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ABSTRACT

This work studies the reactivity of poly(N-vinylcaprolactam-co-vinyl acetate-co-vinylbenzyl
Rose Bengal) microgels (VBRB@MG) as heterogeneous photosensitizers in a continuous-flow
process for sustainable singlet oxygen sensitized photooxygenation of a bio-based molecule.
Experiments were carried out in a LED-driven spiral-shaped microreactor in which slurry Taylor
flows were generated, allowing accurate control of irradiation, light absorption and gas-liquid
flow conditions. The benchmark photooxygenation of a-terpinene was implemented in ethanol
to provide a green solvent using air as a safe supply of oxygen. Swollen RB-grafted colloids
formed an efficient substrate for converting o-terpinene into ascaridole, providing up to high
conversion with high selectivity under continuous-flow conditions, and within short residence
times of a few minutes. The supported RB exhibited a reactivity similar to that of the free RB.
The reactivity of the supported photosensitizer was maintained for several cycles with a
reproducible level after 8 months of storage. Under experimental conditions favouring
photobleaching of RB, the photobleaching level of RB was lower with the VBRB@MG colloids
than with free RB, suggesting that grafting RB molecules onto the colloid can prevent their

photodegradation.
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Flow photochemistry. Singlet oxygen. Photoactive polymer colloids. Green conditions. Rose

Bengal. Alpha-terpinene.






INTRODUCTION.

Organic photochemistry is a key synthetic pathway for sustainable chemistry. *#3 Multi-step
syntheses of complex molecules are shortened and simplified, a portfolio of novel chemicals
becomes accessible, and the photon acts as a “traceless reagent”,Er"eur! Source du renvol introuvable.4-7
Several fundamental principles of Green Chemistry are thus addressed by photochemistry.®
Among the photochemical processes, photooxygenation reactions are very attractive as they
involve only singlet oxygen (*O,), a powerful selective oxidant, which is produced by safe
photosensitization of oxygen in the visible range and at ambient temperature.’ Singlet oxygen
photosensitization corresponds to an energy transfer from catalytic amounts of an organic dye
(photosensitizer) to molecular ground-state oxygen (triplet).’® Photooxygenation reactions have
proved to be very efficient for the preparation of endoperoxides from biosourced molecules such
as terpene and furanone derivatives."*"** Only a limited number of these transformations can be
carried out thermally, as they require the use of complex oxidants containing either hazardous
peroxides or hypervalent iodine compounds or metal catalysts. Thus, from an atom economy
point of view, photooxygenations are of interest as their only requirements are catalytic amounts
of a metal-free organic photosensitizer and molecular oxygen as an oxidant. It is also noteworthy
that sensitized photooxygenations find applications not only in the synthesis of fine chemicals, **
but also in wastewater treatment or in the degradation of insecticides and pesticides.*™’

The implementation of organic photooxygenations at industrial scale are limited to a few
examples in the flavour, fragrance or pharmaceutical industries.’®% Batch reactors equipped with
energy-demanding light sources are the main systems currently used for industrial

photooxygenation set-ups. Non-eco-friendly solvents are generally used to maximize the singlet

oxygen lifetime, and the photosensitizer (as solid powder) is regularly fed to minimize its



degradation. Continuous-flow microstructured technologies, which involve channels or tubes
from tens of micrometres to a few millimetres in diameter are now recognized as alternatives to
batch processing. Their benefits for organic photochemistry have been highlighted recently.?*
28Erreur! Source du renvol introuvable. Tha jntegration of LEDs (Light-Emitting Diodes) as light sources
in these technologies provides new opportunities. They present high electrical yields, long
lifetimes, and spatial compactness, with the possibility of selecting the emission spectral domain
and modulating the emitted radiant power.”*

