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A compact photomicroreactor assembly consisting of a capillary microreactor and small-scale 

LEDs was developed for the study of reaction kinetics in the gas-liquid photocatalytic 

oxidation of thiophenol to phenyl disulfide within Taylor flow. The importance of photons 

was convincingly shown by a suction phenomenon due to the fast consumption of oxygen. 

Mass transfer limitations were evaluated and an operational zone without mass transfer 

effects was chosen to study reaction kinetics. Effects of photocatalyst loading and light 

sources on the reaction performance were investigated. Reaction kinetic analysis was 

performed to obtain reaction orders with respect to both thiophenol and oxygen based on 

heterogeneous and homogeneous experimental results, respectively. The Hatta number 

further indicated elimination of mass transfer limitations. Reaction rate constants at different 
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photocatalyst loadings and different photon flux were calculated. Furthermore, the 

advantages of this photomicroreactor assembly for studying gas-liquid photocatalytic reaction 

kinetics were demonstrated as compared with batch reactors. 

Keywords: microreactors, photocatalysis, disulfides, aerobic oxidation, mass transfer, 

reaction kinetics 

 

Introduction 

  Photochemical transformations are commonly used in the fields of organic synthesis, 

material science and environmental treatment.
1
 In these applications, photons are utilized to 

provide sufficient energy to overcome the activation barrier. Light activation provides 

remarkable pathways for many kinds of reactions, which are difficult or impossible to reach 

via thermochemical activation. The reactant molecules can be excited by either direct or 

indirect excitation. In the direct excitation, the reactant molecules should contain a 

chromophoric moiety which can absorb light energy efficiently. This direct excitation is often 

restricted to UV photochemistry. As compared with direct excitation, indirect excitation 

provides higher application potential for photochemical processes, in which incident light is 

absorbed by a photocatalyst or photosensitizer. Next, the electrons or energy are transferred 

to acceptor molecules which undergo subsequent transformations. Recently, the use of visible 

light photoredox catalysis has become very popular in organic synthetic chemistry as it 

allows to perform chemical reactions under mild reaction conditions.
2
 

  Immersion-well photoreactors in conjunction with mercury-vapor discharge lamps are an 

outstanding representative of photoreactors, and they are widely used for UV photochemical 

transformations in organic synthetic laboratories.
3
 However, the mixing efficiency, heat and 

mass transfer rates in these batch reactors are usually insufficient especially for fast 

photochemical reactions. Moreover, it is difficult to reach a homogeneous irradiation inside 
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batch reactors due to their large characteristic dimensions. This photon maldistribution 

originates from long transport distance according to the Bouguer-Lambert-Beer law.
3,4

 The 

larger the dimensions of batch reactors are, the more pronounced the attenuation effect of 

photon transport becomes in photochemical processes. This makes the scale-up of batch 

reactors via a dimension enlarging approach very challenging. In addition, safety risks are 

associated with some photochemical processes carried out in batch reactors, such as aerobic 

oxidations,
5
 and reactions involving the use of toxic and hazardous materials, e.g. diazonium 

salts
6
 and azides.

7
  

  These limitations may be overcome by utilizing microreactor technology as it offers several 

advantages, such as continuous-flow operation, large specific surface area, enhanced heat and 

mass transfer rates, reduced safety hazards and the ease of increasing throughput by 

numbering-up.
8
 Furthermore, extremely small characteristic dimensions of microreactors 

ensure excellent light irradiation of the entire reaction medium and thus provide an irradiation 

homogeneity, resulting in higher reaction selectivity, shorter reaction times and lower catalyst 

loadings.
9
 Microreactors have been extensively applied for various gas-liquid photochemical 

processes, such as cycloadditions,
10

 trifluoromethylations,
11

 and singlet oxygen oxidations.
12

 

  Lévesque and Seeberger
12c

 developed a transparent capillary microreactor for the aerobic 

oxidation of citronellol, which was coiled around a 450 W medium-pressure mercury lamp 

with a controlled temperature (25 ºC). Tetraphenylporphyrin (TPP) was used as a 

photocatalyst, and different reaction parameters (such as pressure, stoichiometry, and 

concentration of TPP) were rapidly screened within Taylor flow. A variety of substrates 

could be oxidized in short reaction times (0.8-1.3 min), with excellent scalability and stability 

of this photocatalytic process. Singlet oxygen could be easily generated in a falling film 

microreactor with the illumination of a Xenon lamp, and then used for the [4+2] 

cycloaddition of cyclopentadiene.
13

 This microreactor design provides 32 parallel 
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microchannels inside which liquid films with a thickness of about 20 μm were formed when 

the oxygen and the liquid phase were brought to contact, resulting in high specific interfacial 

area up to 20,000 m
2
m

-3
 leading to 20% yield of the desired compound at short reaction times. 

