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ABSTRACT

The photooxygenation of a-terpinene was investigated as a benchmark reaction in an advanced LED-driven flow
reactor module, both from an experimental and modelling point of view. Ethanol was used as a green solvent and
rose Bengal was chosen as a cheap sensitizer of industrial importance. Firstly, the kinetic law based on all
mechanistic steps was established for the chosen photooxygenation. From this, the set of operating parameters
potentially influencing the photoreaction rate were identified. Subsequently, experiments were carried out under
continuous-flow conditions to screen these operating parameters, namely concentration of a-terpinene, con-
centration of photosensitizer, residence time, structure of the segmented gas-liquid flow and nature of the re-
agent gas phase (air versus pure oxygen). Finally, the conditions enabling minimization of sensitizer bleaching
were established. It was also shown that the hydrodynamic characteristics of the gas-liquid flow can have an
effect on the conversion levels. From this, a simplified model was proposed to predict the conversion at the

reactor’s outlet when pure oxygen was used.

1. Introduction

The growth of the chemical industry during the 21° century has put
pressure on the availability of raw materials. Traditional manufacturing
processes of chemicals have thus been evaluated and reviewed ac-
cording to the principles of Green Chemistry and Green Engineering
[1,2]. As part of this changed manufacturing philosophy, photo-
chemistry has emerged as a key synthesis pathway and technology for
sustainable chemistry [3-5]. Photochemical reactions have sig-
nificantly enriched the organic synthesis portfolio as it allows for the
rapid construction of complex molecules using photons as a traceless
reagent [6,7]. As a consequence, photochemical processes are currently
becoming widespread [8], in particular in the search of new biologi-
cally active compounds for applications in medicine or agriculture, as
well as in many other fields (healthcare, material and environmental
sciences for instance) [9-11].

Among the established photochemical transformations, dye-sensi-
tized photooxygenations involving singlet oxygen 'O, are particularly
attractive [12-14] (i. e. photooxygenations of terpenes or the synthesis
of the antimalarial drug artemisinin). 'O, is generated by photo-
sensitization of triplet molecular oxygen >0,, most often in the visible

range with catalytic amounts of an organic sensitizer (dye). When
compared to chemical pathways, the photooxidation route avoids the
use of strong, hazardous or persistent oxidants and leads to highly se-
lective oxygenations. Despite these advantages, these photochemical
reactions have generally not found widespread implementations in the
chemical industry, mainly due to the specific reaction conditions (large
dilution and/or poor light penetration) and the use of specialized
equipment and energy-demanding mercury lamps (intensive cooling,
limited lifetime). Continuous-flow (microstructured) technologies have
recently emerged as alternatives to batch processing and their suit-
ability for photooxygenation reactions has been demonstrated [15-23].
The combination of these devices with LED light sources additionally
offers promising solutions for improving operation safety and control-
ling the emitted light spectrum, thus enabling energy-savings while at
the same time increasing yields and selectivity [24,25].

At present, there are few studies to understand and predict the
performances of photooxygenations in a chemical engineering context
[26-28]. In most cases, the kinetic law associated with this rather
complex photochemical reaction is not rigorously established, in par-
ticular considering the full reactional mechanism. The possible occur-
rence of mixing and/or gas-liquid mass transfer limitations and their



Nomenclature

Asog Absorbance at 520 nm (—)

dpen Characteristic light penetration distance (m)

d. Diameter of the tube (m)

d’ Ratio between dpe, and d. (=)

D Coefficient of diffusion (m?s™ 1)

E Spherical irradiance (molm ™25~ 1)

kg Volumetric rate of photon absorption of rose Bengal
(molm~35s)

Foa Inlet molar flowrate of oxygen (mols™ ')

Frgmax Maximal molar flowrate of rose Bengal (mol s7hH

For Inlet molar flowrate of a-terpinene (mols 1)

f Inlet stoichiometric ratio (—)

kg Kinetic constant associated with the formation of ascar-
idole (Lmol~'s™ 1)

ka Kinetic constant associated with the whole deactivation
pathways of 10, (s™H

Ly Length of bubbles (m)

Lg Length of liquid slugs (m)

Qg Inlet volumetric gas flowrate (m®s ™)

QL Inlet volumetric liquid flowrate (m®s ™)

q Inlet volumetric ratio (—)

Qe Photon flux emitted by the light source (mols™?')

qp Incident photon flux received in the reactor (mols™ ')

MM Molar mass (kg mol ')

r Local molar volumetric reaction rate (molm™3s~1)

STY; Space Time Yield relative to the experiment j (—)

Veilm Volume of liquid film (m®)

Vi, Volume of liquid in the reactor (m®)

Vis Volume of a liquid slug (m®)

V& Volume of reactor (m®)

Greek letters

XoT Conversion in a-terpinene (%)

XRB Rate of photobleaching (%)

eg Gas retention in the reactor (—)

@0, Quantum yield of singlet oxygen formation in ethanol by
rose Bengal (—)

o Overall quantum efficiency of the photooxygenation (—)

$1pp_, 3xp” Efficiency of the formation of triplet *RB” from the singlet

state 'RB" (—)

Efficiency of the singlet oxygen formation from triplet

3RB" without the quenching by a-terpinene (—)

Efficiency of the formation of singlet oxygen from the

triplet state SRB" (—)

P10, asc Efficiency of the formation of ascaridole from singlet
oxygen addition (—)

o
RB - 03

P3ppe_ 10,

K Naperian molar absorption coefficient (m®mol ')

4 Naperian molar absorption coefficient in the case of a
polychromatic light source (m?mol 1)

%q Naperian molar absorption coefficient in the case of a

polychromatic light source calculated with the method a

(m?mol™Y)

©p Naperian molar absorption coefficient in the case of a
polychromatic light source calculated with the method b
(m%mol™ 1Y)

b} Ratio of the factor of response relative to a gas chroma-
tography analysis (—)

A Wavelength (m)

0 Dilution rate applied to determine the absorbance at
520nm (—)

PG Density of the gas (kgm™3)

T Residence time (s)

T Irradiation time (s)

TR Characteristic time of the photooxygenation reaction (s)

Tdiff Characteristic time of diffusion (s)

Teonv Characteristic time of convection (s)

Dimensionless number

@c Competition between the photobleaching of rose Bengal
by a-terpinene and the formation of singlet oxygen from
the triplet state >RB” (—)

%o, Competition between the formation of singlet oxygen and
the photobleaching of rose Bengal (—)

@rp Competition between the physical deactivation processes
and the photobleaching of the triplet state >RB" (—)

Ca Capillary’s number (—)

Da; Damkohler I number (—)

Molecule

aT a-Terpinene

Asc Ascaridole

pC p-Cymene

RB Rose Bengal

Subscript

ET Energy transfer

Flu Fluorescence

IC Internal conversion

ISC Intersystem crossing

Oct Relative to 1-octene

Ph Phosphorescence

0 Initial value (i. e. T = 05s)

1 Relative to the volume of the reactor equal to 5 mL

2 Relative to the volume of the reactor equal to 2 mL

Superscript

B Apparent order relative to a-terpinene in the kinetic
equation of the photobleaching (Eq. (12))

Y Apparent order relative to a-terpinene in the kinetic

equation of the reaction between singlet oxygen and a-
terpinene (Eq. (5))

effect on the photochemical reaction rate are also rarely studied and
quantified. This obvious research gap might be partly due to a lack of
modelling tools for the coupling of transport phenomena (including
gas-liquid mass transfer), reaction kinetics and transport of light (ra-
diative transfer). A multidisciplinary approach is thus needed to address
the challenges of photochemical engineering. In previous studies
[29-32], advanced models, validated by tailored experiments, were
proposed to predict the performances of simple homogeneous photo-
chemical reactions in LED-driven microreactors. A set of equations

describing the phenomena controlling the reaction outputs (conversion,
photonic efficiency) was established and numerically solved con-
sidering a 2D geometry. This approach included radiative transfer (two-
flux model) and mass transport equations (laminar flow), coupled via a
photochemical kinetic term. It was demonstrated, on the one hand, that
mass transfer limitations exist even in microreactors, and that they can
lead to a decrease in conversion and, on the other hand, that a meth-
odology can be established to define which operating conditions (re-
action channel diameter/depth, photon flux and residence time) should



be chosen to overcome these limitations.

In keeping with this context, this study aimed at investigating, based
on modelling ap proachesand dedicated experiments in an advanced
flow reactor, how and w hy the o p erating c onditions (hydrodynamic
conditions, initial concentration of reagents etc.) can affect the perfor-
mances of a sensitized photooxygenation. The underlying objective was
to illustrate that some of the current issues with the implementation of
heterogeneous two-p hase p hotochemical reactions under flow condi-
tions can be addressed using a chemical engineering framework [32].
Such a framework is indeed essential to develop a process intensifica-
tion strategy, which enables adaptation of the continuous-flow photo-
reactor design and of the operating domain to photochemical reaction
characteristics, and more generally a transfer from batch to continuous
mode operations. For that, a benchmark photoreaction was chosen and
studied using an advanced LED-driven flow reactor module. In the first
part, the reaction system investigated (i. e. the photooxygenation of a-
terpinene in ethanol with rose Bengal as photosensitizer) was analysed
and the kinetic law associated with the photooxygenation of a-terpi-
nene rigorously established. The analysis of the kinetic law expression
was then used as a means to provide an exp erimental strategy to
identify the key op erating p arameters. In a second p art, the photo-
reactor and light source used (i. e. the Vapourtec® easy-photochem E-
series) were described and the experimental protocol for monitoring the
reaction established. Then, preliminary experiments were conducted to
investigate the photobleaching ability of rose Bengal. From this, various
sets of experiments were carried out to study the effect of the operating
conditions previously identified. S ubsequently, the coup ling between
the various p henomena was highlighted and an op erating window
identified to conveniently conduct the photoreaction. Finally, the first
simp lified model to d escribe the dependancyof the conversion with
residence times when pure oxygen is used was developed.

