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Abstract 

Despite the potential benefits of using light to drive chemical reactions, photoreactions 

are rarely implemented on an industrial scale. One of the main issues is the challenging 

scale-up due to the exponential light attenuation with increasing optical pathlength. 

Therefore, shaded zones within the reactor can exist at positions far from the light source 

with few available photons and thus low reactivity. To analyze the impact of light attenu-

ation and to optimize the reaction conditions during scale-up, a compartment model is 

presented and benchmarked with a photooxidation reaction in a Taylor-flow capillary re-

actor. The simulation results highlight that a thorough optimization of light intensity and 

photosensitizer concentration, as well as an enhanced mixing of the liquid phase, are re-

quired to minimize the reaction-inhibiting effect of light attenuation and to enable a high 

reactor performance, especially during scale-up. 
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Latin Symbols 

Symbol Unit Description 

𝑨  1 absorbance 

𝑨𝐜𝐫𝐨𝐬𝐬  m2  cross-sectional area 

𝒄  mol m−3  concentration 

𝒅  m   diameter 

𝐃𝐚𝐈  1  Damkoehler number I 

𝐃𝐚𝐈𝐈  1  Damkoehler number II 

𝑰  1  intensification factor 

𝒌  s−1  reaction rate constant 

𝒌𝒂  s−1  mass transfer coefficient between irradiated and 

shaded compartment 

𝒍𝐢𝐫𝐫  m  optical pathlength 

�̅�𝐢𝐫𝐫  m  average optical pathlength 

𝑳  m  length 

�̇�𝐜𝐨𝐧𝐯  mol s−1 converted molar flux 

𝒑  Pa  pressure 

𝒒  mol s−1  photon flux 

𝒓  mol m−3 s−1  reaction rate 

𝑹  J mol−1 K−1  universal gas constant 

𝑹𝟐  1  coefficient of determination 

𝒕  s  time 

𝑻  K  temperature 

𝒖  m s−1  velocity 
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�̅�  m s−1  mean velocity 

𝑽  m3  volume 

�̇�  m3 s−1  volumetric flow rate 

𝑿  1 conversion 

x m radial coordinate 

𝒛  m axial coordinate 

 

Greek Symbols 

Symbol Unit Description 

𝜷  1 gas fraction 

𝜹  m   film thickness 

𝜺  1  void fraction 

𝜺𝐚𝐛𝐬    m3 
mol−1 m−1  absorption coefficient 

𝝃  1  photonic efficiency 

𝝉  s  residence time 

𝝓𝚫  1  quantum yield 

 

Sub- and Superscripts 

Symbol Description 

0 initial 

1 scenario 1: constant volumetric photon flux  

2 scenario 2: constant irradiance 

d  deactivation 

film  liquid film 
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g gas 

in  inlet 

irr  irradiated 

l liquid 

max maximum 

MT radial mass transport 

O2  oxygen 

out  outlet 

PS photosensitizer 

r reaction 

ref reference 

R reactor 

s superficial 

sat saturation 

shad shaded 

 

Abbreviations 

Symbol Description 

DMA  9,10-dimethylanthracene 

LED light emitting diode 

RB rose bengal 
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1 Introduction 1 

In 2022, 86 % of the worldwide primary energy was produced from oil, coal, natural gas, 2 

or uranium [1]. In addition, the world energy consumption is projected to increase by 3 

47 % from 2020 to 2050 due to economic growth and increasing world population [2]. 4 

Considering the limited availability of fossil resources and the high associated greenhouse 5 

gas emissions, it is therefore essential to focus on renewable energy sources in the fu-6 

ture [3]. In particular, solar irradiation has great potential, as its use does not create a 7 

negative ecological footprint and it is abundantly available. The solar energy reaching the 8 

earth's surface within 80 min is equal to the human energy demand of an entire year [4].  9 

Despite the advantages of utilizing light, there is currently only a small number of indus-10 

trial applications of light-driven reactions [5]. One of the main reasons is the challenging 11 

scale-up of photoreactors, since additional radiation constraints must be considered in 12 

addition to the molecular constraints in thermal reactions [6,7]. A simple increase in re-13 

actor dimensions is not feasible because the light intensity attenuates exponentially with 14 

optical pathlength according to the Beer-Lambert law shown in equation (1). The absorb-15 

ance 𝐴 and thus the amount of available photons decays exponentially over the optical 16 

pathlength 𝑙irr, depending on the absorption coefficient 𝜀abs of the reaction solution and 17 

the concentration of the photoactive substance 𝑐.  18 

 𝐴 = 𝜀abs𝑐𝑙irr (1) 

Due to the light attenuation, sophisticated reactor concepts are required to maintain a 19 

high selectivity and productivity during up-scaling [5]. Several concepts are proposed in 20 

recent literature to enable efficient photoreactor scale-up, e.g., spinning disk reactors [8], 21 

Taylor-Couette reactors [9], falling film reactors [10], or the use of static mixers [11].  22 

