns: a. annular, b. bubbly, c. parallel, d. slug, e. wavy annular, f. 

inverted bubbly, g. inverted slug, h. inverted annular. 
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Figure 5: Flow maps based on the aqueous and organic flow rates at: a. 2 m long 

capillary, b. 0.4 m long capillary. 

  

Figure 6: Flow maps based on the aqueous and organic We numbers at: a. 2 m long 

capillary, b. 0.4 m long capillary. 

 

Table 2: Re, Ca and We number flow pattern ranges for the organic and aqueous phases 

Flow pattern Reorg Reaq Caorg Caaq Weorg Weaq 

2 m capillary 

Slug 12.5  – 62.4 4.2 – 84.2 5.0 ·10-4  –2.6·10-3 4.0·10-4 – 8.8·10-3 6.5·10-3 – 1.6·10-1 1.9·10-3 – 7.5·10-1 

Bubbly 6.2  – 999 4.2 – 678 3.1·10-2  –4.2·10-4 1.8·10-2 – 5.3·10-2 23.4 – 41.7 3.0 – 27.0 

Annular 377  – 999 169.7 – 678 1.6·10-2 – 4.2·10-4 1.8·10-2 – 7.1·10-2 5.9 – 41.7 3.0 – 47.9 

Parallel 62.4  – 374 4.2 – 84.8 2.6·10-3 – 1.6·10-2 4.0·10-4  – 8.8·10-3 1.6·10-1 – 5.90 1.9·10-3 – 7.5·10-1 

0.4 m capillary 

Slug 6.2 – 62.4 4.2 – 42.4 3.0·10-3 – 2.6·10-3
 4·10-4 – 4.4·10-3 1.6·10-3 – 1.6·10-1 1.9·10-3 – 1.9·10-1 

Bubbly 127 – 1022 25.5 – 593 5.0·10-3 – 4.2·10-2 2.6·10-3 – 6.2·10-2 6.5·10-1 – 41.7 6.7·10-2 – 36.7 

Annular 249 – 999 339 – 678 1.0·10-2 – 4.2·10-2 3.5·10-2 – 7.1·10-2 2.6 – 41.7 12.0 – 48.0 

Parallel 249 – 749 169 – 509 1.0·10-2 – 3.1·10-2 1.8·10-2 – 5.3·10-2 2.6 – 23.4 3.00 – 27.0 

 



Chapter 2: Liquid-liquid flow patterns in capillary microreactor                                                     33 
                                                                                           

2.3.2 Slug flow 

The slug flow was observed at organic and aqueous Ca numbers below 10-2 and We 

numbers below 1. These Ca and We number values indicate that the surface tension is the 

dominating force, being stronger than the viscous and inertial forces.  Of all flow patterns, 

only slug flow allows to control the residence time, slug size and surface to volume ratio 

by adjusting the flow rates. The total flow rate has little influence on the slug size in the 

range from 0.1 to 0.6 ml/min (Figure 7 a). The slug size depends on the ratio of the 

aqueous and organic flow rates (AO ratio). By increasing the AO ratio from 0.25 to 9.0, 

the dispersed slug size decreases from above 1000 µm to approximately 250 µm. 

Consequently, the slug surface-to-volume ratio increases significantly, from 3000 m2/m3 

to above 35000 m2/m3 (Figure 7 b). It should be pointed out that in the computation of the 

slug flow surface-to-volume ratios, only slug cap surface area was used, as the thin film 

(<7 µm) surrounding the slug does not play a role in liquid-liquid mass transfer due to its 

quick saturation19. Depending on the continuous phase Ca number there exist three 

regimes for the slug formation15,20,21: squeezing (10-4<Ca<0.0058), dripping 

(0.013<Ca<0.1) and transitional (0.0058<Ca<0.013). As the Ca number was below 2.6·10-

4, the slugs were formed via the squeezing regime, where the surface tension fully 

dominated over the viscous and inertial forces. Garstecki et al. (2006)15 postulated the 

following linear scaling law for the dispersed phase slug size in the squeezing regime: 

= +
slug d

c

L F
A B

D F
                                                                                                                (2) 

where Lslug is the slug length; D is the diameter of the capillary; Fd  is the dispersed 

(organic) phase flow rate and Fc the continuous (aqueous) flow rate; while A and B are the 

parameters which are determined by the geometry of the system22. Eq. 2 described the slug 

size with an R2 of 0.94 (Figure 7 a). 

 

2.3.3 Bubbly flow 

Bubbly flow was observed at the AO ratio above 4, where the continuous aqueous phase 

disperses the organic phase into smaller bubbles. Inverted bubbly flow was observed at the 

AO ratio below 0.2. 

The bubbly flow was found at Ca numbers smaller than 0.1 and continuous phase We 

numbers higher than 1, indicating that the inertia of the fluids are the dominating stresses. 

The generated bubbles are not ideally spherical (Figure 4 b), confirming that surface 

tension cannot keep the droplets spherical in the face of significant inertial stress. 
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       a.                b.   

 

Figure 7: Scaling law modeling of the dispersed, organic slug size (a.) and surface-to-

volume ratio (b.) as a function of the AO ratio at 0.1, 0.4 and 0.6 ml/min total flow rates 

and capillary length of 0.4 m.The scaling law modeling yielded values of 0.57 and 1.09 for 

the geometry dependent parameter A and B, respectively. 

The bubble sizes were studied in a 0.4 m capillary at a total flow rate from 5 to 10 ml/min 

and at two AO ratios of 5 and 10.  With increasing flow rate the mean bubble diameter 

decreases (Figure 8 a) resulting in significant increase of the surface-to-volume ratio from 

50000 to above 150000 m2/m3 (Figure 8 b). It can be seen that the mean bubble diameter 

virtually does not depend on the  AO ratio. In the bubbly flow, a wide range of dispersed 

phase bubble sizes is generated, with diameters ranging from tens to hundreds of µm. 

Therefore, in order to obtain a complete analysis of the bubble sizes generated, one must 

observe the bubble size distribution rather than the mean bubble diameter. 

In order to study the influence of the flow rate and AO ratio on the bubble size, the bubble 

size distribution was analyzed at the flow rates of 7 and 10 ml/min for the AO ratios of 5 

and 10 (Figure 9). The size of the generated bubbles is largely determined by the energy 

spent on their break up. By observing the We numbers (Figure 6), it is clear that the 

breakup is caused by the continuous phase inertial force. By increasing the AO ratio the 

We number of the organic phase (i.e. the inertial force provided by the organic flow) 

decreases while the We number of the aqueous phase increases. The result is a very slight 

change in the size distribution. The influence of the flow rate on the distribution was more 

pronounced than the AO ratio. With increasing flow rates, smaller bubble sizes and 

narrower size distributions were achieved, for both AO ratios. The smallest bubbles were 

found in the case of the 10 ml/min flow rate at an AO ratio of 5, with a narrow distribution 

of bubble sizes in the range of 5-60 µm. Under those conditions both the organic and 

aqueous phase We numbers are larger than 1 (Figure 9 c), indicating that the inertia is 

dominating in both flows. It can be concluded that the smallest size can be achieved under 

the conditions of fully developed inertia (i.e. We>1). Last, these results show the 

importance of the inertial contribution of both flows. At a throughput of 10 ml/min, the 
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bubbly flow in a capillary microreactor shows the same average bubble size diameter of 

approximately 40 µm the as the interdigital microreactor23. 

The highly dispersed organic phase droplets generated by the bubbly flow pattern result in 

the formation of stable emulsions. In order to test their stability, the emulsions were aged 

at temperatures of 20 °C and 40 °C as described in the experimental section. At 40 °C full 

separation was achieved after 24 hours, while at 20°C the full separation was achieved 

after 8 days. The emulsion was easily broken by the addition of toluene at 20°C. After 

washing with demineralized water the emulsion stability was reduced from 8 days to 

approximately 3 hours. 

a. 

 

b. 

 

Figure 8: Bubble size (a.) and surface-to-volume ratio (b.) as a function of the total flow 

rate at AO ratios of 5 and 10, and capillary length of 0.4 m. 
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a.      b. 

    

c.      d. 

  

Figure 9: Bubble size distribution for: a. 7 ml/min and AO ratio of 5, b. 7 ml/min and AO 

ratio of 10, c. 10 ml/min and AO ratio of 5, d. 10 ml/min and AO ratio of 10. 

2.3.4 Annular and parallel flow 

Unlike the slug and bubbly flows, the annular and parallel flows offer a limited degree of 

interface surface area control by changing either the flow rate or the AO ratio. The annular 

and parallel flows are achieved at an AO ratio of 1, while changing the AO ratio 

destabilizes the flow. Parallel flow is achieved at lengths below 0.4 m, while stable 

annular flow is created at the length above 1.5 m. During the transition between these flow 

patterns, wavy annular flow is observed for the capillary lengths between 0.4 and 1.5 m 

(Figure 4 e). The hydrodynamics were studied only in fully developed and reproducible 

parallel and annular flows. 

The microscope observations showed that the parallel and annular flows consisted of an 

inner organic phase jet surrounded by the continuous aqueous phase. The microscope 

observations of the annular to parallel flow transitions indicated that the shape of the 



Chapter 2: Liquid-liquid flow patterns in capillary microreactor                                                     37 
                                                                                           

organic jet was cylindrical. Therefore, for the estimation of the surface-to-volume ratios, 

the shape of the organic jet was assumed to be ideally cylindrical. The diameter of the 

organic phase jet was measured as a function of flow rate at the capillary length of 0.4 and 

2 m for annular and parallel flow, respectively. As the total flow rate increases, the organic 

jet diameter of the parallel flow increases by 5.0 %, while in the annular flow, the organic 

jet diameter decreases by 16 % (Figure 10 a). Consequently the parallel surface-to-volume 

ratio decreases by 4.9 %, while the annular flow surface-to-volume ratio increases by 19 

% (Figure 10 b). It is important to note that at total flow rates above 10 ml/min, 

disturbances in the parallel flow interface occur, which include twisting of the organic jet 

(Figure 11 a) and wavy parallel interface (Figure 11 b). These disturbances confirmed the 

assumption of the cylindrical shape of the organic jet. Moreover, at flow rate of 12 ml/min 

the dispersion of the aqueous phase inside of the organic jet of the parallel flow (Figure 11 

c) was observed. Although it was not possible to quantify the disturbances, it is clear that 

in the unstable parallel flow, the surface-to-volume ratio increases significantly. 

  a.         b. 

 

Figure 10: The organic jet diameter (a.) and surface-to-volume ratio (b.) of the annular 

and parallel flows as a function of total flow rate at the AO ratio of 1. The capillary length 

was 0.4 and 2 m for the parallel and annular flow, respectively. 

 

 

Figure 11: Parallel flow instabilities: a. twisting of the organic jet, b. wavy interface and 

c. dispersion of the continuous, aqueous phase in the organic jet. 
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2.4 Mass transfer results 

2.4.1 Equilibrium operation: slug and bubbly flow 

Extraction experiments in the slug and bubbly flow regimes were performed at the 

capillary length of 0.4 m. The variation of the total flow rates of the slug and bubbly flows 

showed that the organic concentration was independent of the residence time, thus 

indicating that the system was operating at equilibrium conditions (Figure 12). The 

equilibrium concentrations were measured at AO ratios from 0.25 to 9. The comparison of 

the slug and bubbly flow results with the equilibrium organic concentrations at different 

AO ratios confirmed that the slug and bubbly flows operate at thermodynamic 

equilibrium. The results show a high mass transfer rate is occurring in slug and bubbly 

flow, which can be explained by the high surface-to-volume ratios (Figures 7 b and 8 b). 

Additionally, in the slug flow the presence of the internal circulations in the slugs further 

intensify the mass transfer rate 24, 25. Similarly, in the bubbly flow, the inertial deformation 

of the bubbles results in internal circulations. Furthermore, bubbly flow can achieve 

surface-to-volume ratios above 150000 m2/m3, thus significantly intensifying the mass 

transfer. The slug flow residence time was in the range of 2-12 seconds, 20 to 50 times 

longer than in the case of the bubbly flow (0.11 - 0.24 seconds). 

The partition coefficient was calculated as a function of the organic and aqueous 

concentrations: 

2 BuOH− =
org

aq

C
K

C                 

(3) 

The partition coefficient was determined from the bubbly and slug flow experiments for 

the case of different aqueous-to-organic flow ratios. Moreover, the partition coefficient 

was determined via equilibrium measurements in vials for different aqueous-to-organic 

ratios. The partition coefficient was found to decrease with increasing AO ratio (Figure 

13). With increasing AO ratio, the aqueous phase volume increases while the organic 

phase volume decreases. Consequently, the amount of extracted 2-butanol increases, thus 

lowering the concentration of 2-butanol in the organic phase. 

When a liquid-liquid system is in a thermodynamic equilibrium the following condition is 

fulfilled26 : 

2 BuOH 2 BuOH 2 BuOH 2 BuOHγ γ− − − −=org org aq aq
x x

              
(4) 

where γ and x are the activity coefficients and molar fractions of 2-butanol in the aqueous 

and organic phases. Combining Eqs. 3 and 4 yields: 

2 BuOH
2 BuOH

2 BuOH

γ ρ

γ ρ
−

−

−

=
org aq org

aq org aq

M
K

M
                             

(5) 

The activity coefficients are highly dependent on the concentration, therefore the partition 

coefficient will change with changing concentration in the system. The partition 
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coefficients were modeled by using the NRTL equation of state, as it is most suitable for 

liquid-liquid equilibrium systems27. The NRTL equation of state predicted the partition 

coefficients with a mean relative error of 82 % (Figure 13). The poor prediction results of 

the NRTL model can be explained by the fact that the interactions between the 

hydrocarbons and alcohols have not been properly accounted for in the currently available 

equation of state models28. In the water-toluene/2-butanol system numerous intermolecular 

interactions exist. These intermolecular interactions include dispersion, induction, dipole-

dipole and hydrogen bonding interactions29 which further complicate the equation state 

based modeling of the liquid-liquid equilibrium. Therefore, the experimentally derived 

partition coefficients were used in the modeling of the mass transfer. 

 

Figure 12: Concentration of 2-butanol in the organic phase for the slug flow, bubbly flow 

and equilibrium experiments as a function of the AO ratio. 

 

Figure 13: Partition coefficient in the slug flow, bubbly flow, equilibrium experiments and 

the NRTL model as a function of the AO ratios. 
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2.4.2 Non-equilibrium operation: parallel and annular flow 

Compared to the slug and bubbly flow, at stable parallel and annular flow conditions, 

there are little or no internal circulations caused by the dispersed phase movement. 

Consequently, thermodynamic equilibrium is not reached in the capillary, which allows 

for the measurement of the global mass transfer coefficient. The mass transfer coefficients 

were calculated by measuring the decrease of the concentration in the organic phase. The 

organic phase concentrations were corrected for the mass transfer in the sampling zone via 

Eq. 1 and are shown in Figure 14. 

The mass transfer of 2-butanol from the organic phase into the aqueous phase can be 

written as: 

( )2 BuOH−= − −
org

L org aq

dC
k a C K C

dt
                (6) 

The mass balance of the 2-butanol yields the aqueous concentration: 

,0 ,0( ) ( )− −
= =

org org org org org

aq

aq

F C C C C
C

F AO
     

         (7) 

Since the mass transfer in parallel and annular flows was studied at an AO ratio of 1, Eq. 6 

becomes: 

( )2 BuOH 2 BuOH ,0(1 )− −= − + −
org

L org org

dC
k a C K K C

dt                (8)
 

Integration of Eq.  8 yields the global mass transfer coefficient: 

,0

2 BuOH 2 BuOH 2 BuOH ,0

1
ln

(1 ) (1 )− − −

=
+ + −

org

L

org org

C
k a

t K C K K C
             (9) 

 

The kLa values as a function of the capillary length are shown in Figure 15. As the 

capillary length decreases, the flow pattern transforms from stable annular to wavy 

annular and then to the parallel flow. Furthermore, by increasing the flow rate above 10 

ml/min, the parallel flow becomes unstable. Consequently the kLa values of the four 

operating regimes were measured: stable annular, unstable annular, unstable parallel and 

stable parallel flow. In the stable annular flow regime, by increasing the flow rate from 3 

to 12 ml/min, the surface-to-volume ratio increases by 19 % (Figure 9 b), and 

consequently the kLa increases. 

The surface-to-volume ratio increases in both the unstable annular and parallel flow 

regimes as a result of the deformation and breakup of the liquid-liquid interface. 

Consequently, the mass transfer coefficient increases as compared to that in stable flow 

(Figure 15). In the stable parallel flow no influence of the flow rate was found.  Last, by 



Chapter 2: Liquid-liquid flow patterns in capillary microreactor                                                     41 
                                                                                           

increasing the flow rate from 5 to 10 ml/min the stable parallel flow transforms to unstable 

parallel flow, with small struts of organic liquid penetrating the aqueous phase. Similar 

pattern was observed by Zhao et al. (2006)13. The thin liquid struts increase the surface-to-

volume ratio, and consequently the mass transfer coefficient. 

Thermodynamic extraction efficiency21 was used to compare the amount of extracted 2-

butanol to the thermodynamic limit (Eq. 10). Figure 16 shows the 2-butanol 

thermodynamic extraction efficiency under parallel and annular flow regimes as a function 

of the residence time. For both flow patterns the extraction efficiency increases with 

residence time, yielding the maximal efficiencies of 60 and 90 %, for parallel and annular 

flow, respectively. The change of the extraction efficiency is proportional to the interface 

surface area increase due to instability. This accounts for higher efficiency found at 12 

ml/min parallel flow when compared to 10 ml/min. 

 

,0

, ,0

% 100%
−

= ⋅
−

org org

org eq org

C C
E

C C
         (10) 

 

a.       b. 

 

Figure 14: Concentration of 2-butanol in the organic phase as a function of residence 

time for the parallel (a.) and annular flow (b.) at total flow rates from 3 to 12 ml/min and 

the AO ratio of 1. 
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Figure 15: Liquid-liquid mass transfer coefficient as a function of the capillary length, at 

total flow rates from 3 to 12 ml/min and the AO ratio of 1. 

a.         b. 

 

Figure 16: Extraction efficiency as a function of residence time for the parallel (a.) and 

annular flow (b.) at total flow rates from 3 to 12 ml/min and the AO ratio of 1. 

2.4.3 Flow pattern comparison and potential applications 

The extraction application potential of the studied flow patterns was evaluated by 

measuring the amount of extracted 2-butanol. The slug and bubbly flow regimes operate at 

the thermodynamic equilibrium, therefore the removal of 2-butanol was studied as a 

function of the AO ratio. By increasing the AO ratio, the volume of the aqueous phase 

increases, and with it, the number of moles of 2-butanol that can be removed from the 

organic phase. Consequently, by controlling the AO ratio, the extraction can be increased 

up to 99 % (Figure 17). Although, parallel and annular flow have similar surface-to-

volume ratios as the slug flow (Table 3), the thermodynamic equilibrium could not be 
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reached, which limits the thermodynamic extraction efficiency to  60 and 90 % for the 

parallel and annular flow regimes, respectively. Their surface-to-volume ratios cannot be 

controlled by changing the flow ratio, thus limiting the flow patterns to a narrow window 

of operation. In stable parallel and annular flow there are no internal circulations caused 

by the flow which intensify the mass transfer as in the case of the slug and bubbly flow. 

Consequently, the maximal extraction of 2-butanol was 30 % and 47 % (Figure 18), for 

the parallel and annular flow, respectively. Last, the residence time of the annular flow 

could not be extended by increasing the length of the capillary, as the maximal pressure 

(400 bar) of the pumps was reached. Narrow windows of operation coupled with low 

extraction efficiencies and short residence times severely limit the extraction application 

of the parallel and annular flow regimes. Therefore, the best performance in terms of 

extraction application in the capillary microreactor is in the slug and bubbly flow regimes. 

 

Figure 17: Extraction of 2-butanol in slug and bubbly flow as a function of the AO ratio. 

a.       b. 

 

Figure 18: Extraction of 2-butanol as a function of residence time for the parallel (a.) and 

annular flow (b.) at total flow rates from 3 to 12 ml/min and the AO ratio of 1. 
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Table 3: Comparison of the extraction application of slug, bubbly, parallel and annular 

flow pattern 

Flow 

pattern 

S/V, m
2
/m

3
 Extraction 

efficiency, % 

Maximal 

throughput, ml/min 

Residence time, s S/V control 

Slug 5000 - 40000 100 0.6 1.95 - 12.0 Yes 

Bubbly 50000 - 180000 100 12 0.12 - 0.24 Yes 

Parallel 25000 - 30000 18-60 12 0.50 - 0.45 No 

Annular 25000 - 30000 35-90 12 0.25 - 2.50 No 

 

2.5 Conclusions 

In this chapter, hydrodynamics and extraction application of the slug, bubbly, parallel and 

annular flow regimes in the Y-mixer capillary microreactor system were investigated. The 

influence of the capillary length on the flow patterns was studied. Therefore, flow rate and 

We number based flow pattern maps for 0.4 m and 2 m capillary length were composed. 

By changing the capillary length from 2 to 0.4 m, the flow maps changed with annular 

flow transforming into the wavy annular flow and finally the parallel flow. The variation 

of the capillary length showed little influence on the slug and bubbly flow patterns. 

The parallel and annular flow patterns were stable in narrow flow and capillary length 

ranges, severely limiting the range of residence times to below 2.5 s. The stable parallel 

flow operates in an operational window which requires equal AO flow ratios, total flow 

rate range from 3 to 5 ml/min and a maximal capillary length of 0.4 m. Consequently, the 

residence times below 1 s allow for maximal extraction efficiency of approximately 60 %. 

Stable annular flow was observed at an AO flow ratio of 1, a total flow rate above 3 

ml/min in a capillary with a length higher than 1.5 m. The thermodynamic extraction 

efficiency of 90 % was obtained at a residence time of 2.5 s. The narrow operating 

conditions of stable parallel and annular flow give limited application potential in systems 

where high throughput (>3 ml/min) and residence time of a few seconds is required. 

By controlling the AO flow ratios 99 % 2-butanol extraction can be achieved under both 

the slug and bubbly flow regimes. Under the slug flow regime the residence times of 2-12 

s were by a factor of 5-50 higher as compared to other flow patterns. This regime is the 

most suitable for the application in mass transfer limited systems and those with slow 

kinetics. The residence time in slug flow can be increased to above 30 min by increasing 

the length of the capillary. Bubbly flow has residence times below 0.25 s, while achieving 

100 % thermodynamic extraction efficiency. Furthermore, in bubbly flow surface-to-

volume ratios above 150 000 m2/m3 can be achieved, more than 3 times higher than in the 

slug, parallel or annular flow. Therefore, it is suitable for application in mass transfer 

limited and fast kinetic reaction systems, particularly in cases where short residence times 

are required. 

By operating in bubbly flow in capillary microreactor at throughputs higher than 10 

ml/min, similar performance can be achieved as in the case of the interdigital mixer 
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microreactor. Therefore, the low cost capillary microreactor, with four stable operating 

flow patterns and a throughput range from g/h to kg/h, presents a flexible alternative to 

chip and microstructured microreactors for lab and pilot scale applications. 

