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Abstract 

Heterogeneous catalytic epoxidation of propene to propene oxide with hydrogen peroxide as oxidant was 

investigated in a confined Taylor flow (CTF) reactor, a continuous monolith reactor, containing a long 

alumina rod coated with titanium silicalite (TS-1) catalyst in the centre of the reactor column. The effect 

of gas and liquid superficial velocity on the hydrodynamics of CTF reactor was also investigated under 

Taylor flow regime at atmospheric pressure. The variation of hydrodynamics had a profound impact on 

the production of propene oxide. When liquid superficial velocity was constant, the concentration of 

propene oxide produced decreased with increasing gas superficial velocity as Taylor bubble length and 

bubble rise velocity increase. However, when gas superficial velocity was constant, the concentration of 

propene oxide produced had no linear dependency on liquid superficial velocity as Taylor bubble length 

decreases but bubble rise velocity increases.  

 

Keywords: propene oxide; hydrogen peroxide; titanium silicalite; epoxidation; confined Taylor flow 

(CTF) reactor 
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Nomenclature 

aC , 1C  = constants [-] 

aC  = Capillary number ( )/ LTBL σUμ  [-] 

tD  = tube diameter [m] 

g  = gravitational acceleration [m/s
2
] 

dl  = distance between infra-red detectors [m] 

LSL  = liquid slug length [m] 

TBL  = Taylor bubble length [m] 

it  = time for detector i [s] 

LSU  = liquid slug rise velocity [m/s] 

mU  = mean flow velocity ( GV + LV ) [m/s] 

TBU  = Taylor bubble rise velocity [m/s] 

GV  = gas superficial velocity [m/s] 

LV  = liquid superficial velocity [m/s] 

 

Greek letters 

  = gas injection ratio ( GV /( GV + LV )) [-] 

L  = liquid viscosity [Pa s] 

L  = liquid surface tension [N/m] 
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1. Introduction 

Propene oxide is one of the most important raw materials in the chemical industry. It is widely used 

for manufacturing a variety of commercials and industrial products [1, 2]. Until recently, two different 

types of commercial process were dominating for the production of propene oxide from propene: the 

chlorohydrin process and the hydroperoxidation process. However, both of these processes employ 

multiple reaction steps and have several essential disadvantages: a toxic oxidant and waste in the 

chlorohydrin process and a large amount of co-products in the hydroperoxidation process. Therefore, 

heterogeneously catalyzed oxidation of propene with ex situ and in situ produced hydrogen peroxide has 

attracted much attention as a more environmentally benign and profitable chemical process [1-9]. 

Titanium silicalite (TS-1) catalyst has been extensively investigated for this route because it can promote 

the formation of propene oxide with a high selectivity of greater than 95% and a high hydrogen peroxide 

conversion since Clerici and co-workers first demonstrated that TS-1 can be used efficiently as a catalyst 

for the epoxidation of various olefins using hydrogen peroxide in methanol under mild conditions [5-13].  

The first commercial-scale propene oxide plant based on ex situ produced hydrogen peroxide recently 

has started its operation [6]. However, there is still a need to develop a more efficient reactor concept 

employing catalyst immobilization in order to remove the necessity for the separation of nano-scaled TS-

1 particles from its reaction liquid.   

Catalytic gas-liquid-solid reactions are used extensively in the processes of chemical and 

petrochemical industry. Several conventional types of reactor such as stirred tank slurry, slurry bubble 

column and trickle-bed reactor have been employed for the catalytic multiphase reactions. Recently, 

monolith reactors have attracted increasing interest as a promising alternative since the use of structured 

packing, called “monolith”, is expected to overcome the disadvantages of conventional reactors [14-22]. 

A monolith consists of a bundle of narrow parallel channels in which catalyst materials are dispersed on 

the inside walls. Due to the structure of monolith, low pressure drop and enhanced mass and heat transfer 

efficiency can be achieved. Separation of catalyst from product chemicals is not needed and ease of scale-

up is also an advantage of monolith reactors. 