Most of the literature related to LED-driven flow photochemistry considers a sensitizer
solubilized in the reaction medium.***® In parallel, the concept of solid-supported sensitizers
offers many advantages as it makes it easier to separate the organic sensitizer from the other
reactants and products, avoiding expensive downstream separation.®”* It is also a strategy for
transposing poorly soluble photosensitizers into green solvents, while simultaneously enhancing
their photostability and reusability. Solid-supported sensitizers in continuous-flow
microstructured reactors were first implemented in the form of polymer/silica films cast onto the
walls of the reactor. *** However, the light that can be delivered per specific surface area of the
reactor is significantly reduced in this configuration and the replacement of the substrate film is
complex. Including porous monoliths or packed porous beads with finely tuned particle sizes in
continuous-flow reactors has been reported as an alternative strategy. **>° Although it may be
particularly suitable at lab-scale for material screening or reusability tests, transfer towards
industrial production remains quite challenging: long reactors with narrow diameters are
indispensable to avoid light limitations while reaching sufficient residence times for full

conversions without resorting to a multi-pass mode. Such devices are also faced with issues

related to high pressure drops and consumption of solvent. Consequently, the most



straightforward suitable method in a perspective of a scale-up is to operate with a suspension of
the small particles grafted with the sensitizer, and to transport this suspension by the flow from
the inlet to the outlet of the microreactor. As a continuous flow of bubbles (air or pure oxygen)
remains the most preferable option to supply oxygen to the reaction medium, this leads to
operation under gas-liquid slurry flows (Figure 1). Such a concept has been successfully applied
in microreactors for catalytic hydrogenation applications®° but to date, only two studies have
been reported for photooxygenation, and involved either conjugated microporous polymers
(CMPs)*® or functionalized mesoporous silica particles.’® The most relevant strategy for
achieving good operability appears to be the implementation of submicronic materials covalently
grafted to an efficient organic photosensitizer. Their smaller sizes mean that they are not prone to
settle (in particular at the microreactor walls where the velocities are very low), unlike
micrometric beads (such as the commercial Sensitox® polystyrene particle). The challenge in the
design of the polymer colloid materials as a photoactive heterogeneous substrate is to make an
efficient contact possible between the grafted photosensitizer, oxygen, and the molecule to be
oxidized. The average diffusion length of 'O, is only tens of nanometres in a dense polymer,*
while it is hundreds of nanometres, on average, in alcoholic media (the diffusion length being a
combination of *O, lifetime in a surrounding medium and its diffusion rate).®¢?

As ethanol is one of the green solvents of reference for most photooxygenation of bio-based
molecules, Rose Bengal photosensitizer-grafted polymer microgels exhibiting swelling ability in
ethanol bring together most of the targeted relevant properties.”® These microgels were
synthesized by an eco-friendly solvent-free polymerization process carried out in aqueous
dispersed media.®® Rose Bengal (RB) photosensitizer offers interesting features as it is metal-

free, non-toxic, commercially available, cheap, already used at industrial scale, and soluble in



polar-protic solvents. It also exhibits intensive absorption bands in the visible range with a good

singlet oxygen quantum yield in ethanol (¢ 1o, = =0.75).%%

In the present work, the photoreactivity of poly(N-vinylcaprolactam-co-vinyl acetate-co-
vinylbenzyl Rose Bengal) microgels (VBRB@MG) as heterogeneous photosensitizers will be
investigated in a continuous-flow process for sustainable singlet oxygen sensitized
photooxygenation of a bio-based molecule. Their efficiency will be investigated under accurate
control of irradiation, light absorption and flow conditions. We will focus on the effects of both
oxygen stoichiometry and medium absorbance on the photochemical kinetic law in such gas-
liquid slurry flows as it is crucial for further implementation at a larger scale. Here, the
photooxygenation of a-terpinene (Scheme 1) is carried out as a benchmark reaction in a
dedicated LED-driven continuous microreactor (Figure 1). The performances, in terms of yield
of photooxygenation, selectivity and photobleaching, of heterogeneous RB covalently anchored
onto microgel are systematically compared to those of free soluble RB. Finally, the reusability of
the photoactive colloids is assessed by monitoring the yield of a-terpinene after several

photooxygenation cycles.

