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Hydrogen peroxide (H,O,) is a valuable green oxidant with a wide range of applications. Furthermore, it is
recognized as a possible future energy carrier achieving safer operation, storage and transportation. The
photochemical production of H,O, serves as a promising alternative to the waste- and energy-intensive
anthraquinone process. Following green and sustainable chemistry principles, we demonstrated
a sustainable photocatalyst utilizing earth-abundant iron and biobased sources only. These iron oxide
nanoparticles (FeO, NPs) facilitated effective H,O, production under batch conditions. Here, through the
design of a modular photo-flow reactor, we achieved continuous and enhanced production of H,O, by
minimizing Fenton degradation. After detailed investigation of Fenton chemistry, we designed a reactor
tailored to optimize the performance of our catalyst system. Optimal reaction conditions balancing

production and energy efficiencies allowed a remarkable increase in production of >14x and
Received 17th August 2024

Accepted 4th November 2024 productivity by >3x when compared to batch conditions. The produced H,O, was concentrated to

0.02 wt% via rotary evaporation, approaching commercially relevant concentrations. The reactor design

DOI: 10.1039/d4se01142b also allowed other chemical transformations, such as photoclick chemistry, as well as the processing of
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Introduction

Hydrogen peroxide (H,0,) is a highly versatile and eco-friendly
oxidant with widespread applications in the chemical industry,
pulp and paper bleaching, wastewater treatment and
disinfectants.'® In the past years H,0, has also been proposed
as an energy carrier in fuel cells, offering several advantages
over hydrogen (H,) such as being a transportable liquid with full
solubility in water and thus achieving safer operation, storage,
and transportation.”® It is estimated that the global market for
H,0, will grow at a compound annual growth rate (CAGR) of
4.6% increasing to 5.7 million tons annual demand by 2028.'>"*
Its characteristics as high-energy fuel and as environmentally-
friendly oxidant, generating water (H,0O) and oxygen (O,) as
the only by-products, led to H,O, being listed as one of the 100
most important chemicals on earth."*

However, current production of H,O, via the anthraquinone
process, comprising Pd-catalyzed hydrogenation of an alkyl-
anthraquinone and consecutive oxidation in an organic
solvent, involves high energy input and generates substantial
volume of wastewater and solid waste."'* Hence, a growing

“Stratingh Institute for Chemistry, University of Groningen, Nijenborgh 4, 9747 AG
Groningen, The Netherlands. E-mail: b.l feringa@rug.nl

*Engineering and Technology Institute Groningen (ENTEG), University of Groningen,
Nijenborgh 4, 9747 AG Groningen, The Netherlands
(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d4se01142b

This journal is © The Royal Society of Chemistry 2025

biomass waste into valuable products.

demand for sustainable alternatives led to techniques such as
electrocatalytic production of H,O, through the oxygen reduc-
tion reaction (ORR) or water oxidation reaction (WOR),"*** as
well as the direct synthesis of H,0, from H, and O,.>*?*
However, particularly in the direct synthesis, the high energy
consumption and significant explosion risks associated with O,
and H, gas mixtures hinder the industrial scale up of these
methods.” Harnessing green energy sources like solar energy
for the photochemical production of H,0, might offer a prom-
ising alternative for sustainable production of H,0,.>** While
remarkable progress towards photochemical production of
H,0, has been made,** especially metal-based photocatalysts
often rely on noble and scarce metals, starting materials and
solvents that are not biobased and renewable, and catalyst
synthesis often requires special equipment or high
temperatures.®>*?

For future production processes of H,O, to be a viable
alternative, the process must align with the Sustainable Devel-
opment Goals and the 12 Principles of Green Chemistry.***
Sustainable chemistry is at the core of the energy transition,
feedstock transition and materials transition required for
a circular economy.**38

Based on these considerations, we previously established
a strategy for the photochemical production of H,0, catalyzed
by earth-abundant iron.'” We developed several iron oxide
(FeO,) nanoparticles (NPs) for successful photochemical oxygen
reduction to H,0O, under visible light illumination (445 nm),
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Fig.1 Schematic representation of our previous study and the present work for photochemical production of H,O,. Batch and flow conditions

are compared, where flow conditions allow for higher production.