Various flow patterns can be formed according to gas and liquid flow rates in a monolith channel [23, 

24] and the performance of multiphase monolith reactors is greatly affected by these flow patterns. Due to 

a high mass transfer rate between phases [19], special attention has been recently paid to slug flow or 

Taylor flow regime, in which gas bubbles and liquid slugs move consecutively through the monolith 
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channel [25, 26]. Vaitsis et al. [27] suggested a novel design of a monolith reactor, the confined slug flow 

(CSF) reactor, in which a rod was attached to the inside wall of the capillary (monolith channel). They 

proved that it is possible to attain the slug flow regime with the reactor, claiming that it opens the 

possibility of applying catalyst functions to the flow channels of monolith reactors.  

In this study, a confined Taylor flow (CTF) reactor was evaluated for the catalytic epoxidation of 

propene with hydrogen peroxide and TS-1 using methanol/water mixture as the solvent. Although the 

structure of CTF reactor is fundamentally similar to that of CSF reactor, a rod coated with catalyst 

materials is positioned in the centre of vertical reactor column. Therefore, when compared with the CSF 

reactor, the contact area between the catalyst rod and the reactants in the liquid and gas phase is extended. 

In addition to the advantages of conventional monolith reactor, the separated rod in CTF (and CSF) 

reactor allows easier control of catalyst coating and profiling and endows the possibility of temperature 

control. In particular, the feasibility of simple catalyst coating is a main advantage of CTF (and CSF) 

reactor as finding an efficient and easy method to support catalyst materials on the monolith reactor wall 

has been a challenge.  

Most of the previous experiments of propene epoxidation have been conducted in autoclave reactors. 

Some researchers evaluated the performance of propene epoxidation in gas-lift loop reactors, or 

continuous flow fixed-bed reactors [3, 28-32]. The aim of this work is to apply a unique reactor concept, 

CTF reactor, to the propene epoxidation. The hydrodynamics such as Taylor bubble length, bubble rise 

velocity, liquid slug length and slug rise velocity with respect to gas and liquid flow rate was also 

investigated under Taylor flow regime at atmospheric pressure. The CTF reactor basically showed stable, 

high productivity and selectivity to propene oxide under mild conditions, although the variation of 

hydrodynamics had a significant impact on the production of propene oxide. At the same liquid 

superficial velocity, the production of propene oxide decreased with an increase of gas superficial 

velocity as Taylor bubble length and bubble rise velocity increase. However, at the same gas superficial 

velocity, the production of propene oxide had no linear dependency on liquid superficial velocity as 

Taylor bubble length decreases but bubble rise velocity increases. 

 

2. Material and Methods 

2.1 Catalyst rod preparation 
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TS-1 catalyst was synthesized according to the method descried in the literature [10, 33, 34]. A 

solution of 1.5 g of tetraethyl orthotitanate (Aldrich) was gradually added to 45 g of tetraethyl 

orthosilicate (Merck) with magnetic stirring for 30 min. An aliquot of 100 g of 20 wt% 

tetrapropylammonium hydroxide solution (Merck) was then gradually added to the mixed solution under 

stirring for an additional 30 min. After keeping the mixture at 60 °C for 3 h, 56 g of deionized water was 

added to the solution. The resulting solution was transferred to an autoclave in an oven and crystallized at 

175 °C for 48 h without stirring. After cooling the solution to room temperature, the crystalline product 

was separated by centrifugation, washed with deionized water, dried at 100 °C for 2 h and then finally 

calcined at 550 °C for 5 h in an air-atmosphere furnace.  