2. Background & kinetic law

This section will first describe the reactional system that has been
chosen for this study, namely the sensitized photooxygenation of a-
terpinene using ethanol as solvent and rose Bengal as sensitizer.
Secondly, the kinetic law associated with this reaction will be estab-
lished based on mechanistic considerations. From this, the potentially
critical steps will be discussed, enabling to choose the relevant ex-
periments to be carried out in order to study how and why the oper-
ating conditions (hydrodynamics conditions, initial concentration of
reagents etc.) can affect the performances of the sensitized photo-
oxygenation.

2.1. Description of the reactional system investigated

The reactional system chosen is the photooxygenation of a-terpi-
nene to ascaridole, illustrated in Fig. 1. This photoreaction has been
widely studied in batch reactors, and some examples have been realized
in microreactors [33-38]. Ascaridole was historically used as an an-
thelmintic and was recently found to show antimalarial activity [39].
The reaction is frequently chosen as a benchmark photoreaction, in
particular to evaluate the performances of new photosensitizers (so-
luble or solid-supported) or new operating conditions [40,41].

The main product of the photooxygenation is ascaridole, a stable
endoperoxide at 25 °C and 1 atm, formed via [4 + 2] cycloaddition of
singlet oxygen to the diene. p-Cymene is commonly obtained as a minor
product [40]. Several pathways responsible for the formation of p-
cymene have been discussed.

In the present study, a green solvent, ethanol, was chosen even
though the lifetime of singlet oxygen is significantly lower in this sol-
vent than in chlorinated solvents (160-265 ps in chloroform versus 13.5
ps in ethanol [13]). Air was used as a safe supply of oxygen. The
photosensitizer employed was rose Bengal (RB), which offers several
advantages: transition metal-free, non-toxic, cheap, of industrial

importance [42], soluble in polar-protic solvents and possessing intense
absorption bands in the visible range, and especially in the region be-
tween 450 nm and 600 nm. RB absorbs strongly around 550 nm and
generates singlet oxygen with a high quantum yield (¢102 =~ 0.75 in
ethanol [43]). The main drawback of RB is its strong ability to degrade.
Indeed, it is well-known that RB involved in a photochemical system is
sensitive to light exposure and/or subject to (side) reactions, thus
causing a discoloration of the reaction mixture, commonly referred to
as photobleaching. When occurring, the solution does no longer contain
sufficient RB for the desired photosensitized reaction to operate and
instead, the autooxidation of a-terpinene into p-cymene becomes
dominant [40]. For this reason, using RB in ethanol as photosensitizer is
sometimes considered as non-efficient, in particular in batch reactors.
In a kinetic study, the photochemical pathways leading to the photo-
bleaching of RB cannot be neglected as it naturally leads to a decrease
in ascaridole formation. In practice, a rigorous monitoring of the sta-
bility of RB must be implemented to avoid or minimize photobleaching.

2.2. Establishment of the overall kinetic law

The pathways associated with the formation of the photo-excited
species and with their deactivation (fluorescence, phosphorescence,
intersystem crossing and internal conversion) will be assumed as ele-
mentary steps [43-45]; the kinetic rate associated to excited species
will then follow a first-order law.

2.2.1. Main pathway (formation of ascaridole)
First, rose Bengal (RB) is photo-excited by absorption of photons in
the visible range (480-600 nm) (Eq. (1)).

hy . .
Bistep: RB—'RB° with raps = €}y a

It is important to note that this is the sole photochemical step in the
entire mechanism of the photooxygenation. Its reaction rate is directly
proportional to the volumetric rate of photon absorption of rose Bengal,
e}p, that is the number of photons absorbed by RB per unit of time and
per unit of liquid volume. This spectral and local quantity depends on
the naperian linear absorption coefficient of the species RB, noted agrp
(m~ l), and on the spherical irradiance E (mol m~2s” l), according to

6?{3 = ORB- E= XRB- [RB]E (2)

Where kpg (m? mol ~!) is the naperian agp molar absorption coefficient
of RB and [RB] (mol m™2%) Cgp the concentration of RB.

The second step corresponds to the formation of the triplet excited
rose Bengal RB’ from the singlet state 'RB" through intersystem
crossing (ISC) (Eq. (3)). Subsequently, energy transfer (ET) between the
triplet >RB” and the ground state of oxygen 20, [third step] leads to the
formation of the singlet oxygen 'O, (Eq. (4)). Finally, singlet oxygen

hv, O,

-
Na*O- A 0 (o]
U
1 1
Cl._ _~_ _COONa*
a” Y Sa

o-terpinene rose Bengal ascaridole

Fig. 1. Photooxygenation of a-terpinene.



reacts thermally with a-terpinene (aT) to form ascaridole (Asc) (Eq.
(5)) [fourth step]. For the purpose of standardization, an order y (> 0)
for aT was chosen for the last step as, at present, no publication has
dealt with a rigorous determination of this order.

2"step: 'RB" — *RB" with rigg = k:?cn ['RB] 3)
3"step: *RB" + O, — RB + '0, with rg, = kgr. [P'RB'][0,] 4)
4hstep: '0, + aT—Asc with rg = kg. ['0,][«T] (5)

2.2.2. Pathways for the deactivation of photoexcited rose Bengal

Once generated, 'RB can be either deactivated by fluorescence (Eq.
(6)) or by internal conversion (IC) (Eq. (7)) and 3RB” either by phos-
phorescence (Eq. (8)) or by internal conversion (Eq. (9)). *RB” can also
be quenched by the solvent (here ethanol) in the reaction medium (Eq.
(10)).

1 1 .

'RB" - RB + hv with rgy = kgy'- ['RB] )
IRB'SRB with r,%® = k%8, ['RB'] @
RE' - RB + hv with rX® = k%8, [’RB] ®)

*RB'>RB with r,® = k& [RB]] ©)

'RB’ + EtOH-RB + EtOH with 8, = kB, RB'][EtOH] (10)

2.2.3. Pathways for the photobleaching of rose Bengal

Two types of mechanisms can lead to an irreversible transformation
of RB from its triplet state, thus changing its light absorption properties
and subsequently reducing its efficiency as a photosensitizer. This
process corresponds to the so-called photobleaching of rose Bengal.

An electron transfer from *RB” to the ground state of oxygen 20,
(Eq. (11)) can produce the corresponding radical ion RB ", superoxide
"~ 0g, or various other radical species [46]. This reaction is thermo-
dynamically favourable. Alternatively, a reaction between *RB” and a-
terpinene by hydrogen transfer can occur leading to the formation of p-
cymene and a polycyclic molecule, schematically noted RBy2 (Eq. (12))
[46-48]. In both pathways, the structure of RB changes and the re-
sulting molecules ("~ 0O, and RBy) have different chemical properties
and subsequently fates.

RE' + 0, - RB~ 4= 0, 1 = k2. [RB][0,] an

gt t éﬁ.—m- . ? % = Kp. PRB"][aT]?
(12)

Here also, an order B > 0 for a-terpinene has been inserted by
default.

2.2.4. Pathways for the deactivation of singlet oxygen by photophysical
processes

Singlet oxygen, 10,, may be deactivated by internal conversion (Eq.
(13)) or fluorescence (Eq. (14)). 102 can also be deactivated to mole-
cular oxygen by the solvent (Eq. (15)).

'0, - 0, r% = k02 ['0.] a3)
0, - O0,+hv rgfl = ko2 [*0,]. (14)
19 0, _ 10, 1

> + EtOH — O,+EtOH rpiyy = kghp- [ 021[EtOH] (15)

From the elementary steps previously described, the overall kinetic
rate associated with the sensitized photooxygenation of a-terpinene,

namely the overall consumption rate of a-terpinene by the reactions,
noted r, can be established. It is expressed as Eq. (16),

r=1R + 1p = k. ['0,][aT) + kp. [*RB][aT}? (16)

Where ry is the consumption rate of a-terpinene by the main pathway
(i e. the one leading to the formation of ascaridole, see Section 2.2.1.)
and rp is the consumption rate of a-terpinene resulting from its inter-
action with the photoexcited 3RB’ (side-reaction).