In particular for gas-liquid photoreactions, Taylor-flow capillary reactors have been 23 

widely studied [12–18]. As illustrated in Fig. 1, the Taylor-flow regime is characterized by 24 

alternating segments of liquid slugs and gas bubbles, which are separated from the reac-25 

tor wall by a thin liquid film. These flow conditions provide a large interfacial area, near 26 
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plug flow behavior and short diffusion distances [19,20]. In the context of photoreactions, 27 

a high reaction rate in the thin liquid film, increasing light confinement and scattering ef-28 

fects, as well as an enhanced liquid sided mass transfer are additional advantages of Tay-29 

lor-flow reactors [12,13,15]. These effects are illustrated in in Fig. 1. 30 

Nakano et al. studied an organic Paternò-Büchi reaction in a microreactor [13]. By sup-31 

plying water to the reactor and creating Taylor-flow conditions, the substrate conversion 32 

was increased by 70 % at an inlet flow ratio of 1:1 of organic and aqueous phase compared 33 

to single-phase flow. Telmesani et al. studied the [2+2]-photocycloaddition of cinnamates 34 

using ethyl-acetate as solvent [14]. In single-phase flow, the substrate conversion was 35 

limited to 6 %. The addition of water and the corresponding promotion of Taylor-flow 36 

increased the conversion to 43 %. As benchmark reaction, photooxidations are commonly 37 

used to investigate the performance of photoreactors [21–23]. Potential applications are 38 

the synthesis of organic compounds, photo-dynamic anti-cancer therapy, or disinfec-39 

tion [24,25]. Many researchers highlight the increase in substrate conversion in photoox-40 

idations under Taylor-flow conditions compared to single phase flow [12–16].  41 

Common explanations for the increased conversion under Taylor-flow conditions and 42 

also in other sophisticated reactor concepts like spinning disks or falling films are a small 43 

optical path length and an enhanced internal mixing of the liquid phase [8,10–13,15]. To 44 

verify this hypothesis, a photoreactor model is proposed in this work to investigate light 45 

attenuation and internal mass transport limitations in the liquid phase. The model impli-46 

cations on the reactor performance are discussed using a photooxidation in a Taylor flow 47 

              

                  

                                 

                     

Fig. 1: Overview of a Taylor-flow reactor and explanations in literature for an increased 
substrate conversion compared to single-phase flow. 
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capillary reactor as a reference case. From the simulation results, the role of liquid mixing 48 

and light attenuation is investigated, especially during scale-up of a photoreactor. In ad-49 

dition, conclusions are drawn for the selection of photosensitizer concentration and inci-50 

dent photon flux in an upscaled reactor. 51 

52 
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2 Material and Methods 53 

2.1 Model for Homogeneous Conditions 54 

Fig. 2 shows a schematic overview of the model approach under homogeneous conditions, 55 

i.e., if only a liquid phase is considered. A steady-state, isothermal tubular reactor is as-56 

sumed which is irradiated by collimated light. Scattering and reflection are assumed to 57 

have a negligible effect on the reaction.   58 

The reactor is divided into an irradiated compartment in which reaction takes place and 59 

a shaded compartment without reaction. Radial mass transport between both compart-60 

ments is considered as a diffusion-like process. Within the reactor, a constant liquid vol-61 

umetric flow rate and plug flow behavior are assumed. The plug flow assumption is vali-62 

dated in Appendix A. Balancing the irradiated volume element d𝑉irr  and the shaded vol-63 

ume element d𝑉shad  in Fig. 2 b), leads to equations (2) and (3). 64 

 −𝑢l

d𝑐irr

d𝑧
+ 𝑘𝑎(𝑐shad − 𝑐irr) ⋅

d𝑉

d𝑉irr
− 𝑟irr = 0 (2) 

 −𝑢l

d𝑐shad

d𝑧
− 𝑘𝑎(𝑐shad − 𝑐irr) ⋅

d𝑉

d𝑉shad
= 0 (3) 

𝑐irr and 𝑐shad  represent the DMA concentration at axial position 𝑧, in the irradiated com-65 

partment and in the shaded compartment, respectively. 𝑟irr describes the reaction rate in 66 

the irradiated compartment and 𝑘𝑎 is the mass transfer coefficient between irradiated- 67 

and shaded compartment. Therefore, it is not a “traditional” mass transfer coefficient that 68 

describes mass transport between different phases. Instead, 𝑘𝑎 represents the exchange 69 

rate of molecules between the two compartments of the liquid phase. 70 

a) Overall Reactor

Irradiated  , cin 

Shaded

  , cout 

dVirr

dVshad

kdA

ṅirr(z) ṅirr(z+dz) 

z=0 z=LR

ṅshad(z) ṅshad(z+dz) 

dV

b) Volume Element dV

z=z z=z+dz

ṅshad-irr(z) 

Fig. 2: Schematic overview of the reactor model for homogeneous conditions. 
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The liquid velocity 𝑢l is calculated based on the reactor cross-sectional area 𝐴cross and the 71 

liquid volumetric flow rate �̇�l according to equation (4). 72 

 𝑢l =
�̇�l

𝐴cross
 (4) 

d𝑉irr  is approximated by the ratio of optical pathlength 𝑙irr and reactor diameter 𝑑R multi-73 

plied by the element volume d𝑉. d𝑉shad  equals the difference between d𝑉 and d𝑉irr. 74 

 d𝑉irr =
𝑙irr

𝑑R
⋅ d𝑉 (5) 

 d𝑉shad = d𝑉 − d𝑉irr = (1 −
𝑙irr

𝑑R
) d𝑉 (6) 

The optical pathlength is calculated by equation (7). 𝑙irr is estimated as the optical path-75 

length at which the light intensity reaches 1 % of the initial intensity according to Beer-76 

Lambert law. If the calculated optical pathlength is larger than 𝑑R, 𝑙irr = 𝑑R is used instead.  77 

 𝑙irr = min (
− log10(0.01)

