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Abstract 

We report the development of a scalable continuous Taylor vortex reactor for both UV and 

visible photochemistry.  This builds on our recent report (Org. Process Res. Dev. 2017, 21, 

1042) detailing a new approach to continuous visible photochemistry. Here we expand this 

by showing that our approach can also be applied to UV photochemistry and that either UV 

or visible photochemistry can be scaled-up using our design.  We have achieved scale-up in 

productivity of over 300× with a visible light photo-oxidation that requires oxygen gas and 

10× with a UV induced [2+2] cycloaddition obtaining scales of up to 7.45 kg day-1 for the latter. 

Furthermore, we demonstrate that oxygen is efficiently taken up in to the reactions of singlet 

O2 and, for the examples examined, that near-stoichiometric quantities of oxygen can be used 

with little loss of reactor productivity.  Furthermore, our design should scalable to 

substantially larger size as well as having the potential for scaling-out with reactors in parallel. 

Keywords: Photochemistry, Photo-oxidation, Continuous Flow, Flow Chemistry, Singlet 

Oxygen, Vortex Reactor 

 

Introduction 

Sustainability is a key driver for both academic and industrial chemistry research and there is 

a need for continual interventions to drive this agenda if we are to have a major impact on 

delivering sustainable chemistry.1-4  The application of photochemistry to chemical processes 

is particularly appealing in this context as photons can be considered as ‘green’ reagents. 

Moreover, photochemistry can offer milder approaches for obtaining highly reactive 

intermediates and/or inducing strain into complexes which then allows access to molecules 

and scaffolds with structural complexity, that are often difficult to construct using other 

methodologies.5 Much of the current interest in applying photochemistry for synthesis has 

been focussed on visible-light-induced organic reactions, particularly in the area of photo-

redox catalysis,6-7 and somewhat less attention is being paid to UV photochemistry.  

There are limitations to using photochemistry in an industrial setting, particularly in terms of 

light penetration, which make the scale-up of photochemical batch processes more difficult. 

However, the application of flow chemistry, continuous manufacturing and the associated 
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technologies is becoming more widely adopted as alternative to traditional batch methods.8-

10 Such approaches have attractions for photochemistry because they offer alternative 

scalable routes using chemistries that are often under-utilised in industrial settings. By using 

smaller footprint reactors only small volumes of the reaction mixture are processed at one 

time, meaning that the build-up of reactive or hazardous intermediates can be controlled 

more easily than in batch. Furthermore, several reactors can be linked in order to carry out a 

multiple steps in one streamlined process.11-13 Flow chemistry offers particular advantages for 

photochemistry, such as overcoming the limitations of light penetration, reactor fouling and 

over-irradiation which make the scale-up of batch processes more difficult and are 

detrimental to its wide-spread implementation.14-15  

The development of flow photochemistry has been facilitated by devlopments in reactor 

design, for example, there are several reactor designs that address the effective and safe 

addition of gases such as the photochemically generated singlet oxygen.16-26 The recent 

development in applications of visible photochemistry has also, in part, been driven by 

advances in Light-Emitting Diodes (LEDs)27-28 which provide inexpensive high intensity visible 

light sources. LEDs emitting in the UVA region are also available but this technology is still 

nascent, with the LEDs having lower powers and higher cost, limiting so far the large-scale 

application of UV LEDs for photochemistry. Thus the development of larger-scale UV 

photochemical processes still depends on more conventional light sources such as Hg lamps. 

UV photochemistry involves the absorption of photons, in the wavelength region of 100 – 400 

nm. In these reactions, the photons are often directly absorbed by the reagent molecule 

without the need for an additional catalyst. UV photochemistry is synthetically useful because 

it gives access to more unusual and strained motifs. Furthermore, these products can then be 

used in a range of subsequent transformations.29-32 An early  innovation for continuous flow 

UV photochemistry consisted of a coil of Fluorinated Ethylene Propylene (FEP) wrapped 

around a transparent housing containing a Hg lamp.33 More recently, this tubular design have 

been transformed a high capacity Parallel Tube Flow Reactor (PTFR) for UV chemistry capable 

of producing multi-kilogram quantities of product in a single day.34 There are several other 

continuous photochemical reactor designs that have been recently disclosed in the 

literature.35 Our own contributions have involved the generation of thin films of reaction 

mixture for more efficient light penetration using either excimer lamps for discrete 
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wavelength excitation,36 or high powered light sources with a modified rotary evaporator for 

visible and/or UV photochemistry.37-38 

Of particular relevance to this paper is our recent report of a small-scale visible light reactor39 

which exploited the use of Taylor vortices.40 In this design, the chemical reactor consists of a 

transparent cylindrical outer vessel with a second smooth cylinder fitted coaxially inside it. 