For the immobilization of TS-1 in the CTF reactor, catalyst materials had to be coated on the surface 

of a 500 mm long extruded alumina rod (Multi-lab). However, it was impossible to properly coat the rod 

using TS-1 particles only. Therefore, silica nanoparticles in the range of 10 – 50 nm were used to make a 

stable coating of catalyst. The silica nanoparticles with smaller size help TS-1 particles with larger size 

get stuck not only on the surface of rod but also on other TS-1 particles. The rod was dipped in a slurry of 

20 wt% TS-1 and 15 wt% silica in deionized water. When the weight percent of silica in the slurry was 

less than 15 wt%, the mechanical strength of coating decreased, on the other hand, when the weight 

percent of silica was greater than 15 wt%, the chemical activity of coating was likely to decrease because 

the active surface of TS-1 is covered by inert silica nanoparticles. To get a predetermined weight of 

coating, drying and dipping were repeated.  

 

2.2. Characterization 

SEM images were taken on a Leo Gemini 1525 to inspect the morphology of TS-1 coating on the 

surface of rod. Photographs of Taylor gas bubbles and liquid slugs formed in the CTF reactor were taken 

using an Olympus high speed camera (i-SPEED 3). 

 

2.3. Epoxidation of propene 

The CTF reactor consisted of a 500 mm vertical transparent polycarbonate tubing with temperature 

control (Fig. 1). The inner diameter of the circular column was 8 mm and the outer diameter of the rod 

was 4 mm, which can be represented by a hydraulic diameter of 4 mm or an equivalent diameter of 6.93 
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mm. The rod coated with TS-1 catalyst was positioned axis-symmetrically in a narrow channel of the 

reactor.  

 

 

Fig. 1 

 

In the CTF reactor where gas and liquid flow simultaneously, it is important to adopt an appropriate 

flow configuration and a hydrodynamic flow regime because these significantly affect the reactor 

performance. There are four different flow configurations possible: co-current downward gas and liquid 

flow, co-current upward gas and liquid flow, counter-current upward gas flow and downward liquid flow, 

and counter-current downward gas flow and upward liquid flow. Besides, for co-current upward gas and 

liquid flow in vertical tubes, various flow patterns can be formed according to relative flow rates of gas 

and liquid phase: bubble flow, Taylor (slug) flow, churn flow and annular flow, which will be discussed 

later in detail. However, the hydrodynamics experiments conducted in the CTF reactor used in this study 

showed that the co-current upward gas and liquid flow was the only flow configuration giving stable 

Taylor flow over a wide range of gas and liquid flow rates [35]. In other flow configurations, it was found 

to be difficult to obtain proper sustained flow directions of each gas and liquid and to achieve accurate 

flow control to make stable Taylor flow for sufficient period of time, due to the nature of the experimental 

setup, buoyancy of the gas, surface tension and density of the liquid, and so on. Hence, the reactor was 

operated under Taylor flow regime at atmospheric pressure with co-current upward flow of gas (10% 

C3H6 in N2) and liquid (H2O2 0.35 wt%, CH3OH 50 wt%, H2O 49.65 wt%), giving a hydrogen peroxide 

concentration of 0.1 mol/kg and a methanol content of 50 wt%. Both gas and liquid flow enter via bottom 

of the column and their gas and liquid superficial velocity conditions are listed in Table 1. 
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Table 1. 

Case VG [m/s] VL [m/s]  ε 

1 0.036 0.022 0.62 

2 0.071 0.022 0.76 

3 0.142 0.022 0.87 

4 0.036 0.044 0.45 

5 0.071 0.044 0.62 

6 0.142 0.044 0.76 

7 0.036 0.088 0.29 

8 0.071 0.088 0.45 

9 0.142 0.088 0.62 

 
 

The CTF reactor was operated in a semi-batch mode where the gas flow passed once through the 

reactor column and was discharged from the system, but the liquid flow was repeatedly recycled 

throughout experiment. An in-house infra-red detection unit connected with a data logger (TracerDaq) 

and computer system, built by Electronics Workshop of Chemical Engineering Department at Imperial 

College London, was attached on the top part of reactor column to collect the data for hydrodynamic 

characterization. The detectors are usually 2 cm apart. Therefore, a time delay is made between the 

signals from the first and second detectors and it was utilized for the analysis of hydrodynamic properties 

of Taylor bubbles and liquid slugs. The reaction products were sampled at regular time intervals via a 

liquid sample point located at the outlet of the reactor column. 

