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ABSTRACT  

Microreactors have emerged as a promising platform for conducting photo-oxidations, 

offering green routes to facilitate significant chemical transformations. In this study, the 

sustainability of photo-oxidations is improved by a three-phase gas/liquid/liquid flow 

reaction in a photo microreactor with continuous recycling, which is applied to a model 

reaction. Recycling is enabled by the photosensitizer and the substrate, which are in 

immiscible phases. The effect of various operational parameters on the reaction and the 

contact pattern among phases is explored, and the interplay between the flow pattern and 

photo-oxidation is discussed. The highest conversion is detected for flow conditions that 

display significantly lower diffusion distance between the dispersed photosensitizer slug 

and the oxygen bubble, highlighting the link between the flow pattern and mass transfer.  

Furthermore, phase separation was automated using a liquid-liquid separator where the 

photosensitizer and organic substrate were recycled continuously to achieve full 

conversion. The proposed approach eliminates the downstream purification step and 

provides a sustainable pathway toward photo-oxidations in microreactors.  

KEYWORDS: microreactors, photo-oxidation, singlet oxygen, three-phase flow, continuous 

recycling 
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INTRODUCTION 

Singlet oxygen (1O2) is the lowest energy excited electronic state of molecular oxygen,1,2, 

and due to its high reactivity, it has been the subject of various applications, including 

photodynamic therapy,3,4 synthesis of fine chemicals,5 and wastewater treatment.6 

Among different approaches to producing 1O2, photosensitization, mainly conducted with 

dye-type photosensitizers, is controllable and straightforward.7,8 In the photosensitized 

production of 1O2, there is a direct energy transfer between the photosensitizer and 

molecular oxygen, leading to the formation of 1O2.9 In the presence of 1O2, alkenes and 

aromatic compounds react to generate endoperoxides, 1,2-dioxetanes, and 

hydroperoxides.10 Photo-oxidation involving singlet oxygen can be considered a green 

chemistry process as it needs only the organic substrate, light, photosensitizer, and 

molecular oxygen, which is known as a green and low-cost oxidant.11 

The formation and use of singlet oxygen are increasingly investigated in 

photochemical flow reactors.3,12–14 Microreactors having high surface-to-volume ratios 

and accompanied short optical pathlengths provide a suitable environment for 

photosensitized oxidations due to enhanced mass transfer properties and precise control 

over reaction time that minimizes side reactions.15–17 Moreover, performing the photo-

oxidations in multiphase flow brings improved mass transfer compared to single-phase 

flow.18 Jacobs et al. compared the efficiency of photo-oxidation of 9,10-

diphenylanthracene in single and two-phase (gas/liquid) Taylor flow and reported that 

higher conversion is obtained for two-phase conditions.18 This performance was 

attributed to the increased level of mixing due to introducing the gas phase to the flow, 

the elimination of mass transfer limitations, and the highly reactive liquid film occurring on 

the wall due to the Taylor flow. Two comparatively large-scale applications of photo-

oxidation based on singlet oxygen are in the synthesis of artemisinin and rose oxide.19–21 

In a research study by Gupton et al., a two-phase gas/liquid flow in a photo-microreactor 

equipped with an immobilized Rose Bengal column was used to produce the anti-malarial 

drug artemisinin via a singlet oxygen-including route.22 In a different study, the production 

of the fragrance rose oxide by photo-oxidation of citronellol was studied in gas-liquid flow 

in a photo-microreactor where the photosensitizer and the substrate were both in the 
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same phase.19 Even though studies for synthesizing these chemicals provide essential 

information, recycling the photosensitizers is mainly overlooked, which constitutes an 

economic and environmental barrier to their wider application on a larger scale. 

From an economical and environmental point of view, recycling the photosensitizer 

would improve the sustainability of the photo-oxidations carried out in microreactors. The 

photosensitizer can be separated and reused in flow by immobilizing on polymers22–25 or 

silica.3,26,27 Common challenges caused by immobilization are decreasing activity, despite 

the lower photobleaching degree compared to a free photosensitizer,3 leaching,28 and 

clogging of microchannels when the supported photosensitizer is in suspension.29 

Another way to separate the photosensitizer in flow is by introducing it in a different phase 

than the substrate. This method's main advantage is simplifying the sensitizer recycling 

by phase separation without deactivation.30 Additionally, since the recovered sensitizer is 

not deactivated, it does not require further energy-intensive downstream treatment steps 

before reuse. Large amounts of products could be achieved efficiently by continuously 

recycling the sensitizer, increasing the overall sustainability of the catalytic process. Fabry 

et al. performed photocatalytic isomerization of olefins in a glass microreactor using a 

photosensitizer in a liquid/liquid flow.31 In this study, a continuous recirculation of the 

photosensitizer, which is immobilized in an ionic liquid, was conducted by simply 

separating the two liquids, the ionic liquid and toluene phases.31 Three-phase 

gas/liquid/liquid (G/L/L) flow in microreactors for metal-catalyzed gas-liquid 

hydrogenation with online recycling was studied by Yap et al.32 Catalyst metal was 

introduced to the liquid, and a G/L/L flow was established to remove the catalyst via phase 

separation of two liquids.32 Yu et al. showed that for a gas/liquid/solid flow photo-oxidation 

in a microreactor, where the photo-oxidation of methylene blue dye was performed in the 

presence of oxygen gas, and a TiO2-coated microchannel, mass transfer efficiency was 

improved due to the presence of gas bubbles. Furthermore, the reaction efficiency was 

fine-tuned by controlling the operating parameters such as flow rate ratios of each 

phase.33 

Even though G/L/L three-phase systems have proven to be very efficient for 

recycling34 and have been applied in chemical transformations, including selective 
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hydrogenation of unsaturated aldehydes30 and crystallization of proteins35 in 

microreactors, the potential of G/L/L systems in microreactors still needs to be explored 

in detail. The current literature lacks knowledge of G/L/L systems in photo-oxidation 

reactions, most likely due to inherent characteristics of the G/L/L flow, where contacting 

the reactants is challenging as reactants in gas and liquid phases are separated by a 

continuous phase and two interfaces between gas-liquid and liquid-liquid. Even though 

