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Abstract 

Continuous-flow microstructured technologies are now recogniz.ed as promising alternatives to batch processing for organic 

photochemistry, especially when light emitting diodes (LEDs) are employed as light sources. To evaluate and optirnize produc­

tivity and energetic efficiency, the knowledge of the incident photon flux density is crucial. In this context, the objectives of the 

present work are dual: first, to transfer the classical actinometry method with Reinecke's salt to a continuous-flow LED-driven 

spiral-shaped reactor and second, to propose a revised one-dimensional equivalent mode! for the accurate determination of the 

incident photon flux density in this microreactor. E xperimental measurements were carried out under controlled conditions. The 

effects of the spectral domain and radiant power emitted, the tubing length, the presence of gas-liquid Taylor flow, and the 

material of the support plate were especially investigated. An expression was established for the revised one-dimensional 

Cartesian mode!, taking into account the diffuse emission of the LED array and the reflection induced by the material of the 

plate in which the tubing was inserted (i.e. the reflection by the backside of the microreactor wall). ln this way, the incident 

photon flux density could be estirnated with an acceptable level of accuracy, which was not the case if the usual lD mode! was 

applied (collirnated emission and no reflection). 

Keywords Flow photochemistry • Actinometry • Reinecke's salt • Modelling • Diffuse emission 

Introduction 

Photochemistry is now recognised as an indispensable syn­

thetic pathway for sustainable chemistry (1-5], making it pos­

sible to shorten multistep syntheses of complex molecules or 

Highlights 

• Knowledge of the incident photon flux is essential for any design of a
contin uous flow microstruct ured photoreactor. 
• The actinometry method with Reinecke's sait was s uccessfully

transferred to a continuous flow LED driven microreactor.
• By establishing a revised ID Cartesian mode� the incident photon flux

densities could be determ ined with good accuracy.
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to acœss novel molecular structures [6]. Nevertheless, al­

though promising research bas been done by academics, pho­

tochemistry is not widely implemented at an industrial scale. 

At present, it is mostly applied by chemical companies to 

produce intermediate and/or fine chemicals and by companies 

manufacturing basic or final products. Over the past two de­

cades, continuous-flow microstructured technologies have be­

corne alternatives to batch processing for small-scale produc­
tion plants (below a few tons per year). Due to the small 

dimensions of channels or tubes (a few tens of µm to a few 

mm), their suitability for organic photochemistry was quickly 

demonstrated (7-9], as such microreactors offer short light 

penetration distances and large irradiated specific areas while 

ensuring continuous removal of photoproducts from the irra­

diation zone, safer conditions, efficient transport phenomena 

and compact dimensions (10]. The integration of LEDs as 

light sources in these technologies additionally provides new 
solutions to select the most appropriate emission spectrum and 

to tune the emitted radiant power according to the reaction 

kinetics needed. For example, by means of a continuous-



flow LED-driven microreactor, Haas et al. (2020) recently
presented a systematic wavelength screening study with the
perfluorobutylation of 2-methylindole as a test reaction, and
demonstrated the advantages of LEDs and the associated dis-
crete emission bands for triggering photochemical processes
[11]. Their higher electrical yields, longer lifetimes and lower
cooling requirements in comparison to mercury lamps also
lead to energy savings [12].

To scale up (or down) any photoreactors, it is essential to
know the incident photon flux density. Generally noted q0
(molphoton.m

2.s 1), it is defined as the amount of photons
per unit of time and of surface area arriving at the inner surface
of the optical walls of the reactor. This constitutes the bound-
ary condition required tomodel the photoreactor, whatever the
complexity of the chosen model. As the kinetic rate of any
photochemical reaction is directly proportional to the incident
photon flux, the latter parameter characterizes the fixed input
energy rate and indicates the maximum performance of a giv-
en photoreactor in terms of volumetric production rates and
energy efficiencies [10, 13, 14].

Generally, (i) the photon flux emitted by most light sources
(e. g. mercury lamps) is inhomogeneous on the reactor’s sur-
face and (ii) the light transmission for all the surrounding parts
of the reactor is not easy to integrate, which makes the deter-
mination of the value of q0 difficult. In macro-scale
photoreactors, direct measurements using radiometers or
quantum sensors can be carried out on the inner side of the
optical walls. However, this cannot be applied in
microreactors since their dimensions are smaller than those
of the sensor. An efficient alternative is to determine the mean
incident photon flux, in other words the photon flux integrated
over the whole irradiated surface of the reactor, by using a
chemical actinometer. This method involves a simple photo-
chemical reaction with a known quantum yield [15, 16], and
consists of two consecutive steps: firstly, the variation of the
actinometer concentration with the irradiation time is mea-
sured experimentally and, secondly, q0 is obtained by fitting
the experimental concentrations with a model coupling radia-
tive transfer and photoreaction.