At atmospheric pressure, the gas and liquid flow rates were controlled by mass flow controllers 

(Brooks) and a double-headed peristaltic pump (Masterflex), respectively. The peristaltic pump gave a 

stable liquid flow over a wide range of flow rates.  

The concentrations of hydrogen peroxide were determined by iodometric titration. Liquid samples 

were analyzed on a gas chromatograph (Shimadzu GC-2014) equipped with a flame ionization detector 

and a capillary column (30 m × 0.32 mm) with nitroterephthalic acid-modified polyethylene glycol (0.25 

μm) as the stationary phase. Propene oxide was the main product; propene glycol and propene glycol 

monomethyl ether were the byproducts. The selectivity of all byproducts always remained lower than 5%. 

 

3. Results and discussion 

3.1. Catalyst characterization 
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The results of various analyses of TS-1 catalyst showed good agreement with the data indicated in the 

original patent [34] and were presented in our previous papers [33, 36]. The BET analysis gave a specific 

surface area of 421 m
2
/g and a pore volume of 0.255 cm

3
/g, which are comparable to the values reported 

in the literature [4, 12, 33]. Fig. 2 demonstrates that an even distribution of TS-1 particles on the surface 

of rod was achieved through the dip-coating method. The size of TS-1 is in the range of 200 – 300 nm. 

The coating layer was found to be sufficiently stable to endure the operating conditions of CTF reactor 

under Taylor flow regime. Less than 1 wt% of original weight of TS-1 catalyst coating was lost at normal 

operating conditions that are indicated as case 5 in Table 1, for 5 h.  

 

 

Fig. 2 

 

3.2. Hydrodynamics of CTF reactor at atmospheric pressure 

For operating conditions for the test of CTF reactor performance for the propene epoxidation at 

atmospheric pressure, nine cases were selected with a variation in gas and liquid superficial velocity as 

shown in Table 1. To achieve Taylor flow regime in capillary tubes, the gas injection ratio (ε), linked with 

the transition of flow patterns, should be in the range of 0.2 – 0.9 [37]. Similarly, in this study, a stable 

Taylor flow was obtained over a gas injection ratio range of 0.29 – 0.87 in the capillary annulus. The 

capillary number (Ca) for the system used in this study ranges from 2.2 × 10
-3

 to 5.4 × 10
-3

. All 

hydrodynamic data was collected and analyzed at these conditions.  

For two-phase co-current upward flow in vertical tubes (d > 1 cm), four types of flow regime are 

formed as the gas flow rate in the tube increases: bubble flow, slug flow, churn flow and annular flow 

[38]. In slug flow, dispersed gas bubbles coalesce to form large bubbles with diameters approaching that 
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of the tube. The phases separate into bullet shaped gas bubbles and liquid slugs containing entrained gas 

bubbles. In capillaries (d < 4 mm), the two-phase flow follows a similar flow pattern but there are no 

smaller bubbles dispersed in the liquid slugs. This is designated as Taylor flow. 

The cross-section and the schematic representation of a Taylor gas bubble rising through the 

concentric annulus of CTF reactor are shown in Fig. 1. The elliptic gas bubbles are radially asymmetric 

and hence never occupy the whole cross-sectional area and rise faster than in the corresponding circular 

tube [39]. As the gas bubbles rise through the vertical annulus, liquid moves downward in thin films 

between the bubble and the tube wall or the rod surface, which increase the efficiency of mass transfer 

between the phases.  

The hydrodynamics of Taylor flow in a concentric capillary was investigated over a range of gas and 

liquid flow rates. Fig. 3 shows the photographs of different length Taylor gas bubbles formed at various 

gas and liquid flow rates in nitrogen-water system. Even when the length of Taylor bubbles was short, 

asymmetric gas bubbles wrapping around the central rod were observed. Moreover, almost no small 

dispersed gas bubbles were observed in the liquid slug. As the length of gas bubble increases, the gas 

bubbles have more clear spherical/elliptical nose shapes. The shape of Taylor bubble nose and other flow 

characteristics are attributed to the surface tension and viscous force as well as the velocity profile in the 

column because these forces become more important at a capillary scale. The shortest length of Taylor 

bubbles was gained at the lowest gas flow rate and the highest liquid flow rate while the longest length of 

Taylor bubbles was gained at the highest gas flow rate and the lowest liquid flow rate. 