G/L/L reactions are applied on an industrial scale for some applications, including 

hydroformylation, hydrogenation, and carbonylation,34,36 it was reported that the 

insufficient mass and heat transfer and poor control of the contact pattern limit the 

efficiency, reliability, and also reproducibility of the system.37 The required contacting 

mechanism of the phases is specific to the reaction type, and each reaction needs 

particular requisites of the contact patterns to achieve high performance. More research 

is required to harness the advantages of three-phase G/L/L flow in photo-reactions. 

Depending on the application of the G/L/L reaction, the continuous phase may either carry 

the photosensitizer or serve as a medium within phases enabling the transport of reactive 

species.38 It is well known that the rate of multiphase reactions is determined by the mass 

transfer of reactants between phases,39 and mass transfer limitations are even more 

profound when conducting fast oxidation processes such as singlet oxygen-mediated 

photo-oxidations.15  

This study combines three-phase flow with adjustable contact patterns in 

microreactors with continuous recycling to develop a purification-free photo-oxidation 

process. The singlet oxygen-mediated oxidation of the substrate, 1,3-

diphenylisobenzofuran (DPBF), in the presence of Rose Bengal (RB) as a 

photosensitizer, is used as a model reaction. This choice is motivated by the singlet 

oxygen generated from this specific reaction has high reactivity, which is advantageous 

for its adoption for photochemical transformations.1 This model reaction explores 

significant parameters that have the most influence on photo-oxidation performance. The 

three-phase flow consists of a G/L/L flow: DPBF is solubilized in the organic phase 

(toluene), RB in the aqueous phase, and pure oxygen gas is used as a source of 

molecular oxygen. Firstly, we focused on the influence of the operational parameters on 

DPBF conversion to determine the interplay between hydrodynamics, mass, and photon 
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transport. Next, the most performant flow patterns are implemented into a continuous 

recycling system, recirculating the RB and DPBF until full conversion. To our knowledge, 

a three-phase G/L/L photo-oxidation reaction in a microreactor with an adjustable contact 

pattern between phases and continuous recycling of the photosensitizer and the substrate 

has not yet been reported. 

EXPERIMENTAL SECTION 

Experimental Procedure for DPBF Photo-oxidation in Three-phase Flow. To 

obtain DPBF and RB solutions with different concentrations, DPBF is dissolved in toluene, 

and RB is dissolved in MilliQ water. These solutions and O2 gas are then introduced to 

the reactor. A schematic of the experimental setup used in this study is shown in Figure 

1. The microreactor (Chemtrix Inc.)  is a plate microreactor. It has a serpentine cross-

sectional channel (d=1 mm) with six straight sections and an overall length of 70 cm that 

is etched in a borosilicate glass plate with a volume of 0.549 mL. The mass flow controller 

(MFC, Bronkhorst) controls the O2 gas (purity level > 99.9, AlphagazTM) flow rate, and O2 

gas is introduced to the microreactor, where it meets the two organic and aqueous liquid 

phases via a cross-junction, located inside the microreactor. A pressure sensor is placed 

before the back pressure regulator (BPR-10, Zaiput), and a screwdriver and a syringe 

filled with air connected to the BPR are used to regulate the gas pressure to ensure a 

stable oxygen flow. Placing the BPR in the gas line just before the cross-junction at the 

inlet of the reactor, where three phases meet, prevents fluctuations resulting from the 

bubble formation and ensures a stable three-phase flow. Next, the RB solution (aqueous 

phase) is introduced to the reactor from the second inlet by using a syringe pump. Lastly, 

the DPBF solution is fed into the microreactor through the third inlet (Figure 1). At the 

reactor outlet, three phases pass through a flow cell connected to a lamp and a 

spectrometer by optical fibers for real-time absorbance measurements of fluids. Next, the 

three-phase flow is collected in a waste flask. To enable the photon flux required for the 

photochemical reaction, the microreactor is irradiated by a set of green LEDs (𝜆max = 526 

nm) mounted on a board. The LEDs are placed to match the microreactor channels, and 

the distance between green LEDs and the microreactor was kept constant at 2 cm. 
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Figure 1. Schematic representation of the experimental setup. 

Online Monitoring of the Reaction.  The outlet of the reactor is connected to a 

cross-cell (Avantes) for online absorption measurement. A compact spectrometer (Ultra 

low straylight fiber optic UV/VIS/NIR spectrometer 200-1100 nm, Avantes) and a 

balanced deuterium-halogen light source (215-2500 nm, Avantes) are connected to the 

flow cell via optical fibers (400 µm UV/VIS fiber, Avantes). The spectrometer is connected 

to a computer that continuously monitors the absorbance values at 419 nm (for DPBF) 

and at 550 nm (for RB) to visualize when the reactor reaches steady state, which is later 

stored to RAM by using the software Avasoft 8, to calculate DPBF conversion.  A fast 

alternation between gas and liquid phases is observed in a three-phase flow. Therefore, 

a short integration time of 0.04 ms is applied to obtain sufficient data points for the liquid 

phases, and each absorbance measurement (220-1000 nm) consists of 200 spectra; 

each spectrum is the average of 50 scans. These spectra, consecutively acquired every 

8 ms, were stored in the spectrometer RAM and read by the Avasoft software on the 

computer. Before each absorbance measurement, reference and dark measurements 

were performed by passing pure toluene through the flow cell. The average of six 
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absorption measurements was used to calculate the concentrations of DPBF and RB, 

and the data processing is explained in detail in Section 1 in the Supporting Information 

(SI). 