𝜀abs,PS  𝑐PS
, 𝑑R) (7) 

𝜀abs, PS  and 𝑐PS are the molar absorption coefficient and the concentration of the photosen-78 

sitizer, respectively. A validation of the values chosen in equation (7) is provided in Ap-79 

pendix B. 80 

 81 

2.2 Model for Heterogeneous Conditions 82 

In addition to the assumptions made in Section 2.1, the two-phase reactor is assumed to 83 

be operated under isobaric conditions and a reaction is only considered in the liquid 84 

phase but not in the gas phase. The reactor is modeled as an alternating sequence of liquid 85 

slugs and oxygen bubbles surrounded by a thin liquid film. A schematic overview is shown 86 

in Fig. 3. The liquid phase is considered to be incompressible and the gas to be an ideal 87 

gas. Furthermore, it is assumed that oxygen diffuses into the liquid without mass transfer 88 

limitations, i.e., the liquid is immediately fully saturated with oxygen at the entrance of the 89 

reactor. This assumption is in agreement with very high gas-liquid mass transfer coeffi-90 

cients of up to 21 s−1 reported in literature if microchannel reactors are used [26]. 91 
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In the liquid film, no shading is considered due to its small thickness. In addition, no mass 92 

transport to the slug is assumed due to the small contact area between the film and the 93 

slug. The slug is separated into an irradiated and a shaded compartment as described in 94 

Section 2.1. 95 

Using the same derivation approach as in Section 2.1, a mass balance of the irradiated part 96 

of the slug (index “irr”), its shaded part (index “shad”), and the film (index “film”), results 97 

in equations (8)-(10) for the substrate. Note that the liquid velocity 𝑢l decreases over the 98 

axial coordinate, since the gas flow rate reduces due to diffusion of the gas into the liquid 99 

phase, i.e., ∂𝑢l/ ∂𝑧 ≠ 0. 100 

 −𝑢l

∂𝑐irr

∂𝑧
− 𝑐irr

∂𝑢l

∂𝑧
+ 𝑘𝑎(𝑐shad − 𝑐irr) ⋅

d𝑉

d𝑉irr
− 𝑟irr = 0 (8) 

 −𝑢l

∂𝑐shad

∂𝑧
− 𝑐shad

∂𝑢l

∂𝑧
− 𝑘𝑎(𝑐shad − 𝑐irr) ⋅

d𝑉

d𝑉shad
= 0 (9) 

 
−𝑢l

∂𝑐film

∂𝑧
− 𝑐film

∂𝑢l

∂𝑧
− 𝑟film = 0 (10) 

In Taylor-flow, the velocity of the gas- and the liquid phase is not identical due to the pres-101 

ence of the liquid film [27–30]. Therefore, the void fraction 𝜀 differs from the ratio of the 102 

inlet volumetric flow rates of gas and liquid [15]. 𝜀 represents the ratio of the superficial 103 

gas velocity 𝑢g,s and the gas velocity in two phase flow 𝑢g. The superficial gas velocity is 104 

determined by equation (12). 105 

Liquid 

Slug
Liquid 

Slug

Liquid Film dfilm

dgdR

Liquid Film

Liquid FilmLiquid Film

Gas Gas

z

Fig. 3: Schematic overview of the reactor model approach under heterogeneous conditions. 
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 𝜀 =
𝑢g,s

𝑢g
 (11) 

 
𝑢g,s =

�̇�g

𝐴cross
 (12) 

The liquid velocity 𝑢l depends on 𝜀 according to equation (13). The superficial liquid ve-106 

locity 𝑢l,s is calculated by equation (14) using the volumetric flow rate at the reactor inlet 107 

�̇�in and the inlet gas fraction 𝛽g. 108 

𝑢l =
𝑢l,s

(1 − 𝜀)
 (13) 

 𝑢l,s = (1 − 𝛽g)
�̇�in

𝐴cross
 (14) 

The gas flow rate �̇�g is determined by a material balance of a gas bubble applying the ideal 109 

gas law. At 𝑧 = 0, oxygen instantaneously diffuses into the liquid until the saturation con-110 

centration of the solvent 𝑐O2,sat is reached, since no gas-liquid mass transport limitations 111 

are assumed. Therefore, �̇�g(𝑧 = 0) is smaller than �̇�in according to equation (15). At 𝑧 > 0, 112 

the amount of oxygen absorbed by the liquid equals the converted amount in the film and 113 

in the irradiated compartment which leads to equation (16). 𝑅 is the universal gas con-114 

stant, 𝑇 the gas temperature, and 𝑝 the pressure in the system. 115 

�̇�g(𝑧 = 0) = (𝛽g −
𝑅𝑇

𝑝
⋅ 𝑐O2,sat(1 − 𝛽g) ) �̇�in  

(15) 

−
𝑑�̇�g

𝑑𝑧
− (𝑟irrd𝑉irr + 𝑟filmd𝑉film)

𝑅𝑇

𝑝
= 0 (16) 

The volume element occupied by the film d𝑉film is approximated by a hollow cylinder. It is 116 

calculated by equation (17). The diameter of the gas bubble 𝑑g equals the difference be-117 

tween the reactor diameter and two times the film thickness 𝛿film. 118 

d𝑉film =
(𝑑𝑅

2 − 𝑑g
2)

4
π ⋅ d𝑧 (17) 

𝑑g = 𝑑R − 2𝛿film (18) 
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2.3 Benchmark Case and Performance Metrics 119 

The model is implemented with Python using the photooxidation of 9,10-dimethylanthra-120 

cene (DMA) photosensitized by rose bengal (RB) and dissolved in ethanol 121 

(𝑐O2,sat =  9.8 mM [31]) as an example reaction. The corresponding reaction scheme is 122 

shown in Fig. 4. The model parameterization of the base case for the simulation is aligned 123 

with the experimental work conducted by Roibu et al. [16] and summarized in Table 1. 124 

Table 1: Parameters used in the simulation. 

