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Abstract  

The handling of solid reagents, catalysts and by-products is a daunting 

challenge in continuous-flow micro- and milli-reactors. Suspensions tend 

to settle over time leading to irrevocable clogging of the reaction 

channels. Herein, we describe our efforts to develop an ultrasonic milli-

reactor which can handle such challenging solid-containing 

transformations. The reactor consists of a Langevin-type transducer, a 

sonotrode and an irradiating cylinder, on which a coiled glass capillary 

(12.88 mL) was attached. The ultrasonic milli-reactor was combined with 

an LED illuminating box and its efficacy was showcased in the 

photocatalytic aerobic oxidation of benzyl alcohol enabled by TiO2 

particles exposed to UV-A irradiation. Ultrasound irradiation generates 

cavitation bubbles and causes a vigorous oscillation of both the cavitation 

and the Taylor bubbles. This improves the liquid mixing, the gas-liquid 

mass transfer and ensures resuspension of the settled particles. 

Moreover, these effects enhance the photon absorption by the 

semiconductor catalyst, which has an overall positive effect on the 

photocatalytic transformation. 
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2.1 Introduction 

In the field of continuous flow chemistry, micro- and milli-reactors 

display major advantages over conventional reactors1. These advantages 

include well-controlled flow patterns and increased surface-to-volume 

ratios, as well as small penetration depths for photochemical 

applications. The resulting intensified heat and mass transfer rates, 

coupled with the small penetration depth, enable excellent 

reproducibility of the reaction conditions, and provide homogeneous 

irradiation of the reaction mixture, minimizing unwanted by-product 

formation and over-irradiation2. These benefits, also including enhanced 

safety and scalability, make this type of reactors an attractive possibility 

for continuous manufacturing in the chemical and pharmaceutical 

industry3. However, this reactor type lacks widespread application in 

industry due to the encountered weak convective mixing and commonly 

found problems with solid handling in flow4. 

An effective way to avoid issues with weak convective mixing 

(encountered mainly due to low Reynolds numbers at the small reactor 

dimensions) is introducing passive mixing structures (e.g., sharp bends 

and baffles)5. These microstructures, however, increase the pressure 

drop over the reactor and make them more susceptible to clogging. 

Another approach to improve the convective mixing is to utilize the 

internal recirculation vortices of the gas-liquid or liquid-liquid 

segmented flow. It has been reported that these secondary vortices could 

keep particles in motion and transport them in a stable three-phase flow6. 

However, as the drag force of the recirculation vortices on the particle is 

sometimes not strong enough to withstand the gravity force, especially 

when the overall flow rate is not high enough, particle sedimentation 

would lead to non-uniform distribution of solids and sometimes even 

blocking of the channel7. Compared to these passive methods, applying 
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ultrasound, as an active external force, has proven to be a more effective 

method to tackle those clogging and weak convective mixing issues8. 

Ultrasound irradiation generates cavitation bubbles which dance, 

oscillate and implode violently, giving rise to intense acoustic streaming, 

vortices and liquid jets9. These strong physical effects recirculate the 

solid particles and break up agglomerates, preventing solid 

sedimentation and bridges which ultimately cause clogging4c,4d. The solid 

handling ability of ultrasound in channels has been demonstrated for a 

variety of material synthetic processes and reactions which generate 

solid (by-)products10. In addition, the mixing and mass transfer 

enhancement of ultrasonic waves has enabled intensification of various 

liquid-liquid and gas-liquid processes 8,11. 

Various ultrasonic micro- and milli-reactors have been reported to date. 

They are typically constructed by connecting the microreactor with an 

ultrasound transducer, which is often a Langevin-type piezoelectric 

element. Based on the connection method between the transducer and 

microreactor, two categories can be defined, i.e., directly-coupled and 

indirectly-coupled systems. The former directly connects the micro- or 

milli-reactor to the transducer surface12, while the indirectly-coupled 

system utilizes a transmission medium (usually liquid) to transport 

ultrasound from the transducer to the reactor13. The easiest and often-

used strategy to construct an indirectly coupled reactor is by immersing 

a microreactor in a commercial ultrasound cleaning bath, under which 

several Langevin transducers are positioned14. The drawback of such a 

setup is that the water in the bath dissipates most of the input ultrasound 

energy15 and thus only a small portion is actually used to avoid clogging 

or to intensify mixing effects. To overcome this issue, Hübner, Jӓhnish et 

al. positioned the microreactor above the transducer in a vessel filled 

with pressurized water at ⁓4.5 bar13a. This suppresses the cavitation in 

the coupling medium and improves the ultrasound transfer efficiency. 
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Recently, Kuhn et al. developed a meso-scale ultrasound reactor by 

putting a PFA capillary in a box to which six Langevin transducers are 

attached16. The box is filled with water to transmit the ultrasound and 

provide temperature control. The PFA capillary has an inner diameter of 

2 mm and a length of 3.81 m (internal volume 12.88 mL). These indirect 

coupling methods have the advantage of good temperature control and 

easy scale-up. However, low energy transmission efficiency, due to the 

attenuation in the transmission medium and reflection at the two 

liquid/solid interfaces, remains an issue. 