Meyer et al.
14

 compared the different reaction performance in an immersion-well 

photoreactor and a microreactor in terms of space-time yield and photonic efficiency. The 

oxidation of citronellol by singlet oxygen generated with the aid of a photosensitizer 

(ruthenium polypyridyl complex) was chosen as a model reaction, and light emitting diodes 

(LEDs) were used to illuminate the reaction mixture. Their results showed that the photonic 

efficiency in the microreactor was about two times larger than in immersion-well 

photoreactors, and the space-time yield was about one order of magnitude higher. Elvira et 

al.
15

 designed a micro capillary film reactor consisting of a plastic film with multiple parallel 

channels, which provided a numbering-up strategy for the singlet oxygen mediated synthesis 

of ascaridole. The production rate of ascaridole was found to be strongly dependent on the 

partial pressure of oxygen present within the reaction system. As they claimed, this 

numbering-up strategy significantly simplified the reactor design, allowing for increased 

operation safety, and providing a space-time yield over 20 times larger than the batch 

processing.  

  To generate new, more efficient photocatalysts and optimised chemical formulations, 

fundamental knowledge has to be gained on the reaction mechanism and corresponding 

kinetic characteristics. Chemical reaction kinetics is of significant importance for reactor 

design and process optimisation, and can be classified as intrinsic and apparent kinetics.
16

 

The major advantage of intrinsic kinetics is that it is scale independent, in contrast with the 

apparent kinetics which includes the effects of transport phenomena. Due to excellent 

transport properties, microreactors have received increasing attention for the investigation of 

reaction kinetics in gas-liquid heterogeneous processes. Ye et al.
17

 studied the influencing 
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parameters on the CO2 absorption by monoethanolamine (MEA) solution and its apparent 

reaction kinetics via a microchannel reactor without evaluation of mass transfer limitation. Li 

et al.
18

 developed a strategy to measure the kinetics of fast reactions of CO2 with secondary 

amines within Taylor flow in a microfluidic system through a high speed camera system. 

This strategy relied on the microfluidic generation of highly monodisperse gas bubbles 

(Taylor bubbles) in the liquid reaction medium and subsequent analysis of time-dependent 

changes in bubble dimensions. The elimination of mass transfer limitations in reaction 

processes was confirmed by the increase in the consumption rate of CO2 with increasing 

concentrations of absorbent. Keybl and Jensen
19

 fabricated a silicon microreactor system 

which was capable of studying gas-liquid homogeneous catalysis at high temperature and 

high pressure. The hydroformylation of 1-octene was investigated within Taylor flow in this 

microreactor system, with both inline and offline analysis using attenuated total reflectance 

Fourier transform infrared spectroscopy (ATR-FTIR) and gas chromatography (GC). Kinetic 

parameters of this reaction were determined by varying the pressure, temperature and 

concentrations of both gas and liquid phases. The authors confirmed that the mass transfer 

limitation was eliminated by estimating the concentration gradient of carbon monoxide in the 

liquid phase. However, the application of microreactors for studying the reaction kinetics of 

gas-liquid photocatalytic processes has not been performed yet.  

  In this work, we designed and fabricated a compact photomicroreactor assembly that 

consisted of a capillary microreactor and LEDs for the study of gas-liquid photocatalytic 

processes. As a model reaction, we investigated the metal-free photocatalytic aerobic 

oxidation of thiophenol to phenyl disulfide under visible light illumination, which was 

recently developed in our group (see reaction equation R1).
20

 Organic disulfides are 

important molecular and structural features in various biologically active compounds and fine 

chemicals.
21

 Their application potential ranges from anti-oxidants, pharmaceuticals, 
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agrochemicals, to vulcanizers. Optimized reaction conditions involved the use of Eosin Y as 

a metal-free photocatalyst and tetramethylethylenediamine (TMEDA) as a base. Ethanol was 

the optimal solvent for this transformation. Mass transfer limitations were evaluated by 

varying the volumetric flow rate ratio of the gas phase to the liquid phase, and its elimination 

was confirmed by comparing the concentration of oxygen in the liquid phase and the 

equilibrium concentration in the absence of any reaction. Next, the effects of photocatalyst 

concentration and LED light sources on the photocatalytic performance were studied without 

mass transfer limitation. Reaction kinetic analysis was performed, and the reaction orders 

with respect to both thiophenol and oxygen were deduced. The reaction rate constants at 

different photocatalyst loadings and different photon flux were calculated. Furthermore, the 

reaction rate constants obtained in the capillary microreactor were compared with those 

obtained in a batch reactor.  