Although this method is well-established in large-scale
(batch) photochemical reactors, few works have attempted to
implement actinometry in microreactors, since flow photo-
chemistry remains a young scientific field [9] and small di-
mensions can involve technical constraints (high pressure
drops to achieve short residence times, clogging by actinom-
eter precipitation, etc) [17]. The work of Aillet et al. [18]
pioneered the first use of actinometry in microreactors. A
classical actinometer in the UV domain, potassium
ferrioxalate [19], was implemented in two different
microphotoreactors (capillary-tower and spiral-shaped), irra-
diated by either a polychromatic or a monochromatic light
source. A 1D Cartesian equivalent model considering
a collimated emission, the partial absorption of photons

through the reactor depth and, if required, the polychromatic
character of the light source and the dependence of the acti-
nometer properties on the wavelength, was then formulated to
describe the variation of the actinometer conversion with the
irradiation. Later, Wriedt et al. [20], using the same actinom-
eter and the same modelling, proposed a new experimental
protocol in which continuous measurements were replaced
by pulsed measurements, and successfully applied it in a mul-
tilayer capillary microreactor. In 2017, El Achi et al. [21]
implemented actinometry using azobenzene at 365 nm inside
a microphotoreactor. Different solvents and irradiation powers
were assessed and NMR spectroscopy analysis was used to
monitor the rate of the photoisomerization. To determine the
incident photon flux, they derived the kinetic equation based
on the Beer-Lambert law that depended on the proportion of
isomers formed. It was applicable for concentrated solutions
and led to reliable actinometrical measurements without the
need to know the quantum yield nor the extinction coefficient
of (Z)-azobenzene. When the light source emission switches
towards the visible domain, the incident photon flux should be
quantified using appropriate actinometers, such as meso-
diphenylhelianthrene [16, 22], a diarylethene derivative acti-
nometer (1,2-bis(5-(4-ethynylphenyl)-2-methylthiophen-3-
yl)perfluorocyclopentene) synthetized in the laboratory [23],
Reinecke’s salt [14, 16, 24], Aberchrome 540 [16, 25] or 1,9-
diphenylanthracene (DPA) [26]. Recently, Roibu et al. [27]
proposed a new actinometer (between 480 and 620 nm) based
on the photoisomerization reaction of a diarylethene deriva-
tive from its closed to open form. The related experimental
protocol for actinometrical measurements was implemented in
microreactors with good reproducibility. These authors pre-
sented an analytical expression to calculate the photon flux,
based on a Beer-Lambert law (collimated light) accounting for
the polychromaticity of the light source. In addition, they
established an experimental methodology to determine the
average light path length inmicroreactors using actinometrical
measurements.

In this context, the objectives of the present work are dual:
first, to transfer the classical actinometry method with
Reinecke’s salt to a continuous-flow LED-driven spiral-
shaped reactor, and, secondly, to propose a revised one-
dimensional equivalent model in order to accurately deter-
mine the incident photon flux density in this microreactor.
Experimental measurements were first carried out under con-
trolled conditions. The effects of the operating conditions,
such as the spectral domain and the radiant power emitted,
the tubing length, the presence of gas-liquid Taylor flow, or
the material of the base plate, on the concentration of thiocy-
anate anion (NCS ) were especially investigated. Then, the
one-dimensional Cartesian model (infinite parallel plates),
classically used to extract the incident photon flux density
from the experimental data was upgraded so as to describe
the features of the LED-driven spiral-shaped microreactor



more faithfully. The proposedmodifications took into account
(1) the diffuse emission of the present LED array (and not a
collimated emission described in the literature) and (2) the
contribution of the photon reflection induced by the base plate
in which the tubing was inserted. Finally, the classical model
(which considered a collimated emission and no reflection)
and the proposed revised model were confronted to the exper-
imental data. In particular, the results demonstrated that, by
using the proposed revised model, the incident photon flux
densities could be determined with a good accuracy whatever
the operating conditions, whereas the common 1Dmodel (col-
limated emission, without reflection) led to large overestima-
tions of the incident photon flux density.

Experimental section

Reinecke’s salt remains the most popular actinometer in the
visible domain. It involved the following chemical equation:

Cr NH3ð Þ2 NCSð Þ4
� �

þ H2O→hν Cr NH3ð Þ2 NCSð Þ3H2O
� �

þ NCS ð1Þ

Eq. (1) shows that the rate of photodissociation of the salt is
equal to the rate of production of the thiocyanate anion, NCS ,
making it possible to monitor the kinetics by dosing NCS . It
is noteworthy that

– the absorption of the Reinecke’s salt is maximal at 525 nm,
– the associated quantum yield is relatively stable (φ =

0.29 ± 0.02) in the range of 400–700 nm when the pH
of the solution is between 3 and 5 [28],

– t h e a b s o r p t i o n o f t h e b y - p r o d u c t ,
[Cr(NH3)2(NCS)3(H2O)], is of the same order of magni-
tude as that of the actinometer, and

– working at low conversions (below 30%) is recommend-
ed to limit the occurrence of secondary reactions (i. e. the
substitution of more than one NCS ligand by a molecule
of water) [24].

In the present work, the revised experimental procedure
recently proposed by Radjagobalou et al. [29] was applied,
which consists in substituting nitric acid for the perchloric
acid. More details can be found in the Section S.1 of the
Supplementary Material. Note that, for all the experiments,
the initial concentration of Reinecke’s salt was 15 mol.m 3.