EXPERIMENTAL SECTION

Photooxygenation reaction. Ascaridole was the main product of the photooxygenation of a-
terpinene, with the minor product p-cymene (Scheme 1, top).* Isoascaridole could be also
formed from ascaridole by thermal isomerization (Scheme 1, bottom).® All the experimental

details are described in Part S.1 of the Supporting Information.
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Scheme 1. Photosensitized oxygenation of oa-terpinene (top). Thermally induced isomerization

of ascaridole to iso-ascaridole (bottom).

Photoactive polymer colloids. Photoactive colloids were synthetized by miniemulsion
copolymerization of vinyl acetate (VAc), N-vinyl caprolactam (VCL), divinyl adipate (DVA)
crosslinker and vinyl benzyl Rose Bengal (VBRB) monomer as previously reported.®® The
continuous phase was a water phase and the polymerization took place in the monomer droplets
created by ultrasonication. Two types of microgels were used in this work (see Table S.1):
VBRB@MG-8 and VBRB@MG-14 with respectively 8 mol-% or 14 mol-% of DVA crosslinker
based on the overall amount of monomers and crosslinker. For both microgels, 0.70 mol % of
VBRB was initially introduced. After their synthesis in water, the microgels were systematically
redispersed in ethanol and immediately stored in the fridge at 4 °C. The so-called storage period
corresponded to the duration between the synthesis of the microgels and the first use under
continuous-flow photooxygenation conditions.

The UV-visible spectra of VBRB@MG-8 and VBRB@MG-14 in ethanol (Figure S.1) showed

that the wavelength at which the absorption of grafted RB was maximal, noted Amax (nm), was



569 nm and thus slightly longer than that of free RB in ethanol (Amax = 557 nm), highlighting a
bathochromic effect. TEM analysis revealed a quasi-spherical shape of colloids.”® The main
colloidal features of microgel dispersed in water or ethanol are reported in Table S.1, together
with values of singlet oxygen quantum yield of VBRB anchored in the microgels dispersed in
ethanol and the photosensitizer loading. It should be highlighted that both microgels proved to be

photoactive in ethanol phase as the values of singlet oxygen quantum yield, ¢ 1, (-), defined by

the ratio of the number of moles of singlet oxygen produced to the number of moles of photon
absorbed by the photosensitizer, ranged from 0.27 — 0.35 (Table S.1).°® The efficiency in
producing singlet oxygen under irradiation was mainly due to their ability to swell in ethanol,
thus favouring the diffusion of oxygen and reactive species in the vicinity of the grafted
photosensitizer. This is an interesting feature of these microgels. We previously demonstrated
that the VBRB@MG microgels dispersed in water were not able to produce singlet oxygen as the
polymer was in a collapsed state inside the microgels.®® Note that the linear P(VCL-co-VAc)
chains forming the polymer network were soluble in ethanol but insoluble in water.®® As

generally observed for supported photosensitizers, values of ¢ 1, of VBRB@MG remained
lower than that of free Rose Bengal in ethanol (¢ 15,= 0.75), % which could arise from the

polymeric confinement of the photosensitizers and/or from structural modifications. However,
the present singlet oxygen quantum yields were rather high when compared with other supported
RB.*” The average loadings of VBRB@MG (Table S.1) were estimated at almost 215 + 30
HmMolre.Garieave™”, and thus higher than the value for commercially available Sensitox®

micrometric particles (about 100 umoIRB.gpmymer'l).



LED-driven microreactor. The homemade microreactor consisted of an FEP tube fixed in a
channel carved in a flat plate aluminium substrate, and wound into an Archimedean spiral, as
illustrated in Figure 1.67%%% Thanks to this in-plane spiral-shaped geometry, the device was
compact (160 x 160 mm?), and allowed the irradiation to be perfectly controlled over the whole
tubing surface, in terms of both homogeneity and photon flux, while offering the possibility of

long residence times.