Variable Unit Studied pa-

rameter range 

in literature14 

Base case in 

this work 

reactor length m 0.7 0.7  

inner reactor diameter mm 1 1  

DMA inlet concentration mol m−3 0.24 0.24  

temperature K 298 298  

pressure bar 1 1  

RB concentration mol m−3 0 − 0.6 0.6  

inlet flow rate mL min−1 0.5 − 1.3 1  

bubble velocity cm s−1 1.2 − 3.1 2.34  

gas fraction 1 0 − 0.75 0.5  

incident volumetric photon flux mmol m−3 s−1 54 − 155 50  

film thickness m 28 − 29  28  

 

Fig. 4: Benchmark reaction for the model development. 
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The reaction kinetics model for the photooxidation of DMA is taken from Roibu et al. [16]. 125 

The reaction rate in the irradiated compartment and in the liquid film are calculated by 126 

equations (19) and (20), respectively. 127 

 𝑟irr =
𝑘r

𝑘d

𝑞abs

𝑉
𝜙Δ ⋅ 𝑐irr = 𝑘𝑐irr (19) 

 
𝑟film =

𝑘r

𝑘d

𝑞abs

𝑉
𝜙Δ ⋅ 𝑐film = 𝑘𝑐film  

(20) 

𝑘r is the rate constant of singlet oxygen quenching by DMA, and 𝑘d is the rate constant of 128 

singlet oxygen quenching by the solvent. According to Usui et al. [32], the rate constants 129 

are equal to 𝑘r = 3.9 ⋅ 107 M−1 s−1 and 𝑘d = 8.3 ⋅ 104 s−1. The quantum yield 𝜙Δ is re-130 

ported as 0.57 [16]. 𝑞abs 𝑉−1 is the volumetric absorbed photon flux. 𝑘r, 𝑘d, 𝜙Δ and 131 

𝑞abs 𝑉−1 are summarized in the reaction rate constant 𝑘. 132 

Roibu et al. determined the volumetric absorbed photon flux within the entire reactor 133 

volume 𝑞abs 𝑉tot
−1 by actinometric measurements and equation (21). 𝑙i̅rr describes the av-134 

erage optical pathlength which is reported as 0.8 mm [16]. The molar absorption coeffi-135 

cient 𝜀abs,PS  equals 42549 M−1 cm−1 and the received volumetric photon flux 𝑞0 𝑉tot
−1 is 136 

54.9 mmol m−3 s−1 at an electrical driving current of 1.77 mA per LED[16]. Since the used 137 

current per LED is varied in the work of Roibu et al. but only the corresponding incident 138 

photon flux for a current of 1.77 mA is reported, q0  𝑉tot
−1 is assumed to increase linearly 139 

with the electrical current.   140 

 
𝑞abs

𝑉tot
=

𝑞0

𝑉tot

(1 − 10−𝜀abs,PS𝑐PS𝑙i̅rr) (21) 

As the entire amount of photons is assumed to be absorbed in the irradiated part of the 141 

reactor, 𝑞abs 𝑉−1 is calculated by equation (22). 142 

 𝑞abs

𝑉
=

𝑞abs

𝑉tot

𝑑R

𝑙irr
 (22) 

Based on equations (2)-(22), the predicted DMA conversion 𝑋 and the photonic effi-143 

ciency 𝜉 are calculated using equations (23)-(30) to study the performance of the reactor. 144 

𝑐in is the overall inlet concentration at 𝑧 = 0, 𝑐out is the overall concentration at the reactor 145 

outlet 𝑧 = 𝐿R, and �̇�conv describes the converted DMA molar flux between 𝑧 = 0 and 146 

𝑧 =  𝐿R. The ordinary differential equations are solved using a RADAU solver with 100 147 
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discretization intervals along the 𝑧 −direction[33]. As initial concentration, 𝑐in is used 148 

within all compartments at the reactor inlet at 𝑧 = 0. 149 

 𝑋 =
𝑐in − 𝑐out

𝑐in
 (23) 

 𝑐out =
𝑐irr(𝑧 = 𝐿R) ⋅ d𝑉irr + 𝑐shad(𝑧 = 𝐿R) ⋅ d𝑉shad + 𝑐film(𝑧 = 𝐿R) ⋅ d𝑉film

d𝑉irr + d𝑉shad + d𝑉film
 (24) 

 𝜉 =
�̇�conv

𝑞0
=

𝑋𝑐in�̇�in

𝑞0
 (25) 

For reactor scale-up, two scenarios are investigated. In both cases, the tube diameter is 150 

increased and the inlet flow rate is adjusted by equation (26) to keep the residence time 151 

in the reactor constant. The index “ref” indicates the reference values taken from Table 1. 152 

 �̇�in(𝑑𝑅) = �̇�in,ref

𝑑R
2

𝑑R,ref
2   (26) 