Actinometry experiments were carried out under
continuous-flow conditions within the LED-driven
microreactor used by Radjagobalou et al. [30] for the
photooxygenation of α-terpinene in presence of Bengal rose
anchored polymer colloids.

As shown in Fig. 1, this microreactor consisted of FEP
tubing fixed in a channel carved in a flat plate of either alu-
minium or polymethylmethacrylate (PMMA), and wound into
an Archimedean spiral [31, 32]. Tubing with an internal di-
ameter, di, equal to either 0.5 mm or 1 mm (the corresponding
external diameter being 1.58 mm or 3.2 mm) was used.
Different lengths of tubing, Lt (m), were also implemented:
2.4, 4 and 6 m for di equal to 0.5 mm, and 1.2, 3 and 5 m for di
equal to 1 mm. More details about the different geometrical
configurations (notedmicroreactors N°1, N°2 andN°3) can be
found in Section S.2 of the Supplementary Material.

The pumping system was a high-pressure syringe pump in
stainless steel (neMESYS High-Pressure Module, Cetoni®).
The volume of syringe was 100 mL. The flowrate of the acti-
nometer solution varied from a few mL.min 1 to tens of
mL.min 1, leading to residence times, τ (s), of the order of a
few seconds. The tubing sections located out of the spiral were
covered by aluminium foil so as to set the irradiation time
equal to the residence time inside the microreactor. The sam-
ples were collected in an amber glass and immediately
analysed to prevent any change of the reactional medium be-
tween the collection of the sample and its analysis.

The spiral-shaped microreactor was illuminated by a
purpose-built visible-LED array manufactured by the Led
Engineering Development company (Montauban, France)
(see Fig.1). Compared to standard white LEDs, this advanced
LED array consisted of more than 1500 individual LEDs of

Fig. 1 Continuous flow LED
driven spiral shaped
microreactor. Left image:
Archimedean spiral geometry of
the tubing fixed in a channel
carved in a flat plate of aluminium
(Jean Claude Moschetti, LGC,
CNRS Photothèque). Right im
age: experimental set up includ
ing (a) the LED panel, (b) the
microreactor and (c) the pumping
system



ten different types. It thus (i) had an emission spectrum in the
whole visible domain that was flatter than the usual one ob-
tained from visible light LED (characterized by a narrow peak
around 450 nm in the blue region and a wide peak around
620 nm), (ii) enabled a specific spectral domain to be chosen
in the visible and, (iii) permitted modulation of the emitted
radiant power. In the present study, three emission modes
were considered: (1) yellow light [450 nm–600 nm], (2) blue
light [400 nm–500 nm], and (3) green light [520 nm–540 nm].
The spectral domain reported in brackets corresponds to the
one where at least 70% of the emitted photons were located.
For each mode, three or four levels of radiant energy densities
(noted qr (W.m 2)), could be chosen, varying from 19 to
52 mW.cm 2. More details are given in Section S.3 of the
Supplementary Material.

Results and discussion

Experimental investigations

Influence of the emission mode and the emitted radiant
power

Figure 2 presents the variation of the concentration of NCS
with the residence time for the yellow light mode and at dif-
ferent radiant energy densities received at the surface of the
microreactor (qr). This set of experiments was carried out
using microreactor N°3 {di = 1 mm; Lt = 1.2 m} and the
aluminium base plate. Special care was taken to maintain con-
centrations of NCS below 4.5 mol.m 3 which corresponded
to a conversion of 30%, as recommended by Rochatte et al.
[24] in order to avoid secondary reactions between the by-
product [Cr(NH3)2(NCS)3H2O] and water.

It can first be observed that the residence times required to
maintain conversions below 30% were small (below one min-
ute), and could even fall to a few seconds. In addition, what-
ever the radiant power, an increase in emitted radiant energy
densities led to an almost proportional increase in the slope of
the curves CNCS versus τ.

The same conclusions could be drawn from the experi-
ments carried out with the blue and green light modes, as
reported in the Supplementary Material (section S.4).

Influence of the tubing length

In the case where the spatial distribution of the photon flux
density (qr) received at the surface of the microreactor is not
perfectly homogeneous, the incident photon flux density (q0),
extracted from actinometry experiments using an ad hoc mod-
el, could vary according to the microreactor’s configuration
(i.e. to the length of wound tubing). This point is particularly
important in the perspective of implementing photochemical
reactions under controlled irradiation conditions. If a spatial
heterogeneity of incident photon flux densities existed, it
would lead to different reaction rates along the tube (all other
parameters being considered constant), which would make the
kinetic study much more complex. To investigate this issue,
specific experiments were carried out by varying the tubing
length of the microreactor, while keeping the emission mode
and the emitted radiant energy density constant.

Figure 3 represents the associated results for the yellow
light at qr = 32 mW.cm 2 (microreactors N°1, N°2 or N°3
with di = 1 mm and the base plate in aluminium).