In contrast, a direct coupling between transducer and reactor is a more 

efficient way to transport ultrasound energy. Merten et al. directly 

bonded a microreactor plate to the front face of a Langevin transducer 

with epoxy glue12a. A strong acoustic field was transferred into the 

microchannel. Following this idea, Chen et al. matched the structure of a 

Langevin transducer and a microreactor plate to form a half wavelength 

resonator in the longitudinal direction, where the antinode plane with 

highest sound intensity is located at the microreactor plate17. This novel 

design not only generates a uniform and strong acoustic field in the 

microreactor, but also maximizes the energy efficiency and lifespan of the 

transducer. Despite these advantages, direct coupling between 

transducer and reactor introduces difficulties regarding temperature 

control and scale-up. The ultrasound transducer will generate heat 

during operation, which will be guided to the microreactor directly. 

Moreover, as most ultrasound transducers have a limited amount of 

irradiated surface area, the size of the microreactor attached to it should 

be in the same size range. If not, non-uniform ultrasound irradiation 

profiles in the microreactor will be observed. For example, the 

transducers widely used in the ultrasonic bath utilize a cone-shaped horn 

to enlarge their radiating surface 9a,17. This horn has a maximum diameter 

of 66 mm. When a microreactor with overall size smaller than this 
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diameter is attached to it, a uniform ultrasound radiation field will be 

formed inside the microreactor. However, if the surface area is larger, the 

part of microreactor not directly exposed to the ultrasound transducer 

will have a significantly lower ultrasound intensity. It is easy to 

understand that this reduces its performance and even diminishes the 

stability and lifespan of the reactor (due to the induction of local stress). 

Due to these limitations, so far, no direct-coupled ultrasound 

microreactors have been reported in the literature with a reactor volume 

larger than 2 mL. 

This manuscript aims to investigate the strategies and design principle to 

address these scaling issues. A novel meso-scale ultrasonic milli-reactor 

with an irradiation surface area of 290×55 mm2 and a reactor volume of 

12.88 mL was developed. The reactor consists of a normal Langevin type 

transducer, a sonotrode and an irradiating cylinder, on which a coiled 

glass capillary was attached. Standing waves were formed in both the 

longitudinal direction of the sonotrode and radial direction of the 

cylinder. Thus, ultrasound energy is efficiently transported to the glass 

capillary. The temperature in the reactor can be easily controlled by two 

air cooling boxes wrapped around the transducer and irradiating 

cylinder respectively. 

To validate the mixing behavior, mass transfer and solid handling 

performance, the reactor was applied to a three-phase photochemical 

reaction using solid semiconductor photocatalysts. In recent years, 

microflow photochemistry, and its successive scale-up, has received 

ample attention as it allows a homogeneous irradiation of the entire 

reaction medium18. This is challenging in conventional large-sized 

reactors as the light irradiance decreases exponentially with the path 

length (as dictated by Lambert-Beer law)19. As a result, photochemical 

transformations carried out in microreactors usually display higher 
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reaction selectivity and shorter reaction times. However, weak 

convective mixing and microchannel clogging remain important issues. 

Fast mixing is also important to reduce concentration gradients caused 

by light attenuation, which are more pronounced in larger-diameter 

channels (e.g., > 1 mm). In addition, many photocatalytic reactions have 

solid components in the reaction mixture, either as a photocatalyst (e.g., 

semiconductor photocatalysts)20, as a reagent (solid bases)21 or as a (by-

) product22. Several solutions have been devised to handle such solid-

laden flows for photochemistry, including the use of Taylor recirculation 

patterns23 and oscillatory flow reactors24 to keep the solid photocatalysts 

in suspension. Herein, we describe an alternative approach using a 

continuous-flow ultrasonic milli-reactor which can enable the UV-

induced aerobic oxidation of benzyl alcohol using TiO2 photocatalysis. 

Furthermore, the effects of ultrasound on the suspension behavior of the 

TiO2 particles, on the hydrodynamics of the gas-liquid-solid three-phase 

flow and on the reaction course were investigated in detail. 

2.2 Materials and methods 

2.2.1 Reactor Design 

Our aim was to increase the ultrasound irradiating area of a conventional 

sandwiched Langevin transducer and thus enable the use of larger 

reactor volumes. Our inspiration came from ultrasound welding tools, 

consisting of a normal Langevin transducer, a sonotrode and a welding 

head. In such tools, a standing wave is formed in the longitudinal 

direction, where the sonotrode transports the ultrasound energy from 

the transducer to the welding head. The shape of the welding head is 

designed to focus a large amount of energy to a specific welding point. 