Between the two cylinders there is a relatively narrow gap which contains the reaction 

solution. The inner cylinder is rotated at relatively high speed (e.g. 4000 rpm), generating so 

called “Taylor” or “Taylor-Couette” vortices, toroidal vortices threaded around the inner 

rotating cylinder. The precise nature and intensity of the vortices is a function of both the 

dimensions of the reactor and the rotation speed.  The first manifestation of our laboratory-

scale continuous flow Taylor vortex reactor was intended primarily for reactions of singlet 

oxygen photo-generated by visible light. In addition, the reactor was capable of performing 

thermal oxidation reactions involving O2.39 We combined several design features to construct 

a borosilicate reactor that was surrounded by high-power visible light LEDs and drew air in 

from the top of the vessel when it rotates as shown in Figure 1. 

 

 

 

 

 

Figure 1. a) Simplified schematic depicting the cross section of the continuous flow visible light vortex 

reactor for reactions of singlet O2 showing the smooth rotor (gray) inside the glass vessel; b) 

Visualisation of the vortices generated in the reactor between the rotating cylinder and the static glass 
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wall; modelled using computational fluid dynamics (CFD). The colors show a velocity gradient where 

regions shown in red are highest velocity and the regions in blue are lower velocity.39 

 

In this report, we describe the scale-up of a continuous Taylor vortex reactor for 

photochemistry and demonstrate its potential as an adaptable, high throughput UV and 

visible light photochemical reactor for gram to kilogram scale reactions.  

 

Results and Discussion 

Following our initial report of a laboratory scale vortex reactor, we chose to demonstrate the 

scalability of this concept by developing a reactor that is approximately 20-30 times the 

volume. As the generation of Taylor vortices in a fluid comes from a rotating cylinder inside a 

static cylinder, where the gap is small (i.e. a few mm), one only needs to increase the size of 

the cylinders whilst maintaining the gap size to achieve a scaled up reactor. In theory, the 

height (or length, depending on orientation) of the reactor could be anything. Furthermore, 

as the radius of the rotating cylinder is increased the tangential velocity at the surface of the 

cylinder becomes greater. For example, in the simplest approximation, a cylinder of radius 10 

mm rotating at 3000 rpm has a tangential velocity of 3.1 m s-1 whereas a cylinder with radius 

of 50 mm rotating at the same 3000 rpm has a tangential velocity of 15.5 m s-1. To keep the 

same tangential velocity as the 10 mm radius cylinder then the 50 mm radius cylinder need 

only to rotate at approx. 600 rpm. Inherently, this makes operation of a larger reactor less 

challenging as a larger (and possibly heavier) cylinder has to be rotated at only a fraction of 

the speed. However, one drawback of the slower rotation speed is that there is less air 

entrained from the atmosphere. In the smaller scale reactor we demonstrated that the 

amount of air drawn into the reactor increased with rotation speed (up to 4000 rpm).39 

Although drawing air from the laboratory is obviously beneficial from one point of view 

because a pressurised gas cylinder is not needed for reactions involving oxygen, this approach 

does not offer control over the input of gases and limits the productivity of the reactor to the 

amount of oxygen entrained. With this in mind, for our scaled-up design, we opted to have 

the option of adding a gas flow into the reactor. 

During the construction and design of the reactor, we used Computational Fluid Dynamics 

(CFD) modelling to identify the key parameters affecting the behaviour of the vortices 
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between the two scales of reactor. Such vortices are usually characterised by the 

dimensionless ‘Taylor number’ but, in the case of our reactors, it quickly became clear that 

calculating the Taylor number in the standard way did not give a complete picture of the 

reactors.  We concluded that the Taylor number, Ta, could not be used as a the sole measure 

of vortex strength.  An important question to be decided by CFD was how fast the larger 

reactor should rotate.  In this context, our CFD studies indicated that, when Ta is fixed at a 

value found for the small reactor (Ta = ca. 7.03×106 calculated at 4000 rpm for a 1 mm 

annulus), a rotation speed of 1300 rpm would be required for the large reactor (2 mm 

annulus) to generate vortices of a similar strength.  Figure 2 shows the similarity between the 

vortices in the small reactor versus the large reactor where the strength of the vortices is 

maintained at the same level.    

 

  Figure 2. Computational Fluid Dynamics (CFD) modelling comparing (a) the small vortex 

reactor (1 mm gap, 4000 rpm) and the large vortex reactor at two different speeds (b) (2 

mm gap, 660 rpm) and (c) (2mm gap, 1300 rpm).   