 

 

Fig. 3 
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The data from the two infra-red detectors mounted on the upper part of the CTF reactor column is 

shown in Fig. 4.  

 

 

Fig. 4 

 

The plot shows the sudden changes in signal level when the Taylor bubbles pass consecutively two 

detectors. The time delay between the signals from detector 1 and detector 2 is because of the relative 

position along the column. Hydrodynamic parameters such as Taylor bubble length (LTB), bubble rise 

velocity (UTB), liquid slug length (LLS) and slug rise velocity (ULS) can be calculated using the distance 

between detectors and the time difference between the detection of gas-liquid interface by each detector. 

For example, the bubble rise velocity and the Taylor bubble length can be expressed by the following 

equations, respectively.  

2det,11det,2

=
tt

l
U

d

TB -
 (Eq. 1) 

)(= 1det,21det,3 ttUL TBTB -  (Eq. 2) 

where 
1det,2t  and 

2det,1t  are times of the moment when a liquid slug is replaced by a Taylor bubble at 

each detector and 
1det,3t  is a time of the moment when a Taylor bubble is replaced by a liquid slug at 

detector 1. A similar process can be carried out to calculate the liquid slug length and the liquid slug rise 

velocity. 

In upward slug flow, there is a widely used relationship between mean flow velocity (Um) and Taylor 

bubble rise velocity through a flowing liquid in a large diameter tube [27].  
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tmoTB gDCUCU 1+=   (Eq. 3) 

where Co and C1 are constants. Co is known as a function of Eötvös number containing fluid density, 

surface tension and tube diameter. This relationship can be seen in Fig. 5 and given by equation (4). 

Indeed, Taylor bubbles rise with a higher velocity than the mean flow velocity. 

083.0+29.1= mTB UU  (Eq. 4) 

This equation gives Co = 1.29 and C1 = 0.42 when the hydraulic diameter of annulus (the difference 

between outer and inner tube diameters of an annulus) is used instead of tube diameter (Dt) in equation 

(3). A positive value was obtained for C1 due to buoyancy forces acting on the Taylor bubbles in the same 

direction of flow. These values gained at a capillary annulus are very similar to Co = 1.29 and C1 = 0.35 

for a 5.1 cm diameter tube proposed by Fernandes et al. [40]. An implication of this is the possibility that 

the relationship is applicable to the small diameter annulus (Dt = 8 mm) under Taylor flow regime, 

regardless of existence of rod.  

Similarly, in Fig. 5, a linear relationship between a mean flow velocity and liquid slug rise velocity 

can be suggested by the following equation. 

077.0+79.1= mLS UU  (Eq. 5) 

 

 

Fig. 5 

 

Generally, therefore, it can be said that both the bubble rise velocity and the liquid slug rise velocity 

increase when one of gas or liquid superficial velocity increases.  
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In Fig. 6a, the Taylor bubble length increases linearly with the gas superficial velocity at a fixed liquid 

superficial velocity. At a fixed gas superficial velocity, on the other hand, the Taylor bubble length 

decreases with an increase in the liquid superficial velocity. As in a capillary without insert, the slope of 

lines increases with a decrease of liquid superficial velocity [37]. These trends mean that the Taylor 

bubble length is directly proportional to the gas proportion. The liquid slug length is also known to be a 

function of the gas and liquid superficial velocities in a capillary with a small diameter [37]. In this study, 

however, it shows a different trend according to the gas and liquid flow rates as seen in Fig. 6b. The 

liquid slug length decreases with the liquid superficial velocity at a low gas superficial velocity (VG = 

0.0355 m/s) but increases slightly with the liquid superficial velocity at a high gas superficial velocity (VG 

= 0.142 m/s). This means that the tendency of the liquid slug length to the liquid superficial velocity can 

be varied with the ratio of gas and liquid flow rates. 