It can been seen that, the variations of the concentration of
NCS with τ remained similar for all the tubing lengths, when
the experimental uncertainties were taken into account. The same
trends were obtained with the blue and green light modes, as
reported in the Supplementary Material (section S.4). Therefore,
even if a slight heterogeneity in the spatial distribution of the
photon flux density could exist at the surface of the microreactor,
the kinetic rate of the actinometry reactionwas not affected by it. In
other words, the number of photons absorbed per unit of irradiated
surface and per unit of time did not depend on the length of the
reactor. Thus, it is reasonable to assume that the photon flux den-
sity emitted by the designed LEDpanel was homogenous over the
whole surface of the microreactor. Another consequence is that,
for a given q0, working with short or long tubing is similar from a
radiative transfer point of view,which is particularly interesting for
achieving very small residence times (few seconds) while main-
taining an acceptable level of pressure drop.

Influence of the material of the base plate

In this new set of experiments, the nature of the base plate in
which the tubing was inserted was specifically investigated.
As the reflection coefficient of the aluminium base plate

Fig. 2 Variation of the concentration of NCS (mol.m 3) with the
residence time (s) for the yellow light ([450 nm 600 nm]) at different
radiant energy densities received at the surface of the microreactor qr
(mW.cm 2). The microreactor N°3 {di = 1 mm; Lt = 1.2 m} and the base
plate in aluminium were used



differs from that of the one manufactured in PMMA, the ques-
tion arises as to whether this phenomenon will affect the var-
iation of the NCS concentration with residence time or not.

To answer this question, experiments were carried out by
using both types of base plate (aluminium versus PMMA) and
the microreactors N°1, N°2 and N°3 with di = 0.5 mm irradi-
ated by the yellow light mode ([450 nm–600 nm]) at qr =
32 mW.cm 2. Figure 4 represents the concentration of NCS
as a function of the residence time in these operating condi-
tions. Firstly, as previously observed for the aluminium plate,
a change in the length of the tubing does not affect the reaction
rate when the PMMA plate is used. Secondly, using the alu-
minium plate instead of the PMMA plate affects the reaction
rate; at identical irradiation times, lower concentrations of
NCS are obtained with the PMMA plate. Such a result points
out that the radiative properties of the material constituting the
base plate in which the tubing is fixed have a significant effect
on the radiative transfer inside the microreactor, namely on the
number of photons absorbed. If the absorption of the incident
photon flux in the reaction medium is not complete (optically
thin medium), the photons transmitted over the back side of

the tubing wall encounter the material of the base plate, and
may be reflected and absorbed in the reaction medium on their
way back. The higher the reflectivity, the higher the number of
photons absorbed is. Therefore, lower concentrations of NCS
were recorded with the PMMA plate (low reflectivity) in com-
parison with those of aluminium plate (high reflectivity).

The fact that the base plate affects the reaction rate indicates
that a significant amount of incident photons is transmitted
through the microreactor and reaches the base plate. In stan-
dard actinometry, all the incident radiations are absorbed and
thus this effect does not occur [12, 16]. This is the reason why
the determination of the incident photon flux density in a
microreactor requires to develop a specific radiative transfer
model, while it is not necessary in standard photoreactors.

Influence of gas-liquid segmented flows

When two-phase photochemical reactions are performed in
continuous-flow microreactors, Taylor flows, also called slug
flows, are generally promoted. The pattern consists of a segment-
ed flow in which bubbles or droplets (dispersed phase) are reg-
ularly spaced by liquid slugs and a thin lubrication film is formed
between the channel wall and the bubbles (Fig. 5). The features
of this flow pattern intensify the mixing and the interfacial mass
transfer, in comparison with those in conventional multiphasic
reactors [33]. For example, when carrying out the sensitized
photooxygenation of α-terpinene in the E-Series UV-150
Vapourtec® reactor, Radjagobalou et al. [34] demonstrated
how the reaction performances could be affected by the mixing
characteristics in the liquid slugs, all other parameters being kept
constant (especially the stoichiometry ratio and the gas fraction).
Other authors have pointed out that using Taylor flows with an
inert phase (i.e. an unreactive phase) dispersed in the continuous
phase could be a promising way to achieve higher and selective
conversions in the case of photochemical reactions, such as the
Paterno-Büchi photoreaction or the [2 + 2] photocycloaddition of
cinnamate [35–38].

In this context, specific experiments were done to study the
influence of a segmented flow when the photodissociation of
the Reinecke’s salt was operated, which is a perfectly known
photochemical reaction. For that, nitrogen bubbles were gen-
erated inside the microreactor, so as to generate a Taylor flow
in which the liquid slugs consisted of the Reinecke’s salt so-
lution. The spatial distribution of gas and liquid phases inside
the tube was controlled by the volumetric ratio, noted RV (−):

RV ¼ QG

QL
ð2Þ

whereQG (m3.s 1) andQL (m
3.s 1) are the gas and liquid flow

rates, respectively. Note that the amount of nitrogen intro-
duced into the microreactor can also be expressed in terms
of gas fraction, βG (−), as:

Fig. 3 Variation of the concentration of NCS (mol.m 3) with the
residence time (s) for different tubing lengths with the yellow light
([450 nm 600 nm]) at qr = 32 mW.cm 2. The microreactors N°1, N°2
and N°3 with di=1 mm and the base plate in aluminium were used

Fig. 4 Variation of the concentration of NCS (mol.m 3) with the
residence time (s) whether the base plate used is made of aluminium or
PMMA, and for different tubing lengths (yellow light mode ([450 nm
600 nm]) at qr = 32 mW.cm 2, di = 0.5 mm)



βG ¼ QG

QL þ QG
ð3Þ

From Eq. 2 and Eq. 3, the two parameters are linked ac-
cording to

βG ¼ RV

1þ RV
ð4Þ

Figure 5 shows typical images of gas-liquid Taylor flows
obtained in the spiral-shaped microreactor for the two config-
urations under test. The latter were performed with volumetric
ratio, RV, equal to 3 and 5, corresponding to gas fractions, βG,
equal to 75% and 83% respectively. In these cases, long bub-
bles and short liquid slugs were generated.

Figure 6 compares the variations of the concentration of
NCS with residence time for a homogeneous flow (no nitro-
gen bubbles) and for two gas-liquid Taylor flows, correspond-
ing to two values of RV. Note that

– for two-phase flows, the residence time was estimated as
the ratio between the reactor volume, noted VR (m

3), and
the total inlet volumetric flow rate (QL +QG),

– the experiments were carried out without changing the
tubing length which means that, for a given residence
time, an increase of RV from 3 to 5 implied an adjustment
of the gas and liquid flow rates while keeping the total
flow rate (and thus the residence time) constant and mak-
ing sure the two-phase flow remained stable.

Figure 6 shows that the variation of NCS concentration
with the residence time is the same with Taylor flows (nitro-
gen bubbles/Reinecke’s salt solution) and the homogeneous
solution (Reinecke’s salt solution only). Allowing for experi-
mental uncertainties, the points are superimposed on each oth-
er. In addition, the change in the bubble length when RV falls
from 5 to 3 does not affect this variation. This result shows
that the 3D effects can be neglected in the present operating
conditions: the photoreaction within liquid films (between
bubble body and walls), as well as photons entering slugs
from the bubble rear and nose are negligible. It reinforces
the proposal of this work to construct and use a 1D equivalent
model for radiative transfer.

Modeling investigations

Upgraded model

The revised experimental protocol of the Reinecke’s salt acti-
nometer was validated in a flat torus photoreactor operating in
batch mode and irradiated by a quasi-collimated blue light
LED panel (λ = 457 nm). In this case, it can be demonstrated
that the analytical expression of the production of NCS dur-
ing the irradiation time t is rigorously given by [28]:

dCNCS

dt
ϕRκRCR 1− f dð Þ:alight

q0

κR:CR þ κP:CP

1−e κRcRþκPCPð Þ:δ
� �

ð5Þ

where ϕR (−) is the quantum yield of the photodissociation of
the Reinecke’s salt, q0 (molphoton.m

2.s 1) is the incident pho-
ton flux density, CR and CP (mol.m 3) are the concentrations
of the Reinecke’salt and of the by-product, fd (−) is the dark
fraction in the volume which represents the fraction of volume
that is non-irradiated, and κR and κP (m

2.mol 1) are the aver-
agedNaperian molar absorption coefficients of the Reinecke’s
salt and of the by-product defined by

κi ¼
∫λmax

λmin
κi;λ: f

LED
λ :dλ

∫λmax

λmin
: f LEDλ :dλ

ð6Þ

where fLEDλ (nm 1) is the density function of the light source at
each wavelength λ.

Note that, in Eq. 5, alight (m
1) is the specific irradiated area

defined by the ratio between the irradiated surface of the re-
actor, Slight (m

2), and the volume of the reactor, VR (m
3).

The features of the LED-driven spiral-shaped microreactor
are much more complex than those of the torus photoreactor:
(i) the surface of the reactor (i.e. the wound tubing) is not flat,
(ii) the base plate on which the tubing is fixed manufactured in
aluminium can mainly reflect photons transmitted by the back
side of the tubing wall, (iii) the light emission profile of the
LED array was diffuse (see section S.3 of the Supplementary
Material) and (iv) the flow was laminar (and therefore not
perfectly mixed). Consequently, Eq. 5 is no longer suitable
to identify the incident photon flux density (q0) with an ac-
ceptable level of accuracy in the present device and needs to
be upgraded. As a first step in this direction, this section pro-
poses to modify the one-dimensional Cartesian modelling

Fig. 5 Typical images of gas
liquid Taylor flows obtained in
the spiral shaped microreactor
when RV = 3 (left) and RV = 5
(right)



previously established in the flat torus photoreactor irradiated
by a quasi-collimated photon source, so as to describe the
radiative configuration of the LED-driven spiral-shaped
microreactor more accurately. The modifications will consist
in taking a diffuse emission into account (instead of a normal
collimated one) and the contribution of the photon reflection
induced by the plate in which the tubing is inserted.