Taking advantage of this concept, our idea was to change the welding 

head to a large irradiating cylinder, which is designed to resonate in the 



Chapter 2 

32 

2 

0.24 

radial direction. This would ensure that a large irradiating surface is 

created on the side of this cylinder, as shown in Figures 2.1(a) and (b). 

Following this idea, the reactor was designed as follows: First, the 

transducer is fixed to a standard Langevin transducer (diameter = 50 mm 

and total length = 120 mm) with an ultrasound frequency of 20 kHz. This 

frequency corresponds to a longer wavelength (240 mm) compared to 

other higher frequencies (such as the commonly used 28 kHz, 40 kHz and 

80 kHz), allowing to irradiate a larger cylinder and thus larger ultrasound 

irradiating surface. The transducer consists of a back block, a front block 

and four piezoelectric plates which are stacked together, with a total 

length equaling to half a wavelength. Second, a sonotrode widely used in 

ultrasound welding is chosen for our design. This sonotrode has two 

sections, where the length of each piece equals to a quarter wavelength 

(60 mm). Third, the length of the irradiating cylinder was also fixed to a 

quarter wavelength, while the diameter is designed to match the half 

wavelength resonance in the radial direction. 

The transducer structure was subsequently modeled using a COMSOL 

simulation. It was found that the resonance diameter of the irradiating 

cylinder is around 144 mm. As shown in the total displacement 

distribution in Figure 2.1(c), a standing wave is formed along the 

longitudinal direction of the sonotrode. The first node (from top to 

bottom) is positioned near the piezo stacks and the second near the 

center of the sonotrode. An antinode is formed at the end of the 

sonotrode, which could maximize the vibration excitation of the 

irradiating cylinder. Along the radial direction of the cylinder, minimal 

displacement is observed in the center while maximum at the outer 

surface, indicating a half-wavelength standing wave distribution. The 

displacement field in Figure 2.1(d) further confirms that the longitudinal 

vibration in the transducer and sonotrode is converted to the radial 

vibration in the cylinder. If a capillary tube is wrapped around the 
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cylinder, such a high amplitude radial vibration at the outer surface will 

generate a very strong ultrasound field in the tube. Therefore, this design 

not only enlarges the irradiation surface area by a factor 5.6 (from 28 cm2 

of the front surface area of the transducer, to 160 cm2 at the side surface 

of the irradiating cylinder) but also maximizes the ultrasound energy 

transported to the capillary micro- or milli-reactor. 

Based on this design, the reactor without capillary (the transducer, the 

sonotrode and the irradiating cylinder) was custom-made by Dowell 

Ultrasonic Tech Co. Ltd (Hangzhou, China), as shown in Figure 2.1(b). An 

air-cooling box was fabricated around the transducer to dissipate the 

heat during operation. To facilitate fixation of the reactor, an aluminum 

flange was connected at the center of the sonotrode where the node with 

minimum vibration is located. A borosilicate glass capillary with inner 

diameter of 2.2 mm, outer diameter of 3.9 mm and length of 4.1 m was 

wrapped around the outer surface of the irradiating cylinder. This forms 

a capillary tube milli-reactor with ten spiral loops around the cylinder 

and a total volume of 12.88 mL. Epoxy glue (PLUS ENDFEST 300, UHU) 

was used to fix the capillary on the cylinder surface and to improve the 

transport of the ultrasound waves from the cylinder to the capillary. As 

glass is a good ultrasound-conducting material, this design should allow 

energy supply to two or more layers of capillary wrapped around the 

cylinder, thus enabling even larger reactor volumes than reported herein.  
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Figure 2.1 (a) Design idea of the reactor. (b) Picture of the reactor. Total displacement 

distribution (c) and displacement field in the reactor (d) simulated by COMSOL at 

resonance frequency of 20.8 kHz. 

The transducer of the fabricated ultrasonic milli-reactor was actuated by 

an RF power amplifier (1040L, Electronics & Innovation) which is driven 

by a sine wave from a signal generator (DG1032Z, Rigol). An impedance 

transformer (JT-450, Electronics & Innovation) was connected between 

the power amplifier and the transducer to match the impedance 

difference, minimizing the reflected power from the transducer9a. By 

sweeping the driving frequency of the sine wave from the signal 

generator around the designed frequency (20.8 kHz), the frequency 

corresponding to the largest electric load power displayed on the power 
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amplifier was determined as the optimal working frequency of the 

ultrasonic milli-reactor. The optimal frequency was found to be 22.6 kHz, 

which is 9% higher than the designed frequency predicted by COMSOL 

simulation. This deviation could be caused by the small structural 

differences between the actual reactor and the modelled reactor. During 

fabrication of the reactor, there were inevitable deviations between the 

designed size and the actual size of each part. In addition, the COMSOL 

model did not account for the connecting screws, the glass capillary, the 

cooling shell and the flange of the actual reactor. 