In the first scenario (index “1”), the incident photon flux is scaled with increasing reactor 153 

volume, so that q0 𝑉tot
−1 is constant. Hence, the correlation between conversion and pho-154 

tonic efficiency is linear according to equation (27). In the second scenario (index “2”), the 155 

initial irradiance of the light source 𝐼0 is kept constant. 𝐼0 is known for characterized light 156 

sources[34]. Assuming that one half of the reactor surface is irradiated, 𝑞0 and 𝜉 are de-157 

termined by equations (28) and (29). 158 

 𝜉1(𝑑R) = 𝑋1(𝑑R)
𝑉tot

𝑞0,1

𝑐in�̇�in,ref

𝑉tot,ref
   (27) 

 
𝑞0,2 = 𝐼0

𝑑𝑅

2
𝜋𝐿𝑅 

(28) 

 
𝜉2(𝑑R) = 𝑋2(𝑑R) 

2𝑐in�̇�in,ref 𝑑R

𝐼0𝑉tot,ref
 

(29) 

To analyze the impact of liquid sided mass transport, the intensification factor 𝐼 and the 159 

Damkoehler numbers DaI and DaII are introduced by equations (30)-(32). 𝐼 represents 160 

the ratio of the converted amount of educt if mass transport between the irradiated- and 161 

the shaded compartment is included and the converted amount of educt if no mass 162 
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transport is considered. DaI and DaII relate the liquid residence time 𝜏l or the character-163 

istic time of radial mass transport 𝑡MT , respectively, to the characteristic time of reaction 164 

𝑡r[35]. 165 

𝐼(𝑘𝑎) =
�̇�conv(𝑘𝑎)

�̇�conv(𝑘𝑎 = 0)
=

𝑋(𝑘𝑎)

𝑋(𝑘𝑎 = 0)
 (30) 

DaI =
𝜏l

𝑡r
= 𝑘 ∫

1

𝑢l

𝐿R

0

d𝑧   
(31) 

DaII =
𝑡MT

𝑡r
=

𝑘

𝑘𝑎
 

(32) 

166 
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3 Results and Discussion 167 

In addition to the experimental work, Roibu et al. proposed a model to predict the DMA 168 

conversion in the used capillary reactor [16]. Although it is in good agreement to the ex-169 

perimental data, the model has two major limitations: The experimental conversions are 170 

overestimated at high sensitizer concentrations and high incident photon flux. Further-171 

more, the influence of the gas fraction strongly depends on an empirical factor. Both as-172 

pects limit the extrapolability of the model. 173 

In contrast to the approach of Roibu et al., the model developed in this work additionally 174 

considers internal mass transport limitations in the liquid phase. The mass transfer coef-175 

ficient between shaded and irradiated compartment is fitted for each gas fraction to min-176 

imize the deviation between simulated and experimental conversion. The obtained 𝑘𝑎-177 

values are listed in Table 2. A comparison of the simulated DMA conversion with the ex-178 

perimental data is illustrated in Fig. 5. Over the entire parameter range, the simulated- 179 

and the experimental results are in good agreement with a coefficient of determination of 180 

𝑅2 =  97.2 % under homogeneous conditions and 𝑅2 =  98.4 % under heterogeneous 181 

conditions, indicating a high prediction capability over a wide range of flow rates, gas frac-182 

tions, volumetric photon fluxes, and linear absorption coefficients. 183 

According to the Beer-Lambert law, the incident photon flux and the linear absorption 184 

coefficient 𝜀abs,PS𝑐PS determine the amount of absorbed photons and thus the reaction 185 

rate. The interplay of both variables and the mass transport coefficient is visualized in Fig. 186 

6. In Fig. 6 a) the volumetric incident photon flux is varied at a constant linear absorption 187 

coefficient. At an incident volumetric photon flux of 50 mmol m−3 s−1, mass transport has 188 

Table 2: Mass transfer coefficient at which the maximum model accuracy to the experi-

mental data for each gas fraction is reached. 

𝜷G / 𝟏 𝟎 𝟎. 𝟐𝟓 𝟎. 𝟓 𝟎. 𝟕𝟓 

𝑘𝑎 / s−1  0 6.37 ⋅ 10−3  2.36 ⋅ 10−2 ∞ 
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only a small impact on the conversion, as the reaction rate is mainly limited photonically. 189 

From point A (𝑘𝑎 =  0 s−1) to point B (𝑘𝑎 = 0.1 s−1), the conversion increases from  190 

42.1 % to 44.6 %. With increasing 𝑞0 𝑉tot
−1, the influence of 𝑘𝑎 on the conversion increases 191 

since more DMA is consumed in the irradiated compartment. At 192 

𝑞0 𝑉tot
−1 =  150 mmol m−3 s−1,  the conversion increases from 71.8 % to 82.5 % from point 193 

C (𝑘𝑎 =  0 s−1) to point D (𝑘𝑎 =  0.1 s−1). 194 

Fig. 6 b) shows the conversion of DMA as a function of the mass transfer coefficient and 195 

increasing 𝜀abs,PS𝑐PS. At 𝑘𝑎 = 0, there is a maximum in 𝑋 at 𝜀abs,PS𝑐PS = 2011 m−1. Below 196 

that value, the reaction rate is too small to reach a high conversion in the irradiated com-197 

partment of the reactor. Beyond that value, a high conversion in the irradiated compart-198 

ment is reached, but according to equation (7) , its volume is shrinking so that the overall 199 

conversion within the reactor is decreasing. With increasing 𝑘𝑎, the DMA conversion is 200 

increasing as more DMA is transferred from the shaded part of the reactor to the irradi-201 

ated part. In addition, the position of the maximum is shifted to higher values of 𝜀abs,PS𝑐PS 202 