Liquid slugs
containing the reaction medium and
the RB-grafted polymer colloids

Air bubbles

| o < C|

Figure 1. Picture illustrating the Archimedean spiral geometry of the LED-driven microreactor

in which the slurry Taylor flow was generated.

The inner and outer diameters of the tubing were respectively 1 mm and 3.2 mm and the length
was 5 m (almost 18 spirals). The reactor volume, noted Vi (m°), was 3.93 mL. The irradiated
specific area, a;.,q (M™), defined as the ratio of the irradiated surface of the microreactor to the
volume of the reactor, was estimated to be close to 1000 m™ (considering a one-dimensional
SLAB geometry and a characteristic optical path length equal to the inner diameter of the FEP
tubing, namely 1 mm). The spiral-shaped microreactor was illuminated by a purpose-built
visible-LED array manufactured by the company Led Engineering Development (Montauban,

France), described in Part S.4 of the Supporting Information and shown in Figure S.2. In the
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present study, the photon flux densities measured at the microreactor surface, noted q.
(MOl pnoton.m™2.5™), were equal either to 1440 or to 2134 umMolyhorn.M2.5™.

All experiments were carried out under Taylor flow conditions, i. e. stable segmented flows of
air bubbles regularly spaced between liquid slugs were obtained in the tube (see Part S.5. of the
Supporting Information). The spatial distribution of gas and liquid phases inside the tube (i. e.
the size of air bubbles and of the liquid slugs) was controlled by the volumetric ratio, noted g,

defined by the ratio between the air volumetric flow rate, Q, and the liquid volumetric flow

rate, Q, , according to Eq. 1:

Q== (Eq. 1)

When the gas and liquid volumetric flow rates were changed, the stoichiometric ratio between
oxygen and o-terpinene at the inlet of the microreactor was also modified. It was then possible
to define the ratio between the molar flow rates of oxygen (F,) that could be delivered by each
bubble, and the molar flow rate of a-terpinene (F,r), noted f, according to Eq. 2

Fo,
FaT

f:

(Eq.2)

The definitions of these flow rates and the relationships between them, the residence time, t
(s), and the initial concentration of a-terpinene, Cyr (mol.L'Y), are detailed in Part S.6. of the

Supporting Information.

General procedure for the photooxygenation of a-terpinene under continuous flow using
VBRB@MG photoactive colloids. For a given set of operating conditions, when steady-state was
reached, the samples (of a few mL) were collected in an amber glass at the outlet of the

microreactor. They were analysed immediately, thus preventing any evolution of the reaction
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medium between collection and analysis. The analytical methods have already been described by

Radjagobalou et al. ** The RB-photobleaching level, %p (), was calculated as the ratio of the

concentration of the photobleached photosensitizer with respect the initial concentration of RB
(see Part S.7 of the Supplementary Information).

The conversion of a-terpinene, y ., was defined according the concentration of a-terpinene

measured (Gas Chromatography measurements) at the inlet and outlet of the microreactor (see
Part S.8 of the Supplementary Information). For all the photooxygenation experiments, it was
shown that the conversion of a-terpinene could be considered equal to the yield of ascaridole, as
no impurities were detected except the ones initially present in the starting material. A high
selectivity was thus obtained.

Experiments were carried out in the spiral-shaped microreactor, using the synthetized
photoactive colloids or free RB (i. e. RB directly solubilized in ethanol), for comparison. As far
as possible, both types of experiments were compared at similar absorbances of the reaction
medium measured at Ay, at the inlet of the microreactor (noted A, ) in order to work under
identical light attenuation conditions. Note that, for both cases (free RB or photoactive colloids),
the values of the absorbance of the reaction medium inside the microreactor were kept smaller
than unity in all the experiments. This thus corresponded to conditions where the characteristic
optical path length, 5 (m), is smaller than the characteristic light penetration distance, dpen (€€
Part S.7. of the Supporting Information). Consequently, under these conditions, the medium
could not be considered “fully absorbing”: the part of the incident flux not absorbed by the RB
molecules (typically 10 - 20 %) was thus transmitted over the back optical wall of the

microreactor.
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A specific procedure was applied to the synthetized photoactive colloids before their
implementation in the microreactor: the solvent was changed (from water to ethanol), and the
related suspension was made to flow, without irradiation, in the microreactor for a certain time
(see Part S.9. of the Supporting Information).