It is important to consider that the lifetimes of intermediate pho-
toexcited species are in the order of nano- to milliseconds. Therefore,
the steady state assumption can be reasonably applied to 'RB", °RB” and
10, (Eq. (17)), leading to

d'RET _ dFRB _ dl'0:] _
. ~  dt  dt a7
One can then show that the concentrations of 1RB', 3RB” and l02,
respectively, are expressed as

. e}
PRE] = o —
kgy +kic + kisc (18)
[RB’]
_ k& ['RB]
3 3 3, 3,
Kpn® + ki¢® + Kgioy. [EtOH] + kp. [« TP + koo'. [0;] + ker. [0,]
(19)
[lo ] - kl:'l' [02][3RB']
27 k0 + k% + k. [EtOH] + kg. [«TTY (20)

The overall kinetic constant kgnz related to the photobleaching of RB
can be defined as

3, 3,
kg = ke [aTP + ko'~ [0] (21)

By combining Egs. (19), (20) and (21) with Egs. (16) and (17), one can
obtain that

r=kg. [«T]".

ker. [05]
| ko2 + ki? + kpay. [EtOH] + kg. [aT]

leC
| KiR® + K& + kB, [EtOH] + k¢ + ker. [O]

€Rp
S E—
k'“‘“ + 5 4 ]

kR
| KRB + K& + kB, [EtOH] + k¢ + ker. [O]

ety ]
klRB + I 4 (22)
Which can be written as
= eRp. P (23)

Where ¢, is the overall quantum efficiency of the photooxygenation
defined by

$r= (¢'RB‘—> 3Rn')- (¢3RB’_.102)~ (¢102—>Asc + q’c) (24)
With,
- egg (mol m~23s71) is the volumetric rate of photon absorption pre-

viously defined in Eq. (2).
- ¢rs — pp is the efficiency of the formation of triplet >RB” from the



singlet state 'RB", and is defined by Eq. (25). This dimensionless
number evaluates the efficiency of the second step. If the intersystem
crossing process is predominant with respect to the different deac-
tivation processes of the singlet state 'RB", then ¢is — 35 =~ 1.

1
RB
kISC

S
P 25
s — %)2 is the efficiency for the formation of 10, from the triplet
state °RB’, defined by Eq. (26). This dimensionless number evalu-
ates the efficiency of the third step. If the transfer of energy between
SRB" and O, is the predominant pathway with respect to the dif-
ferent processes responsible for the deactivation and/or quenching
of the triplet state SRB’, then q)ﬁg* — })2 = 1.

ker. [0]
3 3 3 3
ke + kio” + kgon. [EtOH] + kQRB + ker. [0] (26)

¢3RB*4102 =

q)})z — asc is the efficiency for the formation of ascaridole from 'O,
addition, defined by Eq. (27). This dimensionless number evaluates
the efficiency of the fourth step. If the chemical reaction of a-terpi-
nene with singlet oxygen is faster than the deactivation of singlet
oxygen, then ¢pb, —> asc = 1.

kR. [OCT]Y
k2 + k%2 + k2. [EtOH] + k. [oT] @27)

¢102—> Asc =

The ratio @ represents the competition between the photobleaching
of RB by a-terpinene and the formation of singlet oxygen from the
triplet state >RB”, according to

0o = kp. [O{T]B
¢ ker [01] (28)

Therefore, it is clearly linked to the third step.

Thus, by using dimensionless numbers, the expression of the overall
kinetic law (Eq. (23)) enables to describe and formalize the different
routes involved in the photooxygenation.

2.3. Theoretical discussion on the parameters driving the critical steps of the
photooxygenation

Based on Eq. (23), it is interesting to discuss the contribution of each
parameter to the overall kinetic law of the photooxygenation reaction
in order to identify the possible critical step(s) of the global reaction
and thus to define which specific experiments are required to validate
these assumptions.

Firstly, it is commonly assumed that the triplet state >RB” is more
stable than the singlet state '"RB" since the triplet state has a much
longer lifetime [49]. Thus, the intersystem crossing, i. e. the second step
Eq. (3), occurs spontaneously and quickly in the reaction media. Be-
sides, the reactivity of 10, is known to be very high in the presence of a
diene component like a-terpinene since 'O, is electrophilic [fourth
step]. As a result, the kinetic constant of the reaction between singlet
oxygen and a-terpinene, noted kg, is assumed to be significantly higher
than the overall kinetic constant, noted kg, associated with the deacti-
vation of singlet oxygen (Eq. (29)). This leads to

kg [aT]Y > kg = k82, + k@2 + kB2, [EtOH] (29)

The values of kg and ky were experimentally determined by as-
suming y = 1 and were approximately equal to 107 Lmol~'s™! [50]
and 10* s~1 [44], respectively. From these one can deduce the minimal
initial concentration of a-terpinene, noted [aTlowmm, to fullfill the
condition of Eq. (29). Therefore Eq. (29) is valid if, and only if, [aT]y =

[aTloymn = 0.001 mol L~ in the case of y=1.

As a consequence, the efficiencies characterizing the second step and
the fourth step, ¢1£B* — 325" and ¢(1)2 — asc are very likely high (> 0.7).
Then, the two remaining critical steps are the absorption of a photon by
RB (first step) and the formation of 'O, (third step), which mainly control
the overall reaction rate r. Subsequently, a deeper analysis of the ex-
pression of the volumetric rate of photon absorption, €&y, and of the
yield of singlet oxygen formation, ¢35" — 0., is required to identify the
experimental key parameters for selective ascaridole formation.

As shown in Eq. (2), e}z depends on the concentration fields of
species (which could be affected by the hydrodynamic conditions,
namely the mixing in the liquid phase and the gas-liquid mass transfer),
but also on the absorption properties of the medium and on the irra-
diance fields. This relationship clearly shows how, when implementing
a photochemical reaction, the radiative transfer equation (RTE), which
enables to predict the field of irradiance E, is strongly coupled with
other conservation equations via this physical quantity ejs. As ex-
plained by [32], adding this new coupling significantly increases the
degree of complexity of the modelling approach, all the more that the
radiative transfer equation is intrinsically complex. Whatever the
methods used to solve RTE (i. e. analytical or numerical ones), one
should remember that e} mainly depends on (i) the incident photon
flux density (qp) that can be precisely measured by chemical actino-
metry [29,51,52] and on (ii) the optical properties of the reaction
medium.

In the studied photochemical system, no scattering by the reaction
medium exists (absence of particles) and the only absorbing specie in
the visible range of radiation is the photosensitizer, RB, implying thus
that the absorbance of the reaction medium will remain constant (i. e.
be independent from the conversion level) if no photobleaching exists.

Another important issue is that due to the exponential attenuation
of light, some gradients of concentration inevitably exist inside the
reactional medium and that they can be accentuated by the hydro-
dynamics conditions (for example a poor mixing). These physical lim-
itations can significantly slow down the photochemical reaction rate
and decrease the performances of the process (productivity, photonic
efficiency) [31]. To identify these limitations, and thus to elaborate a
strategy to overcome or to minimize them, specific experiments should
be carried out as well as modelling.

When carrying out sensitized photooxygenations in continuous-flow
microreactors, in particular under Taylor flow conditions, the contact
between the various reactive species (i. e. the frequencies of reactive
collisions) will be mainly controlled by the mixing in the liquid slugs
between two consecutives bubbles and in the liquid film close to the
walls. As a consequence, one can expect that the structure of the gas-
liquid flow (for example the occurrence of short or long bubbles) can
influence the performances at the outlet of the microreactor. At present,
little attention has been paid to this question in the literature, although
several studies related to the implementation of sensitized photo-
oxygenations in microreactors have been performed.

The other critical step is the generation of singlet oxygen 'O, (the
third step). Its efficiency is expressed by Eq. (26) which can be written
again as follows so as to highlight new relevant dimensionless numbers;

G3ppLlo, = 7@02
RB -0y 1 +(P02 + R (30)
With
ker. [O,]
Q (€3]

3 3 3
_ kpn + k& + ko [EtOH]

Prp 3RB
% 32)

The ratio @, represents the competition between the formation of
10, and the photobleaching of RB. If @op > > 1, then 'O, is



p redominantly formed while the case where gy < < 1 the photo-
bleaching of RB (i. e. a discoloration of the solution) occurs. From Eq.
(31), one can observe that high concentration of dissolved oxygen tends
to favour the formation of singlet oxygen.

The ratio grp represents the competition between the physical de-
activation processes and the photobleaching of the triplet state >RB". In
other words, @rp measures the fastest pathway to produce unreactive
photoexcited rose Bengal. If @pg > > 1, then RB is physically deacti-
vated to its ground state and thus p otentially reusable as a photo-
sensitizer. In contrast, if pg < < 1, then the molecular structure of RB
will change into RByy; (see Eq. (12)) and the moles of RB in the medium
will decrease leading to a discoloration. Following the variation of the
solution’s absorbance is a simple method to identify the predominant
processes.

Introducing these two dimensionless numbers enables to indicate
that the limiting pathway in the third step should be the photobleaching
of RB. This implies that one should find operating conditions leading to
@o2 > @rg > > 1, that is the ones that limit or avoid the photo-
bleaching pathway.