Initially, we considered designing the reactor as a 1 L round bottom jacketed reaction vessel 

with a rotor suspended from the top, similar in design to our original prototype reactor. 

Considering the weight of the rotor, we moved away from this design and decided to secure 

the rotor at each end to reduce as much as possible any issues (such as wobble) that could 
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arise from the increased weight and size of the rotor. With this major constraint, we opted to 

use readily available standard glassware, namely an open-ended jacketed filter-tube, which 

can be obtained in a variety of sizes.  The final design of the reactor (Figure 3) consists of the 

jacketed filter-tube which is sealed between a steel base and a polymer cap with a hollow 

polymer rotor inside. The rotation is driven from a motor that is mounted on top. Inlet ports 

for gas and liquids are bored through the steel base, while the outflow for gas/liquid is found 

in the polymer cap, where the liquid and gas can be drawn out of 4 ports equally spaced 

around the cap. Cooling is provided by a recirculating chiller that is connected to the jacketed 

glass vessel. In this reactor, the gap between the rotor and the glass vessel was made to be 2 

mm and the reactor volume was 280 mL. Further details of the reactor are given in the ESI. 

 

 

Figure 3. Left: Simplified cross section (not to scale) of the scaled-up vortex reactor showing 

key dimentions of the glassware and rotor, for details of construction, see ESI; Right: 

Photograph of the final reactor design. 
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To demonstrate the versatility of the reactor we chose to study two reactions in the reactor, 

one requiring UV light and one requiring visible light and oxygen. In our previous paper we 

studied several visible light reactions involving singlet oxygen in the small reactor but had not 

studied UV reactions. For the visible light reaction, the photo-oxidation of citronellol 1 to its 

corresponding peroxides 2 and 3 was studied.41-43 Using the small reactor, in the set-up that 

was described previously,39 the reaction was run using ethanol as a solvent, rose bengal as 

the photosensitiser and the oxygen was taken from the air drawn in through the top of the 

reactor.  The yield of 2/3 was 73% at 0.5 mL min-1 and 95% at 0.25 mL min-1, which equates 

to a productivity of 4.1 and 6.4 g day-1 respectively (Table 1). 

As the large reactor is approximately 20 times larger in volume compared to the small reactor, 

the flow rate was scaled by 20 times from 0.5 to 10 mL min-1 and this was used as the starting 

point for tests in the large reactor. Increasing the amount of oxygen led to an increase in 

conversion/yield (Table 1, entry 3-5) and these initial results show that the reaction efficiency 

is dependent on the amount of oxygen delivered to the reactor (Table 1, entries 3-4) as 

increasing the air input rate led to an increase in yield. Note: in entries 3&4 the yield appears 

higher than the amount of oxygen supplied to the reactor; this was due to residual air 

dissolved in the starting solution. When oxygen is in excess the reaction goes to completion 

(Table 1, entries 5-6) but when 1 is in excess the amount of oxygen gives an approximation 

for the yield. For example, in the case of entry 7 (Table 1), 60 mL min-1 O2 equates to approx. 

2.45 mmol min-1 and as the substrate is provided at 4 mmol min-1 (20 mL min-1 × 0.2 M) 

therefore it would be expected that the yield of 2/3 would be approx. 61 %, which 

experimentally was found to be 59% (see ESI for more details). 

These results suggest that, at least in this reaction, the reactor is quite efficient in terms of 

the uptake of oxygen and large excesses of the gas can be avoided. Further reducing the 

stoichiometry of 1 to O2 (Table 1, entry 8), proved successful as with a minor excess of oxygen 

the efficiency of the reaction was still high. Further increasing the flow rate of the liquid and 

gas (Table 1, entry 9) boosted productivity, however the reaction did not reach completion. 

Increasing the photosensitiser concentration and the rotation speed (Table 1, entry 10 & 11 

respectively) gave no significant change in the yield, suggesting that the reaction was at the 

limit of the light provided. Switching to higher power LEDs (Table 1, entry 12) enabled the 

reaction to reach completion and gave a yield of 92% which equates to the equivalent of 
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nearly 2 kg day-1. Provided that cooling is efficient enough to remove heat from the LEDs, the 

reactor can be operated for several hours without issue (with runs in this study lasting 

between 30 min – 3 h). We estimate that the residence time of the reactor for a flow rate of 

40 mL min-1 is approximately 7 minutes (based up on a volume of 280 mL), however we are 

conducting further studies using CFD and experimental work to further investigate the 

residence time distribution. 
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Table 1. Showing the results of the photo-oxidation of citronellol 1 in the small and large 

reactors. 