The initial concentration of a-terpinene, Cyr o, was 0.035 mol.L™ or 0.100 mol.L™. Based on
the results obtained by Radjagobalou et al.,* the ratio between the gas and liquid volumetric
flowrates, g, was set equal to 5, corresponding to long bubble lengths (~ 1.8 cm) and short liquid
slug lengths (~ 0.4 cm). According to the values of C,ro and g, the stoichiometry ratio f was

equal either to 1.5 (for C4r = 0.035 mol.L™) or to 0.5 (for Cyro = 0.100 mol.L™), involving

conditions respectively above and below stoichiometry in terms of oxygen compared to a-
terpinene . More details about the calculations of these parameters are given in Part S.6 of the

Supporting Information.

RESULTS AND DISCUSSION

A first series of photooxygenation of a-terpinene was carried out under continuous flow using
VBRB@MG-8 and VBRB@MG-14 microgels as heterogeneous photosensitizers (Figure 2).
For both VBRB@MG microgels, the grafted photosensitizer efficiently produced singlet oxygen,
quantitatively converting a-terpinene into ascaridole (conversion above 80 %, selectivity close to
98 %) in a short residence time (< 4 min). Several reasons could be provided to explain these
good results. Firstly, this type of technology allows a short light penetration distance (~ 1 mm)
while offering a high irradiated specific area (~ 1000 m%m™). The extensive flux of photons per

unit of liquid volume (~ 1400 - 2500 pmolgnoton.m™.s™) makes possible to reduce the irradiation
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times significantly in comparison to conventional batch photoreactors (typically varying from ten
minutes to several hours)®, even for concentrated chromophore solutions. In addition, gas-liquid
Taylor flow allows very efficient mixing (i. e. frequency of contact) between reactive species as
the recirculation times inside the liquid slugs between two consecutive bubbles vary typically
between 10 and 100 milliseconds.®® The gas-liquid Taylor flow also induces an intensification of
the mass transfer of oxygen from gas bubbles to the reaction medium: the overall volumetric gas-
liquid mass transfer coefficients typically range from 0.1 to 2 s™*, which is tens of times or even a
hundred times higher than in batch photoreactors.® The high conversions observed would be also
the result of the very good external liquid-solid mass transfer coefficients that can be achieved in
slurry Taylor flows due to the transport of the suspension by means of internal vortices occurring

in the liquid slugs of the segmented flow.”®™
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Figure 2. Conversion of o-terpinene, x, ., versus residence time, t, for the photoactive colloids
after various times of storage. Empty and full symbols correspond to A; = 0.05 and

Ay = 0.10, respectively. Full squares are related to a storage period of 3 months for

max, 0

VBRB@MG-8 (m), full diamonds to a storage period of 6 months for VBRB@MG-14 (), full
triangles to a storage period of 8 months (A) for VBRB@MG-14. Empty circles and triangles
are related to a storage period of 1 month (o) and 8 months (A) for VBRB@MG-14. Conditions:
Coro = 0.035 mol.L!, g =5, f ~ 1.5, q, = 1440 umolphoton.m'z.s'l. The concentrations of the

photoactive colloids were close to 0.025 g arieama.L! and to 0.050 g drieama. L for Axmax,o =

0.05 and for A; = 0.10, respectively.