First of all, considering a plug flow behaviour in the spiral-
shaped microreactor, the mass balance in a volume element of
the liquid phase can be rewritten as

< rR >¼ −QL
dCR

dV
¼ dCNCS

dτ
ð7Þ

where <rR> (mol.m 3.s 1) is the rate of the photodissociation
of the Reinecke’s salt averaged over the liquid cross-section
(i.e. over the internal diameter, di) at a given residence time τ.

The local rate of photodissociation of the Reinecke’s salt
(i.e. defined at a given point within the liquid volume and at a
given wavelength) is expressed as:

rR ¼ ϕRe
a
R ð8Þ

where eaR (molphoton.m
3.s 1) is the absorption rate of photons

per unit of time and unit of liquid volume. This spectral quan-
tity is defined as:

eaR ¼ κRCRE ð9Þ

where E (molphoton.m
2.s 1) is the irradiance determined by

solving the radiative transfer equation.
Assuming linear thermokinetic coupling (i.e. ϕR does not

depend on eaR ), the average rate of the photodissociation over
the liquid cross-section,<rR>, can be expressed as

< rR > ϕR < eaR > ϕR < κRCRE > ϕRκRCR < E > ð10Þ

To solve this mass balance (Eq. 10 combined with Eq. 7),
the mean irradiance <E> (molphoton.m

2.s 1) must be

determined. To do this, the optical path length first needs to
be considered. As shown in Fig. 7 and in Section S.5 of the
Supplementary Material, the light path is complex due to the
fact that light crosses several interfaces within the spiral-
shaped microreactor. When penetrating inside the spiral-
shaped microreactor, photons go through four interfaces suc-
cessively, from air to the base plate in which the tubing is
wound: air/FEP (interface n°1), FEP/reaction medium (inter-
face n°2), reaction medium/FEP (interface n°4) and FEP/Plate
(interface n°5). Each interface (or group of interfaces) is char-
acterized by a reflection coefficient, ρi (−), the respective
values of which are given in Section S.5 of the
Supplementary Material.

When the reflection is taken into account, the calculation of
<E> can be decomposed into two contributions: the incident
radiation incoming from air that reaches the base plate, noted
<E>I (molphoton.m

2.s 1), and the contribution of radiation
reflected at the base plate that propagates upward and then
the optical surface of the reactor (reflection), noted <E>II
(molphoton.m

2.s 1). Since radiative transfer is a linear physics,
those two contributions are simply added, as:

< E >¼< E>Iþ < E>II ð11Þ

In the Supplementary Material, the expressions for the
mean irradiance <E>, and thus of the subsequent mass bal-
ances, were established for a normal collimated emission
(Section S.6) and for a diffuse emission (Section S.7). They
are reported in Table 1. In both cases, the possible photon
reflection induced by the base plate in which the tubing is
inserted is taken into account, in particular by introducing
the reflection coefficient of the interface n°6 (ρ6) that com-
bines both interfaces n°4 (reaction medium/FEP) and n°5
(FEP/plate) (see Fig. 7 and section S.5 of the Supplementary
Material).

Contribution of the reflection phenomenon

Experimentally, it was observed that higher concentrations of
NCS were achieved at a given irradiation time with an alu-
minium plate than with a PMMA one (Fig. 4). To understand
this result, and to evaluate the contribution of the photon flux
density reflected at the plate surface to the production rate of
NCS , the modelling approach previously presented was used
(Table 1). For this purpose, let us introduce the ratio, ζ (−), of
the mean absorption rates of photons without reflection
(i.e. when ρ6 = 0) and with reflection (i.e. when ρ6 ≠
0), that is to say when the aluminium plate is used.
This ratio is expressed as

ζ ¼ < eaR>ρ6¼0

< eaR>ρ6≠0
ð12Þ

Fig. 6 Variation of the concentration of NCS (mol.m 3) with the
residence time (s) for different flow patterns: single phase flow (no nitro
gen bubble), two phase flows with RV = 3 and RV = 5. Operating condi
tions: yellow light ([450 nm 600 nm]) at qr = 32 mW.cm 2;
microreactor N°3 with di=1 mm (Lt = 1.2 m) and base plate in aluminium



If ζ → 1, then the reflection of light can be considered as
negligible. Using the equations reported in Table 1, it can be
demonstrated that

& for a normal collimated emission:

ζ ¼ 1

1þ ρ6e
κRCRþκPCP

� �
δ

ð13Þ

Fig. 7 Schematic representation of the different interfaces and the light
path in the LED driven spiral shaped microreactor, for a normal collimat
ed incidence (a) and for a diffuse incidence (b). The optical path length δ
was assumed to be equal to the inner diameter of the tubing, di. qr (mol
photon.m

2.s 1) is the photon flux density at the external wall of the FEP
tubing located on the LED panel side. qr, t (molphoton.m

2.s 1) is the
photon flux density transmitted to the internal wall of the FEP tubing
located on the LED panel side. q0 (molphoton.m

2.s 1) is the incident
photon flux density. qτC0 ; qτD0 (molphoton.m

2.s 1) are the amounts of the

incident photon flux density that are not absorbed by the reactionmedium
and thus arrive at the internal side of the second FEP tubing wall. qτC0;t ; q