Determination of G/L/L Flow Characteristics Using Image Processing. The 

characteristics of the three-phase flow were analyzed by acquiring images of the entire 

microreactor channels. This method developed by our group has successfully been 

applied for two-phase flow characterization in the same reactor.14,40 Images were 

obtained using a full-frame CMOS sensor camera (Nikon, D810) and a 24-70 mm lens 

(Nikon, AF-S NIKKOR) with a focal length of 35 mm and a f-number of 2.8. A shutter 

speed of 1/3200 s and a resolution of 7360⨯4912 pixels were used for this purpose. 

Green-light LED array used during the photochemical reaction is used as a light source 

during the image analysis. A light-diffusing smoked glass was placed on the reactor glass 

plate towards the LED array to ensure uniform light illumination throughout the reactor 

channels. For each flow condition, three images were acquired and processed in 

MATLABTM to determine the length of each phase in the straight channels of the reactor. 

Results obtained from MATLABTM were averaged to determine the length of each phase 

(Lb, LDPBF, LRB). The procedure is described in Section S2 of the SI. The bubble velocity 

was measured by recording videos using the same camera at 59.9 fps and with a 

resolution of 1920⨯1080 pixels. For different flow conditions, 1-minute-long videos were 

recorded, and the velocity was calculated by using the time required for the bubble to 

travel along each channel of the reactor. Three different bubbles were considered while 

calculating the average bubble velocity, ub. Bubble velocities determined for different flow 

rate conditions are shown in Figure S12.  

Flow rate ratios of G/L/L phases in three-phase flow affect the flow pattern where 

the length and shape of each phase in the unit cell differ. A unit cell in this study is defined 

as the distance between the rear of a gas bubble to the rear of the next gas bubble, and 

this definition is shown in Figure 2. Bubble length (Lb) is defined as the distance from the 

rear to the nose of the same bubble. Similarly, the length of the RB slug (LRB) refers to 

the distance from the rear to the nose of the same slug. The length of the DPBF slug 

(LDPBF) refers to the remaining section in a single unit cell.  
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Figure 2. Schematic representation of G/L/L Taylor flow unit cell in a microreactor.  

As shown in Figure 2, the DPBF solution is the wetting phase in the microreactor, 

whereas O2 and RB solution are the dispersed phases. The continuous phase, DPBF 

dissolved in toluene, is the substrate in this system, and during the flow, a film is formed 

around dispersed phases. Consequently, dispersed phases pass through a cross-section 

smaller than the microreactor channel's cross-section. For simplification, bubble film 

thickness (δfb) and RB slug film thickness (δfRB) are assumed equal and represented with 

overall film thickness, δF. Details of the image analysis and film thickness calculations are 

given in Section S2 in SI. 

RESULTS AND DISCUSSION 

Photosensitized Oxidation of DPBF in Three-phase Flow. DPBF is a common 

substrate used as singlet oxygen (1O2) trapping agent41,42 and probe for superoxide anion 

radical (O2•-).43 It is insoluble in water but is known to be soluble in water/alcohol solutions1 

and in organic solvents, including toluene, acetonitrile, cyclohexane, DMF, and DMSO.43 

Irrespective of the solvent used, DPBF is known to absorb the light around 410 nm, and 

bright, blue-like fluorescence is emitted afterward.43 The π-system of isobenzofuran 

breaks down due to a reaction between DPBF and 1O2 to form o-dibenzoylbenzene 

(DBB), and the product cannot absorb or emit visible light (Scheme 1).43 This property of 

DPBF is used to quantify the 1O2 production and detection of O2•-.1,43 In this study, RB is 

used as a photosensitizer as its absorption spectrum overlaps with the emission spectrum 

of green LEDs, which are used as an irradiation source in this study, with a maximum at 
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526 nm (Figure 3). Additionally, RB is known to produce singlet oxygen in high yields; it 

was reported that the quantum yield (ФΔ) for singlet oxygen production in water is 0.75-

0.76.1,9,44 

 

Scheme 1. The reaction of 1,3-diphenylisobenzofuran (DPBF) with 1O2.43 

 
Figure 3. The absorbance spectra of RB and DPBF solutions. (Cuvette with an optical 
pathlength of 1 mm is used, [DMA]=0.3 mM and [RB]=0.01 mM) and emission spectrum 
of green LEDs used during the experiments. 

The three-phase flow in this study consists of a continuous organic phase (DPBF 

dissolved in an organic solvent) with dispersed gas (O2) and dispersed aqueous phases 

(dissolved photosensitizer RB). 

The flow pattern used for the RB-sensitized photo-oxidation of DPBF directly 

influences hydrodynamics and photochemical reaction, as the amount of light absorbed 
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by the medium is sensitive toward the changes in the flow. The effect of flow rate ratios 

between phases, total flow rate, photon flux, and RB concentration on photo-oxidation 

performance is explored in this section.  