In Figure 2, the photooxygenation kinetics are presented at different storage periods for both

photoactive colloids. Over the eight months of storage, the variations of the conversion of a-
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terpinene with residence time remained similar for VBRB@MG-14 colloids. They also almost
overlapped with the one of VBRB@MG-8 after 3 months of storage, despite the slight difference

in singlet oxygen quantum vyields (¢ 15,= 0.27 for VBRB@MG-8 and ¢ o= 0.35 for

VBRB@MG-14, Table S.1). Moreover, longer residence times were required to achieve high
conversions when the absorbance of the reaction medium was decreased (i. e. when the
concentration of the photoactive colloids decreased). For instance, for VBRB@MG-14 after a
storage period of 8 months, 62 % and 44 % of conversion were achieved at a residence time of

1.76 min for A; = 0.1 and A; = 0.05, respectively. Such a trend is in agreement with the

results observed using free RB.*® It

is interesting to note that, for all the experiments reported in
Figure 2, no photobleaching of the RB grafted onto the microgels was observed (see Part S.10 of
the Supporting Information).

In conclusion of this part, it can be noted, first, that the slight differences of hydrodynamic
diameters and singlet oxygen quantum yields (see Table S.1) between the two solid
photosensitizer substrates (VBRB@MG-8 and VBRB@MG-14) had no influence on the kinetics
of a-terpinene conversion under the operating conditions tested. Second, their reactivity was
stable over 8 months of storage with good reproducibility. After the synthesis, the colloids could

thus be stored for 8 months and used without any change of properties and/or photooxygenation

performances, an interesting criterion not often scrutinized in the literature.

The following series of experiments was intended to demonstrate the efficieney potentiality of
flow photochemistry combined with photoactive colloids. For this purpose, the
photooxygenation of a-terpinene was deliberately investigated under less favourable conditions.

Ethanol was again chosen as a green solvent even though the lifetime of singlet oxygen is known

16



to be shorter in ethanol than in less eco-friendly chlorinated solvents (13.5 ps in ethanol versus
160-265 ps in chlorinated solvents).”” To implement a safe and easy process, the oxygen was
obtained from the air instead of using a source of pure oxygen. The selected Rose Bengal
photosensitizer has a strong ability to degrade by photobleaching, which could be explained by
structural alterations under UV light exposure and/or a secondary electron transfer reaction when
a-terpinene reacts with an excited Rose Bengal molecule to form p-cymene and a reduced form
of Rose Bengal.”*™

Figure 3 compares the photooxygenation rates between the RB-grafted polymer colloids
dispersed in ethanol and the free RB photosensitizer in ethanol. This comparison was made for

different initial concentrations of RB photosensitizer, characterized by different values of

absorbance, A; ., ranging from 0.05 to 0.5, at the inlet of the microreactor. The configuration

was set with a molar excess of oxygen compared to o-terpinene (f ~ 1.5, see Eq. 2 and Part S.6.

of the Supporting Information).
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Figure 3. Conversion of o-terpinene, y_., versus residence time, . Empty symbols correspond to

VBRB@MG microgels and full symbols to free Rose Bengal. For different values of absorbance
measured at A, at the inlet of the microreactor: A, (=0.500 (® free RB, O VBRB@MG-8),

Ay, 070.130 (A free RB), A, (=0.135 (A VBRB@MG-8), A,  ¢=0.065 (¢ free RB),
Ay,..0=0.050 (0 VBRB@MG-14). Operating conditions: Cqr = 0.035 mol.L, q =5, q, = 1440

UMOlpnoon.m2.s7, f~ 1.5.

First, it is interesting to note that the photobleaching level of RB, y, , remained below a few

percent for the experiments carried out with free Rose Bengal (see Part S.10 of the Supporting
Information). This result is in agreement with our previous results,®® demonstrating that an

excessive amount of oxygen compared to o-terpinene minimized the RB photobleaching.
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Interestingly, the same trend was observed for the experiments with photoactive colloids (see
Part S.10 of the Supporting Information).

Figure 3 shows that, for a given absorbance, the supported RB exhibited a reactivity similar to
that of the free RB. High conversions of a-terpinene (Figure 3) with a high selectivity in
ascaridole (Figure S.7) were achieved in a few minutes of residence time. Increasing the initial
grafted RB concentration (i. e. a higher initial absorbance) led to faster kinetics as for free RB.