 

 

Fig. 6 
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Fig. 7 shows the histograms of the Taylor bubble length and the bubble rise velocity at the lowest and 

highest gas superficial velocities at VL = 0.044 m/s. The histograms show a relatively higher spread of 

data from the mean Taylor bubble length or the bubble rise velocity as the gas superficial velocity 

increases. This result is most likely due to the increase in turbulence of flow at a higher gas superficial 

velocity. 

 

 

  

Fig. 7 

 

The number of Taylor bubbles was counted over a time period of 25 seconds in the infra-red detector 

output and plotted against mean flow velocity and gas injection ratio in Fig. 8. The Taylor bubble 

frequency shows a weak increasing trend with respect to mean flow velocity while it is a clear decreasing 

function of gas injection ratio. Similarly, Laborie et al. [37] reported that Taylor bubble frequency is a 

linear function of Reynolds number based on mean flow velocity. 
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Fig. 8 

 

3.3. Propene epoxidation in CTF reactor at atmospheric pressure 

Prior to the propene epoxidation experiments in the CTF reactor, the hydrogen peroxide 

decomposition in the CTF reactor was examined since hydrogen peroxide can be decomposed more 

seriously in the continuous reactor than in the autoclave reactor. The decomposition of hydrogen peroxide 

was observed to be 9.5% after 5 h at normal operating conditions depicted as case 5 in Table 1. The 

hydrogen peroxide loss due to its decomposition is expected to lower the utilization efficiency of 

hydrogen peroxide in the continuous reactor. 

As shown in Fig. 9, the variation of TS-1 catalyst amount on the surface of rod showed a negligible 

difference of propene oxide production. This demonstrates that only TS-1 existing in a shallow layer of 
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limitation through the catalyst coating layer. 2.0 g/m of TS-1 coating was selected for further experiments 

to provide a proper thickness and an even distribution of catalyst materials on the whole surface of 

alumina rod.  

 

 

Fig. 9 

 

Fig. 10 shows the effect of propene concentration change in the feed on the propene production. As 

expected, the production rate of propene oxide was directly proportional to the feed concentration of 

propene. 10% propene was determined as a feed concentration for further experiments. 

 

 

Fig. 10 
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The influence of gas and liquid superficial velocity on the propene production rate is shown in Fig. 

11a. Basically, the production rate of propene oxide was found to decrease with mean flow velocity in Fig. 

11b. The selectivity to propene oxide was maintained over 95% for 5 h in all cases. 

 

 

 

Fig. 11 
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pressure Therefore, the catalyst rod preparation and operating conditions can be adjusted to achieve the 

industrial target in future studies. 

In Fig. 11a, the concentration of propene oxide after 5 h was the lowest under the operating conditions 

of case 3 and the highest under the operating conditions of case 7. The utilization efficiency of hydrogen 

peroxide after 5 h was found in the range of 6.3% (case 3) – 13.3% (case 7) and there was a strong 

positive linear dependency between the utilization efficiency of hydrogen peroxide and the production 

rate of propene oxide. The utilization efficiency of hydrogen peroxide is thought to be largely damaged 

by the decomposition of hydrogen peroxide. Due to the fact that hydrogen peroxide is one of the powerful 

oxidizing agents but still relatively expensive, and therefore the applicability of hydrogen peroxide to 

propene epoxidation highly depends on the utilization efficiency of hydrogen peroxide, minimizing the 

decomposition of hydrogen peroxide is thought of as one of key factors in optimizing the reactor 

operating conditions.  