Influence of Flow Rate Ratios. For G/L/L flow, eight different flow rate ratios 

between phases were applied to determine their influence on the photo-oxidation 

performance. For all flow conditions, the microreactor was operated in a stable Taylor 

flow regime. Samples were named after their corresponding oxygen, DPBF, and RB flow 

rates, respectively. For instance, the flow condition named G/L/L:35/15/50 shows O2 gas 

bubbles with 0.35 mL min-1, DPBF slugs with 0.15 mL min-1, and RB slugs with 0.50 mL 

min-1. To designate the effect of these flow rate ratios on the mass transfer, photo-

oxidation of DPBF in a microreactor was conducted, and conversion of DPBF was 

calculated. During these measurements, the total flow rate (Qtotal) was kept constant at 1 

mL min-1, and the initial DPBF concentration ([DPBF]) and initial RB concentration ([RB]) 

were kept constant at 0.6 and 0.1 mM, respectively. LEDs were operated at a forward 

current (IF) of 8 mA/LED. Concentration change was followed by online UV-Vis 

spectroscopy as described in Section S1 in the SI. Conversion values are given in Table 

1, together with the standard deviation calculated based on six repetitions for each 

measurement. 

Table 1. DPBF Conversion for Different Flow Rate Ratios (Qtotal=1 mL 
min-1, [DPBF]=0.6 mM, [RB]=0.1 mM, and IF=8 mA/LED). 

Flow condition 
Flow rate (mL min-1) 

Conversion (%) 
O2 DPBF RB 

G/L/L:35/15/50 0.35 0.15 0.50 31.48 ± 2.88 

G/L/L:35/25/40 0.35 0.25 0.40 25.51 ± 1.91 

G/L/L:35/40/25 0.35 0.40 0.25 21.63 ± 1.63 

G/L/L:35/50/15 0.35 0.50 0.15 17.39 ± 1.57 

G/L/L:40/25/35 0.40 0.25 0.35 29.14 ± 1.53 

G/L/L:40/35/25 0.40 0.35 0.25 21.22 ± 2.58 

G/L/L:50/15/35 0.50 0.15 0.35 35.18 ± 1.83 

G/L/L:50/35/15 0.50 0.35 0.15 20.25 ± 1.29 
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Table 1 implies that flow conditions G/L/L:35/15/50 and G/L/L:50/15/35 exhibit 

significantly higher conversion than those under the same operating conditions. To reveal 

the reason behind the effect of the flow pattern on DPBF conversion, image analyses for 

these flow conditions were conducted, and the procedure is described in detail in Section 

S2 in the SI. Table 2 displays the length of each phase in the three-phase flow identified 

by image processing. 

Table 2. Length of Oxygen Bubbles, DPBF Slugs, and RB Slugs for Different Flow Rate 
Ratios (Qtotal=1 mL min-1). 

Flow condition 
Flow rate  (mL min-1) Length (mm) 
O2 DPBF RB O2 DPBF RB Unit cell 

G/L/L:35/15/50 0.35 0.15 0.50 1.93 ± 0.29 0.49 ± 0.05 3.85 ± 0.45 6.77 ± 0.48 

G/L/L:35/25/40 0.35 0.25 0.40 1.79 ± 0.23 0.87 ± 0.09 3.00 ± 0.32 6.06 ± 0.41 

G/L/L:35/40/25 0.35 0.40 0.25 1.88 ± 0.24 1.24 ± 0.15 1.64 ± 0.19 5.05 ± 0.11 

G/L/L:35/50/15 0.35 0.50 0.15 1.74 ± 0.21 1.68 ± 0.15 1.43 ± 0.15 5.94 ± 0.14 

G/L/L:40/25/35 0.40 0.25 0.35 2.16 ± 0.24 0.74 ± 0.08 2.20 ± 0.24 5.23 ± 0.32 

G/L/L:40/35/25 0.40 0.35 0.25 2.08 ± 0.23 1.38 ± 0.14 1.87 ± 0.18 5.41 ± 0.39 

G/L/L:50/15/35 0.50 0.15 0.35 2.46 ± 0.29 0.57 ± 0.06 2.52 ± 0.26 5.64 ± 0.23 

G/L/L:50/35/15 0.50 0.35 0.15 3.18 ± 0.36 1.61 ± 0.15 1.30 ± 0.13 6.41 ± 0.19 

 

For six out of the eight different flow conditions shown in Table 2, the prevalent unit 

cell configuration consists of an RB slug and the O2 bubble with a DPBF substrate layer 

in between, as depicted in Figure 4-a (see experimental section and Figure S10 in SI for 

more information). However, the unit cell configuration was different for flow conditions 

G/L/L:35/15/50 and G/L/L:50/15/35. The low flow rate of DPBF (0.15 mL min-1) in these 

specific flow conditions eliminates the substrate layer between the RB slug and the O2 

bubble, resulting in a unit cell configuration displayed for G/L/L: 35/15/50 in Figure 4-b. 

    

Figure 4. Acquired images of different G/L/L Taylor flow unit cell configurations in the 
microreactor a) for the flow condition G/L/L: 35/25/40 and b) G/L/L: 35/15/50. 

a) b) 



12 
 

As seen from Figure 4-b, the RB slug is in close proximity to the gas bubble, which 

is known as the ʹbubble-slug clusterʹ in the literature.37 In this configuration, the distance 

between the RB slug and the O2 bubble is smaller, and this decrease in diffusion 

distances between the two phases affects mass transfer between phases.  The positive 

effect of lower diffusion distances between the RB slug and O2 bubble to the photo-

oxidation process is also supported by experiments conducted using pure nitrogen. For 

the flow conditions displaying bubble-slug clusters (G/L/L: 35/15/50 and G/L/L: 50/15/35), 