For instance, with supported RB, for A; = 0.05, a residence time of 1.13 min led to a
conversion of 30 %, while for A, = 0.5, a conversion of 99 % was obtained with the same

residence time.
The ability of VBRB@MG to produce singlet oxygen clearly demonstrates the relevance of
implementing submicronic colloidal photoactive microgels, able to swell in ethanol, as supported

photosensitizer in a LED-driven microreactor. As the singlet oxygen quantum yield (¢ 1)

measured in batch was twice as high for free RB as for supported RB (see Table S.1), ® the very
close correlation between the variation of the conversion of a-terpinene and the residence time
observed between photoactive colloids and free RB (Figure 3) suggests that more complex
physicochemical and photophysical phenomena occur in the vicinity of and/or inside the
colloids. For instance, the local concentration of the various species including singlet oxygen,
substrate and product, inside the swollen microgels or the lifetime of singlet oxygen could be
different in the heterogeneous medium and in ethanol. Also, the presence of photoactive colloids
could change the gas-liquid flow properties as these types of colloids are known for their
propensity to adsorb at the bubble surface.”"®” This could induce some modifications in terms
of gas-liquid hydrodynamics, such as bubble velocity and size, thickness of the liquid lubrication

film at the walls, or liquid velocity field in the liquid slug. The interfacial gas-liquid mass
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transfer, and thus the amount of oxygen transferred from the bubbles per unit of time, could be
modified in return. In the latter case, the fact that the observed variations of conversion with
residence time are the same between colloids and free RB might reveal some more favourable
operating conditions. Deeper investigations will be required to clarify these questions and thus to

better understand these promising results.

The third series of experiments aimed at evaluating the resistance of the grafted-RB molecules
to photobleaching, in particular in comparison with free RB. For this purpose, the operating
conditions were modified. First, a stoichiometric excess of a-terpinene compared to oxygen was
used at the inlet of the microreactor, in order to increase the probability of reaction between a-
terpinene and excited RB, giving rise to both p-cymene and photobleached RB. This is a way to
better highlight a difference in RB photobleaching between the free photosensitizer and the
supported one.® In consequence, in the series of experiments reported in Figure 4, an initial a-
terpinene concentration of 0.105 mol.L™ (instead of 0.035 mol.L™") was imposed, leading to a
stoichiometric ratio f equal to 0.5 (instead of 1.5). The photon flux density at the microreactor
surface was also increased from 1440 to 2184 pmoloen.m™.s™, in order to increase the amount
of photo-excited species produced per unit of time. The photooxygenation reaction was
implemented at two different initial concentrations of photosensitizer by setting the initial

absorbance of the medium at either 0.15 or 0.70.
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Figure 4. Photobleaching level of RB, y.., versus residence time t for different values of
absorbance at the inlet of the microreactor: A; (=0.70 (® free RB, O VBRB@QMG-14),
Ay,

ma;

_0=0.14 (m free RB), A, _ (=0.16 (. VBRB@MG-8). Operating conditions: Cr( = 0.105
mol.L?, q =5, q, = 2184 umolphoton.m'z.s'l, f ~ 0.5. Empty symbols correspond to VBRB@MG

microgels and full symbols to free Rose Bengal.

Figure 4 displays the evolution of the photobleaching levels of RB with the residence times for
RB-grafted colloids and free RB. Note that, because the experiments were carried out with a
stoichiometric excess of a-terpinene, the conversion of a-terpinene was incomplete (< 50 %)
and reached a plateau (see Figure S.9) while the photobleaching level reached 75 % to 90 % at
1.7 minutes of residence time. For the smallest concentration of RB photosensitizer

(Ay,...0 = 0.15), no major difference was observed between grafted and free RB. Interestingly,

for the highest concentration of RB photosensitizer (A, _ (=0.70), the VBRB@MG colloids
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allowed a decrease of 24 % in the photobleaching level between 0.5 and 1 min, and a decrease of
10 % between 1 and 2 min, compared to free RB. Thus, for a strong absorbing medium, the
covalent anchoring of RB molecules inside submicronic polymer colloids could prevent their
photodegradation. This finding is in agreement with the observations made by Petrizza et al.”
and is particularly interesting since the “optimal conditions” for operating a photoreactor

28Erreur ! Source du renvoi introuvable.

correspond to an absorbance of photosensitizer close to one.