3. Material & methods
3.1. Light source and reactor

The E-Series UV-150 p hotochemical reactor designed and con-
structed by Vap ourte® was chosen as a convenient continuous-flow
device to implement the photooxygenation of a-terpinene. Due to its
design and the way of operating the device, a broad and rapid screening
of the operating parameters was made possible. The reactor’s capillary
itself was a tube made of fluorinated ethylene propylene and with an
inner diameter equal to 1.3mm and a wall thickness of 0.15mm.
Different | engths w ere a vailable, t hus e nabling d ifferent re actor vo-
lumes of 2mL, 5mL or 10 mL, respectively. As shown in Fig. 2, the
reactor has a coiled capillary design where the tube was fixed to a solid
cartridge, with the lamp inserted at its centre.

As the photooxygenation required radiation between 450 nm and
600 nm (according to the spectral absorption domain of RB, see Fig. 3,
the light source chosen was a LED array composed of two types of LEDs

Solution [a-terpinene + RB in EtOH]
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Fig. 3. Example of the absorbance spectrum of RB ([RB] = 9.5 x 10°°
mol L™") and emission spectrum of the LED array used in the E-Series UV-150
photochemical reactor.

(4 LEDs emitting at 530 nm and 2 LEDs emitting at 580 nm). The ra-
diant power emitted, noted q., was equal to 3.8 W (technical data)
corresponding to a photon flux g. close to 1.7 x 10~° mols™! (see
Supplementary material, Section 1). The emission spectrum of the LED
array is represented in Fig. 3.

The temperature of the reactive medium was measured at the outer
surface of the tube using a sensor and was equal to 28 °C for all ex-
periments. The E-Series platform was equipped with three high per-
formance V-3 peristaltic pumps with a maximum flow rate of
10 mL min ! each. Air or pure oxygen were used; their flow rates were
controlled using an ALICAT Scientific MC-10 SCCM (DISM, SIN, GAS
Air) mass flow controller. Air was supplied from a Charles Austen pump
Dymax 30. A T-junction with an internal diameter of 1 mm was used to
supply gas bubbles to the liquid flow. All experiments were performed
in the Taylor flow regime, which consisted of a series of reproducible
and regular liquid slugs and bubbles (Fig. 4. In this regime, the bubbles
adopt a characteristic semi-hemispheric shape and nearly completely
filled the channel cross-section where a thin liquid film separated them
from the channel wall. Such gas-liquid flows offer the advantages of
being perfectly structured, easily tuneable (i. e. by simply changing
both liquid and gas flow rates and/or their ratios) and stable

E-Serie photorcactor Vapourtec®

Fig. 2. Image and schematic representation of the E-Series Photoreactor by Vapourtec® and the experimental protocol.
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Fig. 4. Schematic representation of the Taylor flow configurations used in the
experiments, depending on the ratio of volumetric flow rates q. The lengths are
given with a standard deviation of 0.1 cm. A Unit Cell, noticed UC, is composed
of one bubble and one liquid slug.

[59,60,62]. For all experiments, the latter characteristics were verified
as the length of the reactor coil was not too long (the effect of pressure
drop was negligible) and the mass transfer between gas and liquid
phases was insignificant (a notable decrease of the bubble size did not
occur along the tubing length).

The reaction mixture was collected at the outlet via the waste/col-
lection switching valve in an amber glass vial. A schematic re-
presentation of the device and an image illustrating the Taylor flow are
presented in Fig. 2. For all the experiments, the lengths of the gas
bubbles (L) and the liquid slugs (L) were systematically measured
using a camera at the inlet and the outlet of reactor.

As mentioned above, all experiments were carried out under Taylor
flow conditions. For that, preliminary studies were performed to iden-
tify the operating domain leading to this type of segmented flow. It was
observed that the spatial repartition of gas and liquid phases inside the
tube was mainly driven by the volumetric ratio, noted g, between the
volumetric air flowrate Qg and the volumetric liquid flowrate Q;, (Eq.

(33).

Qs
QL (33)

The different configurations studied in this work are reported in
Fig. 4. From the desired residence time t and q, the values of Qg and Q.
were deduced (see Supplementary material, Section 2).

The molar flow rate of O,, noted Fo, (mols™!), that can be deliv-
ered by each bubble, is another key parameter. It can be estimated from
Qg (Eq. (34)).

_ %[0:]. pg _(%[0,].P
Fo, = (7MMG ) Qg = (—R. T ) Qg

q:

(34)

Where pg (in kg m ~?) is the density of the gas at the operating pressure/
temperature, MMg (in kg.mol’l) the molar mass of air, %[0,] the per-
centage of oxygen in the gas, T the operating temperature and P the
operating pressure.

In addition, the stoichiometric proportion of the different reactants
at the entrance of the microreactor was determined by the stoichio-
metric ratio, noted f, defined as the ratio between the inlet molar flow
rate of O, and of a-terpinene (Eq. (35)); f > 1 corresponds to an excess
of oxygen and f < 1 to a default of oxygen, while the stoichiometric
condition is reached for f = 1.

Fo,

Er (35)

Finally, the initial concentration of a-terpinene, noted [aT],, was
deduced from the values of g and f as shown in Eq. (36).

faT]y = B _ Foo (%[Oz]P) q

Q  fQ f (36)

R.T

The irradiation time, noted t;, of the reaction medium was equal to
the residence time in the tube section exposed to light (the tube section
between the T-junction and the entry in the irradiated chamber being
not taken into account). This was calculated as the ratio between the
volume of reactor Vg and the total inlet volume flow rate Qt (=Qg +
Qu). It should be noted that such a calculation is an estimation. Due to
the presence of a liquid film surrounding each bubble, the bubbles
move faster than the sum of both gas and liquid superficial velocities,
inducing the occurrence of a slipping velocity. The bubble velocity can
be determined by image acquisition and analysis [58] or by solving
numerically the mass and momentum conservations for the hetero-
geneous gas-liquid system [59-63] From them, the exact residence time
t could be deduced.

3.2. General procedure for the photooxygenation of a-terpinene

Rose Bengal sodium salt (CAS: 11121-48-5; purity = 94%;
1017 gmol ~!; Sigma-Aldrich), a-terpinene (CAS: 99-86-6; purity =
89%; 136.17 g mol ~*; Sigma-Aldrich), p-cymene (CAS: 99-87-6; purity
= 97%; 134.22 gmol " '; Sigma-Aldrich) were used in solution with
ethanol (CAS: 64-17-5; purity = 96%; 46.07 gmol™!; Merck).
Ascaridole (CAS: 512-85-6; purity =~ 93%; 168.23 gmol ') was pre-
viously isolated by vacuum distillation in the group of M. Oelgemoller.
The commercial o-terpinene from Sigma-Aldrich contained two main
impurities: p-cymene (2% in mass) and eucalyptol (CAS: 470-82-6;
154.25 gmol ™, 8% in mass), as well as other minor unidentified spe-
cies (1% in mass).

The reaction medium was prepared by dissolving a mass of RB in a
100 mL volumetric flask wrapped in aluminium foil containing ethanol
(3x 10 °molL™! < [RB]p < 7 x 107> mol L™1). Then, a mass of a-
terpinene was added to the solution
(0.03molL™! < [aT]p < 0.15molL™ ) in a way that the specification
of the value of f targeted (lack of O,, stoichiometric proportion or ex-
cess of O,) was respected. The volumetric flask was also covered at the
top with aluminium foil.

In the Vapourtec® reactor module, the reaction medium entered the
coiled reactor from the bottom as illustrated in Fig. 2. In this config-
uration, the effect of gravitational acceleration was decreased leading
to a higher stability of the gas-liquid flow in the range of flow rates
tested. The reaction medium was pumped by a V-3 peristaltic pump and
exposed to light for a duration equal to three times the residence time
so as to ensure a steady state. Subsequently, several analytical protocols
were applied to measure (i) the photobleaching rate, (ii) the conversion
rate and to evaluate (iii) the purity of ascaridole formed.

All product solutions were analysed on the same day to minimize
the effect of ambient light. All the experiments were carried out at a
temperature of 28 °C and a pressure of 1.1 bar.

3.3. Analytical protocols

Ultraviolet-Visible (UV-vis) absorption spectra of the reaction
media were measured at 25 °C on a Shimadzu UV-1800 instrument in a
quartz cell of 1 cm (length) in the dark (software UVProbe, step of 1 nm,
range of 200-700 nm).

Gas Chromatographic (GC) analysis was performed on an Agilent
7890 gas chromatograph using the Agilent OpenLAB Control Panel and
7683B auto-injector with a controlled method (carrier gas: He, 24 psi;
injector: T = 150 °C; split ratio = 25:1; oven program: 50°C (1 min) —
230 °C (1 min) at 25 °Cmin~!; FID detector (300 °C, gas makeup N, at
25 mL.min " 1); injection volume = 1pL). The column used was a
Phenomenex Zebron ZB-5 low polarity (0.25mm ID X 0.25um film
thickness x 25m length).

Nuclear Magnetic Resonance (NMR) spectra were recorded on a



Bruker Avance 400 spectrometer ('H, 400.15 MHz; zg30 pulse program;
NS = 16; D; = 1) in CDCl3 at 25°C.