Fig. 5: Comparison of the simulated DMA conversion with experimental data reported by 
Roibu et al.14. 
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due to a higher DMA availability in the irradiated compartment. The corresponding higher 203 

reaction rate outweighs the inhibitive effect of the shrinking irradiated volume. 204 

To assess the impact of 𝑘𝑎 on the reactor performance, DaI and DaII can be used as 205 

indicators [35]. DaI directly correlates with the conversion [36]. Above DaII = 1, light 206 

attenuation leads to a heterogeneous concentration field in the radial direction and thus 207 

radial mass transport affects the reaction [35]. 208 

An investigation of DaI and DaII is shown exemplarily for experimental data at 𝛽G =  0.5  209 

in Fig. 7. DaII exceeds 1 at 𝑞0 𝑉tot
−1 ≥  93 mmol m−3 s−1 and 𝜀abs,PS𝑐PS = 2540 m−1, the 210 

maximum values of both variables studied in the experiments. At the same time, the high-211 

est DaI is reached under these conditions. Since usually a high conversion is desired, i.e., 212 

a high DaI, mass transport limitations have to be considered in many eligible operation 213 

points with a high incident photon flux and a high linear absorption coefficient.  214 

It must be emphasized that already for the small reactor diameter of 1 mm, light attenua-215 

tion and mass transport limitations may reduce the substrate conversion. The incident 216 

photon flux and the linear absorption coefficient are identified as the key parameters af-217 

fecting the optimum trade-off between optical pathlength and reaction rate that lead to 218 

Fig. 6: Conversion of DMA as a function of the mass transfer coefficient at 𝛽G = 0.5 and 

�̇�in =  1 mL min-1. a) 𝜀abs,PS𝑐PS = 2540 m−1 and varying 𝑞0 𝑉tot
−1, b) 

𝑞0 𝑉tot
−1 =  50 mmol m−3 s−1 and varying 𝜀abs,PS𝑐PS. The black line highlights the maximum 

conversions. 
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the highest substrate conversion. Increasing the mass transport coefficient further im-219 

proves the conversion.  220 

Considering reactor scale-up, the choice of incident photon flux and linear absorption co-221 

efficient gains additional importance. Under the same reaction conditions, the substrate 222 

conversion may decrease with increasing capillary diameter due to an increased shaded 223 

volume compared to the irradiated volume. Fig. 8 shows the effect of a change of incident  224 

volumetric photon flux, 𝑘𝑎-value and the linear absorption coefficient using capillary di-225 

ameters of 1 mm, 2 mm, and 5 mm. The inlet flow rate is adjusted so that the residence 226 

time is equal in each case. 227 

In Fig. 8 a), the conversion, the photonic efficiency and the intensification factor are illus-228 

trated as a function of 𝑘𝑎 with increasing volumetric photon flux from i) to iii). Independ-229 

ent of the reactor diameter, 𝑋 and 𝐼 increase with 𝑞0 𝑉tot
−1 due to the higher reaction rate 230 

according to equations (19) and (20). At the same time 𝜉 decreases, since the increase in  231 

Fig. 7: Analysis of the experimental data of Roibu et al. at 𝛽G = 0.5 by Damkoehler numbers I 
and II. At DaII > 1, light attenuation leads to a heterogeneous concentration field in the 
radial direction32. 
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 converted amount of substrate is smaller than the number of additionally supplied pho-232 

tons. At 𝑘𝑎 = 0 s−1, the conversion in the 1 mm capillary is up to 2 times higher than in 233 

the 5 mm capillary due to a higher ratio of the irradiated- to shaded compartment volume 234 

in the 1 mm capillary. With increasing 𝑘𝑎, the difference in conversion decreases until a 235 

similar conversion is reached independent of the reactor diameter at 𝑘𝑎 = 0.1 s−1. The 236 

 

 

Fig. 8: Simulated conversion, photonic efficiency and intensification factor for various capil-

lary diameters. The inlet flow rate is scaled with the diameter to ensure a comparable resi-

dence time and the incident volumetric photon flux is increased from i) to iii). a) Variation 

of the mass transfer coefficient between irradiated- and shaded compartment at 

𝜀abs,PS𝑐PS =  2540 m−1, b) variation of the linear absorption coefficient at 

𝑘𝑎 =  2.36 ⋅  10−2 s−1. The points highlight the maximum conversion. 
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enhanced mass transport mitigates the conversion limitations caused by the shaded com-237 

partment in which no reaction takes place. As the ratio of irradiated- to shaded volume 238 

decreases with increasing diameter, the intensification factor increases with higher diam-239 

eter. In the 1 mm capillary, 𝐼 equals approximately 1 independent of the reaction condi-240 

tions, whereas 𝐼 reaches up to a value of 4.3 in the 5 mmm capillary at 241 

𝑞0 𝑉tot
−1 =  150 mmol m−3 s−1 and 𝑘𝑎 = 0.1 s−1. 242 

Fig. 8 b) shows the conversion, the photonic efficiency and the intensification factor as 243 

function of 𝜀abs,PS𝑐PS. 𝑘𝑎 is set to a value of 2.36 ⋅ 10−2 s−1 that is taken from Table 2. The 244 

optimum in 𝜀abs,PS𝑐PS shifts to smaller values both with increasing capillary diameter and 245 

with increasing incident photon flux. In the 1 mm capillary, the optimum in 𝜀abs,PS𝑐PS is 246 