achieving a selectivity for H,O, of >99% (Fig. 1).*® Crucially, the
FeO, NPs could be synthesized from biobased and abundant
materials including metal, surfactant (ie. capping agent,
ligand) and solvent. Successful photochemical production of
H,0, was possible via real sunlight irradiation and in
seawater.'®

However, directly associated with our choice of metal the
batch conditions were limiting the production through Fenton
degradation of the produced H,O, on the iron surface of our
catalyst (9.4-14.8 mmol g~ ' L™, 0.136 pumol and 0.027 pmol
h™").19%94 Thus, after investigating the Fenton process in
detail, we here designed a modular thin-film photo-flow reactor
to increase the selective production of H,O, by minimizing
Fenton degradation and facilitating product H,O, separation
from the catalyst surface (Fig. 1). We successfully increased the
production by >14 x and productivity by >3 x when compared to
our original batch conditions (from 0.136 pmol to 1.938 pmol
and from 0.027 pmol h™" to 0.097 pumol h™).

Through this continuous production of H,0, we ultimately
were able generate enough H,O, to reach 0.02 wt% solutions
through partial evaporation of water. The versatility of our flow
reactor design was further demonstrated in other applications
such as photoclick reactions and biomass valorization to
renewable platform chemicals.

Results and discussion

In our previous work, we demonstrated a more sustainable
synthesis of iron oxide (FeO,) nanoparticles terminated with
different surfactants, where specifically FeO, NPs with specific
geometry possessed photoactivity for oxygen reduction to
hydrogen peroxide.” An apparent quantum yield (AQY) of
0.11% was achieved for the photochemical oxygen reduction to
H,0, with visible light (445 nm) at ambient temperatures and
pressures (9.4-14.8 mmol g~ ' L™, 0.136 umol and 0.027 pmol
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h™"), corresponding to 1.7 & 0.3 mmol g ' L' h™'. The H,0,
yield could be increased by decreasing the pH, addition of
cation exchangers and by production in biphasic systems
(Heptane/DCM with Milli-Q water) (up to 19.5 + 2.7 mmol g~*
L 1).* FeO, nanoparticles with oleic acid (2:1) as surfactant
were successfully utilized in applications like wastewater treat-
ment, polymerizations, and in situ oxidations. Production of
H,0, was possible via sunlight irradiation and in seawater.*

Sustainable storage solvent

Utilizing earth-abundant metals and biobased (co-)catalysts
offered great potential for photocatalytic production of hydrogen
peroxide as solar fuel. Generally, the nanoparticles were stable
for at least 6 months without aging, agglomeration or changes in
size (Tables S2 and S3f), which are crucial and remarkable
features considering the magnetic properties of the catalyst.
However, one remaining aspect that we improved through
this research was the storage aspects of those nanoparticles:
usually, the particles were suspended in dichloromethane (10
mL) and stored in nitrogen atmosphere and darkness at 5 °C.
Recently though (30th April 2024), the United States Environ-
mental Protection Agency (EPA) finalized a ban on most uses of
methylene chloride (dichloromethane, DCM).**** Hence, for our
catalyst system to stay relevant and especially to align with its
goal for sustainable production of H,O, we investigated greener
solvent alternatives.*** The following three solvents were
identified as successful candidates for replacing DCM (in this
order): 2-methyltetrahydrofuran (2-MeTHF), tetrahydrofuran
(THF), and methyl isobutyl ketone (MIBK) (Table S2t). Other
solvents such as methyl tert-butyl ether (MTBE), methyl ethyl
ketone (MEK), ethyl acetate (EtOAc), pentane and dimethyl
carbonate were not able to stabilize the nanoparticle dispersion
sufficiently. Having identified three green solvent alternatives
for DCM with stable dispersions and no precipitation, we

further evaluated particle sizes through dynamic light

This journal is © The Royal Society of Chemistry 2025
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scattering. We observed tunable particle sizes depending on the
storage solvent: 1.97 £+ 0.31 nm (DCM), 9 £+ 5 nm (2-MeTHF), 12
£ 7 nm (THF), and 10 £+ 5 nm (MIBK). Ultimately, we recom-
mend 2-MeTHF as future solvent for storage of FeO, NPs as it
has higher sustainability character than THF.***

Fenton and photo-Fenton chemistry

While applying sustainable chemistry principles to catalyst
design and synthesis, our choice of metal directly limited the
batch conditions through Fenton degradation of product H,0,
on the iron surface of our catalyst.*