3.3.1. Monitoring of the photobleaching of RB

The p hotobleaching level, noted xrp, was measured by UV-vis
spectrophotometry for each operating condition. It represents the per-
centage of RB photobleached with respect to the initial amount and is
defined as

Fen =1~ {Rg), @7

UV-vis spectra were recorded immediately after collection as pro-
longed exposure to air allowed for partial regeneration of RB, as no-
ticeable from a colour intensification. The variation of the absorbance
of the reaction media was followed at 520 nm since the other species,
aT, pC and Asc, did not absorb in the visible range. Subsequently, the
absorbance at 520 nm, noted Aspo, was proportional to the concentra-
tion of RB;

Asyo = 1. £RB [RB] (38)
Where | is the distance of light penetration (1 cm in the quartz cell) and

9”520 is the molar absorption coefficient of RB, 9“520 = 3.09 x 10*
Lmol 'em™! (see Supplementary material, Section 3).

3.3.2. Monitoring of the conversion of a-terpinene
The conversion of aT was defined according to
_ [a1]
[aT]o (39)

Xar = 1

The concentration in a-terpinene at the reactor’s outlet was fol-
lowed according to the procedure described by Ronzani et al. [40],
either by UV-vis spectrophotometry or by GC analysis.

a) UV-vis measurements

The conversion in aT was determined by following the medium
absorbance at 265 nm, taking into account the contribution of each
species as follows;

- 1 8 — exC | Poc | MMar
KT = e — e, [aTh [I'A”’S(’) Ez“""(pr )(MMpc)' (T

- 52%2' a- ArB (7). [RB], — Eg‘;. [aT]o]
(40)

Where 6 is the dilution level applied to the solution to determine Aygs.
MM, and MM are the molar mass of aT and of pC, respectively. The
different molar absorption coefficients at 265 nm are detailed in the
Supplementary material, Section 3.

b) GC measurements

1-Octene (CAS: 111-66-0; analytical standard (99.9%);
112.21 g mol ~}; Sigma-Aldrich) was used as internal standard in all GC
measurements. Calibration curves of aT, pC and Asc were prepared in
the range of concentrations used in the study (See Supplementary
material, Section 4). All the prepared solutions for the calibrations were
stored in the fridge and covered with aluminium foil. The retention
time of 1-octene, aT, pC and Asc were equal to 2.49 min, 4.35 min,
4.41 min and 5.99 min, respectively. The areas of aT, pC and Asc were
determined with 3%, 3.5%, and 1.5% of residual standard deviation,
respectively.

The conversion in aT was determined by Eq. (41).

= 1m ! ( 1 SaT-[OCt]o-VOct)
o [aTh. Ve ' \ MM.r. V& Soct. Sat

(41)

Where Vg is the injected volume to the vial (for the analysis) of the
reaction medium, [Oct]o the concentration of the standard 1-octene
solution, Vot the injected volume to the vial of the standard 1-octene
solution, Syt the area of aT peak from the chromatogram, So. the area
of 1-octene peak from the chromatogram and 841 the ratio factor of
response of aT from the calibration curve.

3.3.3. Determination of yield of ascaridole

The methodology implemented consisted in determining the con-
version in aT and then the percentage of by-products formed by GC.
This enabled to evaluate if the conversion level, xqT, was equal or not to
the yield in ascaridole, noted pasc, defined as the ratio between the
moles of Asc formed and the initial moles of aT.

For all the experiments, it was observed that the reaction media
contained ascaridole, p-cymene, eucalyptol (4.47 min), a-terpinene (if
Xar < 99%) and other non-identified components (> 6min, see
Supplementary material, Figure SM.10). Eucalyptol originated from the
initial solution of aT did not react with light (subsequently its peak area
did not change during the reaction). Therefore, eucalyptol was con-
sidered as an unreactive species (and could be used as an internal
standard to monitor the conversion rate). The formation of iso-ascar-
idole was avoided by adjusting the injection temperature to 150 °C
[40]. According to Eq. (12), p-cymene can be formed in negligible
molar quantities as [aT]lp > > [RB]o = 10> mol L. Furthermore, the
other non-identified components were the initial impurities of the
commercial aT solution according to their retention time. Thus, for all
the experiments conducted in the Vapourtec® reactor module, it was
shown that the conversion rate of a-terpinene, ),r, corresponded
reasonably well to ppsc.

4. Results & discussion
4.1. Preliminary experiments: photobleaching of RB

As a preliminary step, four experiments were carried out under
continuous-flow conditions in visible light using the LED-driven
Vapourtec® reactor to better understand the photobleaching ability of
rose Bengal. The results are shown in Table 1. The temperature re-
corded at the surface of the tube was equal to 28 °C when the LED light
source was switched on. The total input volume flow rate delivered at
the entrance of the reactor Qp was equal to 2.38 mL min~!, the ratio
between the gas and liquid volumetric flow rates, g, was 5, the ratio of
0, and aT molar flow rates, f, was 1.7 and the reactor volume, Vg, was
5mL.

In Entry a, a typical set of initial conditions leading to a quantitative
conversion with a high level of photobleaching (> 50%) is presented.
In Entry b, a solution of RB dissolved in ethanol containing Asc (and
without aT) was prepared to evaluate the effect of quenching by Asc. In
Entry c, a solution of RB dissolved in ethanol (without aT) was prepared
to investigate the effect of quenching by O,. In Entry d, a Taylor flow
structure was established with a solution of RB dissolved in ethanol
containing aT and argon gas, in order to study the effect of quenching
by aT.

Entry ¢ shows that O, does not participate significantly in the

Table 1
Experiments conducted in the Vapourtec® reactor to evaluate the photo-
bleaching pathway. q = 5.

Enry t(s) [aTlp [RB], [Asclo  f Ao (@) Yar (@)
(molL™Y) (x107% (molL™Y) (%) (%)
molL™Y)
a 126 0.036 4.20 0 1.7 73 99
b 126 0 4.34 0.030 21 7 -
c 126 0 4.06 0 - 3 -
d 126 0.037 5.08 0 - 82 -




photobleaching of RB. Comparing Entry b with Entry c, it can be con-
cluded that, even if the presence of ascaridole increases slightly yrp
from 3% to 7%, ascaridole is not responsible for the substantial pho-
tobleaching p reviously observed. In addition, according to Entry a
(corresp onding to the p hotooxygenation conditions), the conversion
level is nearly quantitative. This means that at least at the outlet of the
microreactor, the concentration in ascaridole is equal to 0.036 molL ™!
and yet, the photobleaching rate of RB is high (73%) while in Entry b,
the photobleaching rate is low (7%) for an equivalent concentration of
0.030 mol L™ of ascaridole. Thus, the quenching by ascaridole and 0,
are not the dominant pathways. Finally, Entry d confirms the dominant
role of aT in the mechanism of p hotobleaching of RB. The photo-
bleaching rate is equal to 82% in the absence of O3 and is thus in the
same order as the one observed under the photooxygenation conditions
(Entry a).

Table 2 shows an additional experiment (Entry e) where the reaction
media is prepared in a 100 mL volumetric flask and hidden from light
with agitation for almost 2 h. The result obtained allowed to conclude
that RB is stable in a solution containing EtOH, aT and pre-dissolved O,
in the dark. Consequently, the photobleaching of RB would occur ex-
clusively in the presence of visible light, namely when photoexcited
species are generated.

Based on these p reliminary exp eriments, the exp ression of the
overall kinetic constant of the photobleaching of RB, kng, defined in
Eq. (21), can be simplified to

3
kg® ~ ke. [oTP (42)

The dimensionless number ¢o, defined in Eq. (31), was then sim-
plified too;

. ker. [0:]
227 k. [aTIF (43)

By combining Egs. (23), (24), (28) and (43) the kinetic law can be re-
written in the form of a basic product between a quantum yield and a
volumetric rate of photon absorption, as encountered for elementary
photochemical reactions.

r~e’gp. Pigg', g +m [d’loz—msc + L)
14—+ = o,
%0, %0y (44)

Eq. (44) clearly shows that the increase of the photochemical re-
action rate requires to look for the operating conditions which lead to a
rise of g3, that is to favour the formation of singlet oxygen rather than
the photobleaching reaction. This requirement can be achieved, on the
one hand, by increasing the concentration of dissolved oxygen (for
example by increasing the pressure or by using pure oxygen) or/and by
decreasing the concentration of aT in the liquid phase. As the latter
option is not advisable for productivity purposes, maximizing the dis-
solved oxygen concentration remains the best solution to favour se-
lectivity towards ascaridole. On the other hand, the ratio ¢g, can be
increased by increasing the collision frequency between *RB" and O,
since the kinetic constants kgt is dependent on the energy state and size
of molecules, and thus on the physical properties of the reaction
medium and on the Brownian motion of molecules. As a result, ex-
perimental operating conditions combining efficient mixing, fast gas-
liquid mass transfer and excess of oxygen should be implemented to
favour the production of ascaridole.

This preliminary study enabled to simplify the expression of the
overall kinetic law according to (Eq. 44). The objectives of the next
experiments were to vigorously investigate the influence of each
parameter (residence time, concentration of reactants, hydrodynamic
conditions) and their coupled influence on the production of ascaridole.