N2 gas was used instead of O2 to determine the influence of the diffusion distance on 

photo-oxidation performance. As discussed above in Table 1, the conversion of DPBF for 

the flow condition G/L/L: 35/15/50 is 31.48±2.88%, and for G/L/L:50/15/35, the conversion 

is 35.18±1.83%. These conversion values decreased to 11.46±3.89% and 8.18±4.02% 

for G/L/L: 35/15/50 and G/L/L: 50/15/35, respectively, when the same reaction was 

performed in the presence of N2. The equilibrium dissolved oxygen concentration before 

entering the reactor in the organic phase is 1.85 mM,45 and 0.26 mM in water.46 This 

implies that the amount of oxygen in the organic phase is higher than it is needed to fully 

convert DPBF. However, the continuous supply of oxygen was found to favor the photo-

oxidation of DPBF. For the flow condition G/L/L: 35/50/15, which does not display a 

bubble-slug cluster, the conversion decreased from 17.39% to 8.38% when the reaction 

was performed with N2 instead of O2. The decrease in conversion with N2 as a gas phase 

is, therefore, less prominent for the flow condition without bubble-slug clusters, implying 

the significance of hydrodynamics on the three-phase photo-oxidation performance. 

These findings support the significance of the diffusion distance between the O2 phase 

and RB slug to enhance oxygen diffusion, proving that the O2 phase has a crucial role in 

this G/L/L system. 

Bubble-slug or slug-bubble clusters have been previously reported,37,47,48 

mentioning that various factors such as flow ratios, channel materials, surfactant 

concentrations, and the formation mechanisms of bubbles and droplets can affect the 

distance between bubbles and slugs.37 As also seen in Table 2, by increasing the flow 

rate of each phase, the length of the corresponding slug or bubble is also increased, as 

expected. The gas fraction, βG, is defined in Equation 1, where QG denotes to volumetric 

gas flow rate, whereas QL is the volumetric liquid flow rate of the RB and DPBF solutions. 
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βG was kept higher than 0.35 as lowering it disturbs the flow stability and repeatability of 

the measurements. 

𝛽! =
"!

"!#	""
                                                                                                                    (1) 

As mentioned earlier, the contact among phases is very important to limit the mass 

transfer resistance observed in a three-phase flow. Therefore, the diffusion distance 

between these two phases should be as low as possible to promote the contacting area 

of the phases and hinder the effect of mass transfer limitations between the 

photosensitizer and molecular oxygen. Therefore, for the studied photosensitized singlet 

oxygen oxidation reaction in three-phase G/L/L flow in the microreactor, it is of interest to 

establish a unit cell configuration where the RB slug and the O2 bubble are in close 

proximity (Figure 4-b), which is the prevalent case for the flow conditions G/L/L:35/15/50 

and G/L/L:50/15/35, and resulted in a higher DPBF conversion.  

Liu et al. attributed the higher conversions in resazurin oxidation in a microreactor 

in the presence of bubble-slug clusters to the increased level of mixing between the 

continuous slug and the liquid film.49 It was also reported that as a result of the forward 

movement of the gas bubble during the flow, the liquid film moves backward, resulting in 

increased mixing between the liquid film and the continuous phase (DPBF in this study), 

causing a refreshing of the film.49,50 The film thickness calculations are provided in Section 

S2 of the SI, and no significant difference is observed among different flow conditions for 

these calculations. In light of these findings, it was observed that the flow pattern involving 

bubble-slug clusters is characterized by the lowest DPBF liquid fraction and, therefore, 

the shortest toluene slug. These conditions allow increased proximity between DPBF, RB, 

and oxygen gas.  

In the presence of RB as a photosensitizer and O2, photo-oxidation of DPBF can 

be summarized in two main steps. Firstly, highly reactive 1O2 is produced by the O2 

molecule in the presence of RB. Secondly, 1O2 reacts with the substrate DPBF leading to 

its oxidation in the continuous phase. Therefore, the efficiency of photo-oxidation of DPBF 

is affected by the length of each phase, and their ratio with respect to each other, as this 

is directly related to the fraction occupied by the corresponding phase in the microreactor. 
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Figure 5 displays the dependency of the DPBF conversion on the length ratio of the RB 

slug and DPBF slug in a unit cell (RB/DPBF) and the length ratio of the DPBF slug and 

length of a unit cell (DPBF/Unit cell).  

 
Figure 5. The influence of a) RB/DPBF length ratio and b) DPBF/Unit cell length ratio 

on DPBF conversion in the microreactor (Qtotal=1 mL min-1, [DPBF]=0.6 mM and 
[RB]=0.1 mM, IF=8 mA/LED). 

Figure 5-a implies that the RB/DPBF has a positive effect on conversion. As a 

higher fraction of the microreactor is occupied by RB solution, more photons are 

absorbed, and more 1O2 is generated, causing an increase in the DPBF conversion. 

Similarly, Figure 5-b shows that conversion increases as the contribution of DPBF in a 

single unit cell decreases. The photo-oxidation of DPBF is directly related to the presence 

of 1O2. For this reason, a high fraction of RB and O2 and a low fraction of DPBF in the 

three-phase flow facilitates reaction performance. 

Influence of Total Flow Rate.  Investigating the effect of total flow rate, Qtotal, on 

conversion in microreactors is essential to determine the suitable flow rates for reaction 

completion. This analysis was conducted for the flow conditions G/L/L:35/15/50 and 

G/L/L:50/15/35, which displayed the highest DPBF conversions and the lowest diffusion 

distances between RB slugs and O2 bubbles. 