The Fenton reaction is characterized by the interaction
between peroxides and iron ions, resulting in the formation of
reactive oxygen species capable of oxidizing both organic and
inorganic compounds.” The decomposition of peroxides over
other metals are classified as Fenton-like reactions.** Recently, the
Fenton process has been effectively employed in the decomposi-
tion of hazardous organic substances in wastewater, for which the
hydroxyl radical has been identified as critical species.***

The Fenton mechanism is represented by reactions (1)—(9) in
Scheme 1, where reaction (1) is commonly referred to as the
Fenton reaction. This involves the oxidation of ferrous (Fe**) to
ferric (Fe**) ions to decompose hydrogen peroxide into hydroxyl
radicals.*

Reactions (2)—(5) represent rate limiting steps within the
Fenton mechanism, during which the hydrogen peroxide is
consumed, and ferrous iron is regenerated. Reactions (5)-(9) are
additional radical reactions occurring within the Fenton
process. The overall decomposition of hydrogen peroxide by the
Fenton process is depicted in reaction (10), which results in the
formation of water and oxygen.*’

Furthermore, when light of a specific wavelength irradiates
a solution containing hydrogen peroxide and iron, the process
can be expanded and termed as photo-Fenton chemistry.*! In
photo-Fenton reactions, the formation of hydroxyl radicals is
enhanced compared to dark-Fenton. In dark-Fenton reactions,
the process stops with the accumulation of Fe*" ions once all

Fe**+H,0, —» Fe3*+OH +HO: (1)
Fe’*+H,0, —» Fe?* +HO, +H"* (2)
Fe?*+0OH —>  Fe**+O0OH (3)
Fe?*+HO, —> Fe*+HO, (4)
Fe**+HO, —> Fe*+0,+H" (5)
OH' +OH —> H,0, (6)
OH +H,0, —>  HO, +H,0 (7
HO, +HO, —> H,0,+0, (8)
HO, +HO- —>  H,0+0, 9)
2H,0, — 0,+2H,0 (10)

Scheme 1 Degradation of hydrogen peroxide through Fenton
chemistry and related reactions.*®

This journal is © The Royal Society of Chemistry 2025
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Fe?* + H,0, — Fe3* + OH + OH' (1)
Fe**+H,0+hy —> Fe?* + OH' + H* 2
H,0, + hv —> 20H  A<400 nm 3)

Scheme 2 Enhanced degradation of hydrogen peroxide through
photo-Fenton chemistry.**

Fe”* has been consumed (Scheme 2, reaction (1)). The increased
degradation efficiency of photo-Fenton is attributed to the
regeneration of Fe>" via the photoreduction of Fe** (Scheme 2,
reaction (2)), allowing the continuous occurrence of reaction (1)
and maintaining the catalytic cycle.**

While these aspects are advantageous for the degradation of
organic pollutants in wastewater treatment, our designed pho-
tocatalyst was limited through the kinetics of production vs.
degradation of hydrogen peroxide. Furthermore, the photolysis
of hydrogen peroxide (reaction (3)) at wavelengths below
400 nm, contributes to the accelerated degradation of product
peroxide.**

In our previous study we already circumvented Fenton
degradation and enhanced production of H,0, through
biphasic solvent systems (aqueous/non-aqueous) in batch
conditions.’ We were able to minimize Fenton degradation
through separation of produced H,0, and ‘O,  from the cata-
lyst surface, as the catalyst suspended in organic solvents while
H,0, migrated to the water layer, thereby effectively performing
an in situ extraction.™

Following up on these insights we further investigated Fen-
ton properties of our catalyst system. In Fig. 2 the decomposi-
tion of a 1 mM solution (30 min nitrogenated) of hydrogen
peroxide was followed at 240 nm (by UV-Vis) in darkness and
light (without iron present). In comparison to the slow degra-
dation in darkness (black), irradiation with light as depicted in
orange accelerates H,0, decomposition via photo-Fenton
chemistry (445 nm). However, as soon as FeO, NPs were
immobilized on the side of the cuvette and thereby exposed to
a 1 mM hydrogen peroxide solution, the presence of iron
drastically increased the decomposition of H,0, in darkness
(brown). Under light exposure, however, hydrogen peroxide was
initially produced and subsequently decomposed at a slower
rate (indicated in blue). Thus, Fenton chemistry is prominently
active when utilizing these FeO, NPs, particularly in batch
irradiation setups. While the production of H,0, clearly out-
paces the degradation of hydrogen peroxide initially, the whole
system would benefit from flow chemistry to mitigate the
influence of the Fenton chemistry. A modular photo-flow
designed to allow the produced hydrogen
peroxide to be continuously removed from the vicinity of the
iron oxide photocatalyst and light source.