The objective of the last series of experiments was to evaluate the possibility of reusing the
photoactive colloids for several photooxygenation cycles. Based on the previous results, two sets
of experimental conditions (C,r ; q,) were considered to cover two types of operating domains:

e Case 1. (Cyrp = 0.035 molL?; q = 1440 pmolgneen.m?s™), preventing RB
photobleaching.

e Case 2: (Cyr =0.100 mol.L™ of a-terpinene; q, = 2184 pmolphoton.m'z.s'l), favourable
to RB photobleaching.

The procedure used is described in Part S.11 of the Supporting Information.

Figure 5 reports the conversion of a-terpinene, y ., and the photobleaching level of RB, yx,
after each cycle, i, of photooxygenation in the LED-driven spiral-shaped microreactor (all the
related numerical values are reported in Part S.11 of the Supporting Information). For Case 1
(stoichiometric excess of oxygen), whatever the number of cycles (from 1 to 4), the a-terpinene
conversions were almost identical (~ 33%) and no photobleaching occurred (~ 0.11 %). This is a
key point showing that the photoactive colloids can be reused for several cycles. As expected,

Case 2 (stoichiometric excess of a-terpinene) led to significantly higher photobleaching levels (~
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27 %) than Case 1 (~ 0.11%) for each cycle. Due to the photosensitizer photodegradation, lower

conversions were observed, with a slight decrease from cycle 1 to cycle 4 (from 21 to 13 %).
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Figure 5. Conversion of a-terpinene (full bars) and photobleaching level of RB (empty bars)
after each cycle, i, of photooxygenation in the LED-driven spiral-shaped microreactor. Black
bars correspond to Case 1, and grey bars to Case 2. Operating conditions for Case 1:
VBRB@MG-8; Asq = 1.46; C,ro = 0.035 mol.L ™% f = 1.6; T = 0.5 min; q, = 1440 pmolphoton. M’
25", Operating conditions for Case 2: VBRB@MG-14; Cyr o = 0.100 mol.L™"; Asg = 1.80; f =
0.5 t = 0.72 min; q = 2184 umolphoton.m'z.s'l. Note that, for Case 1, as the related

photobleaching level was too small, the related values are directly indicated in the figure and no
corresponding black empty bar is plotted.
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CONCLUSION

This study has shown the photoreactivity efficiency of poly(N-vinylcaprolactam-co-vinyl
acetate-co-vinylbenzyl Rose Bengal) microgels as heterogeneous photosensitizers in a
continuous-flow process for sustainable singlet oxygen sensitized photooxygenation of a bio-
based molecule. The process allowed accurate control of irradiation (LED-driven spiral-shaped
microreactor), light absorption (tunable absorbance) and flow conditions (slurry Taylor flow).
The efficiency of the swollen RB-grafted colloids in converting a-terpinene into ascaridole with
high conversion and high selectivity in short residence times has been clearly demonstrated. The
efficiency was combined with sustainability of the process involving a green solvent (ethanol)
and air as a less hazardous source of oxygen. The supported RB exhibited a reactivity similar to
that of the free RB. Moreover, the photo-reactivity of RB-supported microgels was stable over 8
months of storage with good reproducibility. The photoactive colloids also proved to be reusable
during several cycles. Finally, with a stoichiometric excess of a-terpinene compared to oxygen,
in presence of high photon flux and for the highest concentration of Rose Bengal photosensitizer,
the VBRB@MG colloids allowed the RB photobleaching levels to be decreased compared to
free RB. This important result suggests that the covalent anchoring of RB molecules inside

submicronic polymer colloids can prevent their photodegradation.
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