The Qtotal of the three-phase flow was changed between 0.6 and 1.4 mL min -1, and 

five different Qtotal values were considered. Figure 6 shows the results of this analysis, 
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where for both flow conditions (G/L/L:35/15/50 and G/L/L:50/15/35), a decreasing trend 

is observed for DPBF conversion as a function of the Qtotal, which is in line with the results 

reported by Liu et al. for a three-phase flow in a microreactor where higher concentration 

changes were obtained at higher residence times for the resazurin oxidation.49 

For two-phase flow in microreactors, it was reported that the superficial velocity is 

increased due to higher Qtotal, causing better mixing and recirculation together with a 

higher renewal of the surrounding liquid film. However, this situation does not necessarily 

indicate higher conversions, as the improved mixing could be offset by the shorter time 

spent in the microreactor due to the higher flow rates.51 Levesque et al. reported that for 

the photo-oxidation of citronellol in the two-phase flow, higher Qtotal results in higher 

conversions due to improved mass transfer characteristics, as expected from Fick's law.13 

The study of Wang et al. showed that for a single-phase flow in a microreactor, as the 

Qtotal increases, conversion first increases and then decreases due to the shortening of 

the residence time.52 For the experimental system used in this study, as the microreactor 

is operated in the Taylor flow regime, plug flow is assumed,15 the residence time t can be 

calculated according to Equation 2, where Qtotal is the total flow rate of gas and liquid 

phases in the three-phase flow, and Vreactor is the microreactor volume. 

𝑡 = %#$%&'(#
"'('%)

                                                                                                                      (2) 

For the photo-oxidation of DPBF, the produced amount of singlet oxygen in the 

microreactor depends on the time of exposure of the RB phase to irradiation. As also 

evident from Figure 6, by assuming that the irradiation time is equal to the residence time, 

with the increase in the Qtotal, three phases in the flow are exposed to light irradiation for 

a shorter period of time. This situation points out that under the studied conditions, the 

three-phase flow might be mainly limited by photon transport and not by mass transfer. 
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Figure 6. The influence of Qtotal on DPBF conversion for flow conditions a) G/L/L:35/15/50 
and b) G/L/L:50/15/35 ([DPBF]=0.6 mM and [RB]=0.1 mM, IF= 8mA/LED).  

As mentioned in the previous section (Figure 5), the contribution of each phase 

during the flow has an effect on the DPBF conversion. Hence, to identify the alterations 

in the length of each phase as a function of the total flow rate, an image analysis was 

performed, and the results showing the length of each phase in the unit cell configuration 

are shown in Figure S11. This analysis showed that changing Qtotal while keeping the flow 

rate ratios constant for both flow conditions does not significantly affect the length of 

phases. This finding is in line with the previous results of Roibu et al., where the length of 

bubbles and slugs in two-phase flow in a microreactor as a function of Qtotal was 

invariant.40 The stability of the length of phases as a function of the total flow rate implies 

that the reaction efficiency depends on the residence time and is not affected by the 

changes in the length of phases. 

Influence of the Light Intensity. The light emitted by the light source is absorbed 

by the photosensitizer in the microreactor; therefore, the light intensity plays a significant 

role in photochemical reactions. The emitted photon flux depends on the LEDs' forward 

current (IF), and the current was monitored using a digital multimeter. The LEDs were 

predominantly operated at a forward current of 8 mA. Additionally, six different light 

intensities were applied to identify the effect of light intensity on DPBF conversion for flow 
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conditions G/L/L:35/15/50 and G/L/L:50/15/35. As seen in Figure 7, the increase in light 

intensity positively affects conversion, pointing out that the photosensitizer absorbs the 

additional incident light, and the mass transfer between phases is efficient. A linear 

increase of the conversion as a function of light intensity was observed until 8 mA. This 

observation is related to the dependence of IF as a function of the forward voltage, which 

was reported for the same LED source in a previous study by Roibu et al.53 The results 

of this earlier study showed that there is a linear relationship between forward current and 

irradiance of LEDs until ≌ 8 mA, whereas for higher currents, the linearity is disturbed.53 

For this reason, for light intensities higher than 8 mA, a further increase caused 

fluctuations in conversion.  

 

Figure 7. The influence of applied current on conversion for flow conditions a) 
G/L/L:35/15/50 and b) G/L/L:50/15/35 (Qtotal=1 mL min-1, [DPBF]=0.6 mM and [RB]=0.1 
mM).  

As can be seen in Figure 7-a, for the flow condition G/L/L:35/15/50, a conversion 

of ~9% for an applied current of IF= 1.77 mA is observed. For the same DPBF and RB 

concentrations, a conventional two-phase flow (G/L:35/65, G: oxygen, L: DPBF and RB 

dissolved in ethanol) results in full conversion. This finding is expected as the apparent 

absorbed photon flux per reactant volume decreases (see Section S4, Table S6) when 

the contact between oxygen and photosensitizer phase is significantly diminished and the 
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reactant and the photosensitizer are separated in different phases, which might limit the 

mass transfer between the photosensitizer and the oxygen and, the mass transfer 

between singlet oxygen and the reactant. While the generated singlet oxygen in ethanol 

readily reacts with DPBF present in the same phase, when the reactant and 

photosensitizer are separated in different phases, only a part of the singlet oxygen 

generated in the water phase, probably located at the water-organic interface, would react 

with the DPBF. However, as mentioned earlier, it is important to note that recycling the 

substrate and the photosensitizer is mostly overlooked in two-phase flow photo-oxidation 

studies. On the contrary, the three-phase flow enables more control and manipulation 

ability on the flow characteristics that enhance the reliability of the process,54 with an 

added advantage of continuous automated separation and the easier recycling of the 

separated phases. 