2580 m−1 at 𝑞0 𝑉tot
−1 = 50 mmol m−3 s−1 whereas it is 650 m−1 in the 5 mm capillary at 247 

𝑞0 𝑉tot
−1 = 150 mmol m−3 s−1. Since the ratio of irradiated- to shaded compartment vol-248 

ume decreases with increasing capillary diameter, the optimum trade-off between optical 249 

pathlength and reaction rate is reached at a smaller 𝜀abs,PS𝑐PS. An increase in 𝑞0 𝑉tot
−1 leads 250 

to a higher reaction rate and thus 𝑞0 𝑉tot
−1 affects the optimum as well. 251 

The intensification factor equals 1 as long as the shading criterion in equation (7) results 252 

in 𝑙irr = 𝑑R, since the shaded volume is 0. Thus, no radial mass transport between the 253 

compartments occurs. When equation (7) results in 𝑙irr < 𝑑R, 𝐼 increases approximately 254 

linearly with 𝜀abs,PS𝑐PS. The slope increases with reactor diameter, i.e., in a larger diameter 255 

the impact of mass transport increases. In the 1 mm capillary, 𝐼 is close to 1 at the opti-256 

mum value of 𝜀abs,PS𝑐PS and it is in the range of 1.2 − 1.5 in case of the 5 mm capillary. 257 

An alternative scale-up approach is shown in Fig. 9. Instead of the volumetric photon flux, 258 

the irradiance is kept constant when the reactor diameter is increased. Such a procedure 259 

may be applied to achieve well-characterized conditions if only the irradiance of the light 260 

source is known. In case of a constant irradiance, the ratio of photons to educt decreases 261 

during scale-up. The molar amount of educt scales with reactor volume (∝ 𝑑R
2), while 𝐼0 262 

scales with reactor surface area (∝ 𝑑R
 ). Due to the decreasing photon to educt ratio, the 263 

conversion decreases with increasing reactor diameter and  the photonic efficiency in-264 

creases. Compared to a constant incident volumetric photon flux assumed in Fig. 8., the 265 

optimum linear absorption coefficient is higher at constant irradiance in the 2 mm and 266 
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the 5 mm capillary. Since 𝑞0 𝑉tot
−1 is smaller at constant irradiance and thus the rate in-267 

crease is smaller but the asymptotic decline of the irradiated volume remains unchanged, 268 

the ideal trade-off between reaction rate and irradiated volume is reached at a higher lin-269 

ear absorption coefficient. 270 

Similar to a constant volumetric photon flux, the intensification factor increases both with 271 

increasing reactor diameter and increasing amount of incident photons. The absolute 272 

value of 𝐼, however, is generally smaller at constant irradiance, since the conversion drop 273 

during scale up is mainly governed by the reduced 𝑞0 𝑉tot
−1 and not by internal mass 274 

transport limitations on the liquid side. 275 

In summary, the simulations highlight the critical influence of light attenuation and mass 276 

transport constraints on the photoreactor performance, even at the laboratory scale. Op-277 

timizing the reaction conditions solely for a high conversion would lead to a decrease of 278 

the photonic efficiency by a factor of about 2 for the studied photooxygenation (1 mm vs. 279 

5 mm capillary for low and high irradiance; s. Fig. 9). As reactors are scaled up, these fac-280 

tors become even more significant due to a higher optical depth. The photonic efficiency 281 

determines the amount of electricity required for operation and thus the variable costs. 282 

Hence, scalable reactor concepts are required that provide efficient liquid mixing also at 283 

larger dimensions. 284 
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  285 

Fig. 9: Simulated conversion, photonic efficiency, and intensification factor for various 
capillary diameters at 𝑘𝑎 = 2.36 ⋅ 10−2 s−1 as a function of 𝜀abs,PS𝑐PS with increasing 

initial light intensity from a) to c). The points highlight the maximum conversion. 
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4 Conclusion 286 

In this work, the impact of light attenuation and mass transport limitations in the liquid 287 

phase on the performance of a photoreactor was investigated. For this purpose, a com-288 

partment model was developed and applied to a photooxidation in a Taylor-flow capillary 289 

reactor. The incident photon flux, the linear absorption coefficient and the 𝑘𝑎-value be-290 

tween irradiated- and shaded compartment are shown to be crucial parameters affecting 291 

the conversion in a photoreactor. 292 

Increasing the incident photon flux improves the substrate conversion. However, the is-293 

sue of an increasing shaded volume during scale-up is not directly addressed by a change 294 

in incident photon flux. Instead, only the reaction rate in the irradiated part of the reactor 295 

is increased. The photonic efficiency decreases and thus, a sole increase in incident photon 296 

flux is not a viable option for economic reactor scale-up. 297 

Changing the linear absorption coefficient is beneficial only as long as the increase in re-298 

action rate outweighs the decrease in the irradiated volume in the reactor. The optimum 299 

value of 𝜀abs,PS𝑐PS depends on the depth of the reactor and on 𝑞0 𝑉tot
−1. During reactor scale-300 

up, a thorough optimization of both 𝜀abs,PS𝑐PS and 𝑞0 𝑉tot
−1 is therefore required to design 301 

an economically viable high-performance reactor. In addition, the intensification of liquid 302 

mixing is essential to mitigate conversion limitations caused by shading, especially for 303 

large reactors.  304 

The presented results underline the practical relevance of mass-transport enhanced pho-305 

toreactors, which have been studied more intensively in recent years [37,38]. The identi-306 

fied mass transport limitation in the liquid phase is even more relevant for larger reaction 307 

networks, which raise selectivity challenges. Depletion of a reactant in the irradiated zone 308 

can favor the formation of by-products, ultimately limiting the applicability of higher 309 

power light sources and requiring alternative scale-up concepts. Thus, it is imperative for 310 

an efficient reactor scale-up to intensify internal mass transport within the liquid. The 311 

availability of high power light sources is key for an industrial application of photochem-312 

ical processes, but requires a reevaluation of scale-up approaches with special focus on 313 

the core reaction engineering fields of heat and mass transport.  314 
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Appendix 343 