reactor was

Photo-flow reactor design

In recent years, remarkable advances in photochemistry*® and
electrochemistry®*** have been combined with technological
innovations in flow chemistry®** and high-throughput
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Fig. 2 Fenton decomposition of hydrogen peroxide over FeO, NPs.
UV-Vis absorbance of H,O, followed at 240 nm. Initial concentration
of hydrogen peroxide 1 mM, solution was 30 min nitrogenated.

experimentation.®*® Not only allowing enhanced organic
synthesis,®®® but also production of H,0,,*”> we also gained
valuable experience ourselves on applying electrochemistry”
and photochemistry in flow over the past years.”*””

Having established the details on Fenton degradation for our
catalytic system, we initially evaluated several reactor designs to
produce H,0, in flow. Crucially, through the hydrophobic
properties of the catalyst, the material demonstrated a strong
affinity for glass surfaces. This facilitated the immobilization of
the catalyst without leaching within a batch- as well as flow-
reactor. Thus, inspired by falling film reactors, we opted for
a modular thin-film photo-flow design.

The reactor comprises multiple layers secured by screws
(Fig. 3A). The upper (1) and lower (7) layers are constructed from
stainless steel plates with screw holes. A window is cut into the
center of these steel plates to allow light irradiation from the top
and bottom. Adjacent to the upper steel layer (1) is a protective
plastic support layer (2), which separates it from a quartz glass
layer (3). Quartz is selected for its ability to facilitate reactions
with UV light sources. The reaction occurs between two glass
plates (3 and 5), with the lower glass plate (5) containing two
holes that serve as the reactor's inlet and outlet. A rubber gasket
(4) is positioned between the glass plates, serving as a mold for
catalyst application on the glass. This gasket is made of H,O,-
cured 1 mm thick ethylene propylene diene monomer (EPMD)
that ensures chemical stability and a consistent flow pattern
(which can be replaced with an alternative pattern if required).

The components of the proposed flow reactor were ulti-
mately designed in accordance with the specifications outlined
in Fig. 3A. The whole reactor design and size was determined
through the standard dimensions of quartz glass (100 x 100 x
1 mm) at our institution. Within the borosilicate glass, two
holes were precisely cut, to which G/L fittings were attached to
establish inlet and outlet points. The plastic support and
stainless-steel frame each incorporate three screw holes on
opposite sides, ensuring uniform force distribution upon
assembly. The positioning of the G/L fittings was carefully
arranged to align within the window of the plastic and steel

144 | Sustainable Energy Fuels, 2025, 9, 141-151
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frame. Furthermore, a septum fabricated from silicone rubber
was implemented to securely connect tubing to the reactor
without risk of leakage. Integration of these components yields
the fully operational and adaptable photo-flow reactor depicted
in Fig. 3B. The inner dimensions of the designed flow reactor
were 8 cm x 8 cm x 1 mm. Furthermore, the integration of
various patterns of rubber gaskets was feasible. Here, elongated
pathways enable increased reactor volume and offer the
potential to accommodate a greater quantity of catalyst within
the reactor.

Photo-flow production of H,0,

After the design and assembly of our reactor, we immobilized
our FeO, NPs onto the glass within the flow reactor. These
nanoparticles are usually suspended in organic solvents,
allowing facile drop casting onto the glass surface. Following
the evaporation of the solvent, the nanoparticles adhere to the
glass surface. Subsequently, oxygenated Milli-Q water was flown
over the catalyst without causing observable removal of parti-
cles, indicating successful immobilization. The Milli-Q water
circulation within the reactor was facilitated by a diaphragm
liquid dosing pump, reaching the photo-flow reactor window,
where blue light irradiation initiates the oxygen reduction to
H,0,, which is separated from the catalyst surface and then
collected in the product flask (Fig. 3B). The schematic repre-
sentation of the reaction and optimal conditions found for our
photo-flow production of H,0, are depicted in Fig. 3C.