The Taylor bubble length and the bubble rise velocity are linked with active surface area and 

residence time for the multiphase reactions, respectively. Therefore, the reaction rate is expected to be 

higher when Taylor bubble length is shorter and bubble rise velocity is lower, resulting in higher surface 

area and longer residence time. When the liquid superficial velocity was constant, the propene oxide 

concentration produced decreased with an increase in the gas superficial velocity as the Taylor bubble 

length and bubble rise velocity simultaneously increased (Fig. 12a). However, when the gas superficial 

velocity was constant, the propene oxide concentration produced had no linear dependency on the liquid 

superficial velocity as the Taylor bubble length decreased but the bubble rise velocity increased (Fig. 12b).  
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Fig. 12 

 

4. Conclusions 

The hydrodynamic parameters such as Taylor bubble length, bubble rise velocity, liquid slug length 

and slug rise velocity according to the variation of gas and liquid superficial velocity were investigated in 

a confined Taylor flow reactor. The Taylor bubble length increased with the gas superficial velocity at a 

fixed liquid superficial velocity, whereas it decreased with the liquid superficial velocity at a fixed gas 

superficial velocity. The high spread of hydrodynamic data was attributed to the increase of flow 

turbulence level determined by operating conditions. 

Overall, the CTF reactor showed stable performances with high productivity and selectivity to 

generate propene oxide under mild conditions (40 °C, 1 atm). However, the variation of hydrodynamics 

had a significant impact on the production of propene oxide. At the same liquid superficial velocity, the 

production of propene oxide decreased with an increase of gas superficial velocity as Taylor bubble 

length and bubble rise velocity increased, though there was no linear dependency between the production 

rate of propene oxide and liquid superficial velocity at the same gas superficial velocity as Taylor bubble 

length decreased but bubble rise velocity increased. 
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Table Caption 

Table 1. Gas superficial velocities (VG) and liquid superficial velocities (VL) for operating conditions of 

CTF reactor. 

 

Figure Caption 

Fig. 1. Schematic representation of confined Taylor flow (CTF) reactor. 

Fig. 2. SEM micrograph of TS-1 coated on the surface of alumina rod. 

Fig. 3. Photographs of Taylor gas bubbles at various gas superficial velocities (VG) and liquid superficial 

velocities (VL) in nitrogen-water system in CTF reactor. 

Fig. 4. Infra-red detector output with time 

Fig. 5. Taylor bubble rise velocity (UTB) and liquid slug rise velocity (ULS) vs. mean flow velocity (Um). 

Fig. 6. (a) Taylor bubble length (LTB) vs. gas superficial velocity (VG) at liquid superficial velocities (VL) 

and (b) Liquid slug length (LLS) vs. liquid superficial velocity (VL) at gas superficial velocities (VG).  

Fig. 7. Histogram for Taylor bubble length (LTB) and bubble rise velocity (UTB) in nitrogen-water system: 

(a) and (b) VG = 0.0355 m/s, VL = 0.044 m/s, (c) and (d) VG = 0.142 m/s, VL = 0.044 m/s. 

Fig. 8. Influence of (a) mean flow velocity (Um) and (b) gas injection ratio (ε) on the frequency of Taylor 

bubbles. 

Fig. 9. Effect of catalyst loading on propene oxide production. Reaction conditions: 40 °C, atmospheric 

pressure, 0.5 – 1.5 g (1.0 – 3.0 g/m) TS-1 coating, co-current upward & semi-batch operation, VG 0.071 

m/s (10% C3H6), VL 0.044 m/s (H2O2 0.35 wt%, CH3OH 50 wt%, H2O 49.65 wt%). 

Fig. 10. Effect of propene feed concentration on propene oxide production. Reaction conditions: 40 °C, 

atmospheric pressure, 1.0 g (2.0 g/m) TS-1 coating, co-current upward & semi-batch operation, VG 0.071 

m/s (10 – 30% C3H6), VL 0.044 m/s (H2O2 0.35 wt%, CH3OH 50 wt%, H2O 49.65 wt%). 

Fig. 11. Influence of (a) gas superficial velocity (VG), liquid superficial velocity (VL) and (b) mean flow 

velocity (Um) on propene oxide production.  

Fig. 12. Influence of Taylor bubble length (LTB) on propene oxide production.  