4.2. Effect of residence time

Fig. 5 presents the variation of the conversion of aT and the pho-
tobleaching level with residence time (the experiments were conducted
with a reactor volume, Vg, equal to 5mL). In order to study separately
the effect of the residence time, the volumetric flow rate ratio g and the
stoichiometric parameter f were kept constant for all the experiments (g
= 5andf = 1.7); for that, both liquid and gas flow rates were increased
in the same proportion. It was firstly observed that quantitative con-
version was obtained within 100s and that oT was selectively con-
verted into ascaridole (no impurities were detected by GC, except the
ones initially present in the starting material). Independent of the re-
sidence time, the photobleaching level was maintained below 50%.
Therefore, ascaridole is obtained with excellent selectivity in about one
minute without significantly degrading the photosensitizer. The Space
Time Yield, noted STY, can be introduced (as defined in Supplementary
material, Section 5) to estimate the productivity of ascaridole per unit
of volume. For the best operating condition {t = 85s; Xt = 99%}, the
corresponding Space Time Yield, noted STY,p, was equal to
4.3%x10 *mols 'L™! (or5.9 x 102 gs_1 L~1). It was found in the
same order of those obtained in previous studies [38],
STY; =9.4 x10™%  mols 'L [64], STY,=89x102
mols~'L™Y; [22], STY; = 6.9 x 10 *mols 'L~ L

Another important conclusion deduced from Fig. 5 is that photo-
bleaching and photooxygenation coexisted in the reaction media. This
shows that under these specific operating conditions, the number of
absorbed photons, the initial concentration of RB, the mixing and gas-
liquid mass transfer characteristics favour the photooxygenation
pathway. A fortiori, this demonstrates that an operating domain (con-
centration, flow rate, light power) can be identified that allows a
quantitative and selective conversion to ascaridole although the pho-
tobleaching is operating. This constitutes an important and promising
result, in particular from an industrial perspective that aims at im-
plementing, in meso-scale continuous-flow microstructured equipment,
sensitized photooxygenations under green conditions (ethanol) and
with a low-cost photosensitizer (RB). The photobleaching of RB be-
comes less problematic as operating conditions enabling its control can
be identified.

The increase of the photobleaching level with the residence time
observed in Fig. 5 can be explained by the combination of two phe-
nomena:

1 The frequency of collisions between RB and aT increases with in-
creasing the residence time; hence the interaction probability be-
tween these two compounds increases, therefore the kinetic con-
stant k;, associated with the quenching reaction by aT increases.

2 The total volumetric flow rate Qt controls the residence time. The
decrease of the residence time implies an increase of Qr, and as the
reactor volume remains identical as well as g and f, the averaged ve-
locity of both phases, and consequently their fields, increase too.
Therefore, the mixing efficiency in the liquid phase (in particular in the
liquid slugs characterized by the occurrence of two recirculation
loops), the contact time between gas and liquid phases, and subse-
quently, the overall liquid-side mass transfer coefficient K, are en-
hanced. For experiments with small residence times, the amount of
dissolved oxygen in the liquid phase is thus probably higher, favouring
the photooxygenation pathway with respect to the photobleaching
one, which is in accordance with the established model (see Eq. (44)).

Table 2
Experiment under dark condition.
Entry f [aT]o (molL~1) [RB]o V (mL) Are (%)
(molL~1)
e 2.2 0.099 4.40 x 107° 100 0.73
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Fig. 5. Variation of the conversion of aT y.r (%) and the photobleaching level
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4.3. Effect of the medium absorbance

According to the expression of the kinetic law (Eq. (44)), a variation
of the concentration in RB should impact on the conversion rate since
the volumetric rate of photon absorption e} depends on this parameter.
Indeed, the higher the concentration of RB in the medium, the stronger
the medium absorbance will be. Consequently, for a given incident
photon flux density, the amount of photons absorbed in the medium
will be increased a priori when the medium becomes more and more
opaque (the amount of photons transmitted being reduced); however,
caution should be taken with such assessment as in the latter case, the
mixing conditions can play a key role, all the more when other species
are absorbing [32].

Fig. 6 illustrates the variation of the conversion of aT with [RB].
The experiments were conducted for two residence times while keeping
constant the other operating conditions (Vg = 5mL, f = 1.7, ¢ =5,
[aT]o = 0.040 molL™1).

For each residence time 1, an optimal concentration of RB, noted
[RBlmax, Was reached, corresponding to a maximal conversion in oT.

From Fig. 6, two scenari can be described depending on the initial
concentration of RB. Firstly, an increase of [RB], until reaching
[RBlmax contributes to a strong increase of the conversion of aT. Sec-
ondly, for concentrations higher than [RB]lyax, the conversion rate
decreases slightly with [RB],. From this, two regimes can be defined.

e First regime: [RB]oy < [RBlyax-

The local volumetric rate of photon absorption is directly propor-
tional to [RB]y (Eq. (2)) and, therefore, the overall kinetic rate too (see
Eq. (44)). Furthermore, the energy transfer from *RB” to O, is a non-
radiative transfer (see (Eq. (4)), also called Dexter mechanism. This
process requires collisions between *RB” and O,. Consequently, if [RB]
increases, then the frequency of such events (i. e. the energy transfer
between *RB" and O,) will increase as well, and thus the production of
10,, leading to a rise of the conversion rate.

e Second regime: [RB]y > [RBlyax-

The conversion of aT decreases slightly with [RB],. Notably, the
initial concentrations of RB used in these experiments are lower than
the solubility of RB in EtOH, which is equal to 5.9 X 1072 mol L™}
(Gurr, 1971). This should prevent any aggregation of RB in the reaction
medium, which could induce light scattering phenomena [48] More-
over, the emitted photon flux (qe = 1.7 x 10~° mols™ 1) is 500 times
higher than the maximum molar flow rate of RB (Fgp max = 3.0 X 1078
mol s~ 1). Therefore, if considering that only 1% of q. is received in the
reaction media in the extreme case, then photons will still be available
in excess. As a consequence, the decrease of ,r is not linked to

“chemical limitations”. This can be explained according to the light
regime in the reactor.

For that, the characteristic light penetration distance, noted dpen,
was calculated in order to get an estimation of the light penetration into
the reaction volume. Assuming a cartesian geometry and collimated
rays (which does not represent the geometrical complexity of the pre-
sent photochemical technology a priori), it can be equal to

4o = 1
P &gs. [RB] (45)

Eq. (45) involves the naperian molar absorption coefficient of RB,
noted %gg. In the case of a polychromatic light source, several methods
can be used to approximate this parameter. One method describes the
polychromatic light source as a monochromatic light source. Here, the
employed light source being an assembly of four LEDs of 530 nm and
two LEDs of 580 nm, one can assume it can be a monochromatic LED
emitting at 547 nm (weighted average of both wavelengths). Con-
sidering that all the LEDs have the same photonic yield, it gives a first
definition of &g = %, (Eq. (46)) [method a]

%y = x5P = 1.3 x 10*m?. mol! (46)

The second method, which is clearly the more relevant way of
calculation, consists of calculating an average naperian molar absorp-
tion coefficient over the spectral domain of the light sources by taking
into account the light emission spectrum (see Fig. 3) [51,52]. It gives a
second definition of %zg = %, (Eq. (47)) [method b] where 5P is the
density function of the light source at each wavelength A (Fig. 3).

650
D T
®p = 4506507 = 6.8 X 10°m2 mol™!
LED
S Py

450 47)

Once this naperian molar absorption coefficient is determined, dyen
can be derived as well as the dimensionless number d° defined as the
ratio between dpe, and the diameter of the channel d.. d” = 1 corre-
sponds to a reaction medium that is optically transparent (small optical
thickness), a part of the light is lost by transmission through the back
optical walls if the latter is transparent (no reflector) or opaque.

As showed in Fig. 6 for the residence time 75y,
[RBlpax27 = 13 X 107° mol L ™! corresponds to a dimensionless pe-
netration distance d°»; equal to 0.7 (average value between the two
methods). This value can be considered as close to unity when taking
into account the approximations made to calculate k. Thus, under this
condition, all the reaction media is almost entirely irradiated, no light-
limitation occurs, explaining the high conversion level. When [RB],
increases, dpe, decreases (Eq. (45)): the medium becomes then more
and more opaque, leading to a decrease of the fraction of irradiated
volume where the photochemical reaction can take place in. As a
consequence, dark zones appear in the reaction media (d° < < 1) (see
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Fig. 6. Variation of the conversion of aT (%) and the dimensionless light dis-
tance penetration d° = dpen/d. (=) with the initial concentration of RB
(mol L™ 1Y) for two residence times t (s) {[aT]o = 0.040molL ™!, Vg = 5mL, f
=~ 1.7, q = 5}. d. is the diameter of the tube ( = 1.3 mm).



Fig. 6). Then, the molecules located inside these dark zones do not
interact efficiently with p hotons and th e conversion de creases. Note
that, for this residence time, the conversion rate is not affected by the
photobleaching of RB since its rate was below 5% for these operating
conditions (see Fig. 5). In the extreme case, when a stronger absorbing
media is present, the irradiated volume is located in a narrow zone
close to the optical wall, leading to a “surface reaction” or “film reac-
tion” regime. In such a light-limited configuration( i e.
[RB]p > > [RBlpmax), dpen = 8, with & being the film thickness, com-
monly in the order of 50 um [65], which lead to d° = 0.04. Therefore,
the role of the mixing along the light penetration length is crucial to
efficiently renew the optical surface [32]. According to Fig. 6, the last
point ([RB]p = 8.9 X 107° mol L™ 1) would be close to such “film re-
action” regime as d° = 0.06. Remarkably, the conversion is still high
(87%). Two explanations can be proposed: (1) the mixing and the gas-
liquid mass transfer is so intense in Taylor flows t hat t he medium
contained in the liquid slugs can be efficiently transported in the irra-
diated film zone located close to the optical wall, and/or (2) most of the
reaction occurs in the liquid films between the bubbles and the walls.
By describing the reaction system as a unit cell (see Fig. 4), forqg = 5
and a cylindrical shape for bubbles and liquid slugs, one can show that
the volume of the liquid film Vg, and the volume of the liquid slug Vig
are ap proximately the same (see Sup plementary material, Section 6).
This would confirm the first assumption.