 

Entry 

Flow Rate 

(mL min-1) 

Conc. 

(M) 

Gas Flow 

(mL min-1)a 

Ratio 

of 

1:O2
b 

Rotation 

(rpm) 

Yield 

2/3 

(%)c 

Prod. (g 

day-1)d 

STY (g 

day-1 

mL-1)f 

Small Reactor 

1 0.5 0.1 DI (air) - 4000 73 4.1 0.51 

2 0.25 0.1 DI (air) - 4000 95 6.4 0.8 

Large Reactor 

3 10 0.1 10 (air) 11:1 660 15 41 0.14 

4 10 0.1 60 (air) 2:1 660 55 149 0.53 

5 10 0.1 60 (O2) 1.2:5 660 95 258 0.92 

6 20 0.1 60 (O2) 0.77:1 660 95 515 1.84 

7 20 0.2 60 (O2) 1.6:1 660 59 641 2.29 

8 20 0.2 100 (O2) 0.98:1 660 94 1020 3.64 

9 40 0.2 200 (O2) 0.98:1 660 78 1690 6.04 

10e 40 0.2 200 (O2) 0.98:1 660 74 1610 5.75 

11 40 0.2 200 (O2) 0.98:1 1320 76 1650 5.89 

12 40 0.2 200 (O2) 0.98:1 660 92 1995 7.13 

0.1 M citronellol (1) in EtOH with 1 mol-% rose bengal; Reactor temp. = 25 °C. Small Reactor: 3 × 65 W White LED blocks. Large Reactor: 

Entries 3-11 - 2 × 300 W LED arrays, entry 12 – 2 × 1 kW LED arrays. a) DI = “Drawn in” and refers to the situation where air is drawn in 

to the reactor without any gases added to the reactor; Air flow rate in the large reactor was set using a mass flow controller. b) Ratio 

determined by calculating the mmol min-1 of 1 and mmol min-1 of O2 using the ideal gas equation. c) Yield of 2/3 was measured using 1H 

NMR with biphenyl as an external standard. d) Projected productivity per day was calculated using [{[(Conc.×Flow 

Rate)/1000]×188.267}×1440]xYield. e) with 2 mol-% rose bengal. f) STY = Space time yield = Productivity / Reactor volume (based on the 

total volume of the reactor as opposed to the illuminated volume). 
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Preliminary experimental validation of the modelling for single phase liquid reactions (i.e. 

without added gas) suggests that once the reactor is beyond the critical Taylor number (Tac), 

which corresponds to a rotational speed of approximately 120 rpm for this small diameter 

reactor (with a 1mm annulus); For the large scale reactor with a 2mm annular gap Tac = 

approx. 20 rpm), any increase in mixing will not increase the yield any further, Figure 2.  For 

reactions involving gas, the situation becomes more complex, as initially the gas occupies a 

volume in the reactor and the nature of the bubbles changes with rotation speed and the size 

of the annulus. In our small scale reactor the rotation speed must be well beyond that needed 

for Tac in order to efficiently draw in air; however it is likely that the Taylor number is not a 

significant factor in the drawing in of air.  We are currently working on further understanding 

the behaviour of the reactor, in particular when gas is added and how this affects the fluid 

dynamics and the chemistry.   

 

Changing to UV photochemistry, we began by studying the chemistry in the small reactor to 

evaluate the reactors performance. Intramolecular [2+2] photocycloadditions are becoming 

a benchmark for each reactors and tricyclic diones (so called Cookson’s diones) such as 4 

undergo a [2+2] photocycloaddition to yield diketones, such as 5, and have been investigated 

by both us and others.34,37,44 In both the small and the large reactor we employed high 

powered Hg lamps (1.4 kW or 2 kW units - see ESI for further details). In the small reactor, 

good results were obtained using a single 1.4 kW lamp, with complete conversion and >99% 

yield at flow rates of 1-4 mL min-1 (Table 2, entries 1-4). At 5 mL min-1, the conversion began 

to fall slightly and at 10 mL min-1 the conversion and yield dropped to 63% and 59% 

respectively (Table 2, entries 5-6). Using this set-up and a borosilicate jacketed vessel gave a 

productivity of up to 30.9 g h-1 (742 g day-1). 
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Table 2. Conversion of 4 to 5 using the continuous flow vortex reactor under UV irradiation. 