 

 

Nomenclature 

 

D  - diameter, m 

C  - concentration, mol/m
3
 

F  - flow rate, m
3
/s 

kLa  - mass transfer coefficient, s
-1

 

K2-BuOH  -partition coefficient, - 

V  -volume, m
3
 

L  -slug length, m 

γ  -fugacity coefficient, - 

M  -molar mass, g/mol 

ρ  -density, kg/m
3
 

E%  -thermodynamic extraction efficiency, - 

S/V  -surface-to-volume ratio, m
2
/m

3
 

 

Subscripts 

org  - organic phase 

aq  - aqueous phase 

c  - continuous phase 

d  - dispersed phase 

2-BuOH -2- butanol 

eq  - equilibrium 

 

Dimensionless numbers: 

Viscous force µv
Ca = =            - Capillary number

Surface tension force σ

Inertial force ρvD
Re = =                     - Reynolds number

Viscous force µ
2

Inertial force ρv D
We = =       - Weber number

Surface tension force σ
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Abstract 

In this chapter, the hydrodynamics and the pressure drop of liquid-liquid slug flow in 

round capillary microreactor are presented. Two liquid-liquid flow systems are considered, 

viz. water-toluene and ethylene glycol/water-toluene. The slug lengths of the alternating 

continuous and dispersed phases were measured as a function of the slug velocity (0.03 – 

0.5 m/s), the organic-to-aqueous flow ratio (0.1 – 4.0), and the capillary internal diameter 

(248 µm and 498 µm). The pressure drop is modeled as the sum of two contributions: the 

frictional and the interface pressure drop. Two models are presented, viz. the stagnant film 

model and the moving film model. Both models account for the presence of a thin liquid 

film between the dispersed phase slug and the capillary wall. It is found that the film 

velocity is of negligible influence on the pressure drop. Therefore, the stagnant film model 

is adequate to accurately predict the liquid-liquid slug flow pressure drop. The influence of 

inertia and the consequent change of the slug cap curvature are accounted for by 

modifying Bretherton’s curvature parameter in the interface pressure drop equation.  The 

stagnant film model is in good agreement with experimental data with a mean relative 

error of less than 7%. 
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3. 1 Introduction 

 

3.1.1 Hydrodynamics of two-phase flow in microchannels 

Capillary two-phase hydrodynamics have three considerable distinctions from two-phase 

flows in macrosystems: first, there is an increase in the ratio of the surface area of the 

phases to the volume that they occupy; second, the flow is characterized by small 

Capillary numbers at which surface tension forces predominate over viscous forces; and 

third, the microroughness and wettability of the wall of the microchannel exert a 

considerable influence on the flow pattern formation. In laminar multiphase microflow 

systems, the dominating interfacial and inertial forces result in various regularly shaped 

interfaces1. A large number of studies can be found in literature on the achievable flow 

patterns in gas-liquid systems2-9 while relatively few studies are focusing on the 

hydrodynamics of liquid-liquid systems10-13. Depending on the total flow rate and the 

volumetric flow ratio, several liquid-liquid flow patterns are achievable in microchannels, 

such as: annular, parallel, bubbly or slug flow. Annular and parallel flows are observed 

when the inertial forces are compeeting with the interfacial forces (at We numbers > 1)13. 

The interfacial tension tends to minimize the interfacial area, while the inertial force is 

deforming and dragging the interface in the direction of the flow. Due to the competing 

nature of the inertial and interfacial forces, annular and parallel flows are easily 

destabilized by changing flow rates and volumetric flow ratios10,13. Slug14,15 and drop 

flow16,17are extensively studied due to their easily controllable hydrodynamics and 

potential applications in fine chemicals synthesis and biotechnology . 

 

Y-mixers18 and T-mixers19 provide a reproducible segmented slug flow, thus allowing a 

high degree of control over the slug size distribution and the liquid−liquid interfacial 

surface-to-volume ratio, which is in the range of 10 000 to 50 000 m2/m3 for a channel 

diameter in the range from tens to hundreds of micrometers20,21. This is one order of 

magnitude higher than in a stirred vessel, where the maximum surface-to-volume ratio is 

ca. 1000 m2/m3 22,23. The intensity of internal circulations in slugs24,25 and therefore the 

overall mass transfer rate24,26,27 depends on the slug geometry. Operation in the slug flow 

regime has been shown to be a useful tool for enchasing mass and heat transfer limited 

reactions such as nitration28 or phase transfer catalyzed alkylations29. Furthermore, the 

ease of slug size control allows for levels of mass transfer and reaction control otherwise 

unachievable in stirred batch21. Considering industrial potential of the liquid-liquid slug 

flow application, in depth understanding of hydrodynamics and pressure drop is essential. 

 

The pressure drop is an important parameter in the reactor design as it provides crucial 

information regarding the energy consumption, required pump capacity as well as the 

materials needed for the reactor construction. The investigation of pressure drop of the 

gas-liquid slug flow has been a subject of a large number of studies30-35, while there are 

only a few studies on the liquid-liquid slug flow pressure drop. Furthermore, no pressure 

drop correlations have been proposed so far which include both the influence of the 

surface tension and the slug lengths. Last, the influence of the liquid film is not included 
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in the existing models. Therefore, a pressure drop model that predicts the influence of 

varying slug lengths, film thickness and interfacial effects on the liquid-liquid slug flow 

pressure drop in microchannels is needed. 

The goal of this work is to develop a liquid-liquid slug flow pressure drop model 

describing the effect of interface surface shape, slug size and capillary diameter. 

Furthermore, it is important to determine the parameters with the highest impact on the 

pressure drop. For the model validation, experimentally measured pressure drops and slug 

sizes in capillaries with a diameter of 248 and 498 µm with several mixtures of immiscible 

liquids were used. 

3.2 Previous work on slug flow pressure drop 

In gas-liquid Taylor flow studies, the pressure is usually described using 

homogeneous31,32,34 or Lockhart-Martinelli35 correlations.  However, in the two-phase 

flow the slug length has an influence on the contribution of the different terms in the total 

pressure drop. In the majority of studies, the interfacial effects are either neglected or 

included in the form of We and Bo numbers30, therefore not accounting for the influence 

of the slug length on the overall pressure drop. Exceptions are the works of Kreutzer et al. 

(2005)33and Warnier et al. (2009)35 which have included the contribution from the 

pressure difference over the bubble interface in the modelling. Compared to the vast 

number of gas-liquid studies, only two studies on liquid-liquid slug flow in microchannels 

are found12,18. Two-phase oil-water flows and pressure drop in horizontal microchannels 

made of quartz and glass were studied by Salim et al. (2008) 12. The pressure drop 

measurements were interpreted by using the homogeneous and Lockhart-Martinelli 

models. The two-phase pressure drop was correlated to the single phase pressure drop of 

each phase over the whole length of the capillary: 

d

TP c d

P P P

L L L
ηε

∆ ∆ ∆     
= +     

     
,        (1) 

where (∆P/L)TP is the two phase pressure drop per unit capillary length, (∆P/L)c and 

(∆P/L)d are the continuous and dispersed single-phase pressure drops per unit capillary 

length, respectively. εd is the dispersed phase volume fraction and η is a fitting factor 

which depends on the wettability of the capillary wall. The empirical parameter η was 

determined from the experimental results, with values of 0.67 and 0.80 for the quartz and 

glass microchannels, respectively. The main drawback of this modeling approach is the 

absence of the surface tension and slug length influence on the pressure drop. Even an 

extended model30 which includes an empirical parameter for the interfacial effects fails, 

because it does not distinguish between the different physics associated with different flow 

regimes35. 

The effect of various operating conditions on water-cyclohexane flow patterns, slug size, 

interfacial area and pressure drop in a PTFE Y mixer/capillary microreactor was 

investigated by Kashid et al. (2007) 18. The slug flow was modeled as a series of slug unit 

cells, composed of a dispersed and continuous slug pair (Figure 1a). In the modeling the 

absence of the thin continuous phase film and a constant contact angle between the 
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dispersed slug and the wall were assumed. The proposed pressure drop model was 

interpreted in terms of two contributions: the frictional pressure drop of the individual 

phases (
Fr

P∆ ) and the pressure drop due to the interfacial effects (
I

P∆ ). For the purpose of 

the pressure drop modeling the slug unit length (lU), dispersed phase length fraction (α) 

and the contact angle were used as input parameters (Figure 1a). The overall pressure drop 

was written as: 

 , ,slug flow Frictional Interfacial Fr c Fr d IP P P P P P∆ = ∆ + ∆ = ∆ + ∆ + ∆     (2) 

The frictional pressure drop,
Fr

P∆ , was calculated from the Hagen-Poiseuille equation for 

a cylindrical tube and was expressed as a function of the slug unit length (
U d c
l l l= + ) and 

the dispersed phase length fraction ( /
d U

l lα = ): 

, 2

8
d U

Fr d

v l
P

R

µ α
∆ =          (3) 

, 2

8 (1 )c U
Fr c

v l
P

R

µ α−
∆ =         (4) 

Where 
d

µ  and 
c

µ  are the viscosity of the dispersed and continuous phase, respectively. 

The superficial velocity, v, used in Eq. 3 and 4 was determined from the total flow rate: 

( ) /
c d

v Q Q A= +           (5) 

The interface pressure 
I

P∆ was obtained from the Young-Laplace equation: 

2
cos

I
P

R

γ
θ∆ =          (6) 

Combining Eqs. 2-6 yielded the model for the pressure drop across the length of the 

capillary: 

 , ,

2
( ) U

slug flow Fr d Fr c I

U U

L lL
P P P P

l l

−
∆ = ∆ + ∆ + ∆        (7) 

The model of Kashid et al. (2007) 18 overestimated the experimental pressure drop data 

due to three reasons: (I) The interface pressure drop was calculated at a constant contact 

angle (Figure 1a); (II) the contributions of the front and rear meniscuses were summed up; 

(III) the superficial velocity of the continuous phase was used to calculate the frictional 

pressure loss.  The proposed expression for the interface pressure would only be correct 

for the case of a dry wall 37,38.  If a liquid thin film is present (Figure 1b), there is no direct 

contact between the dispersed phase slugs and the capillary wall. Consequently, the 

contact angle values become substantially different from the dry wall case. Furthermore, 

the receding and advancing contact angles can only be assumed equal at very low 

velocities. The difference between them increases with the increase of the linear 
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velocity38. The front meniscus has a positive contribution to the pressure drop and the rear 

meniscuses has a negative contribution to the pressure drop (Figure 1a), therefore the 

contributions from the front and rear meniscus should be subtracted rather than summed 

up (Figures 1c and d). Finally, due to the presence of the liquid film, the dispersed phase 

slug traverses at a higher velocity than the continuous phase35. 

 
 

Figure 1: a. Slug unit cell without film, b. Slug unit cell with thin film, c. Slug flow in the 

case of a dry wall. The interfaces of the slug are deformed in the direction of the flow, thus 

the interface pressure drop over the slug is acquired by adding the interface pressure 

drops, d. Slug flow in the case of a wetted wall. The interfaces of the slug are deformed in 

opposite directions, therefore the interface pressure drop over the slug is acquired by 

subtracting the interface pressure drops. 

 

3.2 Pressure drop model 

 

Similar to the work of Kashid et al. (2007) 18 and Kreutzer et al. (2005)33, the liquid-liquid 

slug flow pressure drop is considered to consist of the frictional pressure drop and 

interface pressure drop contributions. Two pressure drop models are developed taking into 

account the following assumptions: 

- The flow is considered as a fully developed Hagen-Poiseuille flow, which is 

disturbed by the caps of the dispersed phase slug, causing an excess pressure drop. 

- The frictional pressure drop is described by Eqs. 3 and 4 for the discrete and 

continuous phases, respectively. 

- The interface pressure drop is described by the Bretherton’s solution for the 

pressure drop over a single bubble in a capillary39. 

 

Computational fluid dynamics (CFD)40 studies of velocity profiles showed that the 

dispersed phase slug has a parabolic profile, while the continuous phase parabolic profile 

is slightly disturbed near the interface. A fully developed velocity profile was observed at 

the centre of the continuous inter-slug. Furthermore, the influence of the liquid film 

surrounding the dispersed slug is included in the models. The slug flow is modeled as a 
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series of slug unit cells in which the dispersed phase slug is separated from the wall by a 

thin film of the continuous phase (Figure 1 b). In order to analyze the influence of the film 

velocity on the slug flow pressure drop two models were developed and evaluated:  the 

stagnant film model and the moving film model. 

 

3.2.1 Stagnant film model 

 

In the stagnant film (SF) model, the thin film between the continuous phase and the 

dispersed phase slug is considered to be stagnant, effectively reducing the radius of the 

channel through which the dispersed slug, Rslug is traversing: 

 

Rslug= R–h          (8) 

 

The liquid film thickness in a circular channel was calculated as a function of the 

Capillary number, Ca
39: 

 
2/31.34h RCa= ,         (9) 

 

which is valid in the range of h below 0.01·R and in the absence of significant inertial and 

gravitational forces. Considerable deviations from Bretherton’s equation were observed at 

Capillary numbers higher than 5·10-3 and for the film thickness larger than 1% of the 

channel radius 41-43.  Furthermore, in the systems where the continuous phase has a 

considerably higher viscosity than the dispersed phase the Bretherton equation needs to be 

corrected by a factor of 22/3 44: 

 
2/31.34 (2 )h R Ca=          (10) 

 

The interface pressure drop was calculated by an analytical solution for a single bubble in 

two-phase flow39, where the Laplace pressure and the change in curvature due to the 

presence of the liquid film surrounding the bubble were taken into account to yield: 

2/3(3 )IP C Ca
d

γ
∆ =          (11) 

Assuming ideally semispherical caps, the constant C, which accounts for the influence of 

the interface curvature, was found to be 7.1639. The theory of Bretherton is in a good 

agreement with experimental data for Ca < 5 ·10-3 and We << 1. However, for Ca < 10-4 

and Ca > 10-2 and in cases when inertia is not negligible, the Bretherton analysis is no 

longer valid33,35,45.  Several authors46-49 have included the inertial effects in their finite 

element modeling of pressure drop, confirming the deviation from Eq. 11. Therefore Eq. 

11 should be further extended to a wider range of operating conditions. Unfortunately, to 

this date, no new expression for the pressure drop over a bubble was developed, thus in 

the modeling of the pressure drop Eq. 11 was used. 
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Inserting Eqs. 3, 4, 8 and 11 into Eq. 2 results in the slug flow pressure drop equation for 

the stagnant film case: 

2/3

2 2

8 8 (1 )
(3 )

( )

slug d c
SF

u

v L v L L
P C Ca

R h R l d

µ α µ α γ−
∆ = + +

−
         (12) 

 

3.2.2 Moving film model 

In order to analyze the influence of the film velocity on the slug flow pressure drop a 

second model was developed which considers a constant thickness moving film between 

the dispersed slug and the capillary wall. The only difference between the stagnant (SF) 

and moving film (MF) pressure drop models is in the term describing the frictional losses 

of the dispersed phase (Eq. 13). The derivation of this term is presented in the appendix. 

The shear stress and the velocity are assumed to be continuous through the fluid-fluid 

interface and a no-slip boundary condition is applied at the channel wall. 

, 2 2 2

4

( ) 0.5( )

slug

Fr d

c d

v L
P

R R h R h

α

µ µ

∆ =
− − −

+

           (13) 

Combining  Eqs. 2, 4, 11, and 13 yields the moving film pressure drop equation: 

2/3

2 2 2 2

4 8 (1 )
7.16(3 )

( ) 0.5( )

slug c
MF

u

c d

v L v L L
P Ca

R R h R h R l d

α µ α γ

µ µ

−
∆ = + +

− − −
+

      (14) 

Table 1 summarizes the respective contributions to the pressure drop in the two models. 

The difference between the models comes from the term of the dispersed phase frictional 

pressure drop. 

 

Table 1. Contributions of the pressure drops for the stagnant and moving film pressure 

drop models. 

Model ∆Pdispersed ∆Pcontinuous ∆Pinterfacial 

 

Stagnant film (SF) 2

8

( )

slug d
v L

R h

µ α

−
 

2

8 (1 )
slug c

v L

R

µ α−
 

2/37.16(3 )
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L
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γ
 

 

Moving film (MF) 2 2 2

4

( ) 0.5( )
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R R h R h
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µ µ

− − −
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Table 2. Physical properties of the chemicals used at 20 ˚C. 

Component Density, kg/m
3
 Viscosity, 

Pa 

Surface tension, 

N/m 

Demineralized H2O 998.2a 0.00100a 0.0371b 

40 wt.% ethylene glycol in H2O 1040.3b 0.00246b 0.0231b 

Toluene 866.7a 0.00059a - 

a-values taken from Perry et al. (1997)22 

b-measured values 

 

3.3 Experimental 

 

All chemicals used in this work are commercially available GC grade and were obtained 

from Sigma-Aldrich. In this work two multiphase flows were studied:  water-toluene (W-

T) flow and ethylene glycol/water-toluene (EG-T) flow. The latter was composed of 40 

wt.% of ethylene glycol in demineralized water. The interfacial surface tension was 

measured via a Krüss K11tensiometer. The viscosity was measured with a Brookfield 

LVDV-I Prime viscometer. The overview of the physical properties of the system is given  

in Table 2. 

 

A schematic view of the experimental setup is shown in Figure 2. The aqueous and 

organic phases were mixed in a stainless steel Y-mixer with an angle between the mixer 

inlets of 110°. Two Y-mixers, with internal diameters of 250 or 500 µm (VICI) were used. 

Two HPLC pumps (Shimadzu LC-20AD) were used to feed the corresponding solutions 

to the Y-mixer. PEEK constrictions of 25 µm were used to reduce the pulsations caused 

by the pump plungers.  A differential pressure sensor (26C Series, Sensortechnics) was 

connected at a distance of 50 cm upstream from the Y-mixer. The differential pressure 

sensor had a measurement range of 0-16 bars, with a 5 % relative error of measurement. 

The Y-mixers were connected to a 5 m long fused silica capillary with the same nominal 

internal diameter. The actual hydraulic diameters of the capillaries were 248 µm and 498 

µm as calculated via Eq. 4 using single phase pressure drop measurements. The relative 

error of the single phase measurements was 5 %, which corresponds to the differential 

pressure sensor measurement accuracy. The Y mixer-capillary assemblies were oriented 

horizontally with respect to the gravity vector unless otherwise mentioned. 
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Figure 2: Experimental setup: Stainless steel Y-mixer coupled with a 248/498-µm-

internal-diameter silica capillary. Supply of the organic and aqueous mixtures was 

provided by two HPLC pumps (Shimadzu LC-20AD). 

 

The experiments were performed at a flow rate range of 0.05-1.5 ml/min and 0.35-6 

ml/min for the 248 µm and 498 µm capillaries, respectively.  The organic-to-aqueous 

volumetric flow ratio range was varied from 0.06 to 5. All experiments were performed by 

first pumping the aqueous phase, followed by the organic phase. The measured pressure 

drop of the Y mixer-capillary assembly consists of contributions from the single phase 

pressure drop over the feed line upstream from the Y-mixer (∆PSP), the pressure drop over 

the Y-mixer (∆PY ), and the two phase slug flow pressure drop over the capillary length 

(∆PTP): 

 

Measured SP Y TP
P P P P∆ = ∆ + ∆ + ∆            (15) 

The two-phase slug flow pressure drop was calculated by subtracting the ∆PSP  and  ∆PY  

terms from the experimental value. The sum of the ∆PSP and ∆PY  values was obtained 

from pressure drop measurements with and without capillary. 

Microscope video imaging of the slug flow was done with a Zeiss Axiovert 200 MAT 

microscope coupled with a high speed imaging camera (Redlake MotionPro CCD). The 

videos were recorded at a rate from 800 to 2500 frames per second at a resolution of 

1280x480. Under each operational condition a sequence of 25 to 100 slug length units 

were analyzed. The slug velocity, slugv , slug size, slug unit length, and dispersed phase 

length fraction,  were obtained via video imaging analysis using Matlab R2007b Image 

processing. The measured lengths were averaged to obtain the mean value and the 

standard deviation, which are presented. The dispersed slug velocity was calculated by 

dividing the distance it traveled by the measurement time interval. 

 



58                                                                          Chapter 3: Liquid-liquid slug flow pressure drop                                                                            
 

 

3.4 Results and discussion 

 

3.4.1 Stable regime for slug flow operation 

 

The hydrodynamics were studied in 248 µm and 498 µm internal diameter capillaries at 

different viscosities and interface surface tensions using the W-T and EG-T two-phase 

flows.  The linear velocity at an equal organic-to-aqueous volumetric (OA) ratio was 

varied in the range of 0.03 – 0.5 m/s to identify the boundaries of a stable slug flow 

regime, which is characterized by a reproducibility of the slug length, with the standard 

deviation of slug lengths below 50 % 21. At linear velocities higher than 0.19 m/s the slug 

flow became unstable, generating slugs from 200 µm to several millimeters in size. Zhao 

et al. (2006)13 used the Weber number, which represents the ratio between the inertial and 

surface tension forces, to express a criterion for the transition between flow patterns. The 

transition from slug to parallel flow takes place at increasing flow rate and was observed 

at We > 0.5 and We > 0.8 for the W-T and EG-T flows, respectively. 

 

3.4.2 Slug flow unit length and film thickness 

 

The modeling of the slug flow pressure drop requires several hydrodynamic input 

parameters – slug unit length, dispersed phase length fraction and film thickness. 

 

 

Figure 3: The slug unit length (lU in Eqs. 12 and 14) of the water-toluene (W-T) and 

ethylene glycole/water-toluene (EG-T) slug flow in the 248 µm and 498 µm capillaries as 

a function of slug velocity at an O/A ratio of 1. 
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Table 3. Re, Ca, We and Bo numbers for water-toluene (W-T) and ethylene glycol/water-

toluene (EG-T) flows. 

Flow Capillary Re Ca We Bo 

W-T 

W-T 

248 µm 6.3 – 47.5 6.9·10-4 – 5.2·10-3 4.3·10-3 – 2.5·10-1 1.6·10-2 

498 µm 16.7 – 84.4 9.2·10-4 – 4.6·10-3 1.5·10-2 – 3.9·10-1 6.4·10-2 

EG-T 

EG-T 

248 µm 1.9 – 16.2 1.9·10-3 – 1.6·10-2 2.6·10-3 – 3.6·10-1 2.7·10-2 

498 µm 7.2 – 37.1 3.7·10-3 – 1.9·10-2 2.7·10-2 – 7.0·10-1 1.1·10-1 

 

The influence of the slug velocity on the organic and aqueous slug size is shown in Figure 

3.  In the 498 µm capillary, the slug size decreased with increasing slug velocity above 0.1 

m/s, which is in agreement with data of Kashid et al. (2007) 18.  The slug unit length 

remained relatively constant in the 248 µm capillary for slug velocities above 0.034 m/s. 

In both cases, the slug length was shorter in the flow with higher viscosity of the 

continuous phase (EG-T), which created a higher hydrodynamic flow resistance. 