τD
0;t

(molphoton.m
2.s 1) are the amounts of the incident photon flux density

transmitted by the back side of the wall of the FEP tubing located on the
plate side. The indexes C and D refer to the model considering a colli
mated emission and a diffuse emission, respectively, and T to the prob
ability of transmission of photons (see sections S.6 and S.7 of the
Supplementary Material)

Table 1 Expressions for the mass balances depending on whether
normal collimated emission or diffuse emission is considered in the
modelling. T ( ) and A ( ) are the probabilities of transmission and
absorption of photons, respectively. The indexes “C” and “D” refer to

the collimated and diffuse cases respectively. ρ6 is the reflection
coefficient of the interface n°6 that combines interfaces n°4 (reaction
medium/FEP) and n°5 (FEP/plate) (see Fig.7, and section S 5 and Fig.
S.7 of the Supplementary Material)

Normal collimated emission dCNCS−
dτ ϕRκRCR: 1 fdð Þalight q0κtotAC 1þ ρ6T Cð Þ

with

AC 1 T C 1 e κtotð Þ:δ

and

κtot κRCR þ κPCP

Diffuse emission dCNCS−
dτ ϕRκRCR 1 f dð Þalight q0κtotAD 1þ ρ6T Dð Þ

with

AD 1 T D F κtotð Þ 1þ κtotδ 1 e κtotδ þ κtotδ
2
Ei κtotδ

and

T D 1 κtotδ e κtotδ κtotδ
2
Ei κtotδ

with

κtot κRCR þ κPCP



& for a diffuse emission:

ζ
1

1þ ρ6 1−κtotδ
� �

e κtotδ− κtotδ
� �2

Ei −κtotδ
� �
 � ð14Þ

Figure 8 reports the variations of the ratio ζ with the char-

acteristic optical distance δ and the reflection coefficient ρ6, in
the case where a diffuse emission is considered in the model-
ing (Eq. 14). For these calculations, it was assumed that CR, 0

= 15 mol.m 3 and CP, 0 = 0, which corresponded to the con-
dition at the reactor inlet when the actinometry protocol was
implemented in the spiral-shaped microreactor. Note that, in
the case of a normal collimated emission, the results were
almost equal to those reported in Fig. 8.

Figure 8 reveals the strong dependence of the ratio ζ on the
optical distance. For δ = 0.025 m (i.e. in the flat torus reactor
used by Rochatte et al. [24] and Radjagobalou et al. [29]), the
ratio ζ remains close to unity, whatever the type of emission.

This means that, in this case, and more generally for δ >
0.025 m, the reflection induced by the base plate can be as-

sumed negligible. However, for δ < 0.025 m, the contribution
of the reflection becomes more and more pronounced (ζ < 1)
and increases with ρ6. In particular, it can be observed that, for
δ ≈1 mm (see Fig. 8), which corresponds to the inner diameter
of the tubing, and when considering ρ6 > 0.6 as for the alu-
minium plate [39], the contribution of the reflection is impor-
tant since the ratio ζ falls to 0.7. In the spiral-shaped
photoreactor, this would suggest that more photons could be
absorbed by the Reinecke’salt per unit of volume and of time
(higher < eaR > ) with the aluminium plate than with the
PMMA plate (ρ6 ~ 0) and, in return, that the rate of the

photoreaction,<rR> could be increased. The experimental re-
sults presented in Fig. 4 show that, at identical irradiation
times, higher conversions were obtained with the aluminium
plate than with the PMMA, and are thus in agreement with
these calculations. More generally, these findings point out
that the reflection properties of the material of the base plate
in which the tubing is fixed should imperatively be considered
when modelling radiative transfer in microphotoreactors due
to the short optical path lengths involved, which is not the case
for large-scale photoreactors.

Determination of the incident photon flux density

The application of the revisedmodel to experimental measure-
ments allowed the incident photon flux density in the spiral-
shaped microreactor, q0, to be determined. It was identified by
minimizing the squared difference between the variation of
the concentration of NCS predicted by the models described
in Table 1 and the experimental one. For this, the following
inlet parameters were considered:

– The inlet concentration of the Reinecke’s salt, CR, 0, was
15 mol.m 3,

– The fraction of the non-irradiated volume, fd, was null;
– The reflection coefficient at the interface N°6, ρ6, was

taken equal either to that of aluminium ρAl (= 0.900) or
to that of PMMA ρPMMA (= 0.039) [39].

Fig. 8 Variation of the ratio ζ ( ) as a function of the characteristic optical
pathlength δ (m) and the reflection coefficient ρ6 ( ) for the inlet condi
tion chosen to implement the actinometry protocol in the spiral shaped
microreactor (CR, 0 = 15 mol.m 3; CP, 0 = 0; κR ≈ 14m2.mol 1, leading to
κtot κR:CR;0 = 210 m 1), in the case where a diffuse emission is con
sidered in the modelling

Fig. 9 Comparison between the predicted incident photon flux densities
q0 and qr, t, deduced from Eq. 15 using the densities measured with the
quantum sensor. Empty and full symbols correspond to the normal
collimated emission and diffuse emission models, respectively. Circles
are related to the yellow light emission mode, triangle to the blue light
emission mode and square to the green light emission mode. Operating
conditions: di = 1 mm; aluminium base plate. The values associated with
this figure are reported in Table S.3 of the Supplementary Material



In addition, it was assumed that the average optical path

length, δ, was equal to the internal diameter, di (0.001 m) and
that the specific irradiated surface, alight, was equal to the in-
verse of the internal diameter (1000 m 1).