 

Entry Flow 

Rate (mL 

min-1) 

Lamp(s) 

(kW) 

Reactor 

Glassa 

Conv.b 4 

(%) 

Yieldb 5 

(%) 

Prod.c 

(g h-1) 

Prod d 

(g day-1) 

STY (g 

day-1 mL-

1)e 

Small Reactor 

1 1.0 1 (1.4) B 100 >99 5.2 125 15.6 

2 2.0 1 (1.4) B 100 >99 10.5 252 31.5 

3 3.0 1 (1.4) B 100 >99 15.7 377 47.1 

4 4.0 1 (1.4) B 100 >99 20.9 502 62.8 

5 5.0 1 (1.4) B 94 94 24.5 588 73.5 

6 10.0 1 (1.4) B 63 59 30.9 742 92.8 

7 5.0 1 (1.4) Q 99 94 24.5 588 53.5 

8 8.0 1 (1.4) Q 90 89 37.2 893 81.2 

9 10.0 1 (1.4) Q 74 74 38.7 929 84.5 

Large Reactor 

10 40 1 (1.4)  B 52 50 104.5 2510 8.96 

11 40 2 (2.8) B 85 85 177.7 4270 15.3 

12 60 2 (4) B 99 99 310.4 7450 26.6 

Small Reactor: 4 0.5 M in EtOAc, 5 °C, 4000 rpm, degassed with argon (bororsilicate vessel = 8 mL, quartz vessel = 11 mL). Large 

Reactor: 4 0.5 M in EtOAc, 5°C, 660 rpm,  degassed with argon, (borosilicate vessel = 280 mL). a) B = Borosilicate (UV cutoff = 280 

nm), Q = Quartz (UV cutoff = 190 nm); For reactions in the quartz vessel, significant fouling was observed after 15-60 minutes of 

reaction time;  b) Conversion and Yields were measured by 1H NMR against biphenyl as an external standard; c) Projected 

Productivity is calculated by {[(Conc.×Flow Rate)/1000]×174.199}×60xYield; d) Projected productivity x 24. e) STY = Space time 

yield = Productivity / Reactor volume (based on the total volume of the reactor as opposed to the illuminated volume). 

 

Switching the jacketed glass vessel from borosilicate to one made of quartz opened up the 

possibility of capturing more light. However it exposes the chemistry to higher energy UV light 

which can cause fouling of the reactor. At 5 mL min-1 there was little difference between the 

two sets of glassware (Table 2, entries 5 & 7), but when increasing the flow rate to 8 and 10 

mL min-1 the increase in yield with quartz was more apparent (Table 2, entries 8-9) compared 
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to borosilicate (Table 2, entry 6). With the reactions in quartz, however there was a build up 

of fouling on the quartz that gradually reduced both the conversion and yield when a reaction 

was run continuously over the period of an hour. In this case, the fouling that built up around 

the reactor, was a yellow film which could be removed by cleaning (see ESI for further details). 

No fouling of the reactor was apparent for this reaction when the borosilicate reactor was 

used. Moving to the large reactor, the capture of light was expected to be more efficient 

compared to the small reactor, as the geometry of the reactor is more suited to the size of 

the Hg lamps used in the study. Initially a single 1.4 kW lamp was used with a flow rate of 40 

mL min-1 (Table 2, entry 10), which yielded 50% of 5, and when a second 1.4 kW lamp was 

added (2.8 kW in total) the yield increased to 85% (Table 2, entry 11), with a projected 

productivity of over 4.2 kg per day. When 4 kW (2 × 2 kW) of lamp power was used with 60 

mL min-1 quantitative conversion of 4 to 5 was observed with a projected productivity of 

nearly 7.5 kg day-1. 

 

Conclusions 

A scalable continuous Taylor vortex reactor for photochemistry has been developed, from our 

initial prototype visible light reactor. The scaled up reactor has been validated with CFD 

modelling. Scale-up in productivity of over 300× has been achieved with visible light photo-

oxidation chemistry that requires oxygen gas with scales of upto nearly 2 kg day-1 in the large 

reactor compared to 6.4 g day-1 in the small reactor (using air drawn in). Furthermore, the 

efficiency of oxygen uptake by the reactor has been exemplified by the use of near 

stoichiometric oxygen with very little loss of efficiency in the reaction. Additionally the reactor 

has been run for several hours with no issue. UV photochemistry was studied in our reactor 

for the first time and performed well in both the small (up to 742 g day-1 in borosilicate) and 

the large reactor (up to 7.45 kg day-1) with scale up in production by a factor of 10 between 

the small and large reactors (in borosilicate). Nevertheless, these values could probably be 

increased further. 
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