Influence of RB Concentration. The incoming LED radiation is absorbed by RB, 

therefore, investigating the effect of RB concentration on DPBF conversion is crucial. The 

results of this analysis are presented in Figure 8 for G/L/L:35/15/50 and G/L/L:50/15/35. 

For both of these flow conditions, an increase in RB concentration had a positive effect 

on the conversion up to around 35%, and further concentration increase did not affect 

conversion. A stabilizing trend in conversion is detected when the RB concentration is 

greater than 0.1 mM. 

The apparent fraction of the absorbed photon flux, which is based on the 

experimental variation of DPBF concentration for flow conditions G/L/L:35/15/50 and 

G/L/L:50/15/35, is calculated and shown in Tables S4-S5. The estimated fraction of the 

absorbed photon flux, calculated based on the photon flux received in the microreactor 

and the Lambert-Beer law, is provided in Table S7. The difference between the apparent 

and estimated fraction of the absorbed photon flux implies that a small fraction of the 

generated singlet oxygen reacts with DPBF, most probably the singlet oxygen produced 

at the interface between the aqueous and the organic phase. The stabilization of 

conversion for G/L/L:35/15/50 and G/L/L:50/15/35 at ~35% above RB concentrations of 

0.1 mM correlates with the increasing light attenuation, as 61.04% of the incident light is 

absorbed at 0.1 mM (Table S7). Additional possible reasons are the presence of mass 

transfer limitations observed in gas-liquid flow for RB concentrations above 0.2 mM,14 the 
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quenching of singlet oxygen by excess RB molecules10 and the formation of RB 

aggregates in water.55  

 

Figure 8. The influence of RB concentration on conversion for flow conditions a) 
G/L/L:35/15/50 and b) G/L/L:50/15/35 (Qtotal=1 mL min-1, [DPBF]=0.6 mM, IF=8 mA/LED). 

The experiments were also conducted without RB under the same conditions, and 

results are displayed in Table S3. These results indicate no conversion in the absence of 

RB, which highlights the necessity of the RB photosensitizer for the photo-oxidation to 

produce singlet oxygen. 

Calculating the photonic efficiency (PE), external photonic efficiency (ξext), and 

quantum efficiency (QE) enables to make the comparison between different reactor 

configurations, as these parameters are performance indicators that are normalized to 

photons.56 These parameters are shown in Table S11 (Section S4). The observed PE 

values in the range of 0.007-0.043 indicate that only a small fraction of photons are 

participating in the reaction.  A direct comparison of the calculated photonic efficiencies 

with literature values is not possible, as singlet oxygen-mediated photo-oxidation of 

DPBF, to the best of our knowledge, has not been studied with a green LED in a 

microreactor. However, Meyer et al. reported a ξext of 0.048 for the singlet oxygen-aided 

oxidation of citronellol in a microreactor that is irradiated by a LED light of a maximum 
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emission wavelength of 468 nm and of which incident photon flux was measured by 

radiometry.57  

Recycling of Substrate and Photosensitizer. Continuous recycling of the 

photosensitizer and the substrate in microreactors for intensified multiphase G/L/L 

reactions opens up new avenues for their application in various fields. By recycling the 

photosensitizer, photo-oxidations could become attractive in a multi-step synthesis.58 

Increasing the conversion by increasing the light intensity is not a viable option, as 

increasing the light intensity results in various disadvantages, e.g., increased operating 

costs and cooling capacity to remove the heat caused by the large light intensity. 

Therefore, recirculation of DPBF to reach full conversion can be implemented as a 

strategy to avoid photosensitizer degradation under powerful light sources. The efficiency 

of a multi-step process, including photo-oxidation, might increase by separation, followed 

by recycling. Here, a recycling strategy for both the photosensitizer RB and the substrate 

DPBF is suggested to improve the photo-oxidation efficiency in the microreactor.  Figure 

9 illustrates the setup used for the recycling experiments. The setup used for continuous 

recycling is almost identical to that without continuous recycling (see Figure 1 in the 

experimental section for more information), the only exception being the replacement of 

syringe pumps with high-performance liquid chromatography (HPLC) pumps in the 

recycling case. As seen in Figure 9, liquid feeds were withdrawn from the reservoirs and 

pumped through the reactor inlet through HPLC pumps. A MFC was used to control the 

O2 gas flow rate. The reactor outlet is connected to a flow cell to measure the 

concentration change throughout the reaction, and then the flow is brought to a liquid-

liquid separator (Zaiput, SEP-10). The liquid-liquid separator is equipped with 

hydrophobic polytetrafluoroethylene (PTFE) membrane with a 3 µm pore size (Merck 

Millipore). The hydrophobic membrane allows permeation of the continuous organic 

phase (DPBF in toluene), whereas the dispersed phase (RB in water) and the O2 gas 

cannot permeate through the membrane. The O2 gas moves with the aqueous permeate, 

which is collected in a separate reservoir and escapes to the environment at the end of 

each cycle, so that only the aqueous solution is recycled continuously. The separated 

continuous (DPBF in toluene) and dispersed phases (RB in water) are then fed to their 

corresponding reservoirs to continue the recirculation. Recycling was conducted until a 
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full conversion of DPBF was reached, which is continuously monitored via the UV-Vis 

spectrometer and Avasoft software. 

Recycling experiments were conducted for G/L/L:35/15/50 and G/L/L:50/15/35 

flow conditions, previously showing superior photo-oxidation performance. The Qtotal was 

kept constant at 1 mL min-1, and the initial volume of RB and DPBF solutions in feed 

reservoirs were 15 and 4 mL, respectively. 