We initially attempted to produce H,O, through recirculat-
ing the solvent by directing the product solution back into the
reactant flask. However, this approach yielded non-quantifiable
concentrations of H,O, through Fenton degradation, as deter-
mined by peroxide test strips. Instead, a robust and successful
method for hydrogen peroxide production was achieved,
involving a single pass of the solution through the reactor at
a considerable flow rate (0.1-0.3 mL min ). In this configura-
tion, the reactant flask containing oxygenated Milli-Q water was
stirred continuously, while the introduction of a needle through
the septum mitigated the development of under pressure
arising from the pump. Utilizing perfluoro alkoxy alkane (PFA)
tubing, the reactant was conveyed through the pump to the
photoreactor, with another PFA tube serving as the outlet to the
product flask.

After successful H,0, production, experiments were
systematically conducted by first operating the system in dark-
ness to obtain a blank sample under light-free conditions. By
peroxide test strips, the blank in darkness was confirmed to be
negative and was subsequently used for normalization. Upon
activation of the light source, aliquots were collected at hourly
intervals over a period of four hours. Additionally, a fifth aliquot
was collected after an overnight duration of 20 h. Consistent
experimental procedures were maintained across all flow
experiments, ensuring comparable results, as summarized in
Table S5.1 Kinetic analyses were conducted for the initial four
hours of reaction under varying conditions to establish optimal
reaction conditions. These kinetic profiles depict the cumula-
tive production of hydrogen peroxide over time.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (A) Schematic representation and design of the parts of the modular photo-flow reactor. (B) Assembled photo-flow reactor to produce

hydrogen peroxide including reactant solution (O, atmosphere, blue), diaphragm liquid dosing pump (SIMDOS® 02 FEM 1.02 RC-P), reactor with
LEDs (inlet green), light blocking box with cooling fans for temperature control (orange inlet), and product solution. (C) Reaction scheme and
optimal conditions for the photochemical production of H,O, in photo-flow reactor. Blue inlet: oxygen reduction reaction on the FeO, pho-
tocatalyst. Reaction conditions: 30 mg FeO, NPs, blue LED (500 mW, 445 nm, 180 mW cm™2), room temperature (without cooling), flow rate: 0.1

mL min~t

The initial catalyst amount was assessed through the
immobilization of varying quantities of catalyst (20, 30, and 60
mg) on the glass surface of the flow reactor (Fig. 4A). It was
observed that all catalyst loadings effectively covered the
entire surface of the photoreactor. Through this investigation,
it was determined that the highest production and produc-
tivity could be achieved with the immobilization of 30 mg of
catalyst in the reactor. Conversely, a lower production rate was
observed with 20 mg of photocatalyst immobilization, likely

This journal is © The Royal Society of Chemistry 2025

of oxygenated (30 min) Milli-Q water, residence time tg (64 min).

due to a reduced number of active sites or photon absorption.
Interestingly, immobilization with 60 mg of photocatalyst
resulted in intermediate production between the other cata-
lyst amounts. This phenomenon could be attributed to the
onset of Fenton degradation within the photoreactor when
using 60 mg of FeO, NPs. However, it is plausible that this
issue could be mitigated at higher flow rates. For subsequent
studies, a catalyst loading of 30 mg was selected as the optimal
condition.

Sustainable Energy Fuels, 2025, 9, 141-151 | 145
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Fig. 4 Evaluation of reaction conditions for the photochemical oxygen reduction to hydrogen peroxide in flow. (A) Effect of catalyst amount. (B)
Effect of Milli-Q water flowrate. (C) Effect of solvent. (D) Effect of wavelength (UV light, 365 nm). (E) Effect of temperature. (F) Kinetics of H,O,
production under optimal conditions. Standard and optimal conditions: 30 mg FeO, NPs, Blue LED (500 mW, 445 nm, 180 mW cm~2), room
temperature (without cooling), flowrate: 0.1 mL min™! of oxygenated (30 min) Milli-Q water, residence time tg (64 min).