 

SH
S

Eosin
 
Y

TMEDA
 

ethanol
, 
LED

S
+ O2

                 (R1) 

 

Experimental section 

Photomicroreactor assembly design  

  In order to closely integrate the light sources and the capillary microreactor, commercial 

light stripes with small-scale LEDs (Paulmann Lighting GmbH) were used in the experiments. 

A transparent capillary made of high purity perfluoroalkoxy alkane (PFA from IDEX Health 

and Science, transmission of 91-96% for visible light with wavelength of 400-700 nm; ID: 

750 μm; length: 2.15 m; volume: 0.95 ml) was coiled around the outer wall of a 20 ml plastic 

syringe, which was coated with aluminum foil to refract the photons towards the reactor (see 
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Figure 1). A LED stripe was coiled around the inner wall of a larger plastic syringe (100 ml), 

with all LED pillars (3 mm width and 2.5 mm height for each pillar) facing toward the central 

axis of this syringe. The syringe coiled with the capillary was fixed inside a larger diameter 

syringe. Consequently, a narrow gap between the LED pillars and the coiled capillary was 

ensured. In order to reduce the illumination loss, aluminum foil was fixed around the outer 

wall of the larger syringe. Furthermore, pressurized air was supplied through the nozzle of the 

larger syringe in order to keep the whole system at room temperature (22±1 ºC), which could 

be detected by a thermocouple. Figure 1 shows the establishing process of this small 

photochemical column for the study of photochemical transformations and corresponding 

reaction kinetics. It is worth mentioning that the whole design of this photochemical column 

is based on cheap commercially available parts and common laboratory disposables. The total 

cost price of the photochemical column is below 100 euro and can be readily assembled 

within 30 minutes. Consequently, our design allows for a rapid implementation of this 

technology in any chemical laboratory. 

  Three different LED stripes (light sources 1-3) were applied to study the effects of light 

sources on photocatalytic transformations. The widths of all these LED stripes were 10 mm. 

Light sources 1-3 with different lengths (97 cm, 97 cm and 100 cm) emitted white, warm 

white and neon green light, respectively. The number of LED pillars along each stripe of light 

sources 1 and 2 was 39, and 30 LEDs for light source 3. An integrating sphere equipped with 

a Labsphere LPS 100-0260 light detector array was used to specify the emission spectral flux 

graph for these three LED light sources (shown in Figure 2a). The UV-VIS absorption 

spectrum of Eosin Y in the presence of TMEDA is also shown in the same figure (Figure 2b). 

 

Experimental procedure  

Schematic representation of the experimental setup and a picture of the small 
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photochemical column under operation are shown in Figure 3. The substrate solution 

consisted of 0.5 M thiophenol in ethanol with an internal standard (IS = α,α,α-trifluorotoluene) 

for GC analysis. This substrate solution was stored under argon atmosphere prior to reaction. 

No conversion of thiophenol could be found even when the storing time was more than 20 

days. The catalyst solution consisted of Eosin Y, TMEDA and ethanol as the solvent. The 

substrate solution and the catalyst solution were introduced into the system by two syringe 

pumps (Fusion 200 Classic), merged in a T-micromixer (Tefzel® tee mixer with ID of 500 

μm) and mixed in a short capillary (ID = 750 μm). The reaction mixture was next delivered to 

a second T-micromixer and contacted with oxygen controlled by a gas mass flow controller 

(Bronkhorst). A Taylor flow regime was established (Figure 3c), and then flowed through the 

capillary microreactor in the small photochemical column. A pressure transducer (Huba 

Control) was connected to the gas line in order to measure the pressure drop in the capillary 

microreactor, which could be used to calculate the residence time (t) of the gas-liquid two 

phases. In order to completely quench the reactions after exiting the capillary microreactor, 

saturated aqueous ammonium chloride solution and ethyl acetate were fed to a third T-

micromixer and contacted with the gas-liquid biphasic stream from the photochemical 

column. After attaining a steady state regime, a small brown vial was used to collect the 

reaction mixture, where the aqueous and organic phases formed a clear interface. The organic 

phase in the brown vial was collected and analyzed by GC FID in order to obtain the product 

yield (Y = GC yield). 

 

Results and discussion 

 

Evaluation of mass transfer limitation  
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  It is well known that gas-liquid Taylor flow in microchannels and microcapillaries can 

provide high mass transfer rates for reaction processes. This flow pattern is characterized by 

elongated gas bubbles, which are separated from each other by liquid slugs and surrounded 

by thin liquid films.
22

 The increased gas-liquid interfacial area due to the segmentation and 

the internal circulations in the liquid slugs both give rise to fast mass transfer between gas-

liquid two phases.
23

 Furthermore, there exists a competition between mass transfer and 

chemical reactions in fast gas-liquid reactions. A dimensionless parameter, i.e. Hatta number 

(Ha), is usually used to determine whether mass transfer dominates the gas-liquid 

heterogeneous reaction proces.
24

 Ha compares the rate of reaction in the liquid film (gas-

liquid interfacial zone) to the rate of diffusion through the liquid film. The mass transfer will 

play an important role in reaction processes when Ha is larger than a certain value (e.g. Ha > 

3). However, this method based on Hatta number for predicting the effect of mass transfer on 

reaction processes is not feasible when the reaction kinetic parameters are not available.  