2.2.2 Application of the ultrasonic milli-reactor in 
heterogeneous photocatalysis 

Next, the application potential of this transparent glass capillary milli-

reactor was showcased in solid-laden photocatalytic reactions enabled 

by semiconductor-based photocatalysis 19b,25. As a benchmark reaction, 

the photocatalytic oxidation26 of 4-(trifluoromethyl)benzyl alcohol using 

TiO2 and gaseous oxygen subjected to UV-A light (365 nm) was selected 

(Scheme 2.1)27. An LED box was constructed in which the UV-A LED strip 

was fixated and where the ultrasound cylinder and glass capillary can be 

positioned (Figure 2.2). The box was made of a stainless-steel pipe with 

an inner diameter of 200 mm, a wall thickness of 1.75 mm and a height of 

150 mm (Figure 2.2b). A UV-A LED strip (365 nm, LS24UV240X2835PLX, 

LuxaLight) with a length of 3 m was attached to the inner surface of the 

pipe. In the cover, there are holes to allow for milli-fluidic connections 

and the supply of cooling air. The LED strip was powered by a DC power 

supply (LABPS3005D, Velleman). The applied voltage and current were 

24 V and 2.7 A respectively, resulting in an electric power consumption 

of 64.8 W for the LED strip. The working frequency of the ultrasonic 

transducer was 22.6 kHz and the load power was typically around 60 W. 
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Scheme 2.1 Photocatalytic oxidation of 4-(trifluoromethyl)benzyl alcohol using TiO2 and 

O2, selected as a benchmark reaction for the evaluation of the continuous-flow ultrasonic 

milli-reactor. 

A stock solution was prepared by suspending TiO2 nanoparticles 

(Titanium oxide, anatase, <25 nm, 637253-50G, Sigma-Aldrich) in a 

solution of 4-(trifluoromethyl)benzyl alcohol (SC034058, Fluorochem 

Limited) in acetonitrile (MeCN, HPLC-R, Biosolve Chimie SARL). For the 

exact concentrations, we refer to the corresponding experiments (see 

section 2.3.2). The TiO2 particles were smaller than 25 nm, which is, 

however, the initial size of these particles. The actual powder consists of 

aggregates and agglomerations of these primary particles. The actual 

particle size distribution of TiO2 particles in the solution was measured 

by a laser particle sizer (Analysette 22 microtec plus, Fritsch). As shown 

in Figure S2.1, the measured size distribution shows a wide distribution 

with three agglomeration peaks, falling in the range of 0.1-1, 1-10 and 10-

40 µm respectively. The average size is 3.8 µm. Next, the stock solution 

was taken up in a 60 mL plastic syringe, in which a magnetic stir bar was 

placed. The syringe was mounted on a syringe pump (Fusion 720, 

Chemyx Inc.). Magnetic stirring was applied by putting a compact 

magnetic stirrer (Topolino, IKA) beneath the front part of the syringe (as 

shown in Figure 2.2). In this way a uniform suspension was maintained 

inside the syringe and was infused into the ultrasonic milli-reactor. To 

prevent particles settling down at the inlet microfluidic connections, 

these connections were kept as short as possible (ca. 5 cm) and were 

placed in a downward trajectory before reaching the reactor. The gas 

phase was fed from an oxygen gas line and dosed into the liquid stream 
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using a mass flow controller (F-200CV-002-AAD-22-K, Bronkhorst 

Nederland BV). The gas and liquid phase were combined in a stainless-

steel tee junction (VALCO) to establish a gas-liquid Taylor flow regime 

and were subsequently delivered to the photochemical ultrasonic milli-

reactor. Therefore, a gas-liquid-solid three phases flow was formed in the 

milli-channel, which was exposed to the UV light. The physical properties 

of the three phases are listed in Table 2.1. 

Table 2.1 Physical properties of the three phases (gas, liquid and solid) in the milli-

reactor. The liquid phase was treated as pure acetonitrile, considering the substrate 

concentration is very low (1-5 mM).  

Phase Composition 
Density 

(g/cm3) 

Viscosity 

(mPa·s) 

Flow rate 

(mL/min) 

Reynolds 

number 

(Re) 