The impact of Milli-Q water flow rate on hydrogen peroxide
production is illustrated in Fig. 4B. Depending on the flowrate
different residence times can be calculated correlated to the
reactor volume of 6.4 mL (8 cm X 8 cm x 1 mm):

reactor volume

residence time =
flowrate

1)

Thus, depending on the flowrate different residence times
could be observed (flowrate 0.1 mL min " with residence time tg
= 64 min; flowrate 0.3 mL min " with residence time tg = 21.3
min). It was found that a flow rate of 0.3 mL min~" yielded
a higher production of hydrogen peroxide over time. This
outcome is attributed to the faster removal of produced
hydrogen peroxide from the flow reactor, resulting in reduced
contact with the immobilized photocatalyst. Consequently, the
shorter duration of exposure to photo-Fenton degradation led to
increased productivity and hydrogen peroxide production.
However, for subsequent investigations, a flow rate of 0.1
mL min~" was adopted, as it resulted in more positive peroxide
test strips and higher concentrations of hydrogen peroxide.
Although a flow rate of 0.3 mL min~" produced the highest
quantity of hydrogen peroxide, the product solution was more
diluted, requiring additional energy for distillation in subse-
quent processing steps.

In the next step a solvent with superior oxygen solubility was
selected, to enhance H,0, production through ORR in our
modular flow system. Previously, we already established that
solvents such as ethanol, isopropanol or methanol were inef-
fective to serve as hole scavengers (i.e. electron donors) in the

146 | Sustainable Energy Fuels, 2025, 9, 141-151

batch process.’ Thus, in this case we opted for ethanol as
solvent due to its significantly higher oxygen solubilizing ability
compared to water, varying between 5 to 7.5 times greater
depending on the temperature.”®” Through comparing pre-
oxygenated solutions containing 0%, 50%, and 100% ethanol,
we observed that no conversion could be obtained when
utilizing pure ethanol as the nanoparticles were suspended over
time (Fig. 4C). However, utilizing a 50% ethanol solution
resulted in a substantial increase in hydrogen peroxide
production, with a 92% improvement after 4 h compared to
water as more oxygen could be dissolved. Additionally, the
nanoparticles remained immobilized in the reactor and did not
dissolve in the 50% ethanol solution. For further screenings, we
opted for pure water as solvent for production of H,O, to
investigate the system without addition of organic solvents.
Subsequently, flow reactions using lower wavelengths irra-
diation were examined since the nanoparticles allowed higher
UV-Vis absorption. Previously, it was found that the apparent
quantum yield (AQY) to be higher at irradiation with 365 nm
(0.08%) compared to 455 nm light (0.05%). Consequently,
365 nm irradiation was employed for H,0, production at flow
rates of 0.1 and 0.3 mL min~". Fig. 4D illustrates an improved
production rate under UV light irradiation. However, only two
hours of production are depicted. After three hours of light
exposure, no further conversion was obtained. We initially
theorized thermal decomposition of the produced H,O, as the
UV light (365 nm) entered the reactor through a quartz glass
plate but was fully absorbed by a borosilicate glass plate on the
opposite side, leading to heat accumulation (from 22.2 °C to
32.4 °C within 2 h). Thus, we developed an air-cooling system

This journal is © The Royal Society of Chemistry 2025
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for the reactor to allow stable temperatures (from 21.9 °C to
stable 26.1 °C over 4 h). However, in both cases we were not able
to increase the production of H,0,, indicating that heat accu-
mulation was not the reason but probably enhanced photo-
Fenton degradation with UV light (365 nm), facilitating
product H,0, decomposition. These results are in line with our
previously reported temperature screening, where already in
batch conditions higher temperatures allowed more rather than
less H,0, to be produced. In our flow reactor, while cooled
production through UV light irradiation was not possible as
photo-Fenton degradation kinetics were limiting the reaction,
H,0, production was observable at least for the first two hours
in uncooled conditions with UV light irradiation before the
degradation took over.

Knowing that 365 nm was not the optimal wavelength and
that higher temperatures increase the production, we
confirmed those results through our temperature screening
(Fig. 4E): Through irradiation with 445 nm at uncooled condi-
tions, the temperature increased from 21.3 °C (blank) to 25.8 °C
(1 h),27°C (2 h), and 27.7 °C (3 h and 4 h). Here the production
surpassed that under the cooled conditions, with which the
temperature was stable (from 22.1 °C to stable 23.2 °C over 4 h).

Q

Blue LED
(500 mW, 445 nm, 180 mW / cm?)

0,+H,0 - O———="% O_H
V—> H 0

RT, 0.1 mL min™

tr = 64 min hydrogen peroxide

(up to 0.02 wt%)
B Q

CN -Boc

Blue LED
(500 mW, 445 nm, 180 mW / cm?)