  In the aerobic oxidation of thiophenol, the reaction process was varied from a very sluggish 

to fast reaction under photoredox catalysis (Eosin Y in the presence of TMEDA as a catalytic 

system). This could be well demonstrated by the suction phenomenon observed in the 

capillary microreactor (see video in Supporting Information), which resulted from the fast 

oxygen consumption under photocatalysis. In this suction process, oxygen was quickly 

consumed after turning on the LED light and a negative pressure was formed inside the 

capillary microreactor, resulting in an inverse flow of the gas-liquid two phases. After a 

period of LED light illumination, the hydrodynamics of gas-liquid two phases in the capillary 

microreactor reached steady state and the suction phenomenon disappeared. The suction 

phenomenon indicates the importance of the mass transfer rate (or supply) of oxygen and the 

light irradiation during this photocatalytic aerobic oxidation of thiophenol.  

  Figure 4 shows the effect of the volumetric flow rate ratio of gas phase to liquid phase on 
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the yield of phenyl disulfide at different liquid phase flow rates. As shown in Figure 4a, an 

increase in the volumetric flow rate ratio of gas to liquid phase from 1 to 2 or to higher values 

resulted in higher yield at the same liquid phase flow rates when using pure oxygen as the gas 

phase. The increase in volumetric flow rate ratio reduced the residence time of reaction 

mixture in the capillary microreactor. Nevertheless, it shortened the length of the liquid slugs 

in the capillary microreactor, which intensified the internal circulations inside the liquid slugs 

and increased the interfacial area. Consequently, this leads to an enhanced mass transfer 

between the gas and liquid phases. The supply of oxygen for the photocatalytic process was 

not sufficient when the volumetric flow rate ratio was 1. This could be confirmed by the 

experimental observation that the presence of gas bubbles was absent in the effluent from the 

capillary microreactor. When the volumetric flow rate ratio reached 2, the mole ratio of 

oxygen to thiophenol was 0.33. A further increase in the volumetric flow rate ratio did not 

improve the yield due to the shorter residence time. In addition, the yield significantly 

decreased when pure oxygen was replaced by air, while keeping the mole ratio of oxygen to 

thiophenol constant (0.33). This can be attributed to the decreased mass transfer driving force 

between the gas phase and the liquid phase. In contrast, the mass transfer driving force was 

much higher when pure oxygen was used. The mass transfer resistance only existed in the 

gas-liquid interface and in the liquid phase in the case of introducing pure oxygen. Moreover, 

the residence time was much shorter when using air.  

  When the volumetric flow rate ratio reached 2, the mass transfer limitation of oxygen was 

totally eliminated at high flow rates (i.e. short residence times). As shown in Figure 4b, the 

yield did not depend on the volumetric flow rate ratio when the residence time was less than 

100 s. The residence time was calculated based on Equation 1, in which the oxygen 

consumption and the pressure drop across the capillary microreactor in the photochemical 

column were considered. In the following study of reaction kinetics, the operational zone 
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without the mass transfer limitation (cf., Zone 1 in Figure 4b) and the volumetric flow rate of 

gas to liquid phase of 3 were chosen. 

G, G, G, G, ,0( 0.25 / )

2 ( ) / 2 2 ( ) / 2

c c c

in out in in L sub outout outG L
L L

in out in out

V V V
t

Q Q Q Q Q C RTY PP PQ Q
Q Q

P P P P

= = =
+ + −+

× + × +
+ +

  

  (1)

 

where Vc is the volume of capillary microreactor, QG,in and QG,out are the inlet and outlet 

volumetric flow rates of gas phase based on the atmospheric pressure, Pin and Pout are the 

inlet and outlet pressures in the capillary microreactor, and QL is the volumetric flow rate of 

liquid phase, ,0subC is the original concentration of thiophenol in the reaction mixture, R is the 

gas constant, and T is the reaction temperature. Based on the knowledge of hydrodynamics 

and mass transfer for Taylor flow in microchannels or in capillaries
25 

and the physical 

properties (e.g. 
2O

D , diffusivity of oxygen in ethanol), we can approximately calculate the 

concentration of oxygen in the liquid phase in this photocatalytic process. For example, the 

liquid side volumetric mass transfer coefficient (kLa) is about 1 s
-1

 when the flow rates of gas 

and liquid phase are 900 μl/min and 300 μl/min (t = 58 s) respectively. According to the mass 

balance of oxygen, the following equation can be obtained: 