Consequently, the flow of the dispersed phase was pinched in the mixer by the continuous 

phase into smaller slugs. The Reynolds number, which represents the ratio of the inertial 

to viscous forces, in the W-T flow was twice as large as compared with that in the EG-T 

flow (Table 3). This indicates that the inertial forces are larger in the W-T flow. The lower 

hydrodynamic resistance and the tendency of the inertial forces to drag the surface 

downstream are responsible for the larger slug sizes in the W-T flow.  Low values of the 

Ca number, which represents the ratio between the viscous and surface tension forces, 

show that the surface tension dominates the viscous forces. With increasing slug velocity 

the We number increases, indicating that the main competing forces in the system are the 

inertial and surface tension forces. 

 

 
Figure 4: Measured film thickness (points) and Bretherton’s equation predictions of the 

film thickness (solid line) for the cases of the water-toluene (W-T) and ethylene 

glycole/water-toluene (EG-T) slug flows in the 248 µm and 498 µm capillaries as a 

function of slug velocity at an OA ratio of 1. 
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The film thickness in the 248 µm capillary increases with increasing slug velocity in 

accordance with Eqs. 9 and 10 in the W-T and EG-T flows, respectively (Figure 4). 

However, the film thickness was overestimated in the 498 µm capillary, where an 

asymmetrical distribution of the film thickness was observed (Figure 5a). The continuous 

phase has a higher density than the dispersed phase in both two-phase flows. The slug of 

the continuous phase is displaced from the centerline by gravity, resulting in an uneven 

film thickness around the slug (Figure 5 b). To illustrate the degree of film displacement, 

the top film thickness was reduced down to approximately 1 µm, while the bottom film 

thickness increased up to 21 µm. Consequently, the average deviations from the Eqs. 9 

and 10 were 21 % and 38 %, for the W-T and EG-T flows, respectively. 

 

Figure 5: Influence of gravity in the 498 µm capillary: a. and b. Asymmetric displacement 

of the thin film in the horizontal capillary, c. Stable flow in the horizontal capillary, d. and 

e. Draining of the film in the vertical capillary, thereby shortening the distance between 

two subsequent dispersed slugs. 

 

The influence of gravity on the slug movement was studied in the 498 µm capillary 

oriented horizontally and vertically. A stable slug flow was observed in the horizontally 

oriented capillary (Figure 5 c), while disturbances in the slug size were observed in the 

vertically oriented capillary (Figures 5 d, e) where the draining of the continuous phase 

occurred, thus pushing the less dense, dispersed phase upwards and reducing the distance 

between the two subsequent slugs. No disturbances were observed in the 248 µm 

capillary. The Bond number, the ratio of gravitational force to the surface tension force, is 

listed in Table 3 for both capillaries. From these results it can be concluded that gravity 

does not influence the hydrodynamics of slug flow at Bo numbers below 0.03. 
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With increasing We number the interfacial forces, which stabilize the slug cap curvature, 

become insufficient to maintain the semispherical shape of the caps. As a result, the nose 

of the slug becomes elongated and the rear of the slug flattened. The advancing and the 

receding contact angle of the slug caps measured for the 248 µm capillary were measured 

in order to investigate the effect of the cap curvature. It is important to note that the slug 

cap contact angle is not the equivalent to the one used to characterize wetting, as the 

dispersed phase is separated from the capillary wall by a thin film. In this study, the slug 

cap contact angles are used only as a measurement of the slug cap deformation. The 

measured contact angles as a function of slug velocity are shown in Figure 6. The decrease 

in the advancing angle shows the stretching of the front cap, while the increase in the 

receding angle indicates the flattening of the back cap. Kreutzer et al. (2005)50 numerically 

modeled this effect for a gas bubble. 

 

 

 

Figure 6: Deformation of the water-toluene (W-T) slug shape with increasing inertia in 

the 248 µm capillary: a. Schematic view of the slug at different We numbers. Solid line: 

We = 5·10
-3

, dashed line: We= 2·10
-1

, b. Change of the advancing and receding slug cap 

contact angles as a function of slug velocity. 
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Figure 7: The slug length  of the (a.) the continuous, aqueous and (b.) the dispersed, 

organic phase of the water-toluene (W-T) and ethylene glycole/water-toluene (EG-T) slug 

flow in the 248 µm and 498 µm capillaries as a function of the OA ratio at a total flow 

rate of 0.1 ml/min. 

 

 

Figure 8: The slug unit length (lU in Eqs. 12 and 14) of the water-toluene (W-T) and 

ethylene glycole/water-toluene (EG-T) slug flow in the 248 µm and 498 µm capillaries as 

a function of the OA ratio at a total flow rate of 0.1 ml/min. 
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Figure 9: The dispersed phase length fraction of the water-toluene (W-T) and ethylene 

glycole/water-toluene (EG-T) slug flow in the 248 µm and 498 µm capillaries as a 

function of the OA ratio at a total flow rate of 0.1 ml/min. 

The variation of the organic-to-aqueous flow rate (OA) ratio was found to be an effective 

method to control the slug size18,21. By increasing the OA ratio the aqueous slug size 

decreases while the organic slug size increases (Figures 7 a, b). The slug unit length 

decreases with increasing OA ratio and reaches a minimum at an OA ratio of 

approximately 1 and 0.8 in the 248 µm and 498 µm capillaries, respectively (Figure 8). 

The minimal slug unit length corresponds to the conditions of approximately equal 

organic and aqueous volumetric flow rates. By operating at the conditions of unequal flow 

rates will result in the increase of slug size, consequently increasing the slug unit length. 

The influence of the OA ratio on the dispersed phase length fraction, α, is shown in Figure 

9. 

 

3.4.3 Pressure drop model comparison 

 

The stagnant film (SF) and moving film (MF) models were compared with the Kashid et 

al. (2007)18 and Salim et al. (2008) 12models for the case of W-T flow in the 248 µm 

capillary (Figure 10). The model of Kashid et al. (2007) 18 overestimates the experimental 

data as a result of summation of the interface pressure contributions from the front and 

rear meniscuses. The model of Salim et al. (2008) 12 underestimates the experimental data 

because it does not contain the term accounting for the contribution of the interface 

pressure drop. 
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Figure 10: Comparison of the stagnant film (SF) and moving film (MF) models with the 

models of Kashid et al. (2007) 18
 and Salim et al. (2008) 12

 on the case of the water-

toluene (W-T) flow in the 248 µm capillary. The SF and MF model results were different 

by less than 1.4 %. 

 

The model accuracy was evaluated via the mean relative error (MRE) method: 

model exp

1 exp

100

%

N
erimental

n erimental

P P

P
MRE

N

=

∆ − ∆
⋅

∆
=

∑
 

The SF and MF models were found to be in good agreement with the experimental data, 

with a mean relative error less than 5 %. The relative difference in the prediction of the 

pressure drop between the SF and MF models was lower than 1.4%, which indicates that 

the film velocity has very little influence on the overall pressure drop. The sensitivity of 

the influence of the standard deviation of the model parameter values on the pressure drop 

model results was evaluated (Table 4). The highest relative standard deviations taken for 

the slug and film velocities, dispersed phase length fraction and film thickness gave 

relative differences in the pressure drop below 2.2 %. The slug length unit, and therefore 

the total number of slug interfaces in the capillary, has the largest influence on the 

pressure drop. The highest relative standard deviation of 8% resulted in a difference in the 

model pressure drop values of 5 %. The film velocity is an order of magnitude lower than 

the slug velocity, therefore the standard deviation of the film velocity resulted in model 

result differences below 1 %.  Compared to the SF model, the MF model requires 

additional assumptions concerning the shear stress and the velocity throughout the 

interface. Therefore, the SF was chosen for the interpretation of the experimental data. 
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Table 4. The effect of deviations of input parameters on the calculated pressure drop 

Parameter The largest standard deviation of 

measurement, % 

Difference in pressure 

drop, % 

Slug velocity 2 <2 

Dispersed phase fraction 10 <1 

Film thickness 100 <2.2 

Slug length unit 8 <5 

 

3.4.4  Interface pressure drop and the curvature parameter 

The individual contributions of the dispersed and continuous frictional pressure drop and 

the interface pressure drop to the overall pressure drop for the W-T flow in the 248 µm 

capillary are shown in Figure 11. The interface pressure drop was found to have the 

highest contribution to the overall pressure drop, with a contribution above 60 %. 

Therefore, the correct prediction of the interface pressure drop is important to provide a 

high accuracy of the pressure drop estimation by the SF model. 

 

 
Figure 11: Contributions of the dispersed and continuous phase frictional pressure drop 

and the interface pressure drop to the total slug flow pressure drop at an OA ratio of 1 in 

the case of the water-toluene (W-T) flow in the 248 µm capillary. 

 

The interface pressure drop was calculated by Eq. 11 derived under conditions when 

inertial, viscous and gravitational forces are negligible as compared to the interfacial 

forces, resulting in the semispherical shape of the meniscus in circular capillaries39. In this 

case, the curvature parameter C is equal to 7.16.  Wong et al. (1995)51 studied the two-

phase pressure drop in various capillary cross sections, viz. polygonal, square, slot and 

circular, yielding an equation similar to the correlation of Bretherton: 

 

2/3( )d
I

C
P Ca

A
∆ = ⋅ ,                 (16) 
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where the mathematically equivalent curvature parameter, represented by the Cd/A ratio, 

depended on the curvature of the bubble. The Cd/A parameter was in the range from 3.15 

to 10.02 depending on the cross sectional geometry. Van Stein et al. (2008) 52 used the 

curvature parameter of 2.39 for slug flow pressure drop modeling in a square capillary 

with a 800 µm hydraulic diameter. Therefore, it is clear that the curvature parameter is 

highly dependent on the shape of the bubble curvature. The computation of the interface 

pressure drop becomes even more complicated due to the Marangoni effect50 caused by 

the traces of impurities which can change the results of the Bretherton theory up to a factor 

of 42/3 53. 

The influence of the slug velocity on the W-T and EG-T flow pressure drops in the 248 

µm and 498 µm capillaries is shown in Figure 12. The pressure drop calculated by the SF 

model was in a good agreement with experimental results, with a mean relative error less 

than 10 %. The value of the curvature parameter of 7.16 provides a good agreement with 

the experimental results in the 248 µm capillary, while in the 498 µm capillary a value of 

3.48 should be used to fit the experimental data due to the asymmetrical distribution of the 

film. The SF model underestimates the experimental data by approximately 5.5 % at slug 

velocities below 0.06 m/s, while at higher velocities it overestimates the measured 

pressure drop. With increasing slug velocity, the shape of the meniscus changes, the front 

end being elongated and the rear end of the slug being flattened (Figure 6), resulting in the 

change of the curvature parameter and with it the interface pressure drop. The asymmetric 

distribution of the film affects the curvature parameter in the 498 µm capillary as well. 

In the present study, the contribution from the gravity and inertia forces should be taken 

into account (Figures 5 and 6), in the cases where a non-spherical shape of the slug cap 

was observed.  The effect of flow velocity on the curvature parameter was determined by 

Eq. 12 by using the pressure drop measurements (Figure 13). The shape of the slug cap 

curvature represents the balance of the dominant forces present in the system, most 

notably the inertial and surface tension forces. With increasing velocity two effects occur, 

namely increase in the film thickness and deformation of the front and back meniscuses. 

The increase in the film thickness squeezes the slug cap, thus deforming the curvature. It 

can be seen in Figure 13 b, that the curvature parameter decreases at higher We number. 

Therefore, in order to accurately model the pressure drop, the change of the slug cap 

curvature must be accounted for by modifying the curvature parameter values as a 

function of the slug velocity. 
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Figure 12: Modeling of the water-toluene (W-T) and ethylene glycole/water-toluene (EG-

T) slug flow pressure drop in the 248 µm and 498 µm capillaries as a function of slug 

velocity at an OA ratio of 1 with the stagnant film model (solid line). 

a.      b.    

 

Figure 13: The curvature parameter of the water-toluene (W-T) and ethylene 

glycole/water-toluene (EG-T) slug flow in the 248 µm and 498 µm capillaries as a 

function of: a. slug velocity, b. We number. 

3.4.5 Effect of slug size, viscosity and capillary diameter on the pressure drop 

 

The comparison of the experimental pressure drop with the predicted values for different 

OA ratios for the W-T and EG-T flows in the 248 µm and 498 µm capillaries is shown in 

Figure 14. Since the experiments with the OA ratios were performed at a slug velocity of 

0.034 m/s, the curvature parameter values of 8.14 and 4.21 were applied for the 248 µm 

and 498 µm capillaries, respectively (Figure 13 a). The SF model predicts the 

experimental values with a mean relative error lower than 7 %. With increasing OA ratio 

the total pressure drop increased, reaching a maximum after which it decreased with 



68                                                                          Chapter 3: Liquid-liquid slug flow pressure drop                                                                            
 

 

further increase in the OA ratio. Contrary to the SF model, the previously discussed12,18 

liquid-liquid pressure drop models could not predict the influences of the OA ratio and the 

changing slug size on the overall pressure drop. 

 

Figure 14: Modeling of the water-toluene (W-T) and ethylene glycole/water-toluene (EG-

T) slug flow pressure drop in the 248 µm and 498 µm capillaries as a function of the OA 

ratio at a total flow rate of 0.1 ml/min with the stagnant film model (solid line). 

 

Figure 15: Stagnant film (SF) model results for the individual contributions of the 

dispersed and continuous phase frictional pressure drops and the interface pressure drop 

to the total pressure drops at different OA ratios, viscosities and capillary diameters at a 

total flow rate of 0.1 ml/min: a. W-T 248 µm, b.  EG-T 248 µm, c. W-T 498 µm, d.  EG-T 

498 µm. 
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In order to understand the influence of the viscosity, capillary diameter and OA ratio on 

the slug flow pressure drop, individual dispersed and continuous frictional and interface 

pressure drop contributions were analyzed (Figure 15). In the 248 µm capillary the 

interface pressure drop accounts for more than 60 % of the total pressure drop for both W-

T and EG-T flows. With increasing OA ratios the aqueous slugs become smaller while the 

organic slugs increase in size (Figure 7). Consequently, the continuous phase pressure 

drop decreases, while the dispersed phase pressure drop increases. The interface pressure 

drop is proportional to the total number of slug interfaces in the system. Therefore, it 

reaches a maximum when there is maximal number of interfaces in the system. The 

maximal number of interfaces is present in the system when the slug unit length is 

minimal (Figure 8). By increasing the capillary diameter the interface pressure decreases, 

consequently lowering the interface pressure contribution below 50 %. In both systems the 

pressure drop reaches the maximum value at the OA ratio in the range of 0.8-1.5. In this 

range the maximal number of slugs and interfaces is present in the capillary, and thus the 

highest frictional and interface pressures are achieved. The viscosity has a twofold 

influence. First, the slug size decreases as viscosity increases (Figure 3), consequently 

increasing the overall number of slugs and interfaces in the system, and therefore the 

frictional and interface pressure drops (Figure 15). Furthermore, with increasing viscosity 

the continuous phase frictional pressure drop increases, due to the higher hydrodynamic 

flow resistance. 

In order to determine the accuracy of the models, the measured pressure drop was 

compared with the predicted values (Figure 16).  For the W-T and EG-T flows in the 248 

µm capillary the mean relative error was 4.84 % and 3.95 %, respectively. In the 498 µm 

capillary the mean relative error was 4.38 % and 6.78 %, for W-T and EG-T flows, 

respectively. 

 

Figure 16: Comparison of the water-toluene (W-T) and ethylene glycole/water-toluene 

(EG-T) slug flow pressure drop in the 248 µm and 498 µm capillaries calculated via the 

stagnant film (SF) model and the measured slug flow pressure drop show good agreement 

within ± 7% relative error range.  
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3.5 Conclusions 

 

In this work the hydrodynamics and pressure drop of liquid-liquid slug flow in round 

capillary microreactor were investigated. The continuous and dispersed phase slug sizes 

were found to be dependent on the slug velocity, organic to aqueous flow ratio, viscosity 

and capillary diameter. The film thickness in the 248 µm capillary was found to be in good 

agreement with the film thickness model developed by Bretherton39. In the 498 µm 

capillary the influence of gravity was observed, resulting in an asymmetrical film 

distribution. The gravity effects were found to be absent at Bo numbers below 0.03. Under 

the studied conditions, surface tension and inertia were found to be the dominant forces 

influencing the slug flow. 

The stagnant and moving film models have been developed and compared to the liquid-

liquid pressure drop studies found in literature. The developed models accounted for two 

sources of pressure drop: (I) frictional pressure drop, and (II) interface pressure drop. The 

film velocity was found to be of negligible influence on the pressure drop. Therefore, the 

mathematically simple stagnant film model was found to be appropriate for the slug flow 

pressure drop modeling. The pressure drop was found to be highly dependent on the slug 

size. The correct modeling of the interface pressure drop, often referred to as the 

“Bretherton’s problem”, was found to be crucial for the accurate modeling of the slug flow 

pressure drop. The existing solution to the pressure drop over a bubble or slug is valid for 

conditions where inertia is absent. With increasing inertia, the deformation of the ideally 

semispherical slug cap curvature was observed. Consequently, the curvature parameter of 

Bretherton’s interface pressure drop equation was found to decrease. It was concluded that 

for the accurate modeling of the pressure drop, the change of the slug cap curvature must 

be accounted for by modifying the curvature parameter. 

By changing the flow ratios, the slug sizes of the continuous and dispersed phases 

changed, thus varying the total number of interfaces in the system, and consequently the 

frictional and interface pressure drop terms. 

To the best of the author’s knowledge the developed model is the first to account for the 

influence of varying flow ratio and slug size on the liquid-liquid slug flow pressure drop. 

Last, the developed model was found to be in good agreement with experimental data with 

a mean relative error lower than 7 %. 
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Nomenclature 

A  cross-sectional area of the capillary,m
2
 

Bo Bond number, - 

Ca  Capillary number, - 

d diameter of the capillary, m 

g gravity, m/s) 

h  film thickness, m 

l  slug length, m 

L  length of the capillary, m 

N number of experimental measurements, - 

Q  volumetric flow rate, m
3
/s 

R  internal radius of capillary, m 

Re Reynolds number, - 

v velocity, m/s 

V volume, m
3
 

We Weber number, -  

∆P  pressure drop, Pa 

 

Greek letters 

α dispersed phase fraction, - 

ε volume fraction, - 

γ interfacial surface tension, N/m 

µ  viscosity, Pa s 

η empirical parameter dependent on the capillary wall properties, - 

ρ density, kg/m
3
 

θ  contact angle, ° 

 

Subscripts 

c continuous phase 

d dispersed phase 

Fr frictional 

I Interface 

L length 

MF moving film 

SF stagnant film 

SP single phase 

TP two-phase 

U slug unit cell 

Y Y-mixer 

 

Abbreviations 

EG-T ethylene glycol/water-toluene 

MF moving film 

SF stagnant film 
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OA organic-to-aqueous flow ratio 

W-T water-toluene 
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Appendix.  The moving film (MF) model 

The model considers a moving film with a constant thickness.  A no-slip boundary 

between the capillary wall and the moving film is assumed. Furthermore, the shear 

stresses and the velocity are assumed to be continuous throughout the fluid-fluid interface. 

The steady state, laminar flow of two immiscible fluids is considered. The two fluids have 

constant density and viscosity. 

 

The momentum balance is given with the following equation: 

(2 ) (2 ) (2 )( ) (2 ( ) 0rz r rz r r zz z o zz z LrL rL r r r rπ φ π φ π φ π φ+∆ = =− + ∆ − ∆ =    (A.1) 

Dividing Eq. A.1 by 2πL∆r and taking the limit as ∆r� 0, gives: 

( ) zz z o zz z L

rzr r
r L

φ φ
φ = = − ∂

=  
∂  

       (A.2) 

 

The evaluation of the components 
rz

φ  and 
zz

φ , gives: 

z
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Assuming ( )
z z

v v r= , 0
r

v =  and p = p(z), Eq. A.2 yields: 

0( ) L
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p p
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r L
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Integration of Eq. A.5 gives: 
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The Eq. A.6 can be rewritten for the continuous phase (film) as: 
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I
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and for the dispersed phase (slug) as: 

0 1( )

2

II
II L
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p p C
r

L r
τ

− 
= + 
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        (A.8) 

The shear stress, rzτ ,is assumed to be continuous throughout the fluid-fluid interface.  The 

following boundary conditions are taken: 

B. C. 1 at r= (R-h)  
I II

rz rzτ τ=  

B. C. 2 at r = 0   
II

rzτ = finite 

From B. C. 1 it is clear that 1

I
C = 1

II
C = 1C while B. C. 2 yields 1C =0. 

Substituting Newton’s law of viscosity and integration gives 
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for the continuous phase (film) and: 
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for the dispersed phase (slug). 

By applying the following boundary conditions: 

B. C. 3 at r=R  I

zv =0 

B. C. 4 at r=0   
II

zv = max

II
v  

B. C. 5 at r=(R-h)  
II

zv = 
I

zv  

Eqs. A.9 and A.10 yield the following relations: 
2

20

2
1

4

I L
z

c

p p r
v R

L Rµ

   −
= −   

  
        (A.11) 

2

II
C = max

II
v           (A.12) 

2 2 2

0
2

( ) ( )

4

II L

c d

p p R R h R h
C

L µ µ

 − − − − 
= +  
  

      (A.13) 

2 2 2 2

0 ( ) ( )

4

II L
z

c d

p p R R h R h r
v

L µ µ

 − − − − − 
= +  
  

     (A.14) 

Average velocities of the slug and film can be determined by: 
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Combining Eqs. A.11, A.14, A.15 and A.16 gives the average film velocity and the slug 

velocity, respectively. 
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Finally, the pressure drop equation with moving film becomes: 

, ,Fr I Fr d Fr c IP P P P P P∆ = ∆ + ∆ = ∆ + ∆ + ∆       (A.19) 
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Abstract 

Precise control over the interfacial area of aqueous and organic slugs in segmented flow in 

a microchannel reactor provides an attractive means to optimize yield and productivity of 

a phase transfer catalyzed reaction. In this chapter the selective alkylation of phenyl-

acetonitrile to the monoalkylated product in a microchannel of 250 µm internal diameter 

operated continuously and solvent free in the slug flow regime is studied. The conversion 

of phenylacetonitrile increases from 40 % to 99 % as a result of 97 % larger slug surface-

to-volume ratio when the volumetric aqueous-to-organic phase flow ratio is raised from 

1.0 to 6.1 at the same residence time. The larger surface-to-volume ratio significantly 

promotes catalyst phase transfer but decreases selectivity due to the simultaneous increase 

of the rate of the consecutive reaction to the dialkylated product. There exists an optimum 

flow ratio with a maximal productivity. Conversion and selectivity in the microchannel 

reactor are both significantly larger than in a stirred reactor. 
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4.1 Introduction 

 

The key factor in phase transfer catalysis (PTC) is the ability of the catalyst to penetrate 

the interface between two immiscible (liquid) phases to be transferred into the phase 

where the reaction takes place1,2. Conversion and selectivity of phase transfer catalyzed 

reactions in stirred reactors depend, among other things, on the rate of catalyst transfer 

across the interface between the liquid drops of both phases in the mixed suspension in the 

reactor. These liquid drops usually have a wide size distribution as the result of an 

inhomogeneous energy dissipation induced by the mechanical stirring of the suspension. 