The experiment was repeated with a longer residence time tgg (see
Fig. 6). The same trends were noticed, which confirms the reproduci-
bility of the results obtained at a lower residence time. Besides, it was
found that [RB]lmax is almost identical for both residence times. This
result is logical in so far as this is mainly controlled by the irradiance
field i nside the reaction volume, which dependson the medium ab-
sorbing propertiesand on the incident photon density flux. With all
other parameters being constant (in particular, g, f and Vg), increasing
the residence time induces smaller total flow rates, and thus velocities
of both phases. The fact that the value of [RB]yax is not sensitive to this
change in hydrodynamic conditions seems to confirm that the process is
“light-limited”.

This section showed that the obtained conversions of aT, when
varying [RB], are the result of interactions between the irradiance field
inside the reaction medium, the concentration field and t he mixing
profile. This latter result is clearly supported by Eq. (44); the reaction
rate r depends on e}y (expressed as a function of the concentration of
RB and the irradiance field) and on the hydrodynamic behaviour (axial
diffusion, radial diffusion and convection).

4.4. Effect of the mixing in the liquid slugs

To better investigate the coupling between the hydrodynamic con-
ditions and the reaction rate, specific experiments were carried out
using different reactor volumes. Following this approach, it is possible
to obtain the same residence time under different hydrodynamic con-
ditions as shown in Fig. 7. For example, to set T equal to 0.66 min in a
reactor volume of Vr; = 5mL, the total volumetric flow rate Qr; was
set at 7.6 mL min~ !, whereas for a reactor volume Vgz = 2 mL, Qrz was
set at 3.3mLmin" ', As Qr1 > Qr2, the velocities of both phases (in
particular the intensity of recirculation loops in the liquid slugs, see
Fig. 7) will be higher when using Vg; than Vgs, and will also enhance
the gas-liquid mass transfer (by increasing the rate of renewal of the
bubble interface by the liquid). In all these experiments, the volume
ratio q is kept constant to decouple the effect of the variation of bubble/
liquid slug lengths from the conversion rate. The initial concentrations
of RB and oT were equal to 4.0 x 10™° molL~! and 0.037 molL ™%,
respectively.

Fig. 7 clearly demonstrates that, independent of the residence times,
the conversion levels are always higher when using the largest reactor
volume (Vg1 = 5mlL), that is to say when improving the hydrodynamics
conditions. In contrast, the photobleaching levels are lower in Vg; as

shown in Fig. 8. These two results highlight (a) the beneficial correla-
tion between the increase of the input volume flow rate and the mass
transport properties and (b) the dependence of the photooxygenation
performances on the hydrodynamic conditions.

Abiev [53] has demonstratedfor such reactors how the hydro-
dynamic regimemainly depends on the Capillary’s number (Ca = %),
where p (Pa.s) is the viscosity of the liquid phase (here ethanol), o
(Nm™1) the surface tension and Up (ms™ 1) the velocity of the bubble.
Below a critical value of Ca, noted Ca” ( = 0.7), for a horizontal tube,
the flow is characterised by two symmetric recirculation vortices as
illustrated in Fig. 9, named circulation mode. Under the present oper-
ating conditions, the values of Ca are lower than 9 x 103, and the
flow is then in a circulation mode.

Yang et al. [56] have also shown that the mass transport in the
liquid slug can be divided into two phenomena within the circulation
mode; the convection along the axial length of the tube and the diffu-
sion along the radial length of the tube. Therefore, the rate of mass
transport in the liquid slug Kis can be approximated as follows:

1 1

Kis=—+
Taiff  Teonv (48)

The characteristic time of convection T..,, and of radial diffusion
Taif can be estimated as follows:

2._16 . 2.Ls. . (%)2

Teonv =

UL Qu (49)

dc\?

_®)
Taiff = D (50)

Where Lg is the length of the liquid slug, Uy, the velocity of the liquid
slug and D the diffusion coefficient of the transport species.

The operating conditions screened clearly favour the mixing by
convection (Kis = 1/Tcony) since Tair > 100.Tcony for all experiments
(see Supplementary material, Section 7).

In addition, from Eq. (49), it can be seen that Q, is a critical para-
meter to favour the mixing by convection. Its increase leads to a rise of
the mixing intensity within the liquid slug. Therefore, it is evident that
Kis1 > Kis2 which means a more intense circulation of liquid when
using the reactor volume Vg, compared to Vg,. Such intensification in
the mixing has several consequences when conducting the photo-
oxygenation. In particular, if the frequency of contact by circulation
between the gas and liquid increases, it enables to enhance the third and
fourth steps describing the formation of 'O, and the formation of as-
caridole, respectively; then the amount of dissolved O, and the value of
$o2 (Eq. (43)) will increase. Hence, the photoexcited species 3RB" has
more probabilities to react with O to generate 10, than to be deacti-
vated. The results illustrated in Fig. 8 are clearly in accordance with the
model expressed by Eq. (44); the photobleaching level is indeed more
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Fig. 7. Variation of the conversion of oT (%) with the residence time 7 (s) for
two different reactor volumes (Vg; = 5mL and Vg = 2mL) and for fixedq = 5
and f = 1.5. [aT]o = 0.037molL=! and [RB], = 4.0 x 10~ mol L.~
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Fig. 8. Variation of the photobleaching rate xgp (%) with the residence time ©
(s) for two different reactor volumes (Vg; = 5mL and Vg, = 2mL) and for fixed
q =~ 5andf = 1.5 [RB]o = 4.0 x 10"° molL™! and [aT], = 0.037mol L™ 1.

Recirculation vortices

L

Fig. 9. Illustration of the two symmetric recirculation vortices in the liquid
slug. Extracted from [58].

favoured for Vry (i e Xgplvy; < Xrplv,) meaning that g, v, > @0, Ivgas
which implies that rly, > 1ly, : the production of Asc is favoured in the
case of higher volume flow rates (see the Fig. 7).

4.5. Effect of the stoichiometric proportion at the reactor’s inlet

It is worth to highlight that high conversions (= 99%) within a
residence time close to a minute were obtained in the case of an excess
of O, (f > 1) (see Fig. 7). The variation of f is made experimentally
possible by varying only the molar quantity of O, in the gas phase.
According to Fig. 4, the decrease of q allows to reduce the bubble length
while the liquid slug length remains almost unchanged in the present
conditions. Two conclusions can be deduced for a given t and Vg: (1)
the velocity field in the liquid slug can be considered almost similar in
both cases (¢ = 5 and g = 3) since Lg is approximately the same and (2)
the molar quantity of O, decreases and those of a-terpinene and RB
remain constant when decreasing q from 5 to 3. Thus, by decreasing g,
the concentration of RB and aT (equal to 4.0 X 10> molL™! and
0.037mol LY, respectively) and the mixing efficiency remain un-
changed whereas the molar ratio between O, and a-terpinene, i. e. the
parameter f, can be changed. This enables to study the influence of the
mixing when f = 1 (¢ = 3) and to compare it to the one when f = 1.5
(@ = 5).

When the stoichiometric proportion was established (f = 1) at the
inlet of the reactor (see Fig. 10, the maximal conversion for Vg; and Vgs
were 85% and 67%, respectively, whereas with f > 1, they were 99%
and 75% (Fig. 7). In addition, the photobleaching phenomenon was
more pronounced when f = 1, which can prevent the photoreaction
from completing (Fig. 10 versus Fig. 8). Indeed, Xrg | 5 > 1 never exceeds
the conversion level. Therefore, the conversion rates are higher and the
photobleaching pathway limited with an excess of O,. These results
agree with the expression of the kinetic law. Indeed, according to the
model (Eq. (44)), for the same hydrodynamic conditions and a given
reaction volume, ®o,lt>1 > @0, li=1 leads to the following inequality;
Tles 1 > Tle=1.

These two experiments (f > 1 and f = 1) demonstrated the need to
monitor the gas-liquid hydrodynamics and to work with an excess of O,
at the inlet of the reactor in order to efficiently achieve complete
conversion to ascaridole.

4.6. Case of pure oxygen

As shown by Eq. (43), the dimensionless number ¢, increases with
the concentration of dissolved oxygen. Therefore, some final experi-
ments were conducted using pure O, to enhance the kinetic of the
photooxygenation, and thus to limit the photobleaching pathway.