Figure 9 presents the results found when considering the
experimental data obtained with the different microreactors with
di = 1mm and the base plate in aluminium (the numerical values
are reported in Table S.3 in the Supplementary Material). The
incident photon flux densities were identified for eachmodel (i.e.
normal collimated and diffuse emissions). The uncertainties re-
lated to the identification process was estimated to ±10% (there
were calculated by taking into account the distribution of exper-
imental points around the model, see Fig. 10).

At this stage, it could be recalled that, to be consistent,
the identified incident photon flux density, q0, should re-
main lower than or equal to the photon flux density mea-
sured at the inner surface of the microreactor, qr, t, which
thus corresponds to the maximal value that q0 can take if
the reflection coefficient at the interface n°2 (FED/reac-
tion medium) is null (ρ2 = 0). Reported in Fig. 9, qr, t is
calculated from the following equation:

qr;t ¼ 1−ρ1ð Þqr ð15Þ

where ρ1 is the reflection coefficient at the interface N°1
(air/FEP) and qr is the photon flux density at the interface
N°1 (a i r /FEP) ( s ee F ig . 7 ) . As shown in the
Supplementary Material, ρ1 is equal to 0.021 and to
0.068 for a normal collimated and a diffuse emission,
respectively (see section S.5), and qr can be considered
equal to the photon flux density measured with the quan-
tum sensor, qsensorr (see Table S.2).

From Fig. 9, it can be seen that, when a normal collimated
emission is considered in the model, the values of q0
are always significantly higher than those of qr, t (since
the ratio q0/qr, t approximately equal to 2.4). Thus, the

modelling with a normal collimated emission largely
overestimates the values of q0. However, in keeping in
mind that the relative standard deviation of values of
qsensorr are almost 15%, the 1D model considering the
diffuse emission gives acceptable values of q0, i.e. close to
qr, t (and thus having an acceptable physical meaning).

The collimated model led to determine higher photon flux
densities q0 than those with the diffuse model. It is due to a
classical feature of radiative transfer: for a given radiative
configuration, the photon absorption probability Að Þ is al-
ways lower with normal-collimated incident radiation (ACÞ
than that with diffuse one (ADÞ. In the identification process,
the lower values ofAC are compensated by high values of q0.

To sum up, when the real features of the LED array (diffuse
emission, see SupplementaryMaterial, section S.3), and of the
microreactor (reflection by the base plate) are included in the
modelling, the values of q0 obtained from the actinometry
method are in rather good agreement with the sensor measure-
ments. In this case, the experimental variation of the concen-
tration of NCS with the residence time can be well described
by the model, as illustrated in Fig. 10.

Conclusion

In this paper, the implementation of the Reinecke’s salt acti-
nometer system suitable for the visible region was proposed in
a LED-driven spiral-shapedmicroreactor. First, the revised pro-
tocol recently developed by Radjagobalou et al. [29] was suc-
cessfully transferred to work under continuous-flow and with
different irradiation conditions (three spectral domains, various
emitted radiant powers), showing the adequacy of this method
for characterizing continuous-flow microphotoreactors. Then,
the experiments carried out showed that neither the length of
the tubing nor the occurrence of Taylor flows with nitrogen
bubbles had an influence on the photodissociation rate in the
microfluidic device presented here. Finally, the one-
dimensional Cartesian model (infinite parallel plates), classical-
ly used to extract the incident photon flux density from the
experimental data was upgraded to account for the features of
the LED-driven spiral-shaped microreactor, namely the diffuse
emission and the reflection induced by the plate in which the
tubing was inserted. It allowed the incident photon flux densi-
ties to be estimated with an acceptable level of accuracy. These
findings offer promising perspectives for flow photochemistry
applications, in particular to predict volumetric productivities.

Associated content

The Supporting Material includes the experimental protocol for
actinometry measurements (section S.1), a description of the

Fig. 10 Typical comparison between experimental (empty diamond) and
predicted (line) conversions when a diffuse emission was considered in
the modelling. Operating conditions: microreactors with di = 1 mm and
the aluminium base plate; yellow light mode; qr= 32mW.cm 2; q0 = 1431
μmolphoton.m

2.s 1



spiral-shaped microreactor (section S.2) and the LED array (sec-
tion S.3), the experimental investigations (section S.4), a descrip-
tion of the light path (section S.5), the calculation of <E>in the
case of a normal collimated emission (section S.6), the calcula-
tion of <E>in the case of a diffuse emission (section S.7), and the
estimation of the incident photon fluxes (section S.8).

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s41981 021 00179 w.
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