A microchannel reactor provides an attractive alternative to the stirred reactor because it 

can be operated in the so-called segmented or slug flow regime where liquid slugs move 

along the channel with a narrow slug size distribution and a well-defined slug surface-to-

volume ratio. Microchannel reactors are well-known as continuous flow devices that offer 

many advantages in achieving controllable, safer, more atom efficient and chemically 

selective syntheses3,4,5. Furthermore, the small size of the microreactors allows for integra-

tion of reaction with separation and analysis6,7. 

In a PTC system, like in any other catalytic system, the overall rate of reaction is 

determined by a combination of the intrinsic reaction kinetics and the rate of transport of 

the catalyst and reacting species to the location where the reaction takes place (Figure 1a). 

The intrinsic reaction kinetics can be manipulated by the reaction temperature, the type 

and concentration of the catalyst, and the reactant concentration. Most often, the overall 

rate of a catalytic reaction is largely limited by the transport of the reactants to the reaction 

site. Similarly, the rate of a PTC reaction is most often limited by the rate of catalyst phase 

transfer, usually from an aqueous to an organic phase, which leads to long times needed to 

complete the reaction8. The stirring of the phases in conventional liquid-liquid reactors 

generates a wide range of drop sizes with diameters varying from tens of micrometers up 

to millimeters (Figure 1b). Therefore, the liquid-liquid interfacial surface area varies 

considerably from one drop to another9-16. Since the rate of catalyst phase transfer is pro-

portional to the interfacial surface area, each drop acts like a single reactor, each with its 

own rate of catalyst transfer, and thus, different rates of reaction for different drops are 

obtained. This means that the reaction time also varies from drop to drop, which may lead 

to a variation in selectivity. 

It should be noted that a high interfacial surface area also increases the rates of the 

consecutive or parallel reactions, some of which may be unwanted. For example, the rate 

of the hydrolysis side reaction increases with a larger interfacial surface area in the PTC 

phenol acylation, thus decreasing selectivity17. In the PTC alkylation of 2-phenyl-

propionitrile, the side product formed by deprotonation acts as a catalyst poison, effective-

ly lowering both conversion and selectivity. Therefore, the challenge in phase transfer 

catalysis is to control the drop size distribution of both phases, and consequently, the size 

of the interfacial surface area (i.e. surface-to-volume ratio), the rate of catalyst transfer, 

and finally the selectivity. The aim of this chapter is to demonstrate that microchannel 
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reactors are suitable devices for microfluidic control of conversion and selectivity in a 

PTC reaction. 

 

Figure 1. a, Mass transfer and kinetic rate limitations in phase transfer catalysis. b, A 

wide range of drop sizes generated by conventional stirring in a stirred reactor containing 

a mixture of the aqueous and organic phases. The reactants are transferred from the 

continuous phase to the dispersed phase where the reaction takes place, therefore 

different drop sizes will yield different rates of reaction. c, Uniform liquid-liquid slug flow 

(top) and drop flow (bottom) generated in the 250 µm internal diameter capillary. 

 

4.1.1 Hydrodynamics of the slug flow system 

 

In liquid-liquid microchannel flow, different flow patterns are found as a function of the 

volumetric flow ratio of two immiscible liquids, i.e., annular flow, parallel flow, drop 

flow, or slug flow18,19. A simple Y-mixer already provides reproducible segmented slug 

flow20, which allows a high degree of control over the slug size distribution and the liquid-

liquid interfacial surface-to-volume ratio (Figure 1c). This surface-to-volume ratio is in the 
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range of 10000 to 50000 square meters per cubic meter of slug volume21 in the case of 

microchannels with a typical diameter of the order of tens to hundreds of micrometers. 

This is one order of magnitude higher than in a stirred vessel where the maximum surface 

to volume ratio is ca. 1000 m2/m3 .22 

In a fluid dynamic study on segmented flow in microchannels, Kashid and Agar23 showed 

that the flow rates of both phases influence the lengths of the slugs, and thus the size of 

their interfacial surface area. This implies that by increasing the volumetric aqueous-to-

organic phase ratio, the slugs containing the continuous organic phase become shorter, 

while the slugs of the segmented aqueous phase become longer. Consequently, the rate of 

catalyst transfer across the aqueous slug cap interface increases, due to increasing surface-

to-volume ratio of the organic inter-slug. Furthermore, at shorter lengths of the organic 

inter-slugs, the degree of internal circulation of the organic liquid in these slugs 

increases24, therefore decreasing mass transfer contact times and increasing the rate of re-

moval of the catalyst and reactant species from the interface, thus further increasing the 

rate of transport across this interface (Figure 2). These increased rates of interfacial 

transfer will not only boost the reaction rate but will also influence the reaction’s yield and 

productivity. 

 

4.1.2 PTC in microchannels 

 

The first study of a PTC reaction in a microchannel was performed by Hisamoto et al. 

(2001)on a diazo coupling reaction25. They showed that the specific interfacial surface 

area in the microchannel during parallel flow of the phases was twice as high as compared 

to a stirred batch reactor. This relatively small increase in the interfacial surface area 

already enabled efficient transfer of 5-methyl resoncinol from the organic phase to the 

aqueous phase where the diazo coupling reaction was completed with almost 100 % 

conversion. The first example of PTC alkylation in a microreactor was given by Ueno et 

al. (2003) 26. By employing segmented flow in 200 µm internal diameter microchannels, 

the conversion was 54 % higher than that obtained in a batch reactor. Okamoto et al. 

(2006) reported on PTC alkylation of malonic acid dimethylester in slug flow. The 

conversion was 21 % higher in a 500 µm internal diameter microchannel as compared to 

that in a batch reactor27. Ahmed-Omer et al. (2008) investigated a number of process 

intensification techniques in a two-phase slug flow reaction system in a microreactor28. 

The combination of sonification and phase transfer catalysis proved superior to any other 

combination of process intensification techniques. Phase transfer catalysis in microchannel 

reactors has been the subject of a number of patents as well. Monzyk and Brophy (2004) 

developed a multichannel device for performing reactions and separations29. The Merck 

Company patented a microdevice that integrates mixing, heating, and sonification units for 

the o-alkylation of 5-bromosalicylaldehyde, achieving 60 % conversion30. In summary, the 

literature shows that performing phase transfer catalysis in a microchannel generally 

yields higher conversions than in a stirred reactor. 
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Figure 2. a, Two types of mass transfer in segmented slug flow in a microchannel: (i) 

mass transfer through the interface separating the organic film from the aqueous slug, 

and (ii) mass transfer through the aqueous-organic slug interfaces. b, Mass transfer 

through the interface between the aqueous slug and the organic film. c, Mass transfer 

through the interface between the aqueous slug and the organic slug. Internal circulation 

removes the species from the interface, thus accelerating the rate of interface mass 

transfer. d, Different contact times for mass transfer depending on the position along the 

slug cap. 
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In this chapter it will be shown how conversion and selectivity can be manipulated by 

choosing the proper liquid-liquid flow conditions. In order to achieve fluidic control, the 

control over slug sizes must be ensured. First, the flow rate range for a stable slug flow 

must be determined. The variation of the ratio of the aqueous and organic phase flow rates 

(i.e. the aqueous-to-organic flow ratio), allows slug size manipulation and consequently 

slug surface-to-volume ratio control. Finally, the optimum aqueous-to-organic flow ratio 

for the maximal productivity must be determined. 

 

4.2 Experimental section 

 

Physical Properties. The viscosity of the organic mixture for the mass transfer 

calculations was measured with a Brookfield LVDV-I Prime viscosimeter at the reaction 

temperature (80 ̊C). The surface tension between the aqueous and organic mixture was 

measured via the Du Noüy Ring method at the reaction temperature. The organic mixture 

viscosity was measured to be 4.01 mPas and the organic-aqueous surface tension was 

22.17 mN/m. 

Chemicals and catalyst. All chemicals used in this work are commercially available and 

were obtained from Sigma-Aldrich. The organic phase consisted of a mixture of phenyl-

acetonitrile (1) and n-butyl bromide (2) at a molar ratio of 1 to 4. The organic phase 

contained decahydronaphthalene at a concentration of 1.15 mol/L as the internal standard 

in the GC analysis. The aqueous phase was composed of a mixture of 45 wt % KOH and 

0.12 wt % of the phase transfer catalyst triethylbenzylammonium chloride (TEBA) in de-

mineralized water. 

Experimental microchanel reactor setup. The microchannel reactor assembly is shown 

in Figure 3. The mixing of the phases was done in a Y-mixer with an angle between the 

mixer inlets of 110o. The internal diameter of the Y-mixer inlets and outlet was 250 µm. 

Two HPLC pumps (Shimadzu LC-20AD) were used to feed the aqueous and organic 

phase flows to the Y-mixer. The residence time for the reaction was provided with a 10 m 

long PEEK capillary with an internal diameter of 250 µm connected to the Y-mixer. 

PEEK has excellent chemical resistivity to hydroxides and haloalkanes and it is also 

attractive from the point of view of microreactor system assembly due to the fact that 

PEEK capillaries and other units (mixers, valves) are readily available from HPLC 

suppliers. The temperature of the lines from the pumps, the Y-mixer, and the capillary was 

maintained at 80˚C with a thermostatic bath (Lauda E 300). The outlet of the capillary was 

connected to a vessel with an aqueous solution of NH4Cl maintained at 10˚C to quench the 

reaction. 

Conventional batch reactor setup. Batch experiments were carried out in a 250 mL 

round bottom flask coupled with a reflux condenser. Heating was provided via a water 

bath. Stirring was performed with a mechanical Teflon blade stirrer. All batch reactor 
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experiments were performed with 40 mL of the organic mixture and 40 mL of the aqueous 

mixture at a temperature of 80˚C and a stirring rate of 800 rpm. 

Post reaction workup. The organic phase was separated from the aqueous phase via 

syringe and was analyzed by GC analysis. No further purification of the organic phase was 

performed in order to detect all side products. In order to detect phenylacetic acid and n-

butanol, which are soluble in water, the aqueous phase was extracted with toluene and 

analyzed via GC. 

Analysis. The reactants and reaction products were quantitatively analyzed using a Varian 

CP-3800 gas chromatograph equipped with a 30 m x 0.25 mm CP-Sil column and an FID 

detector. The products were qualitatively identified via GC-MS. 

Microscopic video imaging of the segmented slug flow was done with a Zeiss Axio 

Observer D1m microscope coupled with a high speed imaging camera (MotionPro10000). 

The magnification used was 50x. The videos were recorded at a rate of 2000 frames per 

second at a resolution of 1280x480. In order to visualize the slug flow, a 20 cm long PTFE 

capillary with an internal diameter of 250 µm was connected downstream to the PEEK 

capillary. The estimation of the slug lengths and the interfacial surface areas was 

performed via image analysis using MatlabTM software. 

 

Figure 3. Experimental setup: a PEEK Y-mixer coupled with a 250 µm internal diameter 

PEEK capillary, heated by a thermostatic bath. Supply of the reactants (1, 2) and the 

phase transfer catalyst (TEBA) is provided via two HPLC pumps (Shimadzu LC-20AD). 

4.3 Results and Discussion 

 

Since the stability and reproducibility of the slug flow is crucial for the microreactor 

study, the stable flow operating regimes were identified. An unstable flow regime is 

characterized by very low slug length reproducibility, i.e. the mean percentage deviation 

of slug lengths is above 50 % (Figure 4). In the unstable regime the slug lengths can range 

from 100 µm up to 15 mm, without any observable reproducible flow regime. 

Furthermore, in the unstable flow different regimes such as bubbly and slug flow are 

occurring simultaneously. The stable regime is characterized by a reproducible slug flow. 
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In order to determine the stability of the flow regime, total flow rates were varied from 50 

to 250 µL/min, at aqueous-to-organic volumetric flow ratio (AO ratio) of 1.0. These flow 

rates correspond to slug residence times from 2.0 to 9.8 minutes. 

 

Figure 4. a. Unstable (left) and stable flow (right) in 250 m capillary. Slug sizes (dark 

slugs-organic phase, white slugs-aqueous phase) in the stable flow as a function of AO 

ratio: a) AO of 1 b) AO of 2.3 c) AO of 4 d) AO of 6.1 

The influence of the total flow rates on the slug length and flow stability is shown in 

Figure 5a. In the stable flow regime, a slight decreasing trend of slug lengths is observed 

with increasing flow rates. The lengths of aqueous slugs show higher degree of 

reproducibility than the organic slugs. At a flow rate of 250 µL/min the slug flow becomes 

unstable with generated organic slug sizes ranging from 200 to 630 µm. 

The Weber number, representing the ratio between the inertial and surface tension forces, 

was used by Zhao et al. (2006)18 to express a criterion for the transition between the flow 

patterns: 

2
v D

We
ρ

γ
=           (1) 

In this work the unstable flow was observed at a Weber number above 9.9 ⋅10-3 for the 

organic phase and above 1.13 ⋅10-2 for the aqueous phase. When compared with data of 

Zhao et al. (2006) 18, these Weber numbers correspond to the transition region between the 

slug flow and parallel flow. 

The study of the influence of the changing AO ratios on the slug lengths was performed at 

total flow rate of 50 µL/min, with AO ratios from 1.0 to 9.0. First, the ratio of the aqueous 

and organic slug volumes acquired by microscope measurements was compared to the AO 

ratios set by the pumps (Figure 5 b).  At AO ratios from 1.0 to 4.0 there is a good 

agreement of measured and set AO ratios. At flow ratios above 6.0, a higher deviation of 
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measured AO ratios from the set values is observed. The slug lengths as a function of AO 

ratios are shown in Figure 5 c.   

 

Figure 5. a. Slug sizes and flow stability as a function of total flow rate at equal AO ratio. 

b. Measured AO ratios vs. the set AO ratios. c. Length of organic and aqueous slugs for 

different AO ratios. d. Surface-to-volume ratio of organic and aqueous slugs for different 

AO ratios. 

 

With increasing AO ratios the aqueous slugs become longer while the organic slugs 

decrease in size (Figure 4). Furthermore, the reproducibility of the aqueous slug length 

measurements decreases at AO ratios higher than 6.0. It is important to note that the 

reproducibility of organic slug measurements remains relatively constant throughout all of 

the experiments. Since the total flow is constant, in order to change the AO ratio, one must 

decrease the organic flow rate and increase the aqueous flow rate. Therefore, the organic 

slugs are “chopped off” by the higher flow of aqueous phase, yielding reproducible 

organic slug sizes. Since at higher AO ratios the organic flow rates are more than 6 times 

lower than the aqueous flow, the force exerted by the organic phase on the aqueous phase 

in the Y junction is lower than the force of the aqueous phase exerted on the organic 

phase. Consequently, the aqueous slugs are “chopped off” by the organic phase in an 



88                                                    Chapter 4: Slug flow microreactor for phase transfer catalysis 
 

 

irregular fashion, which accounts for the decreased reproducibility of aqueous slugs at 

higher AO ratios. 

Substantial research has been performed on mass transfer mechanisms in gas-liquid 

segmented flow (Taylor (1961)31, Berčić and Pintar (1997)32, Irandoust and Andersson 

(1988)33, Kreutzer et al. (2001)34), however little data is found about the mass transfer 

mechanism in liquid-liquid segmented flow. In a gas-liquid segmented slug flow, there are 

two mechanisms of mass transfer (Figure 2 a): (i) via the interface separating the slug 

from the thin film that is present between the slug and the microchannel wall (Figure 2 b), 

or (ii) via the interfaces at the front and back sides of the slug (Figure 2 c). These transfer 

rates may differ in magnitude as they are both proportional to the respective interfacial 

surface areas, while contributing both to the overall rate of reaction. The degree of 

influence of mass transfer via the film on the overall mass transfer is not clear in the case 

of liquid-liquid slug flow. The film thickness can be estimated by applying the Bretherton 

law35: 

2

3

0.66
org slug

v
D

µ
δ

γ

 
=  

 
                  (2) 

For the calculation of the film thickness, the values of viscosity and surface tension were 

taken at the temperature of 80 ̊C, and superficial slug velocity of 0.017 m/s, which are the 

conditions at which the study of the slug size on the conversion and selectivity was 

performed. The film thickness was calculated to be 3.5 µm thick. The experimental 

observations with a microscope at a resolution of 3.0 µm/pixel, however, do not confirm 

an existence of a film. Berčić and Pintar32 observed that the mass transfer through the film 

is negligible compared to the mass transfer through the slug caps. The work of Kreutzer et 

al. (2001)34 indicates that the film mass transfer is important only when there is a catalyst 

deposited on the wall, otherwise the film gets quickly saturated and most of the mass 

transfer occurs through the slug caps. Harries et al. (2003)36 and Burns and Ramshaw 

(2001)37 made similar observation in their work on liquid-liquid slug flow in capillary, in 

which they concluded that mass transfer occurs only through the slug cap interfaces, since 

no liquid film was observed. Therefore, it was assumed that there is no film present or that 

the mass transfer via the film can be neglected and the transfer occurs only through the 

slug caps. Because the liquid-liquid segmented flow system is laminar, the movement of 

the aqueous slug is analogue to the movement of a single bubble through the stagnant 

liquid. Assuming that all resistance to mass transfer is located in the organic phase, this 

case can be modeled via the penetration theory38. Since the caps are parabolic, and the 

internal circulation streamline system is three dimensional, the mass transfer contact times 

are not identical (Figure 2 d). Consequently, for each position along the cap there is a local 

mass transfer coefficient. In order to acquire the overall mass transfer coefficient over the 

cap, one must average out the local mass transfer coefficients over the cap as shown in the 

work of Wenmackers et al. (2009)39, which yields the overall slug cap mass transfer 

coefficient: 
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Assuming a semi-spherical shape of the slug cap, Eq. 3 yields: 
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Eq. 4 shows that the mass transfer coefficient through the caps is independent of the 

aqueous or organic slug size. However, the kla value of the mass transfer through the caps 

depends on the organic slug size, since the decrease of organic slug size increases the 

surface-to-volume ratio, and thus kla. Figure 5 d shows that with increasing AO ratios, the 

surface-to-volume ratio of organic slugs increases, as a consequence of decreasing organic 

slug lengths. Consequently, the kla is expected to increase with increasing AO ratios, 

resulting in higher reaction rates. 

4.3.1 Phase transfer alkylation of Phenylacetonitrile 

 

The PTC alkylation of phenylacetonitrile was selected as a model reaction (Figure 6). The 

reaction system is composed of two phases: an organic phase containing the alkylating 

agent (n-butyl bromide (2)) and phenylacetonitrile (1) and an aqueous phase containing 

potassium hydroxide and the phase transfer catalyst (triethylbenzylammonium chloride, 

TEBA). The reaction was performed under solvent free conditions. The phases are mixed 

in a Y-mixer that is connected to a PEEK capillary of 250 µm internal diameter. The 

catalyst-hydroxy complex penetrates the interface between the aqueous and the organic 

slugs in the capillary and is transferred into the organic phase in which the reaction takes 

place (Figure 3 a)2,40,41,42. Then, the catalyst-bromide complex transfers back to the 

aqueous phase. In the batch reactor, the reaction takes place in the organic phase, which is 

dispersed in the continuous aqueous phase, therefore generating a wide range of drop sizes 

and surface areas and thus yielding varying mass transfer and reaction rates. The reaction 

yields two major products, mono- (3) and dialkylated (4) phenylacetonitrile, and also 

phenylacetic acid (5) as a side product (Figure 5 b). The alkyl halide to alcohol hydrolysis 

does not occur when alkylation is performed with alkyl halides via phase transfer 

catalysis43, 44. No hydrolysis of n-butyl bromide was observed after 24 h at 100°C, when a 

quaternary salt and lipophilic catalysts were employed45. Kinetic studies in batch reactors 

have shown that the reaction rate increases with increasing interfacial surface area46, even 

at high stirring speeds47. 

hydrodynamics of the slug flow was observed when the catalyst concentration was varied 

at a total flow rate of 50 µL/min. The maximal catalyst concentration was 15.7 mmol % 
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and it is limited by the catalyst solubility. No significant increase of the conversion was 

found at catalyst concentrations larger than 13.0 mmol % (Figure 7 a). In this case, the 

reaction rate only can be further increased by enlarging the interfacial surface area via 

increasing AO ratios. Therefore, all other experiments were carried out at the catalyst 

concentration of 13.0 mmol %.  

 

 

Figure 6. a. Mass transfer and kinetic steps in the phase transfer alkylation of phenyl-

acetonitrile: mass transfer of the catalyst-hydroxide complex to the organic phase, 

followed by deprotonation of the phenylacetonitrile and subsequent alkylation to the 

monoalkylated product. The catalyst-bromide complex transfers back to the aqueous 

phase where it transforms into the catalyst-hydroxide complex, ready for an another cycle 

of phase transfer. b. Reaction scheme of the phase transfer alkylation of phenylacetonitrile 

(1) with n-butyl bromide (2) yielding the monoalkylated (3) and dialkylated (4) reaction 

products. The hydrolysis side reaction yields phenylacetic acid (5). The Phase Transfer 

Catalyst (PTC) is triethylbenzylammonium chloride (TEBA).  

The aqueous and organic slug lengths and the related surface-to-volume ratios were varied 

by changing the AO ratio. The residence time of the catalyst and reactants was the same 

for all AO ratios by keeping the total volumetric flow rate constant. Microscopic flow 

imaging showed that the average length of the organic slugs decreased by approximately 

48 % from 465 to 240 µm when the AO ratio was increased from 1.0 to 6.1. As a result, 

the average surface-to-volume ratio increased more than 97 % from 6000 to 13000 m2/m3. 

The calculations of the mass transfer coefficient through the slug caps showed that it is 
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independent from the slug sizes. However, since the surface-to-volume ratio increases 

with decreasing organic inter-slug size, the overall mass transfer coefficient, kla increases 

(Table 1). The conversion of phenylacetonitrile increased from 40 % to 99 % when the 

AO ratio increased from 1.0 to 6.1 (i.e. by increasing the surface-to-volume ratio from 

6000 to 13000 m2/m3) at a constant total flow rate of 50 µL/min (Figure 6 b). 

 

Table 1. Organic slug lengths and specific interfacial surface areas at different volumetric 

aqueous-to-organic phase flow (AO) ratios. 

AO ratio, - Organic slug 

length, µm 

Surface-to-

volume ratio, 

m
2
/m

3
 

Cap mass 

transfer 

coefficient, 

kl, m/s 

kla, 

m
3

l/m
3
rs 

Conversion*, % 

1.0 467 6000 8٠10-5 0.48 40 

2.3 330 9000 8٠10-5 0.72 74 

4.0 295 10300 8٠10-5 0.82 92 

6.1 265 13000 8٠10-5 0.94 99 

* at 80 ̊C and residence time of 9.8 min. 

 

Figure 7. a, Conversion as a function of catalyst concentration at different aqueous-to-

organic phase volumetric flow ratios (temperature: 80 ̊C; residence time: 9.8 min). b, 

Conversion, selectivity, and productivity as a function of flow ratio (temperature: 80 ̊C; 

catalyst concentration: 13 mmol %; residence time: 9.8 min). c. and d. Conversion and 

selectivity as a function of residence time (temperature: 80 ̊C; catalyst concentration: 13 

mmol %). 
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The phase transfer catalysis system is a complex system in which the catalyst constantly 

switches phases, thus making the measurement of the mass transfer difficult. Therefore, 

the presence of mass transfer limitation can only be observed indirectly. The strong 

dependence of conversion on the increasing surface-to-volume ratio under conditions 

where catalyst concentration does not influence the conversion is one of such indirect 

observations of mass transfer limitations. Unfortunately, due to the difficulties in 

decoupling the mass transfer rate from the kinetic rate, one cannot conclude that the 

system is mass transfer limited. The absence of the first order dependence of the mass 

transfer and conversion (Table 1) indicates that the system is still kinetically limited. 