Capillary 

number 

(Ca) ×

10-3 

Weber 

number 

(We) ×

10-3 

Gas O2 0.0014 0.020 0.05-0.19 
6.42-

25.7 
  

Liquid MeCN 0.786 0.334 0.19-0.75 0.76-3.1 
0.009-

0.04 

0.04-

0.15 

Solid TiO2 4.23   
0.009-

0.036 
  

During the experiments, both the operation of the UV light strip and the 

ultrasound transducer generate heat. To cool the reactor, a stream of 

compressed air was introduced into the assembly. A thermocouple was 

inserted into the outlet of the glass capillary which allowed to measure 

the temperature in the reaction mixture. When the LED light was turned 

on, the temperature raised from room temperature (22.6 °C) up to 28.5 

°C. When both the ultrasound and LED light were switched on, the 

temperature was further increased to 39.2 °C, equaling to a rise of 10.7 

°C caused by ultrasound. Such a high temperature rise would influence 

the reaction rate substantially, which might interfere with the study of 

the physical effects of ultrasound. To prevent this, a pulsed ultrasound of 

ON/OFF time of 12.5/12.5 s instead of a continuous ultrasound 
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generation was applied. Such a pulsed ultrasound only generates half of 

the heat and allows for a more rigorous cooling of the entire setup. In this 

way, a temperature of 31.4 °C was measured, which means that the 

pulsed ultrasound only increases the temperature by 2.9 °C. This quite 

small temperature increase should allow for an excellent description of 

the ultrasound effects on the reaction. Moreover, to exclude the direct 

chemical effect of ultrasound (e.g., sonolysis) on the reaction, a control 

experiment was conducted when ultrasound is turned ON and light 

turned OFF. Also, another experiment with both ultrasound and light 

turned OFF was executed. No conversion was detected in either control 

experiments, demonstrating that this is indeed a photocatalytic 

transformation. 

Samples of the reaction were collected at the reactor outlet after the 

reactor was in continuous operation for at least 2 residence times to 

ensure steady-state data collection. 19F-NMR was used to analyze the 

ratio of the product and substrate in the samples, based on which the 

conversion and selectivity were calculated. The TiO2 particles were first 

removed by filtering the sample with a 0.22 µm syringe filter. The sample 

was diluted with deuterated chloroform (CDCl3, SC040234, Deutero 

GmbH) in a ratio of 1:1 and measured on a Bruker 400 MHz NMR 

spectrometer. Three samples were collected and measured separately for 

each experimental condition. The deviation of conversion and selectivity 

in all the repeated experiments was less than 2%. 



Ultrasonic milli-reactor 

39 

2 

0.24 

 

Figure 2.2 (A) Schematic representation of the experimental setup. (B) Picture of the 

setup, which shows the ultrasonic reactor with illuminating box in the middle and syringe 

pump on the left. 

2.3. Results and discussions 

2.3.1 Ultrasound effects on the gas-liquid-solid 
three-phase flow 

To study the effect of ultrasound on the hydrodynamics of the three-

phase flow, the ultrasonic reactor was first run without exposing it to UV 

light. A liquid solution containing 10 mg/mL TiO2 in acetonitrile was 

merged with pure oxygen and the combined three-phase flow was 
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introduced in the reactor. Images of the three-phase flow in the glass 

capillary were taken by a high-speed camera (AOS L-PRI 1000) with a 

macro lens (Canon EFS 60 mm). The camera was faced to the capillary 

reactor from the side, while a high intensity LED-based light source 

(Veritas Constellation 120E15) was illuminating from the top of the 

reactor. As shown in Figures 2.3 (a) and (c), the TiO2 particles rapidly 

settled down in the reactor when no ultrasound was applied (at a total 

gas-liquid flow rate of 2 mL/min). Remarkably, most particles were 

already sedimented at the first and second spiral loop. The number of 

suspended particles reduces with increasing reactor length, with almost 

no particles visible in the capillary from the third winding onwards. The 

same observation holds for the solution sample collected at the outlet 

(Figure 2.5). This implies that the particles completely settle after about 

92 cm (two spiral loops); from this observation, a sedimentation time of 

105 s can be estimated. This roughly estimated value is in the same order 

of magnitude with the theoretical time (27 s) calculated from the Stokes’ 

sedimentation equation, for which the average particle size of 3.8 µm was 

used (See experimental section). It should be noted that a gradual decline 

of the amount of TiO2 over the reactor length will lead to a sub-optimal 

photocatalytic process (see section 2.3.2) and should eventually lead to 

reactor clogging in those first two reactor loops. 

When ultrasound was applied, the particles were re-suspended within a 

few seconds, showing that the sedimentation process is reversible and 

that reactor clogging can be prevented. A uniform and milky liquid phase 

was observed in both the capillary (Figures 2.3(b) and (d)) and in the 

outlet sample (Figure 2.5). The re-suspending of the TiO2 particles was 

caused by the cavitation bubbles and the surface wave oscillation of the 

Taylor bubbles induced by the ultrasound irradiation, as shown in Figure 

2.3(f). The cavitation bubbles moved randomly and oscillate vigorously 

in the liquid slug, acting as micro-stirrers to mix the liquid and solids. This 
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mixing effect of cavitation bubbles in the reactor has been systematically 

investigated in previous work9a. At the same time, surface wave 

oscillations of the oxygen Taylor bubble were also induced, resulting in a 

crinkly bubble surface (Figure 2.3(f)) compared to the original smooth 

surface (Figure 2.3(e)) when ultrasound is not applied. Such a surface 

wave oscillation produces cavitation microstreaming around the bubble, 

improving the liquid mixing and gas-liquid mass transfer28. Further 

analysis of the high-speed video shows that it only takes 2 s for the 

ultrasound effects to re-suspend the particles. As shown in Figure 2.4, at 

the moment prior to ultrasound application (i.e., 0.0 s), TiO2 particles 

were settled at the bottom of the glass capillary. 0.2 s after ultrasound 

actuation was switched on, cavitation microstreaming started to mix the 

particles and recirculate them in the liquid slug. With the increase of the 

ultrasound irradiation time, gradually more particles were re-suspended. 