2

2 2 2 2 2

,

, , ,

1 1
(C C 0.00) ( C )

4 4
082 M / s

O L sub sub
O L O in O L L O O L

dC dC C
r k a k a C

dt dt t

∗ =
∆

= − = − = − = − = −    (2)       

where 
2OC

∗
, 

2 ,CO in and 
2 ,CO L are the saturated concentration of oxygen (0.0098 M) in the 

ethanol, the interfacial concentration of oxygen between the gas-liquid two phases and the 

actual concentration of oxygen in the bulk liquid phase, respectively. The interfacial 

concentration is considered to be equal to the saturated concentration based on the 

assumption that the oxygen concentration reaches an equilibrium state at the gas-liquid 

interface. Consequently, the following equation can be deduced based on Equation 2: 

2 2

2 2

, 0.00082 M / s
8%

C
O O L

O O L

C

C C k a

∗

∗ ∗

−
= =                                                    (3) 
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  According to Equation 3, the relative deviation between the saturated concentration and the 

actual concentration of oxygen in the bulk liquid phase is not more than 8%. Consequently, 

the oxygen concentration in the bulk liquid phase can be considered to reach the saturated 

state. These results further demonstrated the elimination of mass transfer limitation within the 

proper operational zone (Zone 1) of Taylor flow in the capillary microreactor for this gas-

liquid two-phase photocatalytic process.  

 

Influencing factors of photocatalytic aerobic oxidation  

  Effect of photocatalyst (Eosin Y) loading.  The presence of Eosin Y is crucial for the 

photocatalytic aerobic oxidation. The absorption of visible light by Eosin Y initiates the 

photochemical process via a single electron transfer event.
26

 Figure 5 shows the effect of the 

Eosin Y loading (ϕ , molar percentage) on the yield, with using light source 1. As expected, 

the yield increased with increasing amounts of Eosin Y. It was found that 0.5% of Eosin Y 

was optimal. A further increase of the Eosin Y loading did not lead to an improvement in 

yield. This can be probably attributed to photon transport limitations and higher catalyst 

loadings would require higher photon fluxes. 

 

  Effect of LED light sources.  One of the most important factors in photoredox catalysis is the 

irradiative electronic energy transfer, which mainly depends on the spectral overlap integral, 

the photocatalyst concentration, the absorption path length, and the quantum efficiency. As is 

evident from Figure 2a, all three different LED light sources could emit the appropriate 

wavelength for excitation of Eosin Y (Figure 2b). Figure 6 compares the reaction 

performance for these three LED light sources at two different Eosin Y loadings. It can be 

seen that the yield was higher with light source 1 than with light sources 2 and 3. This is 

attributed to the higher light intensity (photon flux) emitted by light source 1 with a 
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maximum emission in the range of 440 - 560 nm (Figure 2a). Unexpectedly, the reaction 

performance with 1% Eosin Y loading was the same as with 0.25% Eosin loading for light 

source 3, as shown in Figure 7. The emission intensity in the range of 440 - 560 nm was 

rather low for light source 3. Even at relatively low photocatalyst concentration (e.g. 0.25% 

loading), the reaction mixture could effectively absorb the light emission from light source 3. 

This finding clearly demonstrates that it is essential to match the photon flux emitted by the 

light source with the concentration of the photocatalyst. 

 

Gas-liquid photocatalytic reaction kinetic analysis  

  Reaction order with respect to substrate (thiophenol).  Integration and differentiation 

methods are the two main approaches to deal with experimental data when studying reaction 

kinetics. In particular, the integration method is applicable to reaction processes in which the 

conversion of reactants is relatively high. As discussed above, the mass transfer limitation 

was completely overcome when the photochemical processes were carried out in Zone 1 

using pure oxygen. In this case, the oxygen concentration in the reaction mixture 

approximately maintained the same value and was equal to the saturated concentration of 

oxygen in ethanol.  