/\

MeCN, 20 °C, N,

ﬁ
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We already proposed a mechanism for the photochemical
production of H,0, previously; however, despite extensive
experimental efforts, the precise interaction between iron and
oleic acid, whether as co-catalyst alone or involving additional
sacrificial components, requires further investigation.

After these experiments, the optimal conditions to produce
H,0, in our flow system were: 30 mg FeO, NPs, blue LED (500
mW, 445 nm, 180 mW cm ), room temperature (without
cooling), flowrate: 0.1 mL min~ " of oxygenated (30 min.) Milli-Q
water, residence time ¢z (64 min). The complete kinetic profile
of these conditions is illustrated in Fig. 4F. After 20 h of irra-
diation, 1.938 + 0.306 umol of hydrogen peroxide was produced
in flow. Compared to batch reactions (5 h), this represents
a 14.25-fold increase in hydrogen peroxide production and
a 3.59-fold increase in productivity (Fig. 5A). We were pleased to
observe that the increased H,O, production in our flow reactor
demonstrates the effectiveness of circumventing photo-Fenton
decomposition. This is accomplished by continuously
removing the produced hydrogen peroxide from the reactor,
thereby isolating it from the catalyst and light source.

Subsequently, to evaluate the robustness of our flow-reactor
as well as catalyst system, we performed the production of H,O,

ltox/de Test 0.52 mg/L
s oxid-Test
L N J
Batch (5 h) Y 0.136 pmol
0.027 umol h* - . . .
5 10 25

Concentration via

Production x 14.25 rotary evaporation

Productivity x 3.59

! 1

32 °C, full vacuum

oxid-Test

1.938 umol

Flow (20 h) 0.097 umol h*

-Boc
N Modular flow reactor allows for

various chemical transformations

(e.g. photoclick reactions and
biomass valorization)

2.1 mL m!n1 PQ-PY
tr =3 min full conversion
180 s
¢ )
% -
White LED
(500 mW, 152 mW / cm? @ 445 nm)
(o} (o]
Methylene blue HO
W * % 138 mol) O A\, 0
i SGF0o0— [
Furfural 1at )
(100 mM) {1 ) MeOH, r.t. Hydroxy-butenolide
2 mL min™ full conversion
tg =3.2 min —
24h

Fig. 5 Final conditions for hydrogen peroxide production as well as other chemical transformations in our reactor design. (A) Optimal reaction
condition and final improvements to produce H,O, (up to 0.02 wt%) in our modular photo-flow reactor through the oxygen reduction reaction.

(B) Photoclick reaction of 9,10-phenanthrenequinone with N-boc-2,3-

dihydro-1H-pyrrole within 180 s. (C) Conversion of renewable feedstock

and biomass derived furfural to commodity chemicals such as hydroxy-butenolide for applications in coatings, resins, and paints.
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under those conditions in triplicate, without significant devia-
tions (Table S51). We produced several product solutions (18)
with volumes between 50 mL and 200 mL. Generally, product
solutions of 75 mL had a concentration of approximately
2 mg L. Following mild and fast rotary evaporation at 32 °C (to
50 °C) under full vacuum, the water volume was reduced, and
the concentration thereby increased to 200 mg L™ '. This
corresponds to a hydrogen peroxide concentration of 0.02 wt%
(Fig. 5A). Compared to batch production (0.5-2 mg mL™") this
represents a significant increase, allowing for concentrations
despicable through percentage by weight nearing commercially
viable concentrations. For instance, hydrogen peroxide has
been demonstrated to effectively kill the SARS-COVID-19 virus
at concentrations as low as 0.5% with a one-minute exposure.*
This method thus provides a viable approach towards on-
demand and on-site hydrogen peroxide production, elimi-
nating the need for transportation and mitigating the risks
associated with the high concentrations typically involved in the
anthraquinone process.

Applications in photoclick reactions and biomass valorisation

After having established the successful production of H,O0,
through our modular flow-reactor and photocatalyst system, we
investigated other chemical transformations.