After about 2 s, a uniform liquid suspension was observed in all the liquid 

slugs. 

All the experiments in Figures 2.3 and 2.4 applied a continuous 

ultrasound wave with an electronic power of 60 W. Such a continuous 

application of ultrasound resulted in a temperature rise of 10.7 °C, which 

would influence the reaction rate significantly. To avoid this problem, 

pulsed ultrasonication was applied. Previous work on CaCO3 particle 

synthesis showed that pulsed ultrasonication with an ON/OFF time of 

7.5/12.5 s was able to generate similar effects on mixing and 

agglomeration breakup compared to continuous ultrasonication10d. 
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Figure 2.3 Effect of ultrasound on the three-phase flow in the glass capillary reactor. 

Images on the left (a, c, e) were taken without ultrasound actuation, while the right ones 

(b, d, f) were under continuous ultrasound irradiation at a power of 60 W. In all images 

the gas phase is oxygen and the liquid phase is acetonitrile, with or without suspended 

TiO2. Both (a) and (b) are the full view of the reactor, where (c) and (d) are the zoomed 

view of a section of the first three spirals as indicated by the blue dashed rectangle in (a). 

The acetonitrile in (a, b, c, d) contains 10 mg/mL TiO2. Both (e) and (f) used pure 

acetonitrile and are shown using the zoomed view of a section of the second spiral, as 

indicated by the blue dashed rectangle in (c). The flow rate of the gas and 

liquid/suspension phase were both 1 mL/min in image (a) and (b). While from images (c) 

to (f), the flow rate was respectively 0.8 and 0.6 mL/min for the gas and liquid/suspension 

phase. 

Herein, to ensure similar particle re-suspension performance compared 

to continuous ultrasound, the ON period of the pulsed ultrasonication has 

to be longer than the ultrasound-induced resuspension time (2 s), while 

the OFF period should be shorter than the experimental and theoretical 

sedimentation time of the TiO2 particles (88 s and 27 s, respectively). 

Considering all these effects, an ON/OFF time of 12.5/12.5 s was selected 

in the following reaction experiments. The power applied in the ON 
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period is 60 W, resulting in an effective power applied of 30 W. Such a 

pulsed ultrasonication results in a much lower temperature rise (i.e., 2.9 

°C) compared to continuous ultrasound application. Importantly, this 

pulsed ultrasonication was able to re-suspend the TiO2 particles equally 

well as the continuous application of ultrasound. This is further 

confirmed by the pictures of the samples collected at the reactor outlet as 

shown in Figure 2.5. Both samples, collected under pulsed and 

continuous ultrasound, are uniformly milky with no visible differences. 

 

Figure 2.4 Single frames of a video showing that ultrasound allows to re-suspend the 

sedimented TiO2 particles to a visibly homogeneous suspension within a period of 2.0 

seconds after switching on the ultrasound. Experimental conditions are equal to those in 

Figure 2.3(c). 

 

Figure 2.5 Images of the reaction samples collected at the reactor outlet under the 

condition of no ultrasound, pulsed ultrasound (US-P) and continuous ultrasound (US-C). 

2.3.2 Ultrasound effects on the reaction conversion 
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In the previous section, our results demonstrated that ultrasound 

irradiation generates cavitation bubbles and activates the surface wave 

oscillations of the Taylor bubbles, which improves the mixing in the 

liquid slug and re-suspends the TiO2 particles. These effects are expected 

to improve the reaction rate of the photocatalytic oxidation of 4-

(trifluoromethyl)benzyl alcohol using TiO2 and O2 to the corresponding 

benzaldehyde (Scheme 2.1).  