The stoichiometric parameter f was set to 1.4 (excess of O5) and the
parameter g to 5; it resulted in an initial concentration of a-terpinene
equal to 0.15molL~'. The initial concentration of RB was set at
6.3 x107% molL™'. The STY corresponding to {t=127s;
Xar = 99%}, noted STYqy, is equal to 1.2 X 10~° mols~'L™! (or
165mgs 'L™1). This latter is 2.8 times higher than STYagr
(=43x10"% mols™'L™Y). In addition, as shown in Fig. 11, the
photobleaching pathway is considerably limited (¥grp < 3%) when
using pure O,. As a consequence, it is clear that ¢op > > 1, which
leads to simplify the expression of the kinetic law as follows;

= eRp. 472 (10, acc) (51)
With
$02 = (¢1RB*—»3RB*)- (¢(3)RB*—>102) = (¢1RB*—>3RB*)~
kgr. [05]
KRB + R + kB, [BtOH] + ker. [05] (52)
Where, ¢0.5. o, is the efficiency of 10, formation from RB” without

the quenching by a-terpinene (kgB3 = 0) and ¢°2 the quantum yield
introduced in the Section 2.1 equal to 0.75.

4.7. Basic modelling

These experimental results were subsequently compared with the
ones that would be predicted by basic modelling. For this, it is assumed
that the flow reactor behaves as a plug flow reactor and that, when
using pure oxygen, the limitation by the gas-liquid mass transfer be-
comes negligible. The following mass balance on the liquid phase can
then be written for a given residence time (i. e. at a given axial position
in the tube constituting the flow reactor) in which the variation of the
concentration of a-terpinene with residence time is equal to the overall
consumption rate of a-terpinene described by the kinetic law defined in
Eq. (16).
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Fig. 10. Variation of the conversion rate of aT (%) and of the photobleaching
rate (%) with the residence time t (s) for two different reaction volumes
(Vg1 = 5mL and Vg, = 2mlL) and for fixed q = 5 and f = 1 (stoichiometric
condition). [aT]y = 0.037 molL~ ! and [RB], = 4.0 X 107> mol L™ 1.
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Fig. 11. Variation of the conversion of a-terpinene (%) with the residence time
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d [O(T] — dXOLT

[aT]p.

= r= ekg. ¢°2. (¢102—> Ase) (53)

We now assume that the light is monochromatic, emitted perpen-
dicularly to the flow direction as a mono-directional and collimated
light source, uniformly distributed along the reactor walls, and that the
optical surface of the reactor is straight and non-reflective. It is im-
portant to note that these assumptions permitted a strategy of basic
modelling and are to be verified in the present experimental set-up. In
this case, the mean volumetric rate absorption of a photon by RB
(averaged over a cross-sectional area of the tube) can be expressed as
[30-32];

. q,
<egg > = —. (1 — exp[—#gp. [RB]o. d

RB Vi ( pl[—%gg. [RBo. dc]) (54)
Where gp (mol.s™!) is the incident photon flux, corresponding to the
photon flux actually received in the reactor and Vi is the liquid volume
defined as

VL = (1 - E(;). VR (55)

With eg (-) the gas retention that can be approximated to Qg/(Qg +
Qp). In the considered experimental conditions (Fig. 11), it was equal to
0.82.

Two cases can be distinguished, depending on the value of the order
y on the a-terpinene involved in Eq. (5) (reaction between 10, and a-
terpinene).

For an apparent order y = 1, the following analytical expression of
the irradiation time t; (= t) with the conversion, ¥.r, can be estab-
lished from Egs. (27),(29),(53) and (54);

— [aT]o. Vi, .
" g, (1 — exp[—%ep. [RB. dc]). ¢°2
kq 1
.1
(Xo{T + kR. [o{T]O n ( 1= Yor )) (56)

For an apparent order y > 1, the following expression can be ob-
tained;

‘L'-=i. [aT]o- Vi, .
' g, (1 — exp[—%es. [RBo. dc]). ¢©2
- kq ( 1 1 )
Tk [T (G-DA =)™ =D 57)

The results predicted by Eq. (56) (1* order) or Eq. (57) 2™ order)
are reported in Fig. 11. For that, the ratio ﬁ was reasonably chosen
to be equal to 1072 (i. e. the reaction rate is much higher than the
deactivation of '0,). It is important to note that the sole fitting para-

meter is the incident photon flux gp, which is determined via the

Table 3

Incident photon flux inside the reaction media q, deduced from the fitting
between experimental conversion and the ones predicted by Egs. (56) and (57),
depending on the order y and on the method chosen to estimate %gp.

qp (mols™ 1) y=1 y=2
xa (mZmol™1) 3.0x10°° 3.8x10°°
%p (m*mol 1) 52 x10°° 6.6 x 10°°

method of least squares. Depending on the order y (1t or 2°¢) and on
the method of calculation of  (see Section 4.2) different values of q,
can be obtained as shown in Table 3.

The values of g, [k, v = 11, qplkp, v = 11, gplka, v = 2] and qp[ky,
y = 2] represent 18%, 31%, 22%, 39%, respectively, of the emitted
photon flux, q. (= 1.7 X 10~ >mols ™). Therefore, they are physically
acceptable as these incident photon fluxes are smaller than the emitted
photon flux (q, < g.) and the experimental set-up is not optimized in
terms of energetic efficiency. The proposed models are then able to de-
scribe the global experimental trends, even if the assumptions made are
very rough. And according to Fig. 11, the most representative model is the
one corresponding to y = 1 (1** order). Nevertheless, these basic models
need to be improved in the future, in particular to take into account the
non-collimated nature of the incident light and the cylindrical geometry of
the microreactor tube. For this purpose, further experiments will also be
required to determine rigorously the exact value of g, by means of che-
mical actinometry in the visible domain of light.

To conclude, it is interesting to discuss the consequences of the
results obtained in terms of reaction monitoring. Regarding the ex-
periments carried out in the Vapourtec® photoreactor, two operating
domains can be clearly depicted; (a) photooxygenation with air, (b)
photooxygenation with pure O,.

(a) When air is used as a source of O,, the first action is to determine
the operating conditions that limit the photobleaching pathway
(excess of O, and fast mixing), then the production of ascaridole
should be conducted with [RB] = [RB]yax corresponding to d° = 1
to maximize the conversion. With these specifications {t = 27s;
time of run = 4h; [aT]y = 0.037 molL ™'}, a selective (> 98%)
production of ascaridole has been successfully implemented in the
photoreactor, leading to an optimal production of ascaridole equal
to 3.3gh™ 1.

(b) The use of pure O, clearly avoids the photobleaching of RB and
allows to simplify the expression of the kinetic law (Eq. (44)). It
enables also to increase the STY by a factor of 2.8.

In the latter case, the characteristic time of the photooxygenation
reaction, noted tg, can be defined as follows;

T = [«T]y _ [«T]y ~ [aT]o
<>, o a 0, kg <e&g >, -0 . $*2
XaT <€Rrp >XonT:0 . ¢ 1+ KR [<TTo XaT
(58)
With
<eRp >y =0 = < ejp> (59)

Under these operating conditions, tg is found close to 120s. It
corresponds to a residence time where the conversion rate is equal to
99% (see Fig. 11). This highlights the relevance of the definition of tx
(Eq. (58)) when pure O, is used. Finally, the Damkéhler I (Da;) number
can then be properly defined;

T k, 1
Daj= — & Y, + 4 In
T T kelaTl (1 —xaT) (60)

Eq. (60) can be used to estimate the initial concentration of aT to
choose to achieve a given conversion level.



5. Conclusions

This paper aimed at investigating a two-phase photochemical re-
action (i. e. a sensitized photooxygenation) in an advanced LED-driven
flow reactor module (Vapourtec® easy-photochem E-series), both from
an experimental and modelling point of view. More particularly, the
objective was to formalize the effects of the operating conditions (hy-
drodynamic conditions, initial concentration of reagents etc.) on the
reaction performances. A photochemical engineering framework was
proposed for this purpose, a methodology being rarely encountered in
the present literature dealing with flow photochemistry. The photo-
oxygenation of a-terpinene was chosen as a benchmark reaction, with
ethanol as a green solvent and rose Bengal as a cheap photosensitizer of
industrial interest.

For the first time, a specific effort was made to rigorously establish
the kinetic law based on all reaction pathways, the latter being then
used as a mean to provide an experimental strategy to identify the key
operating parameters. Subsequently, the experiments carried out under
continuous-flow conditions demonstrated that an operating domain
(concentrations, flow rates) can be identified that allowed a quantita-
tive and selective conversion into ascaridole while the photobleaching
was operating moderately. It provided an important and promising
result from an industrial perspective: to implement sensitized photo-
oxygenations in a green solvent (ethanol) and with a low-cost photo-
sensitizer (RB) within continuous-flow microstructured equipment at
meso-scale. Indeed, the photobleaching of RB is not an issue anymore as
operating conditions enabling its control can be identified.

By conducting other specific experiments to separate the effects of
the different interconnected parameters, it was also shown that the
hydrodynamic characteristics of the gas-liquid flow can have an effect
on the conversion.

Finally, when pure oxygen was used, a first simplified model could
be proposed to predict the conversion at the reactor’s outlet. In the
future, this simplified model needs to be improved, in particular by
determining accurately the incident photon flux density using chemical
actinometry in the visible domain and an advanced modelling of ra-
diative transfer.
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