Furthermore, the work of Makosza et al. (1977)41 claims that the kinetic mechanism is 

dependent on the surface area and that there are no mass transfer limitations, which was 

disputed by Starks, Halpern and Liotta (1994)2. Due to the complexity of the system, to 

this date, the discussion on the mass transfer and reaction mechanism remains open. A 

detailed study of the reaction mechanism is presented in chapter 5. 

 

The selectivity to the monoalkylated reaction product decreased at flow ratios larger than 

2.3 (Figure 6 c) due to an increased rate of the consecutive reaction yielding the dialky-

lated product. There is a large excess of the aqueous phase at these higher flow ratios. For 

example, the aqueous flow rate was 25 µL/min at a flow ratio of 1.0, while it was 45 

µL/min at a flow ratio of 9.0. In the latter case, the organic phase throughput was only 5 

µL/min since the total flow rate was kept constant at 50 µL/min to maintain a constant 

residence time. Therefore, there exists an optimum AO ratio of 2.3, which allows for a 

maximum productivity of the monoalkylated product (Figure 6 b). Although the 

conversion continued to increase at flow ratios larger than 2.3, the productivity decreased. 

(Here the productivity was defined as the total number of moles of the monoalkylated 

product that were produced per unit of time per unit of microchannel volume.) No 

formation of the hydrolysis by-product (5) was observed. Furthermore, no formation of n-

butanol, which is a product of n-butyl bromide hydrolysis, was observed, confirming the 

phase transfer catalyzed inhibition of alkyl halide hydrolysis. 

 

Experiments at different residence times were performed at AO ratios of 1.0 and 2.3 in the 

microchannel reactor and at a volume ratio of 1.0 in a stirred batch reactor. At a residence 

time of 9.8 minutes, phenylacetonitrile conversions of 40 % and 74 % were achieved in 

the microchannel reactor at flow ratios of 1.0 and 2.3, respectively, compared to only 26 

% in the batch reactor (Figure 4 c). Although at the flow rate of 250 µL/min, which 

corresponds to the residence time of 2.0 min, the organic slug sizes vary from 200 to 630 

µm the there is a good reproducibility of conversion data (microchannel reactor mean 

percentage deviation of 5 % vs. 17 % in the batch reactor). This indicates that the 250 

µL/min conversion data is averaged out over the time of sampling, since each sample was 

taken at 2 min intervals. Furthermore, it shows that the narrow slug size distribution 

obtained in the microchannel reactor, even at unstable flow conditions, yields better 

reproducibility than the batch reactor. 
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The selectivity in the stirred batch reactor decreased with conversion, achieving a value of 

88 % at a residence time of 9.8 minutes. The decreasing selectivity with residence time in 

the batch reactor can be explained by slower rate of droplet breakup and coalescence 

compared to the reaction rate, resulting in different reaction rates for each droplet. Unlike 

the batch reactor, the microchannel reactor showed an almost constant selectivity of 

approximately 98 % at all conversions (Figure 4 d). 

In phase transfer catalysis, emulsion formation is a common problem in liquid-liquid 

reaction systems. It is usually avoided by using solvents such as toluene or 

dichloromethane. The disadvantage is the longer residence time needed to complete the 

reaction since the solvents dilute the reactants. In segmented microchannel flow, 

electrostatic colloidal stabilization48 cannot occur and emulsion formation is eliminated 

because the slugs of one phase are always separated in space from the slugs of the other 

phase. This allows for solvent free operation and significantly simplifies post reaction 

workup, which is an important advantage of continuous flow operation in microchannel 

reactors49. According to our best knowledge, we present herein the first demonstration of a 

PTC reaction in a microchannel reactor operated without a solvent. 

 

4.4 Conclusion 

 

The calculations of mass transfer via penetration theory indicated that the mass transfer is 

dependent only on the organic slug lengths. At catalyst concentrations above 13 mmol % 

no further increase in conversion was observed. The absence of linear dependence of mass 

transfer coefficient and conversion indicates that the kinetic limitation is present. Under 

these conditions, by increasing the organic slug length, the reaction rate increases due to 

increase of the slug surface-to-volume ratios, which was confirmed with the conversion 

results. At the same time, the rate of the byproduct formation in a consecutive reaction 

increased. The decrease in selectivity was observed when aqueous-to-organic flow ratio 

was increased. Thus, an optimum aqueous-to-organic volumetric ratio of 2.3 was found 

that gave a conversion of 74 % with a product selectivity of 99 %. Previous works on 

phase transfer catalyzed alkylations in microchannels by Ueno et al. (2003)26 and 

Okamoto (2006) 27 reported approximately 1.5 and 1.2 times higher conversions, 

respectively, compared to the batch reactor. The application of the fluidic control 

methodology by varying the aqueous-to-organic flow ratio from 1 to 6.1, yields a 1.5 to 

3.8 times increase in conversion compared to the batch reactor. At the optimum flow ratio 

of 2.3, a 1.8 times increase in conversion and a 12 % increase in selectivity were achieved 

compared to the batch reactor. 

It is important to note that the aqueous and organic flow rates, the volumetric flow ratio, 

the slug length, and the residence time in the microchannel reactor are all interconnected 

and influence each other. For example, one cannot change the total flow rate without 

changing the residence time, nor can one change the volumetric flow ratio without 

affecting the slug length. This requires careful selection of the flow conditions in the 
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microchannel reactor where the productivity of the reaction is maximal. This maximum 

productivity is obviously a function of the conversion, selectivity, and the flow rate of the 

main reactant (phenylacetonitrile) at the optimum aqueous-to-organic volumetric ratio. 

In conclusion, we have demonstrated the potential of using a continuous microchannel 

reactor in solvent-free and selective phase transfer alkylation where the interface between 

the segmented liquid phases can be precisely tuned to optimize the productivity. This pro-

vides a clear advantage over traditional stirred (batch) vessels. Scale-up to the required 

production capacity (viz., moles of reaction product per unit of time) may be relatively 

easily done by selecting the proper number of parallel microchannels (numbering up). 

 

 

Nomenclature 

 

Cat OH
D + −  - diffusion coefficient of catalyst-hydroxide complex, m

2
/s 

D             - Diameter of the microchannel capillary, m 

kla   - Liquid side mass transfer coefficient multiplied by the surface to volme ratio, 

m
3

l/m
3

rs kcap,avg     - Average liquid side mass transfer coefficient through the slug 

cap, m/s 

capR        - Radius of the half spherical slug cap, m 

r            -  Radial position along the inside the half spherical slug cap, m 

orgµ       - Viscosity, Pas 

slugv       - Superficial velocity of the slug, m/s 

ρ          - density, kg/m
3
 

γ           -  Interfacial surface tension between the organic and aqueous phase, N/m 
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Abstract 

Microreactors allow a degree of control over a chemical reaction unattainable in 

conventional stirred reactors, making them powerful yet rarely used tools for kinetics 

studies. In this chapter the precise control over the slug lengths in a microreactor was 

employed to study a complex system of liquid-liquid phase transfer catalyzed alkylation of 

phenylacetonitrile in a basic medium. The influence of the surface-to-volume ratio, the 

reactant molar ratios, hydroxide and phase transfer catalyst concentrations on the reaction 

were investigated in order to observe the reaction on the liquid-liquid interface. The 

interfacial reaction was interpreted with two proposed mechanisms existing in the 

literature: the Starks extraction and Makosza interfacial mechanisms. The results showed a 

strong indication that the reaction proceeds via the interfacial mechanism which was 

further modified in order to observe the interfacial reaction, allowing for the measurement 

of the observed interfacial reaction rate constant. 
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5.1 Introduction  

          

The sub-millimeter inner diameter channels allow for surface-to-volume ratios in the 

higher than 10000 m2/m3 1, thus allowing for a significant intensification of the mass and 

heat transfer2. Depending on the total flow rate and the volumetric flow ratio, several 

liquid-liquid flow patterns are achievable in microchannels, such as: annular, parallel, 

bubbly or slug flow3. In literature most attention has been given to the hydrodynamics of 

liquid-liquid slug flow4-6
, due the high degree of control that can be achieved over the slug 

length. By varying the flow ratio, the surface-to-volume ratio can be controlled with a high 

degree of accuracy7. The ability to control the surface-to-volume ratio allows the study of 

surface dependent reactions (i.e. mass transfer limited and interfacial reactions) thus 

making them powerful tools for kinetic screening8. 

 

In conventional liquid-liquid stirred tank reactors wide droplet size distributions9 are 

found, resulting in considerable variations of the liquid−liquid interfacial surface area 

from one drop to another. In phase transfer catalysis (PTC) reactions, drop size control 

presents a challenge as the size of the interfacial surface area (i.e., surface-to-volume ratio) 

determines the rate of the reaction. Consequently, microreactors, providing a level of 

reaction control unachievable in the conventional reactors, have been successfully 

employed in phase transfer catalyzed diazo coupling10 and alkylation reactions7,11,12. 

 

 5.1.1 PTC/OH alkylation 

Alkylation of weakly acidic organic substrates (pKa ~ 15-24) usually requires the presence 

of strong, co-solvents and hazardous bases such as sodium methoxide13. The employment 

of a phase transfer catalyst allows aggressive bases to be replaced by mild bases (e.g. 

sodium hydroxide) while simultaneously alleviating the need for a co-solvent14. PTC is 

both economically and environmentally favorable over traditional chemical methods, 

which resulted in a wide application in fine chemical industry, particularly in the case of 

alkylation, condensation and carbene addition reactions15. 

 

 

 
 

Scheme 1: PTC alkylation of phenylacetonitrile (PAN) with butyl bromide consisting of 

the deprotonation and alkylation steps. 
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As a model reaction, the base mediated phase transfer catalyzed (PTC/OH) alkylation of 

phenylacetonitrile (PAN), was used employing benzyltriethylammonium chloride (TEBA) 

as the phase transfer catalyst. The selective alkylation of PAN is an important step in fine 

chemical syntheses, since the arylacetic acid moiety is often encountered in anti-

inflammatory drugs16. The alkylation of PAN is regarded as a two-step reaction. First 

PAN is deprotonated at the α-C site, after which the deprotonated PAN catalyst complex is 

alkylated to yield the α-butyl penylacetonitrile (Scheme 1).  

 

The mechanism of the phase transfer catalyzed alkylation under basic conditions is subject 

of discussion, as two models exist: the Starks extraction mechanism17 and the Makosza 

interfacial mechanism[18]. These mechanisms differ by the role which the phase interface 

plays in the reaction. The Starks extraction mechanism is schematically depicted in Figure 

1 a. In the aqueous phase the quaternary ammonium cation (TEBA+) forms a complex 

with the hydroxide anion, which transfers to the organic phase where it deprotonates PAN. 

The deprotonated TEBA+PAN- species is alkylated by butyl bromide yielding the 

alkylated product and the catalyst which transfers back to the aqueous phase.  

 

The interfacial mechanism is schematically depicted in Figure 1 b. The same two reaction 

steps as in the extraction mechanism can be distinguished: the deprotonation and the 

subsequent alkylation step. According to the mechanism, the reaction is catalyzed by a 

phase transfer catalyst; however it is not a “true” phase transfer catalysis reaction, as the 

rate of the catalyst transfer does not determine the reaction rate. In the interfacial 

mechanism the deprotonation is regarded as an interfacial reaction: PAN is deprotonated 

by the hydroxide at the liquid-liquid interface, where it forms an ion pair with the 

hydroxide counter-ion. The ion pair is insoluble in both phases and is anchored at the 

interface17,19 until it associates with the quaternary ammonium cation and is drawn into the 

organic phase. Consequently, in the organic phase the deprotonated PAN is alkylated, 

resulting in the alkylated product and the regenerated catalyst (TEBA+Br-). 

Simultaneously, the counter-anion of the catalyst and the water molecule formed in the 

deprotonation reaction transfer into the aqueous phase. 

 

The difference between the Starks extraction mechanism (Figure 1 a) and the Makosza 

interfacial mechanism (Figure 1 b) lies at the role of the phase interface. Both of the 

mechanisms describe the reaction as a two step reaction: 1) deprotonation to form 

TEBA+PAN- complex followed by the 2) alkylation to produce the mono alkylated 

product (Scheme 1). The deprotonation step in the Starks extraction mechanism is 

described as mass transfer of the catalyst hydroxide species followed by the reaction with 

the organic substrate (Figure 1 c). The interfacial mechanism describes the deprotonation 

as an equilibrium reaction between the organic reactant and the base at the interface, 

followed by the reaction with the catalyst (Figure 1 d). Therefore, in the extraction 

mechanism the interfacial area influences the mass transfer rate of the catalyst-hydroxide 

pair, whereas in the interfacial mechanism the actual deprotonation of the organic reactant 

takes place at the interface.  
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Figure 1: The Starks extraction 
17

 (a.) and the Makosza interfacial mechanism
18

 (b.) for 

phase transfer catalyzed alkylation of phenylacetonitrile. Deprotonation step c. via the 

extraction mechanism consisting from the catalyst complex mass transfer (E.1) and 

subsequent deprotonation (E.2). d. via the interfacial mechanism consisting from 

interfacial deprotonation (I.1) and subsequent formation of the catalyst-phenylacetonitrile 

complex (I.2). 

 

 

Figure 2: Pseudo-first order reaction rate constant as a function of the stirring speed (i.e. 

surface-to-volume ratio), for the case of the PTC reaction proceeding via the extraction 

and interfacial mechanism. 
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In stirred tank reactors, the distinction between the extraction and interfacial mechanism 

can be made by observing the two typical trends of the reaction as a function of stirring 

speed, which is correlated to the interfacial surface-to-volume ratio19. Figure 2 shows the 

typical trends of the observed reaction rate in isomerisation of allylbenzene (extraction 

mechanism) 20 and the alkylation of 2-phenylpropionitrile (interfacial mechanism) 21. The 

mass transfer of the catalyst-hydroxide species is the rate limiting step in the reactions 

proceeding via the extraction mechanism at stirring rates below the threshold value 

(approx. 300 rpm in Figure 2).In the case of the interfacial mechanism, the reaction rate 

monotonously increases up to stirring speeds of 1400 rpm, due to an increase in liquid-

liquid interfacial area.  The interfacial mechanism was  disputed by Starks22 claiming that 

the two regimes shown in Figure 2 are a consequence of the inefficient stirring 

configuration, where the dispersion droplet size, and with it the surface-to-volume ratio 

does not increase with increasing stirring speed after a threshold value23. Therefore, in 

order to gain insight on the reaction mechanism, a precise control of the surface-to-volume 

ratios is essential. 

The goal of the study is to gain insight on the influence of the interface area on the 

PTC/OH alkylation reaction. Previously we have shown that a high degree of control over 

the interface surface-to-volume ratio allows the improvement of both the conversion and 

selectivity in microfluidic systems7. Therefore, the microfluidic control of the phase 

interface allows for a detailed study of the effect of the interface area on the reaction 

kinetics, while eliminating the negative effects induced by inhomogeneous stirring in a 

batch reactor. 

 

5.2 Experimental 

 

Chemicals 

All reagents used in this work are commercially available and obtained from Sigma-

Aldrich. The aqueous phase consisted of potassium hydroxide (0-11 kmol/m3) and  

benzyltriethylammonium chloride TEBA (0-7.4 mol/m3) in demineralised water. The 

organic phase consisted of a mixture of n-butyl bromide and phenylacetonitrile at molar 

ratios ranging from 1 to 10. Furthermore, the organic phase contained 1.6 wt % of 

decahydronaphthalene used as the internal standard in the gas chromatography (GC) 

analysis. 

 

Experimental microchannel reactor setup 

The capillary microreactor assembly used in the experiments allowed for microscope slug 

flow observations, extraction and reaction experiments and is described in our previous 

study of the PTC/OH alkylation7. Mixing of the phases was done in a 250 µm inner 

diameter Y-mixer with an angle between the mixer inlets of 110º. The aqueous and 

organic phases were fed to the Y-mixer via two high performance liquid chromatography 

(HPLC) pumps (Shimadzu LC20-AD). Residence time for the reaction was provided by a 

transparent polytetrafluorethylene (PTFE) capillary with an internal diameter of 250 µm. 
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The feed lines, Y-mixer and PTFE capillary were kept at 80 °C via a thermostatic bath 

(Lauda E300).  

All experiments were performed at a total flow of 100 µl/min, as it was the optimal flow 

rate in terms of slug length reproducibility, thus allowing estimations of surface-to-volume 

ratios with a standard deviation lower than 7 %. The residence time was adjusted by 

varying the PTFE capillary length from 0.5 to 4.4 m. The extraction experiments 

employed a PTFE tape coated funnel, which allowed for fast separation of the aqueous 

and organic phases after the PTFE capillary outlet. The organic phase was absorbed by the 

PTFE tape, while the aqueous phase was analyzed via UV-Vis. 

 

Slug flow visualization  

Video imaging analysis of the slug flow was performed with a Zeiss Axio Observer D1m 

microscope at 50x magnification coupled with a high-speed imaging camera 

(MotionPro10000). The videos were recorded at a rate of 2000 frames per second at a 

resolution of 1280 × 480. The estimation of the slug lengths and the interfacial surface 

areas was performed by image analysis using MatlabTM software. 

 

Analysis 

The reactants and products were analyzed using a Varian CP-3800 gas chromatograph 

equipped with a 30 m × 0.25 mm CP-Sil column and a flame ionization detector (FID). 

The products were qualitatively identified by GC-mass spectrometry (MS). The aqueous 

phase catalyst compositions were analyzed via off-line UV-Vis spectroscopy (Shimadzu 

UV-2501PC) using the absorption band of phenyl group the TEBA at 262.5 nm. 

 

5.3 Results 

 

In order to gain insight on the reaction occurring on the phase interface, a high degree of 

control over the surface-to-volume ratio must be achieved. The study of the reaction 

occurring at the interface of the aqueous and organic phases consisted of four separate 

parts:  

 

• Study of slug flow hydrodynamics in order to determine the surface-to-volume 

ratios. 

• Study of the TEBA extraction and determination of the partition coefficients for 

the reaction modeling. 

• Parametric study in order to determine reaction conditions when the reaction rate 

dependents solely on the interface area. 

• Kinetic modeling of the reaction where the two proposed models, the Starks 

extraction and Makosza interfacial model are evaluated. 
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5.3.1 Hydrodynamics 

 

Unlike in the case of capillaries with polar walls such as fused silica22, in non-polar PTFE 

capillaries, no thin film of the continuous phase between the dispersed slug and the 

capillary wall is observed (Chapter 4).  Consequently, the interfacial area is determined 

solely by the slug cap. A total flow rate of 100 µl/min was found to yield highly 

reproducible slugs, thus allowing accurate measurements of surface-to-volume areas 

according to the procedure described in Appendix A. Operation at lower flow rates, 

resulted in the decreased reproducibility with formation of slugs up to 1 mm long, 

consequently decreasing the surface-to-volume ratio. By increasing the aqueous-to-

organic flow (AO) ratio from 1 to 9, the organic slug length decreased from approximately 

500 µm to below 250 µm, while the aqueous slug length increased from 500 µm to 

approximately 2300 µm (Figure 3). The dispersed, aqueous slug size was estimated using 

the scaling law as shown in chapter 2: 

( )= + = +
aq aq

org

L F
A B A B AO

D F
                                                                                            (1) 

where Laq is the aqueous slug length; D is the diameter of the capillary; Faq  is the aqueous 

(dispersed) phase flow rate and Forg the organic (continuous) flow rate; while A and B are 

the fitting parameters which are determined by the geometry of the system.  In the work of 

Garstecki et al. (2006) the parameter A was found to be independent from the physical 

properties of the fluids and equal to 1. Therefore, Eq.1 was simplified to yield: 

1 1 ( )= + = +
aq aq

org

L F
B B AO

D F
       (2)

 

The continuous, organic phase slug length was found to be inversely proportional to the 

AO ratio: 

1 1
( )

= + = +
org org

aq

L F B
B

D F AO
        

(3) 

Eqs. 2 and 3 were found to be in good agreement with the experimental data (Figure 3 a). 

The values of the parameter B, for Eqs. 2 and 3 are approximately the same (Table 1), 

giving an indication that the slug sizes are determined by the geometry of the reactor.  
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a.        b. 

 

Figure 3: a. Experimental values and scaling law modeling of aqueous and organic slug 

sizes as a function of the aqueous-to-organic flow ratio. b. Organic and aqueous phase 

surface-to-volume ratios as a function of the aqueous-to-organic flow (AO) ratios 

 

Table 1: Fitting parameter B for the prediction of the continuous (organic) and disperse 

(aqueous) phase slug lengths in Eqs. 2 and 3. 

Slug B R2 

Continuous 0.86 99 % 

Dispersed 0.88 99 % 

 

The surface-to-volume ratio of the organic phase was estimated by assuming 

semispherical slug caps as described in Appendix A. By increasing the AO ratio from 1 to 

9, the organic slug size decreased resulting in the increase of the surface-to-volume ratio 

from 6500 to 12500 m2/m3 (Figure 3 b). Simultaneously, the aqueous slug size increased 

resulting in the decrease of the aqueous surface-to-volume ratio from 6000 to 

approximately 1500 m2/m3. 

 

5.3.2 Extraction of TEBA 

 

The extraction of quaternary ammonium salts is known to be difficult to measure due to 

the low solubility, impurities (e.g. NR3H
+X-) and decompositions of the ammonium salts 

in the aqueous phase to form free amines23. A particular problem is the the measurement 

of partition coefficients in reaction systems that employ concentrated bases such as the 

PTC alkylation of phenylacetonitrile, due to the catalyst decomposition via the Hoffman 

degradation[24,25]. The extraction experiments were performed in the capillary microreactor 

under the slug flow to avoid catalyst decomposition. 
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Previously we have shown that slug flow extraction in the 250 µm capillary allows 

equilibrium to be reached at residence times as short as 2 s 3, therefore allowing to 

measure the extraction of TEBA at conditions of low catalyst decomposition. In order to 

confirm the equilibrium operation the extraction was performed at residence times of 1 

and 2 min. By increasing the AO ratio the organic slug size decreases (Figure 3 a), 

resulting in lower quantities of TEBA extracted into the organic phase. Consequently, the 

amount of extracted TEBA from the aqueous phase into the organic phase decreases from 

6 to approximately 2 % (Figure 4 a). The results are consistent with previous studies 

where TEBA was found to have very low solubility in the organic phase17, where up to 99 

% of TEBA is in the aqueous phase24. Partition coefficients (Figure 4 b) used in the 

modeling of the reaction were calculated via the aqueous and organic phase TEBA 

concentrations: 

 

,

,

=
TEBA org

partition

TEBA aq

C
K

C
         (4) 

 

By increasing the AO ratio from 1 to 9 the calculated partition coefficient was found to 

increase by approximately 50 %. The partition coefficients depend strongly on the activity 

coefficients and on the bulk concentrations of TEBA in both phases. With increasing AO 

ratios the TEBA concentrations change, and with them the activity coefficients resulting in 

the increase of the partition coefficient3. At AO ratios higher than 6 the experimental error 

of the partition coefficients increased, therefore for modeling purposes the partition 

coefficient was fixed at a constant value of 0.15 in this range. 