Indeed, the conversions obtained under ultrasound irradiation were 

always higher than those without (Figure 2.6). The highest conversion 

improvement, i.e., 3.6 times, was observed at substrate concentrations of 

1 mM and a TiO2 concentration of 5 mg/mL. The influence of ultrasound 

on the selectivity is not significant and is mainly dependent on the 

conversion. The selectivity is higher than 95% when the conversion is 

lower than 40% and reduces to around 85% when the conversion 

exceeds 60%. The main byproduct is the corresponding benzoic acid, 

derived from over-oxidation26b,29. The effect of ultrasound on the 

conversion at different residence times and TiO2 concentrations was 

investigated as well, as shown in Figure 2.7. When the ultrasound is 

switched off, the conversion reduces from 57% to 24% when the 

residence time was increased from 14 to 55 min. Such a reduction of 

conversion with residence time can be attributed to the sedimentation of 

TiO2 particles in the reactor. Longer residence times correspond to lower 

flow rates, resulting in a shorter reactor length over which the particles 

settle. This gives a lower effective reactor volume where the TiO2 

particles are well suspended and thus where TiO2-mediated 

photocatalysis occurs, resulting in lower conversion. In contrast, when 

ultrasound is applied, the conversion increases from 71% to 86% when 

the residence time is increased from 14 min to 28 min. A further increase 

of the residence time to 55 min does not improve the conversion further. 

This indicates that light absorption is not limited anymore from 28 min 
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onwards. Finally, the conversion under no ultrasound increased slightly 

(7%) when the TiO2 concentration was increased from 1 to 5 mg/mL. 

When ultrasound was applied, the conversions were 3.0-3.6 times higher 

compared to the case without ultrasound. In this case, a much higher 

increase of conversion (37%) was observed when the TiO2 concentration 

increased from 1 to 5 mg/mL. 

 

Figure 2.6 The effect of ultrasound on the conversion (A) and selectivity (B) in the 4-

(trifluoromethyl)benzyl alcohol using TiO2 and O2 for different substrate concentrations. 

The concentration of TiO2 was 5 mg/mL. Residence time was 55 min. The gas-to-liquid 

volumetric flow rate ratio was 0.25. 

 

Figure 2.7 The effect of ultrasound on the conversion at different residence times (A) and 

TiO2 concentrations (B). The concentration of TiO2 and substrate in (A) was 5 mg/mL and 

1 mM respectively. While in (B), the residence time was 55 min and the substrate 

concentration was 1 mM. The gas-to-liquid volumetric flow rate ratio was fixed to 0.25 in 

all the experiments. 

Such a significant increase in conversion under ultrasound irradiation 

can be rationalized to the improvement of several mass-transfer-related 

processes. The photocatalytic aerobic oxidation reaction depends on the 
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supply of oxygen from the gas phase to the catalyst surface; it is known 

that ultrasound can increase this critical mass transfer rate at the gas-

liquid interface by a factor of 3 to even 2017,27,28a. However, also liquid-

solid mass transfer plays a critical role, as well as the exposure of the 

catalyst to the light. These are individual steps where the mass transfer 

rates can be efficiently increased by the oscillation of the cavitation 

bubbles and the surface wave oscillations at the O2 gas bubbles in the 

Taylor flow regime. The sonication ensures maximum irradiation 

efficiency and provides a uniform suspension of the titanium oxide inside 

the liquid medium. Finally, ultrasound impedes effectively settling and 

agglomeration effects of the catalyst that would reduce the catalytically 

accessible active surface of the catalyst. Although ultrasound irradiation 

could improve the gas-liquid, liquid-solid mass transfer and photon 

absorption by the catalyst surface at the same time, the main contribution 

to the conversion enhancement should be attributed to the rate limiting 

step. Mass transfer correlations reported in literature7c,30 were adopted 

to estimate the mass transfer rate in our experiment (See Supporting 

Information). The estimated gas-liquid and liquid-solid mass transfer 

coefficients are 0.12-0.62 and 4017-4211 s-1 respectively, indicating that 

the mass transfer processes are in the time scale of 1-10 s and 0.1-1 ms 

respectively. Both are much faster than the time scale of the reaction (14-

55 min). Therefore, compared to the mass transfer processes, photon 

absorption by the catalyst is more likely to be the rate-limiting step. The 

conversion enhancement by ultrasound irradiation should be mainly 

attributed to the improvement of catalyst surface’s exposure to the light. 

2.4. Conclusion 

Herein, we presented the development of a robust and efficient meso-

scale ultrasonic milli-reactor with a reactor volume of 12.88 mL, which 

can be used to carry out solid-laden photochemical transformations. The 
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reactor consists of a Langevin-type transducer, a sonotrode and an 

irradiating cylinder, on which a coiled glass capillary was attached. 

Standing waves were formed in both the longitudinal direction inside the 

sonotrode and radial direction inside the cylinder, efficiently directing 

the ultrasound energy to the glass capillary. The ultrasonic milli-reactor 

was combined with an LED illuminating box and its efficacy was 

showcased in the aerobic oxidation of 4-(trifluoromethyl)benzyl alcohol 

catalyzed by TiO2 particles under UV light irradiation. Ultrasound 

irradiation generates cavitation bubbles and causes a vigorous oscillation 

of both cavitation bubbles and the Taylor bubbles, which improves the 

liquid mixing, the gas-liquid mass transfer and ensures resuspension of 

the settled particles in 2 s. Ultrasound enabled recirculation of the 

suspended TiO2 nanoparticles and break-up of the agglomerates. These 

effects enhance the photon absorption by the semiconductor catalyst, 

improving the reaction conversion with a factor of 3.6.  