Photoclick reactions, also referred to as light-triggered
cycloaddition reactions, combine the advantages of both
photochemistry®® and classical click chemistry.®** Enabling
chemoselective product formation, quantitative conversion,
short reaction times, high functional group orthogonality, and
mild reaction conditions with the potential for remarkable
spatiotemporal control.””** These photoclick reaction systems
have become indispensable as methodology for surface func-
tionalization,® polymer conjugation,*® photocrosslinking,*”
protein labelling,*® and bioimiganing.”” We previously reported
the light-induced photocycloaddition of 9,10-phenan-
threnequinone (PQ) with electron-rich alkenes (ERA), known as
the PQ-ERA reaction, which is a highly attractive photoclick
reaction characterized by high selectivity, external non-invasive
control with light and biocompatibility.**** In our modular flow
reactor system, we improved the energy requirements of our
previously reported system by utilizing blue LEDs (445 nm)
instead of light with lower wavelength (395 nm). Product
formation could be followed by UV-Vis (Fig. S277) as well as
high-pressure liquid chromatography (HPLC, Fig. S287%).
Utilizing our modular photo-flow reactor we achieved full
conversion of PQ with N-Boc-2,3-dihydro-1H-pyrrole (PY) to our
desired product within 180 s, showcasing the versatility of the
reactor setup (Fig. 5B).”"%

Another important research field in our group is the
replacement of petrochemical-based chemicals®> and mono-
mers like acrylates through sustainable alternatives.”*** Envi-
sioning applications such as coatings, resins, and paints, we
developed several hydroxy- and alkoxybutenolides as bio-based
alternatives for the formation of high-performance coatings.****
Our newly designed flow-reactor was also compatible with these
transformations: starting from biomass-derived furfural, an
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environmentally benign photochemical conversion using
visible light (white LED), oxygen and methylene blue in our flow
reactor provided the desired hydroxybutenolide monomer with
full conversion after 24 h (Fig. 5C).”*** Here methylene blue is
required as catalytic triplet photosensitizer for the generation of
singlet oxygen ('O,), where the furan moiety of furfural
undergoes a [4 + 2] cycloaddition with 'O, and transform
quantitatively into hydroxybutenolide.”® Through employing
flow rates of 2 mL min " and thereby a residence time tx =
3.2 min, we successfully achieved the production of our desired
product hydroxybutenolide (i.e. 5-hydroxy-2(5H)-furanone).
Furthermore, as the flow reactor operated in a closed system, we
were able to follow the kinetics of the Diels-Alder type reaction
over time (Fig. S317).°® Next to the product, the formation of
methyl formate as well as the intermediate endoperoxide after
Diels-Alder reaction with 'O, could be observed (Fig. $317).%
The conversion of renewable feedstock in our photo-flow
reactor is another showcase of the versatility of the reactor
design.

Conclusion

Through this research, we have successfully expanded the
capabilities of our photocatalyst system in producing H,O,
from O, through the oxygen reduction reaction. Initially, we
developed a photocatalyst with strict adherence to the princi-
ples of green and sustainable chemistry, which now also omits
dichloromethane as storage solvent after its recent prohibition.

However, the utilization of earth-abundant iron in our FeO,
NPs led to Fenton degradation of the produced H,O,, thereby
limiting our productivity. By conducting detailed investigations
into Fenton degradation and H,O, production kinetics, we
devised a modular photo-flow reactor to address this challenge.
This reactor system enabled the application of our photocatalyst
while circumventing Fenton degradation of the H,0, product
through continuous removal from the active site. The modular
reactor allowed easy adjustments of flow patterns and catalyst
amounts, and the incorporation of quartz glass enabled UV-
light irradiation. Comparative studies under batch conditions
revealed a remarkable increase in production of 14.25-fold and
productivity by 3.59-fold. Notably, we obtained H,O, solutions
of 75 mL with concentrations of 2 mg mL ™", which could be
concentrated to 0.02 wt% through rotary evaporation.

Furthermore, we demonstrated the versatility of our flow
reactor by employing it in photoclick chemistry and in the
conversion of biomass-derived furfural to acrylate replacements
for paints and coatings.

In conclusion, our method provides a viable approach
towards on-demand and on-site hydrogen peroxide production,
eliminating the need for transportation and mitigating the
associated risks of handling high concentrations typically
encountered from the anthraquinone process.

Data availability

The data supporting this article have been included as part of
the ESI.T This also includes the raw files for the design of the
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flow-reactor. Unprocessed raw data, such as 'H-NMR spectra of
previously published compounds, will be made available by the
corresponding author upon request.
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