  Two assumptions, including the first order reaction and the second order reaction with 

respect to the substrate, were made using the integration method. If the photocatalytic 

reaction is first order with respect to thiophenol (case 1), the reaction rate of substrate can be 

expressed as follows: 

1
sub

sub sub, sub

dC
r K C

dt
= − =                                                                           (4) 

,0 ,0 ,0

1

,0 ,0

ln( ) ln( ) ln( )
(1 ) (1 )

sub sub sub

sub,

sub sub sub sub

C C C
K t

C C X C Y
= = =

− −
                                        (5) 

where ,1subK  is the apparent reaction rate constant with regard to thiophenol in case 1. The 

http://www.iciba.com/differentiation
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value of ,1subK  includes information on the intrinsic reaction rate constant, the concentration 

of oxygen in the bulk liquid phase and the LED illumination. The yield (Y) is equal to the 

conversion (Xsub) due to the fact that the selectivity of phenyl disulfide is 100%. We observed 

no overoxidation, which demonstrates the mildness of this photocatalytic protocol. If the 

reaction is second order with respect to the substrate (case 2), the reaction rate is given by the 

following equations: 

2

,2
sub

sub sub sub

dC
r K C

dt
= − =                                                            (6) 

,2

,0 ,0

1 1

(1 )
sub

sub sub

K t
C Y C

− =
−

                                                        (7) 

where ,2subK  is the apparent reaction rate constant with regard to thiophenol in case 2. Figure 

8 shows the validation of these two assumptions. It can be seen that the experimental data can 

be well explained based on the assumption of case 1 (Figure 8a); the linear correlation 

coefficient for the relationship between 
,0ln( / )sub subC C and the reaction time (residence time) is 

more than 0.99 (Figure 8a). However, the experimental data cannot be elaborated with the 

assumption of case 2 (Figure 8b). Based on this fundamental analysis, it can be concluded 

that the photocatalytic aerobic oxidation of thiophenol to phenyl disulfide is first order with 

respect to thiophenol. In addition, the apparent reaction rate constant (
subK ) can be directly 

obtained from the slope in Figure 8a, which can be used to calculate the intrinsic reaction rate 

constant. 

 

  Reaction order with respect to oxygen.  Oxygen is one of reactants in this photocatalytic 

oxidation process, and its role as oxidant is of vital importance. Therefore, the investigation 

of its reaction order will be beneficial for a further understanding of the reaction mechanism 

and its role in the photocatalytic process.  
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  Keeping the conversion of thiophenol low and thus its concentration close to a constant 

value is mandatory when applying the integration method. Minor variations on the 

experimental procedure were made in order to achieve this goal. Instead of introducing the 

gas phase (pure oxygen) into the capillary microreactor, we purged the substrate solution 

and/or the catalyst solution with pure oxygen for about 3 minutes before introducing the 

saturated solution into the capillary microreactor. Figure 9 shows the experimental results 

obtained for these homogeneous reactions. It can be seen that the yield first increased and 

then stabilized at a certain value in both cases. The mixing efficiency in microchannels or 

microcapillaries increases with increasing fluid flow rate for homogeneous mixing 

processes.
47,48

 In other words, the decrease of residence time results in a higher mixing 

efficiency, which makes the reaction to be kinetically controlled instead of mixing-controlled. 

As can be seen from Figure 9, the conversion of thiophenol was still too high when both 

substrate and catalyst solutions were purged with oxygen, even though the catalyst was 

lowered to 0.25 mol%. These results indicate the high dependence of the reaction rate on the 

oxygen concentration. However, when only the catalyst solution was purged, suitable data for 

kinetic analysis was obtained (see red frame in Figure 9). In addition, the original 

concentration of oxygen in the reaction mixture can be back-calculated based on the 

maximum yield.  

2 ,0 ,0 max ,0 max

1 1

4 4
O sub subC C X C Y= =                                                                (8) 

  Again, two assumptions were made to obtain the reaction order with respect to oxygen. If 

the reaction is first order (case A), the following equations can be obtained, which include the 

known reaction order for thiophenol: 

2

2 2 2 2 2 2 2, ,0 ,

O

O O sub O O A sub O O A O

dC
r k C C k C C K C

dt
= − = = =                                 (9) 
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2 2

2

2 2

,0 ,0

,

,0 ,0

ln( ) ln( )
1/ 4 )

O O

O A

O O sub

C C
K t

C C YC
= =

−
                                       (10) 

2,sub sub A sub O
r k C C=                                                                         (11) 

2, ,4
sub A O A

k k=                                                                          (12) 

where 
2 ,O Ak (

2 ,O AK ) and ,sub Ak ( ,sub AK ) are the intrinsic / apparent reaction rate constants with 

regard to oxygen and thiophenol in case A, respectively. If the reaction is second order with 

respect to the oxygen concentration (case B), the reaction rate of oxygen consumption can be 

expressed as follows: 

2

2 2 2 2 2 2

2 2 2

, 2 , ,0 ,

O

O O B sub O O B sub O O B O

dC
r k C C k C C K C

dt
= − = = =                             (13) 

2

2 2 2 2

,

,0 ,0 ,0 ,0

1 1 1 1

1/ 4
O B

O O O sub O

K t
C C C YC C

− = − =
−

                                    (14) 

2

2

,sub sub B sub Or k C C=                                                                       (15) 