 

a.        b. 

  

Figure 4: a. Slug flow extraction experiments: extracted amount of TEBA from the 

aqueous phase as a function of the AO ratio at residence times of 1 and 2 min. b. TEBA 

partition coefficient as a function of the AO ratio at residence times of 1 and 2 min. 
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5.3.4. Butyl bromide to phenylacetonitrile molar ratio 

 

The molar ratio of butyl bromide to phenylacetonitrile (BuBr/PAN) was varied from 1 to 

10, at a fixed residence time of 1 min to determine the range of reaction conditions where 

the zero order in butyl bromide concentration was observed. At BuBr/PAN ratios higher 

than 6, the concentration of butyl bromide no longer influenced the reaction (Figure 5). 

The large excess of butyl bromide makes the alkylation step fast compared to the 

deprotonation step, thus the latter becomes the rate-limiting step. Therefore, all further 

experiments were performed at a BuBr/PAN molar ratio of 10. 

 

 

Figure 5: Conversion of phenylacetonitrile as a function of butyl bromide to 

phenylacetonitrile molar ratio at a residence time of 1 min and an organic surface-to-

volume ratio of 6500 m
2
/m

3
. 

5.3.5 Catalyst concentration 

 

The influence of the TEBA concentration was investigated at a residence time of 1 min 

and AO ratios of 1 and 4, corresponding to organic surface-to-volume ratios of 6500 and 

11000 m2/m3, respectively. A conversion of 5 % was observed in the blank experiments 

(without catalyst) at the both surface-to-volume ratios. The concentration of the TEBA 

was found to be of no influence on the slug size (i.e. surface-to-volume ration). By 

increasing the TEBA concentration the conversion increased until the TEBA concentration 

of 6 mol/m3, after which the reaction was found to be independent of the concentration 

(Figure 6) for both of the studied surface-to-volume ratios. All reaction modeling 

experiments were performed at TEBA concentration of 7.4 mol/m3 in order to eliminate 

the influence of catalyst concentration on the reaction rate. In this range, the conversion 

increased by 3.8 times when the surface-to-volume ratio was increased from 6500 to 

11000 m2/m3.  
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Figure 6: Conversion of phenylacetonitrile at different TEBA concentrations at a 

residence time of 1 min and an organic surface-to-volume ratios of 6500 and 11000 

m
2
/m

3
. 

The organic phase surface-to-volume ratio was varied from 6500 to 12500 m2/m3 by 

controlling the AO ratio from 1 to 9 at different catalyst concentrations, allowing the 

conversion to be increased up to 60 % at a constant residence time of 1 min (Figure 7).  

 

 

Figure 7: The conversion as a function of the organic surface-to-volume ratio at two 

catalyst concentrations of 1.5 and 7.4 mol/m
3
, at a residence time of 1 min. The 

conversion in the blank experiments is given for comparison. 

5.3.6 Hydroxide concentration 

 

The influence of the aqueous hydroxide concentration was investigated at a residence time 

of 1 min and organic surface-to-volume ratios of 6500 and 11000 m2/m3. By increasing 

the KOH concentration from 5.9 to 11 kmol/m3, a significant increase of conversion from 
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2 % to 40 % was observed (Figure 8). In literature similar trends were observed in the 

cases of PAN alkylation with26 and without the PTC catalyst27.  

The exponential increase of conversion with increasing base concentration cannot be 

explained with the salting out of the catalyst as it is often done in the literature[24], as the 

extraction experiments show that more than 94 % of the TEBA species remain in the 

aqueous phase. Instead the increase in conversion can be explained by increasing 

dehydrating effect with increasing base concentrations as discussed by Albanese et al. 

(2001) 28. The increase of the base concentrations decreases the negative effect of anion 

reactivity with the water produced in the dehydration step. Consequently, in systems with 

concentrated bases, the hydration of the formed anion is decreased, thus allowing for 

increased reactivity of the anion produced by the deprotonation step19,29,30. Therefore, all 

reaction modeling experiments were performed at a maximal base concentration of 11 

kmol/m3. 

 

 

Figure 8: Conversion of phenylacetonitrile at different OH
-
 concentrations at a residence 

time of 1 min and an organic surface-to-volume ratios of 6500 and 11000 m
2
/m

3
. 

 

5.4 Reaction modeling 

 

 

In order to observe the reaction on the phase interface, the influence from all other 

reaction steps on the reaction must be eliminated. By operating at conditions independent 

of the butyl bromide concentration (BuBr/PAN molar ratio of 10, Figure 8), the reaction 

becomes limited by the deprotonation step. The experiments for the modeling of the two 

discussed mechanisms were performed at TEBA concentrations of 7.4 mol/m3, at which 

the reaction is independent of the TEBA concentration, thus allowing for the observation 

of the reaction step connected to the interface: the mass transfer (Figure 1 c, E.1) or the 

interfacial reaction (Figure 1 d, I.1). 
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First, the influence of the surface-to-volume ratio on the pseudo-first order reaction rate 

was studied. Values for the pseudo-first order reaction rate constant kobs were obtained by 

nonlinear least squares regression, with an average standard deviation lower than 2 % 

(Figure 9):  

 PAN
obs PAN

dC
k C

dt
= −  (5) 

where CPAN is the concentration of phenylacetonitrile in the organic slugs, t  is the 

residence time in the microchannel and kobs is the observed pseudo-first order reaction rate 

constant. 

By increasing the surface-to-volume ratio from 6500 to 12500 m2/m3, kobs increased from 

2·10-2 to 15·10-2 s-1. The strong dependence of the observed rate constant on the surface-

to-volume ratio (Figure 9) is in agreement with the interface mechanism (Figure 2). 

 

Figure 9: Pseudo-first order reaction rate constant of the PTC alkylation of 

phenylacetonitrile as a function of the measured organic surface-to-volume ratio. 

 

5.4.1 Extraction mechanism model 

 

The ion exchange reactions resulting in the formation of the TEBA+OH- and TEBA+ Br- 

species in the aqueous phase (Figure 1 a) are considered to be very fast reactions31,32, 

compared to the mass transfer and alkylation. Therefore, the rate of the TEBA+OH- 

consumption was assumed to be dominated by the mass transfer of the catalyst species. 

Furthermore, in the slug flow without the film, the mass transfer coefficient consists of 

two contributions: the aqueous and organic slug cap mass transfer coefficients. The two 

mass transfer contributions can be combined into an overall mass transfer coefficient for 

the slug cap as shown in Appendix C: 
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( ) ( )
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( ) ( )α
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+

cap aq cap org

L cap
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ka ka
k a

ka K ka
      (6) 

 

The rate equations describing the deprotonation step (Figure 1 d) of the extraction model 

are as follows:

 

( ),

1 2, , ,
( )

+ −

+ − + − + − + −= − − +
TEBA OH org

L cap partition PANTEBA OH aq TEBA OH org TEBA OH org TEBA PAN

dC
k a K C C k C C k C

dt
 (7) 

    

1 2,

PAN
PANTEBA OH org TEBA PAN

dC
k C C k C

dt
+ − + −= − +                  (8) 

1 2,

+ −

+ − + −= −TEBA PAN
PANTEBA OH org TEBA PAN

dC
k C C k C

dt
                 (9) 

  

The concentration profiles are shown in Figure 10 a and the corresponding kinetic 

parameters are listed in Table 2. It can be seen that a satisfactory agreement is achieved 

between the experimental and predicted profiles at all AO ratios except 9 where an 

exponential decay cannot be adequately predicted by the model. The mass transfer 

coefficient values (kLa)cap are increasing with increasing AO ratio (i.e. increasing surface-

to-volume ratio), which is consistent with the previous findings in the slug flow7. The rate 

constants for the deprotonation step, however do not follow any observable trend, 

indicating the proposed extraction mechanism model is not correct.  

 

 

 

Table 2: Modeled values of the cap mass transfer coefficient ((kLa)cap), the deprotonation 

rate constants (k1,k2) for the extraction mechanism at different AO ratios (average 

standard deviation of 5.1 %).  

 

AO ratio, - (kLa)cap, s
-1 k1, m

3s-1 mol-1 k2, s
-1 

1.0 3.02 ± 0.03 10.10 ± 0.11 1.37 ± 0.02 

1.5 3.56 ± 0.02 0.34 ± 0.002 1.81 ± 0.01 

2.3 4.25 ± 0.01 0.45 ± 0.001 0.05 ± 0.0001 

4.0 5.28 ± 0.05 8.33 ± 0.08 5.00 ± 0.05 

9.0 9.13 ± 0.28 5.42 ± 0.16 11.68 ± 0.35 
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a.        b. 

  
Figure 10: Experimental (points) and modeling results (line) via the extraction mechanism 

(a.) and the interfacial mechanism (b.) for the concentration of phenylacetonitrile at 

different AO ratios. 

 

There are several arguments against the extraction mechanism for the PTC/OH alkylation 

of phenylacetonitrile: 

 

• The operation in a microchannel under slug flow regime excludes the mass transfer 

limitation3. Furthermore, extraction experiments performed at different residence 

times indicated that the TEBA concentrations are at equilibrium (Appendix B). 

• TEBA has low solubility in the organic phase with majority of the species residing 

in the aqueous phase23. The extraction experiments showed that by increasing the 

AO ratio, and with it the surface-to-volume ratio, the amount of extracted TEBA in 

the organic phase reduces from 6 % to 2 % (Figure 4 a). Simultaneously, by 

increasing the surface-to-volume ratio the conversion increases by two orders of 

magnitude (Figure 8). The decreasing amount of extracted catalyst and the 

simultaneous increase of the conversion are in contradiction with the extraction 

model. 

• The formation of water in the step E.2 (Figure 1 c), can only occur near the 

interface as water is insoluble in the organic phase. 

• With increasing surface-to-volume ratio the pseudo-first order reaction rate does 

not reach a threshold value indicating the elimination of mass transfer limitations 

(Figure 9). The observed rate pseudo-first order constant exhibits strong 

dependence on the surface-to-volume ratio, which is consistent with the previous 

reports of the interfacial mechanism (Figure 2).  

The values of the reaction rate constants of the deprotonation step acquired from the 

extraction model have no functional dependence and are random (Table 2), indicating that 

the modeling results have no physical meaning. Last, the extraction model provided a poor 

fit at higher AO ratios (Figure 10 a). 
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5.4.2 Interface mechanism model 

 

The deprotonation of the organic substrate at the interface without a phase transfer catalyst 

was found to be an equilibrium reaction28,33. The role of the catalyst in the interface 

mechanism is to shift the equilibrium at the interface towards the deprotonated reactant by 

removing it from the surface19. It is important to note the conceptual difference of the 

catalyst role in both mechanisms. In the extraction mechanism the catalyst transfers the 

hydroxide anions into the organic phase, and thus facilitates deprotonation, whereas in the 

interface mechanism it shifts the interfacial equilibrium towards deprotonation. 

 

Operation at conditions where the reaction is independent of the alkylating agent (Figure 

5) allows for the observation of the deprotonation reaction shown in Figure 1 d. The rate 

equations describing the deprotonation step of the interfacial model are as follows:  

21 2 −= − +i iPAN
PAN OH H OPAN

dC
k C C k C C

dt
  (10) 

21 2 3

−

− −= + −PAN
PAN OH H O TEBAPAN PAN

dC
k C C k C C k C C

dt
 (11) 

 

With the addition of the phase transfer catalyst, the equilibrium of the interface 

deprotonation is shifted towards the deprotonated PAN. Furthermore, by operating at 

TEBA concentrations where no influence on the reaction is observed (Figure 6), allows for 

measuring of the interface deprotonation (Figure 1 d, I.1). Consequently, Eq. 10 can be 

rewritten as: 

interface= − iPAN
PAN OH

dC
k C C

dt
        (12) 

The interface hydroxide concentration, i

OH
C , is determined by the coverage of the 

interface surface with the OH- ions available for the deprotonation. The interface surface 

coverage with OH- ions can be expressed as: 

,β
= OH bulki

OH

aq

C
N

a
          (13) 

where OHN is the OH- surface coverage in mol/m2, ,OH bulk
C is the aqueous bulk OH- 

concentration, 
aq

a is the aqueous surface-to-volume ratio and β is the fraction of the bulk 

OH- ions covering the interface. It is important to note that β cannot be determined 

directly as the number of OH- ions covering the interface depends on many factors 

including the OH- concentration, water activity, surface tension and temperature. When 

operating at concentrated OH- solutions the surface coverage is assumed constant. Finally, 

the interface OH- concentration is defined as: 
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a
        (14) 

Therefore Eq. 12 can be rewritten as: 

interface ,

orgPAN
OH bulk PAN

aq

adC
k C C

dt a
β= −         (15) 

Since the experiments were performed at conditions where β and ,OH bulkC  are constant, 

Eq. 15 becomes: 

interface,obs

orgPAN
PAN

aq

adC
k C

dt a
= −          (16) 

where interface,obs interface ,OH bulk
k k Cβ= is the observed rate constant of the interfacial 

deprotonation. 

The derived model predicts the experimental results with high accuracy with an average 

standard deviation of 1.6 % (Figure 10 b). In order to interpret the accuracy of the model, 

the observed interfacial deprotonation reaction rate must be studied. According to the 

developed model, with the increase of the surface-to-volume ratio, the amount of OH- ions 

available for the deprotonation will increase, while the rate constant of the deprotonation 

should remain unchanged. The increase of the surface-to-volume ratio from 6500 to 12500 

m2/m3, had little influence on the observed deprotonation rate constant 

interface,obs interface ,OH bulk
k k Cβ= (Figure 11), indicating that the reaction proceeds via the 

interfacial deprotonation mechanism. The observed interface deprotonation rate constant 

was determined to be 1.72 ± 0.02 ·10-3 s-1. 

 

Figure 11: Observed rate constant of the interfacial deprotonation as a function of the 

organic surface-to-volume ratio. 
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5.5 Conclusions 

 

The kinetic study of phase transfer catalyzed alkylation of phenylacetonitrile in a 

microreactor has been performed to distinguish between two possible reaction 

mechanisms: (i) the extraction mechanism where the deprotonation reaction is limited by 

mass transfer and (ii) the interfacial mechanism, where the rate limiting step occurs at the 

interface. Slug flow in a capillary microreactor allowed for precise control of the interface 

surface-to-volume ratio by varying the aqueous-to-organic flow ratio. Correlations for the 

slug size prediction and geometrical analysis of the slug cap, allowed for accurate 

measurements of the slug surface-to-volume ratio estimation. 

 

In the absence reactants, the equilibrium concentrations of the phase transfer catalyst are 

rapidly achieved between the aqueous and organic phases. Strong dependence of the 

deprotonation reaction on the interfacial surface-to-volume ratio at conditions when the 

reaction is independent of the catalyst concentration gave strong indication that the 

reaction proceeds via the interfacial mechanism. Furthermore, the interfacial mechanism 

model was found to accurately predict the reaction in the whole range of aqueous-to-

organic flow ratios studied. The interfacial model was modified in order to describe the 

interface deptrotonation reaction as a function of the hydroxide interface concentration, 

consequently accounting for the influence of the surface-to-volume ratio on the reaction. 

Finally, the observed rate constant of the interface deprotonation step was studied at 

surface-to-volume ratios from 6500 to 12500 m2/m3. The interface deprotonation rate 

constant was independent of the surface-to-volume ratio, indicating that the intrinsic rate 

of deprotonation was measured.  
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Appendix A: Estimation of the slug surface-to-volume ratios 

 

The lengths of organic and aqueous slugs and the dimensions of the slug caps were 

defined according to Figure A.1, allowing for the estimation of the surface and volume 

ratios.  

 

Figure A.1: The characteristic dimensions of the slug cap and the lengths of the aqueous 

and organic slugs used in the surface-to-volume estimation. 

The volume and the surface of the hemispherical caps can be calculated using Eqs. A.1 

and A.2:  

( )2 21
3

6
π= +capV h R h   (A.1) 

( )2 2π= +capS R h   (A.2) 

The volume of the cylindrical slug section was calculated using Eq. A.3: 

2π=
cylinder slug

V R L   (A.3) 

Combination of Eqs. A.2 and A.3 yields for the total volume of the aqueous and organic 

slugs: 

( )2 2 22
3

6
π π= + +aq aqV R L h R h   (A.4) 

( )2 2 22
3

6
π π= − +org orgV R L h R h   (A.5) 

In the microscope analysis no organic film was observed (at a resolution of 3.7 µm/pixel). 

Therefore it can be concluded that the liquid-liquid interface occurs only at the caps, with 

no interface at the cylindrical part of the slugs. Furthermore, in all measurements the 

parameter h was constant, with an average value of 65 ± 10 µm. Therefore, the total 

liquid-liquid interfacial area per slug is as follows: 

( )2 22π− = +L LS R h   (A.6) 

The experimentally obtained surface-to-volume (SV) ratio is calculated by combining A.4, 

A.5 and A.6:   

L LS
SV

V

−=   (A.7) 
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Appendix B: Decomposition of the phase transfer catalyst and slug flow 

extraction 

 

Extraction experiments of TEBA from the KOH aqueous solution (11 kmol/m3) with pure 

butyl bromide performed in 2 ml vials at 80 °C showed decreasing aqueous TEBA 

concentrations in time due to the decomposition. The decomposition of TEBA under 

aforementioned conditions was found to be a first order reaction with a reaction rate 

constant of 5.9·10-6 s-1 (Figure B.1 a). In order to confirm the equilibrium operation the 

extraction was performed at residence times of 1 and 2 min (Figure B.1 b) 

a.        b. 

  

Figure B.1: a. Decomposition of the TEBA+Br- via the Hoffman degradation in the 

multiphase system composed  of butyl bromide (organic phase) and a hydroxide solution 

of 11 kmol/m3 (aqueous phase). b. Slug flow extraction experiments: aqueous 

concentration of TEBA as a function of the different AO ratios at residence times of 1 and 

2 min. 

 

Appendix C: Slug cap mass transfer model 

 

Since the molar flux is the same for the slug and continuous phase it can be written: 

, , ,( ) ( )− = −
cap cap aq aq bulk aq i aq

J ka V C C        (B.1) 

, , ,( ) ( )− = −
cap cap org org partition i aq bulk org

J ka V K C C       (B.2) 

where V designates the slug and continuous phase volumes, while m is the experimentally 

derived partition coefficient between the two phases. The volumetric ratio can be 

expressed as: 

α =
aq

org

V

V
          (B.3) 
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Solving the system of Eqs. B.1, B.2 and B.3 yields the slug cap interfacial concentration: 

, , , ,

,

, ,

( ) ( )

( ) ( )

α

α

+
=

+

cap aq bulk aq cap org bulk org

i aq

cap aq partition cap org

ka C ka C
C

ka K ka
      (B.4) 

The rate of extraction from the aqueous slug is: 

, , ,( ) ( )= − −
aq

cap aq bulk aq i aq

dC
ka C C

dt
       (B.5) 

Combining Eqs. B.4 and B.5 

, ,

, ,

, ,

( ) ( )
( )

( ) ( )α
= − ⋅ −

+

aq cap aq cap org

partition bulk aq bulk org

cap aq partition cap org

dC ka ka
K C C

dt ka K ka
            (B.6) 

which can be rewritten as: 

, ,( ) ( )= − ⋅ −
aq

cap partition bulk aq bulk org

dC
ka K C C

dt
                  (B.7) 

The overall mass transfer coefficient is: 

, ,

, ,

( ) ( )
( )

( ) ( )α
=

+

cap aq cap org

cap

cap aq partition cap org

ka ka
ka

ka K ka
        (B.8) 
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Nomenclature 

 

 

a –surface-to-volume ratio, m
2
/m

3
 

C –concentration, mol/m
3 

h –slug cap height, m 

k –reaction rate constant 

(ka)ca p –slug cap mass transfer coefficient, s
-1

 

Kpartition –partition coefficient 

L –slug length, m 

NOH
i 
–hydroxide ion surface coverage, mol/m

2
 

J –molar flux, mol/s 

V –volume, m
3
 

R –slug radius, m 

S –surface area, m
2
 

t–time, s 

 

Greek letters 

α- volumetric ratio 

β- fraction of ions from the bulk covering the interface, - 

 

Subscripts 

aq – aqueous phase 

i – interface 

L-liquid 

OH – hydroxide 

org –organic phase 

PAN –phenylacetonitrile 

PAN
-
 –deprotonated phenylacetonitrile 

TEBA –benzyltriethylammonium chloride 

TEBA
+
OH

-
 – benzyltriethylammonium-hydroxide complex 

TEBA
+
 PAN

- 
 – benzyltriethylammonium- deprotonated phenylacetonitrile complex 

 

Superscipts 

 

i – interface 
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Abstract 

An interdigital mixer - redispersion capillary assembly was applied to prevent the liquid-

liquid bubbly flow coalescence in microreactors. The redispersion capillary consisted of 1 

mm long 0.25 mm inner-diameter constrictions, placed every 0.50 m along the channel 

length. The system was tested on the phase transfer catalyzed esterification to produce 

benzyl benzoate. The application of constrictions to prevent coalescence resulted in a 

reproducibility increase by a factor of 6, achieving 33.4 % conversion in 10 s, compared to 

the 18.8 % in a capillary without the constrictions. The bubbly flow generated by the 

interdigital mixer-redispersion capillary assembly was found to be independent of the 

redispersion capillaries inner-diameters (0.50 mm and 0.75 mm), while highly dependent 

on the flow rates. By controlling the total flow rate and the aqueous-to-organic ratio the 

bubbly flow surface-to-volume ratio could be increased up to 230700 m2/m3, more than 

100 times higher than in conventional stirred tank reactors. The Increase of the 

redispersion capillary inner-diameter from 0.50 mm to 0.75 mm, allowed for the increase 

of the residence time to 67 s, resulting in product yield of 98 %. Compared to the 

conventional phase transfer catalyzed esterification, the continuous operation in the 

interdigital-redispersion capillary assembly, eliminated the use of solvents and bases, 

removing an energy intensive step of distillation, while increasing process safety. 
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6.1 Introduction 

 

Microreactors today employ a wide range of mixing elements: from the simple T or Y 

geometries1-4, to the more complex mixers such as the interdigital5 and split and 

recombine6 mixer.  For the channel diameter from tens to hundreds of micrometers, the 

surface-to-volume ratio in the range of 10000 to 50000 m2/m3 is achieved7. Compared to 

microreactors, the maximal surface-to-volume ratios in the conventional stirred vessel are 

below 1000 m2/m3 8, 9. Consequently, significant intensification of mass and heat transfer 

can be reached, resulting in considerable reduction in operation times10.  