 

 
Figure 9. Schematic of the experimental setup used for the recycling experiments for 
G/L/L:35/15/50 and G/L/L:50/15/35. 
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 It should be noted that if the concentration of an organic solvent is within the 

flammability limits, there might be an ignition in the presence of oxygen. Operating the 

system below the limiting oxygen concentration (LOC) is important to avoid this.59 By 

keeping the oxygen concentration below the reported LOC value (vol%), the combustion, 

irrespective of the organic solvent concentration, could be prevented.60 The flammability 

limit of toluene in the presence of oxygen is 11.6 vol% at room temperature and ambient 

pressure.61 The experiments of the current study are conducted in a fume hood with a 

ventilation rate of 675 m3 h-1. Therefore, under these operation conditions, there is no risk 

of ignition. 

For both G/L/L:35/15/50 and G/L/L:50/15/35 conditions, 180 minutes are needed 

to reach full conversion. As the Qtotal during these recycling experiments was kept 

constant at 1 mL min-1 and the volumetric flow rate of the DPBF phase was the same 

(0.15 mL min-1) for both flow conditions, as expected, full conversion was obtained at 

equal times. To determine the number of cycles required for the substrate (DPBF in 

toluene) to reach full conversion, the mean residence time (RT) of this phase in the closed 

recirculation system under the same conditions applied during continuous recycling 

experiments was conducted. The details of the measurement are described in Section S5 

in the SI. As a result of this analysis, the mean RT of the DPBF phase was found to be 

15 minutes for both G/L/L:35/15/50 and G/L/L:50/15/35. Conversion as a function of a 

number of cycles is presented for these flow conditions in Figure 10, showing that twelve 

cycles are needed for the DPBF solution to be fully converted under studied conditions.  

The concentration of the RB-water solution was measured to be the same before 

and after the experiment (See Section S6 in SI, Figure S15), showing that the RB solution 

has a sustained activity during the continuous recycling, which is the main benefit of 

conducting multiphase photochemical reactions in continuous flow reactors. This is in 

agreement with the existing literature, where a separation of a catalyst in a second 

immiscible liquid phase was shown to be an effective strategy to enhance recycling 

performance and retain its catalytic activity with low leaching from the catalyst.34,62 These 

results imply that continuous recycling of the phases allows for a robust operation over 

extended cycles without extra downstream purification steps and increases the overall 

sustainability of the process. 
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Figure 10. Recycling results for a) G/L/L:35/15/50 and b) G/L/L:50/15/35 (Qtotal=1 mL min-

1, [DPBF]=0.6 mM and [RB]=0.1 mM, IF=8 mA/LED). 

 

CONCLUSIONS 

The results of this study reveal the assets of the three-phase flow in microreactors and 

stand as an example to constitute a more sustainable and efficient approach towards 

photo-oxidation. This is due to the elimination of downstream purification steps and 

continuous recycling of the photosensitizer, which were simultaneously achieved by 

employing a three-phase G/L/L flow. To evaluate the efficiency of this approach, the 

photo-oxidation of DPBF in the presence of RB as a photosensitizer is used as a model 

reaction, and the formation and use of singlet oxygen in a microreactor are discussed in 

detail. Thanks to the intrinsic characteristics of the three-phase G/L/L Taylor flow, by 

contacting gas and two immiscible liquids, a suitable environment for facile phase 

separation is established, and the downstream phase separation is automated using a 

liquid-liquid separator. Additionally, reaction efficiency is improved, and better control of 

the flow pattern by manipulating the contribution of each phase was obtained as a result 

of consistent and controllable mixing properties throughout the reactor channels.  

Image analyses provided an informative insight into the hydrodynamics of the 

G/L/L flow. Amongst two distinct unit cell configurations, the lower distance between the 

RB slug and O2 bubble provided a significantly better environment for the singlet oxygen 

photo-oxidation due to decreased diffusion distances. This finding will help researchers 
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working in the area of three-phase flow to choose the most efficient flow configuration by 

considering the corresponding reaction mechanism. The large contribution of the RB 

phase in the unit cell was found to enhance reaction performance.  This is attributed to 

the increased probability for the dissolved oxygen molecules to reach the RB phase and 

form singlet oxygen. On the other hand, the ratio of the length of the DPBF phase to the 

unit cell was found to hinder the reaction performance, showing a trade-off between the 

throughput and reaction efficiency.  

In this respect, continuous recycling was achieved to increase the reactor 

throughput, recover the photosensitizer, and separate the product phase. Recycling 

experiments were conducted for two optimum flow conditions, where the unit cell 

configuration provided higher reaction efficiency. Results of these measurements showed 

that a full conversion is reached within three hours, which corresponds to twelve cycles, 

in the photo microreactor system. Compartmentalization of the photosensitizer phase 

through a second immiscible liquid opens up new opportunities for robust and easy 

photosensitizer recovery and reuse. Additionally, the reactant phase was recirculated until 

reaching full conversion, which allows for phase separation and conversion increase.  

 The approach adopted in this study offers a sustainable route by continuously 

separating the photosensitizer and the reaction stream until full conversion is achieved 

without an additional purification step. Therefore, it introduces an environmentally friendly 

route toward multiphase photo-oxidations in microreactors. Additionally, continuous 

recycling offers a new and sustainable strategy, allowing this approach to be extensively 

applied to other photochemical transformations in microreactors. Finally, the methodology 

employed here provides an informative insight regarding singlet oxygen-involved 

reactions in synthetic chemistry by elucidating the crucial impact of various operational 

parameters on the overall process efficiency. Thus, further research could be conducted 

to identify the implementation capacity of this approach for singlet oxygen-mediated 

synthesis of fine chemicals in three-phase flow systems in photo microreactors. 
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