A Influence of the Residence Time Distribution 344 

Roibu et al. investigated the residence time distribution in the reactor that is used as 345 

benchmark case in this study. The determined vessel dispersion number is in the range of 346 

3 ⋅ 10−2 to 6 ⋅ 10−2 under homogeneous conditions and in the range of 2 ⋅ 10−4 to 6 ⋅ 10−3 347 

under Taylor-flow conditions [15]. Since a vessel dispersion number above 1 ⋅ 10−2 indi-348 

cates a significant deviation from plug flow behavior [39], the residence time distribution 349 

may affect the DMA conversion under homogeneous conditions. 350 

To investigate the influence of the residence time distribution, laminar flow behavior is 351 

assumed, which is typical for microreactors [40,41]. The resulting parabolic liquid veloc-352 

ity profile 𝑢l(𝑥) is illustrated schematically in Fig. A1 a). It can be expressed by equa-353 

tion (A.1), 𝑥 = 0 is chosen as the reactor surface closest to the light source. 354 

𝑢l(𝑥) = 𝑢l,max (1 −
(𝑥 −

𝑑R

2 )
2

(
𝑑R

2 )
2 ) (A.1) 

Fig. A1: Influence of the residence time distribution on the DMA conversion in the bench-
mark reactor. a) Schematic overview of the velocity in the irradiated- and in the shaded 
compartment due to the laminar velocity profile. b) Comparison of experimental data re-
ported by Roibu et al.14 and the simulated conversion based on a laminar velocity profile. 
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𝑢l,max is the maximum liquid velocity in the center of the reactor. Considering the overall 355 

mass balance, equation (A.2) must be satisfied for the mean liquid velocity �̅�l. Therefore, 356 

𝑢l,max can be determined by equation (A.3). 357 

�̅�l =
1

𝑑R

∫ 𝑢(𝑥)
𝑑R

0

d𝑥 =
�̇�in

𝐴cross
 (A.2) 

𝑢l,max =
�̇�in

𝐴cross
⋅ 𝑑R ⋅ [∫ (1 −

(𝑥 −
𝑑R

2 )
2

(
𝑑R

2 )
2 )

𝑑R

0

d𝑥]

−1

 (A.3) 

Due to the parabolic velocity profile, the mean velocities in the irradiated- and in the  358 

shaded compartment �̅�l,irr and �̅�l,shad depend on the optical pathlength according to equa-359 

tions (A.4) and (A.5). 360 

 
�̅�l,irr =

1

𝑙irr

∫ 𝑢(𝑥)
𝑙irr

0

d𝑥 (A.4) 

  
�̅�l,shad =

1

𝑑R − 𝑙irr

∫ 𝑢(𝑥)
𝑑R

𝑙irr

d𝑥 (A.5) 

Using the same derivation approach as in section 2.1 results in the balance equations (A.6) 361 

and (A.7). 362 

 −�̅�l,irr

d𝑐irr

d𝑧
+ 𝑘𝑎(𝑐shad − 𝑐irr) ⋅

d𝑉

d𝑉irr
− 𝑟irr = 0 (A.6) 

 −�̅�l,shad

d𝑐shad

d𝑧
− 𝑘𝑎(𝑐shad − 𝑐irr) ⋅

d𝑉

d𝑉shad
= 0 (A.7) 

Fig. A1 b) shows a comparison of the experimental DMA conversion under homogeneous 363 

conditions and the simulation results based on equations (A.6) and (A.7). The 𝑅2-value 364 

equals 98.3% compared to 97.2% using the model described in section 2.1. Therefore, the 365 

residence time distribution influences the DMA conversion in the investigated reactor. 366 

However, the simplifying assumption of plug flow behavior still allows a good prediction, 367 

given the small deviation in the 𝑅2-values. 368 

369 
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B Validation of the shading criterion  370 

The shading criterion defined in equation (7) is validated based on the homogeneous con-371 

ditions within the experimental data of the DMA conversion, since no G-L interactions 372 

need to be considered there. In addition, no mass transfer between the shaded and the 373 

irradiated compartment is assumed. 374 

Fig. B1 shows the 𝑅2-value of the predicted conversions by the homogeneous model com-375 

pared to the experimental conversions. As indicated by the red line, R2 is close to its max-376 

imum value. Therefore, it is reasonable to use the optical pathlength at which 1% of the 377 

initial light intensity is reached to distinguish between the irradiated- and the shaded 378 

compartment of the reactor. 379 

 380 

381 

Fig. B1: 𝑅2-value of the predicted conversions by the homogeneous model compared to the 
experimental conversions, plotted against shading criterion used in the homogeneous 
model. The red line indicates 1 % which is used in all simulations. 
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