Phase transfer catalysis (PTC) is a chemical method employing catalysts with the ability to 

penetrate the interface between two immiscible phases, and transfer the immiscible 

reactants into the phase where the reaction takes place. The rate of a PTC reaction is most 

often limited by the rate of catalyst phase transfer, usually from an aqueous to an organic 

phase, which leads to long times needed to complete the reaction11, 12. PTC reactions are 

most commonly performed in stirred tanks where the inhomogeneous mixing often results 

in the loss of selectivity and product quality. The stirring of the phases in the conventional 

stirred tank multiphase reactor generates a wide range of drop sizes with diameters 

varying from tens of micrometers to millimeters, resulting in a considerable variation in 

interfacial surface area from one drop to another13,14. Consequently, different rates of 

reaction are obtained for different drops along with hot spot formation due to 

inhomogeneous mixing, resulting in a yield variation from one batch to another. 

Microreactors, with the narrow drop size distribution and interfacial surface-to-volume 

ratios above 10000 m2/m3 have been shown to be an efficient tool for the intensification of 

PTC reactions, with successful applications in hydrolysis15, diazo coupling16, C-

alkylation1,17 and O-alkylation reactions18. The drawback of PTC microreactor 

applications is the small product throughput per channel (µl/min range, as shown in 

chapters 4 and 5), resulting in the need to scale-up via parallelization (numbering up).  

In liquid-liquid microchannels, depending on the volumetric flow rates of the two 

immiscible liquids several flow patterns are achievable: slug, bubbly, annular and parallel 

flow19. Bubbly flow is of particular interest for mass transfer limited reactions such as the 

PTC reactions. In bubbly flow, the dispersed phase liquid generates bubbles from 25 µm 

to 60 µm in diameter20, resulting in surface-to-volume ratios above 150000 m2/m3. 

Bubbly flow can be achieved in a wide range of mixers from simple T or Y mixers to split 

and recombine and interdigital mixers. Interdigital mixers developed by the Institut für 

Mikrotechnik Mainz (IMM) function on the principle of multilamination whereby the 

stream of the two mixed fluids is split into thin lamellae, consequently generating small 

drops21. Application of the interdigital mixers in both gas-liquid22 and liquid-liquid23 

systems resulted in highly reproducible bubbly flow, generating bubbles smaller than 60 

µm in diameter. Furthermore, the principle of multilamination allows for millisecond 

range mixing times24 while achieving surface-to-volume ratios above 100000 m2/m3. Last, 

they have been found to outperform the T and split and recombine mixers in mixing 

efficiency25. They have successfully been applied in extraction26, as well as synthesis of 

caprolacatam6, benzaldehyde27 and ionic liquids28. 
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One of the drawbacks of operating in the bubbly flow regime is the occurrence of 

coalescence29 due to droplet collisions in the channel, resulting in decreased surface-to-

volume ratio and poorer reactor performance. Bubble coalescence can occur at residence 

times as short as 0.12 ms30. The application of a channel constriction was found to be an 

efficient way to intensify mixing and redisperse the drops. Channel constrictions were 

found to increase the mixing by 90 %, and intensify internal circulations31. Consequently, 

redispersion reactor designs such as the foam microreactor have been developed in order 

to preserve the generated bubbly flow32. 

In this chapter a novel interdigital mixer-redispersion capillary assembly is developed 

aimed at preventing the coalescence in the bubbly flow. In order to achieve throughputs 

larger than of those described in chapters 4 and 5 while avoiding paralelization, an internal 

scaling up approach (via the capillary diameter increase) was chosen. The microreactor 

assembly was tested on a phase transfer catalyzed esterification of sodium benzoate (1) 

and benzyl bromide (2) into benzyl benzoate (3) (Scheme 1). 

The target product, benzyl benzoate, is widely used as a plasticizer, food additive in 

artificial flavors, fixative in fragrances, solvent and insecticide. The PTC esterification is 

usually performed at temperatures below 85 °C33 - 36, in the presence of sodium or 

potassium hydroxide in order to adjust the ionic strength and prevent the production of 

benzoic acid37. Kinetic studies of the PTC esterification in stirred batch reactors have 

shown that the reaction rate increases with increasing stirring speed exponentially even at 

stirring speeds above 1000 rpm34,35,37. The increase of stirring speed in batch reactors 

decreases the droplet size, thus increasing the specific surface-to-volume ratio38. The 

strong dependence of the reaction rate on the surface-to-volume ratio gives an indication 

that the reaction is mass transfer limited. Therefore, performing the PTC esterification in 

the bubbly flow regime in a capillary channel would significantly improve the mass 

transfer rate, and consequently the reaction rate. 

 
Scheme 1: Phase transfer catalyzed esterification of sodium benzoate (1) with benzyl 

bromide (2) (a) and hydrolysis of benzyl bromide (2) into benzyl alcohol (4) (b). 

 

Last, in the PTC esterifications solvents such as toluene, benzene, chloroform, 1,2-

dichloroethane33,37 and chlorobenzene34 are employed to suppress the side reaction of 

hydrolysis33,35 into benzyl alcohol . In this study, the reaction was performed under solvent 

free conditions, in order to eliminate the expensive solvent removal step in the post 

reaction workup and with it, the environmental impact of the process. Although, benzyl 
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bromide has lower atom efficiency than benzyl chloride, it was used in order to 

demonstrate the increased safety features of the microreactor system. Benzyl bromide is a 

potent lachrymator agent (tear gas), with inhalation resulting in significant eye, skin and 

mucous membrane irritation and burns39. Continuous operation would significantly 

decrease the safety risk in the reactor filling, emptying and cleaning, as they can be easily 

performed via the pumps. 

 

6.2 Experimental 

Chemicals. All chemicals used in this work are commercially available and were obtained 

from Sigma-Aldrich. The organic phase solution consisted of benzyl bromide with the 

addition of decahydronaphthalene as the internal standard for the GC analysis, at a 

concentration of 0.92 mol/l. The aqueous phase was an aqueous solution of 5.75 wt% of 

potassium hydroxide, 11.2 wt% of tetra-n-butylammonium bromide (TBAB) and 27.8 

wt% of sodium benzoate. 

 

Experimental setup.  A schematic view of the experimental set-up is given in Figure 1. 

The system consists of two HPLC pumps (Shimadzu LC-20AD) which feed the organic 

and aqueous phases to a stainless steel HPIMM interdigital mixer (IMM). The HPIMM 

mixer has an internal volume of 15 µl composed of 15 mixing channels with a cross 

section of 45x200 µm2 mixing channels.  The HPIMM was connected to a stainless steel 

redispersion capillary, with inner-diameters either of 0.50 or 0.75 mm. The length of the 

redispersion capillary was varied from 0.7 to 15.5 m. The constrictions with a length of 1 

mm, 0.25 mm inner-diameter were placed in the redispersion capillary at every 0.50 m. 

The capillary outlet was connected to a transparent fused silica capillary with an internal 

diameter of 0.50 mm. In the experiments, the length of the redispersion capillary was 

varied from 0.7 to 15.5 m. The total flow rates were varied from 0.01 to 10.0 ml/min at 

aqueous-to-organic (AO) flow ratios of 1.0 – 9.0. Furthermore, experiments with fused 

silica capillary of lengths from 0.5 to 3 m at the aforementioned flow conditions were 

performed to observe the flow patterns without the constrictions. 

 

Bubble size estimation. The liquid-liquid flow was visualized via a transparent fused 

silica capillary under a microscope (Zeiss Axiovert) and recorded by a high speed camera 

(Redlake MotionPro CCD) at 2500-7800 frames per second. Stable bubbly flow occurs at 

total flow rates above 2 ml/min, generating a large number of organic phase bubbles 

dispersed in the continuous phase, resulting in high diffraction of light. Consequently, the 

videos recorded with the high speed camera were blurred even at 7800 frames per second. 

 

In the previous studies of liquid-liquid flows in the interdigital mixer, the analysis of the 

dispersions generated by the bubbly flow pattern was performed indirectly, by analyzing 

the samples collected at the capillary outlet [21]. Due to the significant coalescence 

present in the capillary, a direct method of bubble size estimation was needed. Therefore a 

so-called “stop flow” approach was taken, where the images were acquired immediately 

upon stopping the flow. It is important to note that by stopping the flow certain degree of 

coalescence occurred, however it did not significantly influence the bubble size 
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estimation. At total flow rates higher than 10 ml/min, the coalescence of the bubbles 

occurred immediately upon stopping the flow. Therefore a different approach was used, by 

injecting air over a period of 2 s without stopping the liquid flow. The air was injected by 

opening the purge valve on the HPLC pump while it is pumping the liquid, thus allowing 

for the suction of air into the liquid line. With the injection of air, annular flow was 

achieved where the dispersed bubbles were trapped between the wall and the gas annulus, 

thus allowing for visualization and bubble diameter estimation for the measurements at 12 

ml/min. The estimation of the bubble diameters and the interfacial surface areas was 

performed via image analysis using the MatlabTM software. 

 

Analysis. The organic phase was quantitatively analyzed using a Varian CP-3800 gas 

chromatograph equipped with a 30 m x 0.25 mm CP-Sil 5 CB column and a FID detector. 

 

 
Figure 1: Experimental setup (a): Stainless steel high pressure interdigital mixer 

(HPIMM) (b) coupled with a 0.50 mm or 0.75 mm internal-diameter redispersion 

capillary. The redispersion capillary (c) consisted of 1 mm long 0.25 mm inner-diameter 

constrictions spaced 500 mm apart. The microscope observations were performed via the 

transparent fused silica capillary connected to the outlet of the redispersion capillary.  

Supply of the organic and aqueous mixtures was provided by two HPLC pumps (Shimadzu 

LC-20AD). 

 

6.3 Results and Discussion 

Image analysis in the 0.50 mm inner-diameter fuse silica capillary coupled to the 

interdigital mixer showed that significant bubble coalescence occurred after a length of  

ca. 1 m, at total flow as low as 2 ml/min, with bubbly flow coalescing into slug flow 

(Figures 2 a and b). With increasing flow rates the probability of bubble collision resulting 

in the coalescence increases39, consequently at total flow rates above 3 ml/min the 

coalescence into larger slugs was observed already at 0.5 m of capillary length. 
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In order to study the performance of the redispersion capillary, image analysis at capillary 

lengths of 0.7, 10.2 and 15.2 m were performed. At a total flow rate of 6 ml/min and AO 

ratios of 1 and 5 the difference between mean bubble diameters was less than 10% for 

both the 0.50 mm and 0.75 mm inner-diameter capillary. Therefore, the redispersion 

capillary was deemed efficient for the prevention of the bubble coalescence (Figures 2 c 

and d). 

 

6.3.1 Hydrodynamics 

The flow patterns achievable in the interdigital mixer-redispersion capillary assembly 

were studied at flow rates from 0.01 to 10.0 ml/min in the capillary of 0.50 mm diameter. 

At flow rates lower than 1 ml/min, the flow patterns were observed at flow rate increments 

of 0.1 ml/min, while at flow rates higher than 1 ml/min, the increment was 0.5 ml/min. 

Four flow patterns were identified: slug, bubbly/slug, bubbly and bubbly/annular (Figure 

3). By increasing the diameter of the redispersion capillary from 0.50 mm to 0.75 mm, no 

significant change in the flow pattern map was observed, indicating that the flow patterns 

are mainly determined by the interdigital mixer and the hydraulic resistance of the 

constrictions. Slug and bubbly flow were stable flows characterized by reproducible slug 

and bubble sizes. The bubbly/slug and bubbly/annular flows were characterized by 

succession of stable bubbly flow followed by intermittent annular or slug flow. The 

slug/bubbly flow pattern occurs as a transition flow pattern from the stable slug to bubbly 

flow. The bubbly/annular flow pattern is characterized by the occurrence of unstable 

liquid jets followed by bubbly flow. The bubbly/annular flow pattern was observed at two 

sets of conditions: at organic flow rates higher than 2 ml/min and AO ratios lower 0.02 

and at organic and aqueous flow rates higher than 4 ml/min and approximately equal AO 

ratios (Figure 3). 

 

 
Figure 2: Bubble coalescence at 0.7 m (a) and 1.2 m (b) length in the 0.5 mm inner-

diameter capillary at a total flow rate of 2 ml/min and the aqueous-to-organic (AO) ratio 

of 5. Preservation of the bubbly flow with the application of 0.7 m (c) and 10.2m (d) 

length of the 0.50 mm inner-diameter redispersion capillary at a total flow rate of 6 

ml/min the AO ratio of 5. 
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Figure 3: Flow pattern map for the 0.50 mm inner-diameter redispersion capillary with 2 

stable (slug and bubbly) and 2 intermittent flow patterns (slug/bubbly and 

bubbly/annular). 

 

The slug flow occurs at aqueous flow rates lower than 0.5 ml/min and organic flow rates 

lower than 0.6 ml/min, for both the 0.50 and 0.75 mm diameter capillaries. According to 

the IMM interdigital mixer specifications, flow rates higher than 0.80 ml/min should be 

used for its optimal performance. Therefore, it can be concluded that slug flow, a surface 

tension2,15 dominated flow pattern, is occurring at flow conditions below the mixer 

efficiency range. The transition from the slug/bubbly flow to bubbly flow occurs at 

approximately the same aqueous and organic flow rates for both the 0.50 and 0.75 mm 

capillary, indicating that the flow pattern is determined by the mixer rather than the 

capillary. The bubbly flow pattern, which is the targeted flow pattern for this study, occurs 

at aqueous and organic flow rates higher than 2 ml/min (Figure 3). A comparison of the 

slug, slug/bubbly and bubbly flow patterns in terms of surface-to-volume ratios is shown 

in Table 1. By increasing the total flow rate from 0.1 to 6 ml/min, at an equal AO ratios, 

the transition from slug to bubbly flow occurs, resulting in a 43 times higher surface-to-

volume ratio (Table 1). Furthermore, by increasing the total flow rate from 6 ml/min to 12 

ml/min, the mean bubble diameter decreases by 59 % from 63 µm to 26 µm, consequently 

increasing the surface-to-volume ratio by approximately 2.4 times, from 95200 to 230700 

m2/m3. 

Varying the AO ratio in order to decrease the dispersed phase slug lengths and bubble 

diameters was found to be an effective method to increase surface-to-volume ratio2,40. By 

increasing the AO ratio from 1 to 6, the mean bubble diameter decreases by 57 %, from 63 

to 27 µm (Figure 4). Consequently, the mean bubble surface-to-volume ratio increased 

approximately 2.3 times, from 95200 to 222200 m2/m3. The surface-to-volume ratios 

achieved in the bubbly flow regime are more than 100 times higher than the ones achieved 

in conventional stirred reactors (1000 m2/m3), therefore allowing for significant process 

intensification of mass transfer limited systems. 
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Figure 4: Bubble diameters and the estimated surface-to-volume ratios as a function of 

the aqueous-to-organic (AO) ratio at a total flow rate of 6 ml/min in a 0.50 mm inner-

diameter redispersion capillary. 

 

 

Table 1: Comparison of the slug, slug/bubbly and bubbly flow patterns 

Total flow 

rate, ml/min 

AO 

ratio, - 

Flow 

pattern 

Slug/bubble size, 

µm 

Surface-to-volume 

ratio, m
2
/m

3
 

0.1 1 Slug 1990 2200 

1 1 Slug/bubbly 50-200 29000 

6 1 Bubbly 63 95200 

12 1 Bubbly 26 230700 

 

6.3.2 PTC esterification 

The performance of the interdigital mixer-redispersion capillary assembly was studied on 

a model reaction of PTC esterification of sodium benzoate (1) to benzyl benzoate (3) 

(Scheme 1). The reaction system consisted of two phases: an organic phase containing 

benzyl bromide (2) with the internal standard (decahydronaphthalene) and an aqueous 

phase containing sodium benzoate (1), potassium hydroxide and the phase-transfer 

catalyst (Tetra-n-butylammonium bromide, TBAB). Previous studies have shown that by 

increasing the concentration of TBAB, which acts as a mass transfer agent, the production 

of the benzyl alcohol (4) can be suppressed33, thus increasing the selectivity. Therefore, all 

experiments were performed at the maximal TBAB solubility of 11.2 wt%. 

The benzyl bromide conversion in the PTC esterification is highly dependent on the 

stirring speed, and therefore the bubble surface-to-volume ratio34,35,37,38. The coalescence 

of droplets in the bubbly flow results in the intermittent slug/bubbly flow pattern, reducing 

the surface-to-volume ratio (Table 1). Therefore, the coalescence in the capillary is 

expected to reduce the bubbly flow pattern reproducibility and decrease the conversion of 

benzyl bromide. The effect of the redispersion was studied by comparing the performance 
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of a 10 m long capillary with a diameter of 0.50 mm with redispersion constrictions and an 

empty capillary of the same length and diameter. The benzyl bromide conversion and 

conversion measurement reproducibility were studied at equal AO flow ratios and total 

flow rates ranging from 0.1 to 12 ml/min, corresponding to capillary residence times from 

20 min to 10 s (Figure 5). 

 
Figure 5: Comparison of the benzyl bromide conversion in the interdigital mixer coupled 

with a 0.50 mm inner-diameter capillary with (ID-CC) and without constrictions (ID-C) at 

total flow rates from 0.1 to 12 ml/min and an aqueous-to-organic (AO) ratio of 1. 

 

 

In the empty capillary at total flow rates higher than 3 ml/min, the intermittent nature of 

the slug/bubbly flow resulted in decreased reproducibility and conversion as compared to 

the redispersion capillary (Figure 5). The mean standard deviation of the conversion 

measurements for the empty capillary was 13.6 %. In the redispersion capillary the use of 

redispersion capillaries prevented the coalescence of drops thus increasing the 

reproducibility to a mean standard deviation of 2.3 %. Furthermore, by increasing the flow 

rate from 0.1 to 12 ml/min, the surface-to-volume ratio of flow patterns generated by the 

interdigital mixer increases by a factor of 100 (Table 1), thus allowing for relatively 

constant conversions in the range of 33.4-40 % at residence times as low as 10 s (Figure 

5). Due to the coalescence in the empty capillary, the conversion decreased with 

increasing flow rates. It is interesting to note that a slight increase in conversion was 

observed at flow rates higher than 7 ml/min, possibly due to redispersion caused by 

increased inertia of the flow. Last, at flow rates higher than 3 ml/min, the average 

conversion in the redispersion capillary was approximately 28 % higher than in the 

capillary without the constrictions. 

Image analysis (Figure 2) and reaction studies (Figure 5) comparing the capillary with and 

without the constriction, clearly show that the redispersion capillary was effective in 

preventing the coalescence, thus yielding higher performance and bubbly flow 

reporducibility. 
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6.3.3 Microprocess optimization and scale-up 

Previous liquid-liquid microreactor studies showed that the influence of the AO ratio, and 

consequently the surface-to-volume ratio, has much greater influence on the reaction than 

the residence time29,40,41. Consequently, the methodology of fluidic control, where the 

ratios of the aqueous and organic flow rates (i.e. AO ratios) are used to control the reaction 

rate, was found to be effective in reducing the time needed for achieving full conversion2. 

The influence of the AO ratio at total flow rates of 6 ml/min and 12 ml/min on the 

conversion and yield is shown in Figure 6. At a total flow of 6 ml/min, by increasing the 

AO ratio from 1 to 6, the conversion increased from 38 % to 95 %, representing a 2.5-fold 

increase at a constant residence time of 20 s. Furthermore, the surface-to-volume ratio 

increases 2.3 times, from 95 000 to 222 200 m2/m3 (Figure 4). Consequently, the rate of 

the interfacial hydrolysis of benzyl bromide to benzyl alcohol increases, decreasing the 

product yield at AO ratios higher than 3.5 (Figure 6). With the increase of the total flow 

rate from 6 to 12 ml/min, the decrease in residence time is balanced by the increasing 

surface area (Table 1), thus allowing for approximately the same conversions and yield. 

 
Figure 6: Conversion of benzyl bromide and benzyl benzoate yield in a 0.50 mm inner-

diameter redispersion capillary at aqueous-to-organic (AO) ratios from 1 to 6, at total 

flow rates of 6 ml/min and 12 ml/min, corresponding to 20 s and 10 s residence times, 

respectively. 

 

In order to optimize the benzyl benzoate yield, the effects of the temperature and the 

hydroxide ions on the reaction system at AO ratios from 1 to 6 were studied in the 10 m 

long, 0.50 mm diameter redispersion capillary. By decreasing the temperature from 105 

°C to 80 °C both conversion and yield decrease (Figure 7 a). This indicates that the side 

reaction of base catalyzed hydrolysis of benzyl bromide to benzyl alcohol occurs at a 

higher rate relative to the esterification reaction, thus lowering the selectivity to the benzyl 
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benzoate product (Figure 8). Therefore, in order to increase the yield, the rate of the 

hydrolysis has to be decreased. 

 

 

 

 

a.       b. 

 
 

Figure 7: Influence of temperature (a) and presence of KOH (b) on the conversion of 

benzyl bromide and on the benzyl benzoate yield at aqueous-to-organic (AO) ratios from 1 

to 6 in a 0.50 mm inner-diameter redispersion capillary. 

 

 

The reaction is performed at a high pH to deprotonate the sodium benzoate so it can be 

transferred by the phase transfer catalyst into the organic medium. Furthermore, the 

presence of a base is often required to affect the catalyst-benzoate complex equilibrium 

between the organic and aqueous phases, lowering the solubility of the complex in the 

aqueous phase. The drawback of this approach is the intensification of the base catalyzed 

hydrolysis of benzyl bromide into benzyl hydroxide which occurs at the interface between 

the two phases, consequently lowering the selectivity of the reaction system. Wang et al. 

(1990) showed that under PTC conditions the rate of the benzyl halide hydrolysis is 

proportional to the OH- concentration42. In the absence of the base, the conversion was 

found to decrease (Figure 7 b), while the selectivity remained relatively constant at 

different AO ratios (Figure 8). The constant selectivity and increasing conversion at 

increasing surface to volume ratio (increasing AO ratio), indicate that the rate of the 

hydrolysis decreased compared to the rate of the esterification. The removal of the 

hydroxide decreased the conversion by approximately 32 %, while increasing the 

selectivity to benzyl benzoate by approximately 19 %. Furthermore, the negative impact of 

the increasing surface-to-volume ratio with increasing AO ratio (Figure 7 b and Figure 8) 

was eliminated. 
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Figure 8: Influence of temperature, presence of KOH and total flow rate on the selectivity 

to benzyl benzoate at aqueous-to-organic (AO) ratios from 1 to 6 in a 0.50 mm inner-

diameter redispersion capillary. 

 

Finally, in order to reach a full conversion a higher residence time was provided by 

increasing the capillary inner-diameter from 0.50 to 0.75 mm and the redispersion 

capillary length from 10 to 15.5 m. In the 0.75 mm diameter redispersion capillary, by 

increasing the AO ratio from 1 to 4 the conversion increased from 34 to 97 % (Figure 9). 

The selectivity in the 0.50 and 0.75 mm diameter redispersion capillaries remained 

approximately the same, with an average value of 91 % for all observed AO ratios. Further 

process optimization showed that the conversion can be increased to above 99 %, with 

selectivity of 98.7 %, allowing for a benzyl bromide yield of approximately 98 %. 

Consequently, a product throughput of 79.5 g/h for the single capillary was achieved. The 

maximal achieved throughput of the microreactor system was 720 g/h. 