2, ,4sub B O Bk k=                                                                             (16) 

where 
2 ,O Bk (

2 ,O BK ) and ,sub Bk ( ,sub BK ) are respectively the intrinsic / apparent reaction rate 

constants with regard to oxygen and thiophenol in case B. These two assumptions (case A 

and case B) are examined in Figure 10. It can be seen that the relationship between 

(
2 2 ,01/ 1/O OC C− ) and the reaction time is strictly linear with a correlation coefficient more 

than 0.99 for the second order assumption (Figure 10b). Therefore, the assumption of case B 

is reasonable and this aerobic photocatalytic oxidation of thiophenol to phenyl disulfide is 

second order in oxygen.  
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  Furthermore, the reaction rate constants obtained from both the gas-liquid heterogeneous 

reaction and the homogeneous reaction are compared. For the homogeneous process, the 

reaction rate constants for oxygen and thiophenol can be obtained as follows: 

2

2

, 2 1

,

,0

90(s M )
O B

O homo

sub

K
k

C

−= =                                                               (17) 

2

2 1

, ,4 360(s M )
sub homo O homo

k k
−= =                                                          (18) 

The reaction rate constant for thiophenol can be calculated from the heterogeneous process as 

follows: 

2

,1 2 1

, 2
252(s M )

sub

sub hete

O

K
k

C

−
∗= =                                                              (19) 

2 1 2 1

, ,[ 252(s M ) ] [ 360(s M ) ]
sub hete sub homo

k k
− −= < =                               (20) 

The reaction rate constants with regard to substrate for the homogeneous and heterogeneous 

photocatalytic processes are in the same magnitude, which further demonstrates the 

rationality of the assumptions for case 1 and case B. The lower value of reaction rate constant 

in the heterogeneous process may be related to light-scattering phenomena, which are often 

involved in multiphase operations during photochemical transformations.
27

  

  Supposing the assumption of case A was tenable, the following inequality can be obtained: 

�𝑘𝑠𝑠𝑠,ℎ𝑒𝑒𝑒 = 2.5 (sM)−1�  ≫ �𝑘𝑠𝑠𝑠,ℎ𝑜𝑜𝑜 = 0.57 (sM)−1�                         (21) 

The reaction rate constants for the homogeneous and heterogeneous processes are not in the 

same order of magnitude and show a large deviation between them. This reasoning further 

excludes the rationality of case A (Figure 10a).  
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  With the known reaction rate constants in hand, now the Hatta number for the photocatalytic 

aerobic oxidation can be calculated according to its definition:   

2 2 2 2

1 1 1

, , ,

2 2
( ) ( ) ( ) ( )

1 32 2

m n

O ,hete O in sub L O O ,hete O sub L O

L L

k c c D k C c D
m

Ha
k k

− ∗

+= =                 (22) 

where m and n are respectively the reaction orders for oxygen and thiophenol, and kL is the 

liquid side mass transfer coefficient. The value of kL is about 2.6×10
-4

 m/s when the 

volumetric flow rates of 900 μl/min (gas phase) and 300 μl/min (liquid phase) are applied in 

the capillary microreactor.
25

 The value of Ha number is then obtained (Ha = 0.06), which is 

obviously lower than 3 and even lower than 0.3. This low value of Ha number means that the 

photocatalytic reaction did not occur in the gas-liquid interface and its very adjacent zones 

(cf., liquid film zone),
28

 but it occurred in the bulk liquid phase due to the fast mass transfer 

rate of oxygen provided by gas-liquid Taylor flow within the capillary microreactor. The 

value of Ha also indicates the elimination of mass transfer limitations in the reaction kinetic 

study. 

 

  Reaction rate constants with different photocatalyst loadings.  Figure 11 shows the handling 

of experimental data and corresponding kinetic results at different photocatalyst loadings. It 

can be seen that the reaction rate constant significantly increased with increasing Eosin Y 

loading up to 0.5% loading. A further increase in the Eosin Y loading did not evidently 

increase the reaction rate constant and thus the reaction performance.    

 

  Reaction rate constants with different photon flux.  Various light sources have different 

spectral characteristics, generating different light intensity and photon flux distribution. By 

integrating the photon flux distribution (Figure 2a) in this wavelength range, we can obtain 

the effective flux of photons that may be absorbed by the reaction mixture during the 
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photocatalytic process. Figure 12 shows the relationship between ,0ln( / )sub subC C and t for two 

Eosin Y loadings and the variation of the reaction rate constant at different photon fluxes.  It 

can be seen that the photon flux affects the reaction rate constant remarkably, especially at 

high photocatalyst loadings. The effect of the photocatalyst loading amount on the reaction 

rate constant was relatively weak at low photon fluxes. The reaction activity can be high 

under the excitation with high photon flux even when the photocatalyst loading is low. 