We believe that the outlined scale-up strategy and design principle of the 

meso-scale ultrasonic milli-reactor and its successful performance for 

photocatalysis will spur further research into other large-scale 

ultrasound-enabled reactor development. Moreover, this reactor can be 

applied in various – not necessarily photocatalytic – multiphase 

reactions, especially those involving solids and with risks of clogging. 
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2.5 Experimental section 

2.5.1. Particles size distribution of the TiO2 power 

 

Figure S2.1 The measured particle size distribution of TiO2 power in the solution. 

Columns are the density distribution and the solid curve is the cumulative distribution. 

The particle size distribution of TiO2 power in the solution was measured 

by a laser particle sizer (Analysette 22 microtec plus, Fritsch). A CH3CN 

solution with 5 mg/ml TiO2 power and 1 mM of substrate was used. 

2.5.2. COMSOL simulation 

A COMSOL Multiphysics model was created for the 3D geometrical 

ultrasonic tool. The materials assigned to the different parts of the 

geometry are as follows; Steel AISI 4340 for the back mass, Titanium 

beta-21S for the front mass and Lead Zirconate Titanate (PZT-4) for the 

ceramic piezoelectric disks. The manufactured sonotrode contains a pre-

stressed steel bolt through the four ceramic disks, but in the model this 

bolt is not included, and the ceramic disks are assumed to be whole 

instead of being drilled. The applied potential to the interface of these 

disks is set at 10 V. Another difference between the manufactured and 

modelled sonotrode is the central disk (bored cylinder) which is used for 

the suspension of the sonotrode in the reactor casing, the flange. This 
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flange is screwed into the titanium cylinder of the sonotrode, but with 

intentionally some space left in between the surfaces, resulting in only a 

small interface between the two assembled parts. It is assumed that this 

small interface will not significantly affect the behavior of the model and 

is only included in the manufactured sonotrode for ease of use. Since the 

model does not consider the heating of the sonotrode, also the cooling 

shell is not included in the geometrical representation. The model was 

made without the addition of the coiled glass capillary on the irradiating 

cylinder surface, which was only attached to the sonotrode after 

manufacturing. Since this capillary becomes part of the solid structure, 

this could affect the observed resonance frequency and contribute to a 

deviation between the simulated and observed frequency. 

Solving the set of equations for the included Electrostatics and Solid 

Mechanics of the considered Physics subparts was done by means of the 

built-in Finite Element Method, where the fine mesh was generated by 

the software. The resonance frequency that was found by the execution 

of this model, using an eigenfrequency Study, was 20.8 kHz. 

2.5.3 Estimation of the gas-liquid and liquid-solid 
mass transfer rate 

The gas-liquid mass transfer rate was estimated from the correlation 

reported by Yue et al30, which is a classic paper on gas-liquid mass 

transfer in microchannel. They proposed the following correlation to 

predict gas-liquid mass transfer coefficient of segmented flow: 

𝑘L𝑎 = 0.084𝑅𝑒G
0.213𝑅𝑒L

0.937𝑆𝑐L
0.5 𝐷m

𝐷2                            Eq. 2.1 

Inserting the physical properties and Reynolds numbers shown in table 

1, a kLa in the range of 0.12-0.62 s-1 was obtained, which is close to the 

experimental measurement results (0.1-0.4 s-1) in a similar gas-liquid 

two-phase flow in our previous research28a. 
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The liquid-solid mass transfer of particles suspended in gas-liquid 

segmented flow was rarely reported in literature. Fortunately, A.K. 

Liedtke et al. have done systematical research on it31. The following 

correlation was proposed to predict the external liquid-solid mass 

transfer coefficient (kS): 

𝑆ℎ =
𝑘S𝑑p

𝐷m,L
= 2 + 0.30𝑅𝑒p

0.5𝑆𝑐L
1/3

                       Eq. 2.2 

In which Sh is the Sherwood number, Rep=ρLUTPdp/μL is the Reynolds 

number for the particle. Assuming a TiO2 particle is a perfect sphere and 

its specific surface area is equal to 3/dp, combing with the above equation 

gives the following correlation to predict the overall liquid-solid mass 

transfer coefficient: 

𝑘S𝑎 = 3𝐷m,L

𝑑p
2 (2 + 0.30𝑅𝑒p

0.5𝑆𝑐L
1/3)                       Eq. 2.3 

Inserting the values shown in Table 1, an overall mass transfer coefficient 

in the range of 4017-4211 s-1 was obtained. 

2.6 Associated content 

Further experimental details are available as Supporting Information 

published on the Chemical Engineering Journal website with DOI: 

10.1016/j.cej.2021.130968. 
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