 
Figure 9: Conversion of benzyl bromide and benzyl benzoate yield at aqueous-to-organic 

(AO) ratios from 1 to 6, for the 0.50 mm and 0.75 mm inner-diameter redispersion 

capillary. 
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6.3.4 Process benchmarking: switching from batch to continuous 

A comparison between the traditional esterification, conventional PTC and microprocess 

PTC esterification process in terms of yield, reaction time, process conditions and post 

reaction workup is shown in Table 2. Traditionally the production of benzyl benzoate is 

performed via the sodium benzoxide process, which requires the use of hazardous metallic 

sodium43. Furthermore, the process had to be performed below 60 °C, while the product 

yield differs from 10 to 90 % due to the formation of hot spots. The introduction of the 

PTC esterification, significantly improved the safety of the process by replacing the 

metallic sodium with bases such as sodium or potassium hydroxide. Furthermore, the 

selectivity of the process improved by removing the side products such as dibenzyl 

ether43. The conventional PTC process introduced the use of solvents such as toluene, 

benzene, chloroform, 1,2-dichloroethane33,37 and chlorobenzene34, which added an energy 

intensive solvent removal step via distillation. Furthermore, the PTC esterification is 

highly dependent on the stirring, where inhomogeneous stirring can result in yield 

variation. The conventional PTC process allowed for approximate same benzyl benzoate 

yield as in the traditional process, while increasing process safety and reducing the 

reaction times, from 5 to 3 h. 

 

 

Table 2: Comparison of the traditional, the conventional PTC and microprocess PTC 

benzyl benzoate production process. 

Process 

characteristics 

Conventional Conventional PTC Microprocess PTC 

Yield, % 10-90 90 98 

Reaction time 5 h 3 h 67 s 

Temperature 60 °C <85 °C 105 °C 

Base PhCH2ONa NaOH, KOH none 

 

Solvent 

(metallic Na) 

benzyl alcohol 

Toluene, benzene, 

chloroform, 

1,2-dichloroethane, 

chlorobenzene 

 

none 

Post reaction workup Washing +  distillation Washing + distillation Washing 

 

By switching from the batch to the continuous process, significant improvement in process 

safety is achieved as the reactor fill/empty/cleanup process steps are eliminated, and with 

them the exposure to dangerous chemicals. All fluid handling is performed via pumps. 

The application of microreactors therefore allows for “novel process windows”44,45, where 

reactions can be performed at higher temperatures than in the conventional processes. 

Consequently, the PTC esterification was performed at 105 °C, which is 30 °C higher than 

in the conventional PTC process (Table 2). The use of solvents and hydroxides was 

eliminated, significantly reducing the environmental impact of the process. Furthermore, 

by excluding the solvent recovery/distillation step, the process is significantly simplified 

requiring only a post reaction washing with water to remove the catalyst (TBAB) traces. 

Last, the intensification of mass transfer achieved in the bubbly flow, allowed for 99 % 
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reduction in reaction times, to approximately 1 min, while achieving throughputs of 79.5 

g/h. 

 

6.4 Conclusions 

In this work the application of the interdigital mixer-redispersion capillary assembly for 

the prevention of the bubbly flow coalescence in microreactors was studied. The 

redispersion capillary consisted of 1 mm long 0.25 mm inner-diameter constrictions, 

spaced 0.50 m apart. The bubbly flow generated by the interdigital mixer-redispersion 

capillary assembly was found to be independent of the redispersion capillaries inner-

diameters (0.50 mm and 0.75 mm), and highly dependent on the flow rates of the aqueous 

and organic phases. By increasing the total flow rate from 0.1 ml/min to 12 ml/min, the 

flow patterns transformed from slug to bubbly flow, yielding a 43 times increase in the 

surface-to-volume ratio, from 2200 to 230700 m2/m3. Furthermore, by controlling the 

aqueous-to-organic (AO) ratio the bubbly flow surface-to-volume ratio could be increased 

2.3 times, from 95 200 to 222200 m2/m3, achieving surface-to-volume ratios more than 

100 times higher than in conventional stirred tank reactors. The performance of the 0.50 

mm inner-diameter redispersion capillary was compared to a capillary without 

constrictions on an example of phase transfer catalyzed esterification of benzyl bromide to 

benzyl benzoate. By applying constrictions to prevent coalescence the reproducibility 

increased by a factor of 6, achieving 33.4 % conversion in 10 s, compared to the 18.8 % in 

the capillary without the constrictions. 

The fluidic control of the surface-to-volume ratio via the AO ratio, allowed for a 2.5-fold 

increase in conversion from 38 % to 95 %, at a residence time of 20 s. The increase of the 

surface-to-volume ratio, promoted the increase of the hydrolysis of benzyl bromide into 

benzyl alcohol, thus reducing the selectivity to below 70 %. By removing the hydroxide 

ions from the system, the side reaction of hydrolysis was suppressed, allowing for 

approximately constant selectivity of 91 %. By increasing the inner-diameter of the 

redispersion capillary from 0.50 mm to 0.75 mm, allowed the increase of the residence 

time to 67 s, resulting in a conversion of 97 %. Compared to the conventional PTC 

esterification, the continuous operation in the interdigital-redispersion capillary assembly 

eliminated the use of solvents and bases, removing the energy intensive step of distillation. 

Furthermore, the use of sub millimeter capillaries allowed for higher safety of operation, 

as the filling/emptying/cleaning steps were eliminated, thus reducing the exposure to the 

hazardous reactants. 
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Chapter 7. Conclusions 

 

 

 

 

7.1 Optimal flow patterns for microreactor design  

 

The research carried out within this thesis focuses on the hydrodynamics, reaction 

applications and scale-up of liquid-liquid microreactors. One of the most important 

parameters in the multiphase reactor design is the choice of the hydrodynamic regime. 

Therefore, first the liquid-liquid hydrodynamics in microchannels has to be understood. 

Depending on the flow rates of the two phases, four stable liquid-liquid flow patterns can 

be distinguished in the microchannels: the slug, bubbly, parallel and annular flow pattern. 

The formation of the flow patterns was found to be determined mainly by the surface 

tension and inertia forces as described in chapter 2. The slug flow is fully dominated by 

surface tension, therefore achieving excellent reproducibility and allowing for high degree 

of control over the slug sizes. Bubbly flow is dominated by inertial force, whereby two 

streams of liquids are broken up to form droplets several times smaller than the 

microchannel diameter. In the parallel and annular flow, the inertial and surface tension 

forces are competing with each other, which often lead to flow instabilities and disruption 

of the interface. In annular flow the stability of the flow increased with increasing inertial 

force. Consequently, the parallel and annular flow were found to be stable in a narrow 

window of operation, determined by the channel length and flow rates, thus making their 

application limited in industrial environment. It is important to note that the choice of the 

microchannel material will affect the hydrodynamics of the system, particularly the slug 

flow. Depending on the polarity of the microchannel walls, the continuous phase will be 

the organic (in non polar, PTFE and PEEK channels) or aqueous phase (in polar, stainless 

steel and fused silica channels). The greatest influence of the microchannel wall polarity is 

seen on the slug flow pattern, where it influences the formation of the thin continuous 

phase film between the dispersed slug and the channel wall. The formation of the thin film 

was observed only in the case of polar walls, while in the case of non polar walls no 

observable film was noticed even at 100 x magnification.       

 

The performance of the flow patterns in terms of interfacial areas and extraction 

application was studied on the example of 2-butanol extraction in a single microchannel. 

Slug and bubbly flow were found to be the best performing flow patterns, as both flow 

patterns exhibited a high degree of stability and could achieve surface areas above 10000 

m2/m3 . Furthermore, it was possible to adjust the interfacial surface-to-volume ratios in 

both flow patterns by controlling the flow rates. The slug flow operates in the µl/min 

range and therefore it is suitable for high value, low volume chemical production and 

kinetic studies. Higher throughputs of microreactors operating in slug flow can be 
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achieved with scale-up via parallelization. The scale-up of multiphase reactors by 

numbering up of channels can bring about higher costs due to the scale-up factor of 1, as 

well as bottlenecks caused by maldistribution of the slug flow in the parallel 

microchannels. An alternative to the slug flow for high throughput operation is the bubbly 

flow, as stable bubbly flow can be achieved at ml/min to l/min throughputs in a single 

microchannel. 

 

 
 

Figure 1: Slug and bubbly flow allow for control of interface surface-to-volume ratios via 

flow rate manipulation. 

 

7.2 Slug flow microreactor design parameters: slug length and pressure drop 

 

Stable slug flow can be achieved by employing various types of mixers: X, T or Y mixers. 

It is the author’s opinion that the Y mixers represent the best choice, as the risk of back 

flow and consequent fouling is greatly reduced due to the Y geometry. When designing a 

slug flow reactor two important parameters must be observed –the slug length and the 

pressure drop. Slug length will determine the surface-to-volume ratio in the system, and 

with it the reaction performance. Knowledge of the pressure drop is crucial for the cost 

estimation and pump selection. 

 

In the reactor design an initial estimate of the dispersed and continuous phase slug lengths 

of the can attained via the following equations: 

 

1= +
dispersed dispersed

continuous

L F

D F
         (1) 

1= +continuous continuous

dispersed

L F

D F
  

       (2) 

 

where L is the slug length, F the flow rate and D the diameter of the microchannel. It is 

important to note that the real slug lengths and their reproducibility are dependent on the 

mixer geometry, microchannel wall polarity and flow rates of the two phases.  



Chapter 7: Conclusions   143    
 

 

In most cases, the thickness of the thin film between the dispersed slug and microchannel 

wall is usually below 15 µm. In cases where there is no catalytic reaction occurring on the 

microchannel walls, it is safe to assume that the thin film gets quickly saturated, and does 

not significantly contribute to the overall mass transfer. Consequently, the effective 

surface-to-volume ratio is determined mainly by the slug length and cap surface area.  

Therefore, initial design estimations of the dispersed and continuous phase slug flow 

surface-to-volume ratios can be provided via the following equations: 
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      (4) 

Where R is the microchannel diameter, L is the slug length and h is the slug cap height. 

 

 

The slug flow pressure drop can be estimated using the model developed in chapter 3, 

which included the influences of the thin film, surface tension and slug length. The 

pressure drop was considered to consist of the continuous and dispersed phase frictional 

pressure drop and interface pressure drop contributions (Scheme 1). 

 
Scheme 1: Liquid-liquid slug flow model 

 

The curvature parameter, C was found to be dependent on the balance of the inertia and 

surface tension forces, expressed via the We number. The developed model was tested on 

water-toluene and ethylene glycol/water-toluene multiphase system, yielding a good 

agreement with the experimental data with a relative error of 7 %. The thin film between 

the dispersed slug and hydrophylic wall was found to be of negligible influence on the 

pressure drop. The pressure drop over the slug interface was found to have a large 

contribution to the overall pressure drop, with more than 50 % of the overall pressure drop 

contribution in 250 µm diameter channels being attributed the interfacial pressure drop. 

Therefore, the information about the slug length and thus the total number of slug 

interfaces in the channel is crucial for the pressure drop estimation in the slug flow 

microreactors. 
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7.3 Fluidic reaction control 

 

The high degree of control over the slug lengths, and with them the surface-to-volume 

ratios, was exploited to develop a novel methodology termed fluidic reaction control, 

described in chapter 4. By adjusting the flow rate ratios, the desired slug surface-to-

volume ratio can be obtained, therefore allowing for fluidic control of the conversion and 

selectivity. The concept of fluidic reaction control was demonstrated on the example of the 

selective phase transfer catalyzed alkylation of phenylacetonitrile to the monoalkylated 

product. By increasing the aqueous-to-organic ratio from 1 to 6.1 while keeping the same 

residence time, the conversion increased from 40 to 99 % while the selectivity decreased 

from 98 % to 80 %, as a result of 97 % larger slug surface-to-volume ratio. Therefore, the 

optimum flow ratio was identified corresponding to the maximal productivity, while 

keeping the selectivity at 98 %. As compared to the slug flow microreactor, the batch 

reactor could yield maximal conversion of 26 %, with selectivity below 90 %. 

Furthermore, microreactor operated at solvent free conditions, thus eliminating the solvent 

removal steps from the process. The highly selective alkylation of phenylacetonitrile in 

slug flow microreactor opens doors for selective multistep synthesis of a large number of 

pharmaceuticals and agrochemicals (Figure 2). 

 
Figure 2: Multi step synthesis of pharmaceuticals and agrochemicals via selective phase 

transfer catalyzed alkylation.  

 

The concept of slug flow fluidic control was applied on the kinetic study of phase transfer 

alkylation (chapter 5). Phase transfer alkylation of phenylacetonitrile is one of most 

complex reactions encountered in industry which combines catalyst mass transfer, 

interfacial reaction and consecutive reaction steps. The mechanism of the reaction was 

subject of discussion since 1977, with reaction being interpreted as mass transfer limited 

or interfacial reaction. Performing the reaction in a slug flow microreactor allowed for 

elimination of catalyst mass transfer limitations. Furthermore, by carefully choosing the 

reaction conditions, the reaction occurring at the interface was observed, allowing for the 

measurement of the interfacial reaction rate constant. The results showed a strong 

indication that the reaction proceeds via the interfacial mechanism. Therefore it was 
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demonstrated that performing kinetic studies in a slug flow microreactor allows for a level 

of reaction control unachievable in conventional stirred tank reactors.  

7.4 Scale-up 

 

An internal scaling-up approach was employed to develop a novel interdigital mixer - 

redispersion capillary microreactor assembly as shown in chapter 6. In single phase or gas-

solid microreactors the effective surface-to-volume ratio is determined by the channel 

diameter. In gas-liquid and liquid-liquid microreactor systems, the effective surface-to-

volume ratio is determined by the characteristic dimensions of the flow patterns under 

which the reactor is operating. For slug flow it is the slug length and the channel diameter, 

while for the bubbly flow is the diameter of the dispersed phase. By combining the 

interdigital mixer to generate highly disperse bubbly flow and redispersion capillary to 

prevent the liquid-liquid bubbly flow coalescence, surface-to-volume ratios as high as 

230000 m2/m3 were achieved, which are more than 1000 times higher than in conventional 

stirred tank reactors. The maximal throughput of the reactor was 720 g/h, showing that a 

single capillary reactor can achieve pilot scale production. The novel reactor was applied 

in the development of micrprocess of phase transfer catalyzed esterification to produce 

benzyl benzoate. When compared to the conventional process, microprocess phase transfer 

catalyzed esterification eliminated the use of solvents and bases, allowed for the removal 

an energy intensive step of distillation, while increasing process safety.  

7.5 Future work recommendations 

 

In order to develop more accurate equations for slug flow microreactor design, the 

complex relationship between the slug length, fluid and microchannel wall properties as 

well as pressure drop must be further investigated. Currently the effect of the slug cap 

curvature on the pressure drop is defined via the poorly understood curvature parameter. 

Furthermore, understanding of the slug cap curvature and its dependence on the surface 

tension and inertial forces is needed in order to develop better theoretical pressure drop 

models. Although it is clear that the liquid-liquid flow patterns in microchannels are 

mainly determined by the surface tension and inertial forces, there is a need for 

correlations for the flow pattern prediction.  

In chapter 6 it was shown that smart design of the microreactor channels and micromixers 

provides an attractive alternative for the scale-up via parallelization. The application of 

micromixers such as the StarLaminator 30000 from IMM allows for throughputs up to 30 

t/h, opening doors for microprocess bulk chemical production. It is the author’s opinion 

that the combination of the high throughput micromixers and redispersion capillary 

principle described in chapter 6, would provide a promising alternative to conventional 

bulk chemical production. One of the bulk processes that is expected to significantly 

benefit from high throughput microreactor application is the phase transfer catalyzed 

polycarbonate production, which has a volume of more than 1 million tones per annum. 

However, in order to achieve microprocess bulk chemical production, further research is 

needed on the redispersion residence time units, low pressure drop mixers with high 
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throughput as well as process control. Furthermore, the potential application of 

microstructured internals such as catalytic solid foams needs to be investigated. 

Additionally, the cost and accuracy of the current microchannel fabrication methods needs 

to be improved. Manfucaturing tolerances up to 10 % are common, which can affect the 

reproducibility of the process performance. Last, significant capital commitment for the 

industrial micrprocess development is essential due to the high material and equipment 

costs of microreactor research at t/h throughputs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   
 

List of publications 
 

 

Journal publications: 

Jovanović, J., de Beer, M., Rebrov, E. V., Nijhuis, T.A., Hessel, V., Schouten, J. C. 

Microreactors as a powerful tool for reaction mechanistic studies: control of liquid-liquid 

interface of a phase transfer catalysed alkylation. ChemSusChem 2011, submitted. 

Jovanović, J., Rebrov, E., Nijhuis, T.A., Hessel, V., Schouten, J.C., Liquid-liquid flow 

patterns and their extraction application in long capillary microreactors, Industrial & 

Engineering Chemistry Research, submitted, 2011 

Jovanović, J.; Hengeveld, W.; Rebrov, E.V.; Nijhuis, T.A.; Hessel, V.; Schouten, J.C. 

Redispersion microreactor system for phase transfer catalyzed esterification, Chemical 

engineering and technology, 2011, 34, 1691. 

Jovanović, J.; Rebrov, E.V.; Nijhuis, T.A.; Hessel, V.; Schouten, J.C. Redispersions-

Mikroreaktorsystem für eine phasentransfer-katalysierte Veresterung, Chemie Ingenieur 

Techink, 2011, 83, 1096. 

Jovanović, J., Zhou, W., Rebrov, E., Nijhuis, T.A., Hessel, V., Schouten, J.C., Liquid-

liquid slug flow: hydrodynamics and pressure drop, Chemical Engineering Science 2010, 

66, 42. 

Jovanovic, J., Rebrov, E., Nijhuis, T.A., Hessel, V., Schouten, J.C., Phase transfer 

catalysis in segmented flow in a microchannel: fluidic control of selectivity and 

productivity, Industrial & Engineering Chemistry Research 2010, 49, 2681. 

Conference proceedings: 

Jovanović, J., Rebrov, E., Nijhuis, T.A., Hessel, V., Schouten, J.C., Hydrodynamics and 

pressure drop of the liquid-liquid slug flow in microreactors, Proc. Netherlands Process 

Technology Symposium, Veldhoven, the Netherlands, 2010. 

Jovanović, J., Rebrov, E., Nijhuis, T.A., Hessel, V., Schouten, J.C., Phase transfer 

catalysis in microchannels: fluidic control of conversion and selectivity, Proc. ISCRE-21, 

Philadelphia, United States, 2010. 

Jovanović, J., Rebrov, E., Nijhuis, T.A., Hessel, V., Schouten, J.C., Phase transfer 

catalysis in microchannels: fluidic control of conversion and selectivity, Proc. IMRET-11, 

Kyoto, Japan, 2010. 

Jovanović, J., Rebrov, E., Nijhuis, T.A., Hessel, V., Schouten, J.C., Alkylation of benzyl 

cyanide in a microreactor - Effect of hydrodynamics on reaction rate and selectivity, Proc. 

NCCC-X, Noordwijkerhout, Netherlands, 2009. 



148    List of publications 
 

 

Jovanović, J., Rebrov, E., Nijhuis, T.A., Schouten, J.C., Smart microreactors for phase 

transfer catalysis, Proc. Netherlands Process Technology Symposium; Veldhoven, 

Netherlands, 2008. 

Jovanović, J., Smart microreactors for phase transfer catalysis, in Young Scientists' 

Workshop, Mainz, Germany, 2008. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   
 

Acknowledgements  
 

As I am writing these last sentences, I cannot help but reflect back on the last four years 

and the challenges, lessons and wonderful experiences that characterized my life during 

my PhD. I would like to say thank you to all the people, who worked with me and 

supported me over the last four years. 

First I would like to thank Prof. Dr. Jaap Schouten for his guidance, advice and correction 

of my papers – Jaap I learned a lot by observing what you do. Prof. Dr. Evgeny Rebrov, it 

was a pleasure working with someone imaginative and sharp as you, I enjoyed our 

brainstorming sessions a lot. Dr. Xander Nijhuis, I am grateful for our discussions which 

definitively increased the quality of the work. Prof. Dr. Volker Hessel, your pragmatic 

approach to science and publishing skills taught me a lot. Special thanks goes to Prof. Dr. 

Michiel Kreutzer for sharing his expertise in microfludics, and improving our paper. 

Denise, I am grateful beyond words, for your help and endless patience with me. 

Flowid guys - Wouter, Wessel, Robert and Jeoffrey, our collaboration was very 

productive, which resulted not only in great discoveries, a nice thesis cover and 3 

publications but also in a great friendship! I was lucky enough to have 2 very smart 

students, whos excellent work resulted in two of my favourite papers. Wenya and Michiel, 

I have no doubt that whatever you choose to do in life it would bring you success. 

Chattarbir I will miss our philosophical discussions, but luckily we work very close to 

each other, so I hope we will have time to continue were we left off. Jack, I doubt Ill have 

an office mate like you ever again, I had lots of fun in that office. Thank you for teaching 

me the art of zef! 

Anton, Bianca, Carlo, Carlos, Charl, Christine, Dulce, Dolf, Erik, Emultech, Faysal, 

Fernanda, Frank, Frans, Gregory, Ivana, Jaap, Jack, Jiaqi, John, Joost, Jun, Kevin, Lidia, 

Ma’moun, Maurice, Maria, Marlies, Mart, Maurice, Mohamed, Narendra, Niek, Oki, 

Parthena, Patrick, Paola, Peter, Roman, Serdar, Shrikant, Stijn, Violeta, Vikrant, Qi and 

Wim…guys thanks for great company and fun times in Eindhoven! 

Mimi, Mefi, Mica and Iva, you made me what I am. Alejandro, Freo, Fasika and the rest 

of my “Dutch” family – thank you, you guys are my strength. A special thanks goes to 

Melike, hayatim, you saw me in every possible version during the last days of the PhD, 

thank you for your support and care, this thesis would not exist without you. 

Last, I would like to thank Ben Bernanke, if it wasn’t for your incomprehensible actions 

maybe I would have stayed in academia, this way you opened a whole new path in my 

life. 

Jovan Jovanović 

27th  October 2011 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   
 

About the author 
 

Jovan Jovanović was born on 03-09-1982 in Belgrade, Yugoslavia. After finishing high 

school in 2001 at 1st Belgrade High School, he pursued his MSc. studies in Organic 

Chemical Technology and Polymer Engineering at the Faculty of Technology and 

Metallurgy in the University of Belgrade. In 2005 he graduated within the Oil and 

Petrochemistry group at the University of Belgrade on the subject of LDPE process 

development and scale-up. He moved to the Netherlands in 2005, where he obtained his 

MSc. in Chemical Process Engineering from the Eindhoven University of Technology, on 

the topic of carbon solid foam catalyst development within the Laboratory of Chemical 

Reactor Engineering. From 2007 he started a PhD project at the University of Eindhoven 

in the Netherlands of which the results are presented in this dissertation. Since 2011 he is 

employed as a process development engineer at Royal Dutch Shell. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 


	Summary
	Table of contents
	1. Introduction
	2. Liquid-liquid flow patterns in a capillary microreactor

	3. Liquid-liquid slug flow
	4. Slug flow microreactor for phase transfer catalysis
	5. Microreactor as a powerful tool for reaction mechanistic studies
	6. Redispersion microreactor system for phase transfer catalyzed esterification
	7. Conclusions
	List of publications
	Acknowledgements
	About the author