Therefore, the photocatalyst loading and the light source should match each other when 

optimizing a photocatalytic process. The following correlation based on the multiple linear 

regression analysis can approximately describe the relative importance of photon flux and 

photocatalyst loading in this gas-liquid photocatalytic oxidation (q: 0.29 – 1.18 µmol/s; ϕ : 

0.25 – 2%). 

0.56 0.21228.6subk q ϕ=                                                               (23) 

Figure 13 shows that relative deviations between the experimental and predicted values of 

reaction rate constants are in the range of -20 – 20% by Equation (23).  

   

Comparison between continuous-flow and batch processing  

  A glass test tube (ID: 10 mm) connected with an oxygen balloon was used to investigate the 

photocatalytic aerobic oxidation of thiophenol in batch. In this reactor vessel, 1 or 2 mL 

reaction solution (0.25 M thiophenol, 1 mol% Eosin Y and 1 equivalent TMEDA in the 

ethanol) was agitated with a small magnetic stirrer. The reaction mixture was irradiated by 

light source 1. Figure 14 shows the effect of the stirring rate on the yield in function of time. 

It can be seen that the yield significantly increased with an increase of the stirring rate. This 

indicates that gas-liquid mass transfer limitations indeed occur in batch experiments. 

Moreover, the yield for the 2 mL reaction mixture was lower than the one obtained in a 1 mL 
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experiment indicating again that mass transfer limitations dominate the photocatalytic process. 

The mean rate of mechanical energy dissipation (εav) for the 2 mL reaction mixture with the 

stirring rate of 1150 revolutions per minute (rpm) was kept the same as for the 1 ml reaction 

mixture with the stirring rate of 900 rpm, according to the following equation:
28

 

3 5/ ( ) /av oP V P N d Vε ρ= =                                                            (24) 

where d is the stirrer diameter, V is the liquid volume, N is the rotational stirring speed, P is 

the power consumption of the stirrer, Po is the power number (dimensionless parameter, 

depending on the stirrer type), and ρ is the liquid density. The obviously lower yield for 2 ml 

reaction mixture indicated the low mechanical energy utilization and the challenging scale-up 

of batch reactors, partly arising from the low mass transfer rate.  

  Next, the apparent reaction rate constant of thiophenol was calculated for the 1 mL reaction 

mixture with the stirring rate of 1150 rpm; its value was 66.6 M
-2

s
-1

. It was much lower than 

the intrinsic reaction rate constant (252 M
-2

s
-1

) obtained from the continuous-flow processing 

using the same light source. The mass transfer rate of oxygen from the gas phase to the liquid 

phase was low in the batch reactor due to its low surface-to-volume ratio. The dependence of 

reaction rate on the oxygen concentration is rather strong, in which the second order relation 

can be found according to the reaction kinetic equation. On the other hand, the characteristic 

dimension of this small batch reactor (test tube) for photon transport was still much larger 

than the capillary microreactor, resulting in an inhomogeneous irradiation of the reaction 

mixture.  

 

Conclusions 

  We have developed a compact and operationally simple photomicroreactor assembly that 

consists of a capillary microreactor and small-scale LEDs. The reaction kinetics of gas-liquid 

photocatalytic aerobic oxidation of thiophenol to phenyl disulfide was studied in this device. 
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A fast consumption of gaseous reactant (oxygen) was observed upon irradiation of the 

reaction mixture with LED light. We have described the mass transfer of oxygen from the gas 

to the liquid phase during the photocatalytic process in detail. Mass transfer limitations were 

eliminated by selecting an appropriate operational zone with regard to the volumetric flow 

rate ratio of gas-to-liquid phase.  

  Reaction kinetic analysis was performed in order to understand the key influencing 

parameters for gas-liquid aerobic photocatalytic processes. The reaction orders with respect 

to thiophenol and oxygen were found to be 1 and 2, respectively. The value of the Hatta 

number, i.e. Ha = 0.06, indicated that the mass transfer limitation was indeed eliminated and 

the reaction only occurred in the bulk liquid phase in our photochemical column. In addition, 

the extreme low value of Ha demonstrates the potential application of this kind of 

photochemical columns for reaction kinetic studies of other unique gas-liquid photocatalytic 

reactions in which the intrinsic kinetics is ultimately fast.  

  The reaction rate constants were obtained at different photocatalyst loadings and different 

photon flux. Faster reactions were observed with an increase of photocatalyst loading and 

photon flux. The reaction rate constant obtained in the photochemical column was much 

higher than the one obtained in a batch reactor. Given the low cost prize of our 

photochemical column, we anticipate that our photochemical column will find broad 

application in academia and industry. 
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