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In the last years, there were two fields that experienced an astonishing growth within the
biocatalysis community: photobiocatalysis and applications of flow technology to catalytic
processes. Therefore, it is not a surprise that the combination of these two research areas
also gave place to several recent interesting articles. However, to the best of our
knowledge, no review article covering these advances was published so far. Within
this review, we present recent and very recent developments in the field of
photobiocatalysis in continuous flow, we discuss several different practical applications
and features of state-of-the art photobioreactors and lastly, we present some future
perspectives in the field.

Keywords: continuous processing, microalgae, photoenzyme, photobioreactors, photobiocatalysis, flow
biocatalysis

INTRODUCTION

Photobiocatalysis

Even though sunlight has always been at our disposal as a natural, clean, and abundant source of energy
and (of course) light, only in recent years the use of light has been fully incorporated as a tool for chemical
reactions and lab processes. Since sunlight intensity changes with the weather, the seasons, and also
depends on the latitude, artificial sources of light are needed. However, as nowadays we can obtain light
from sustainable energy sources, it seems to be an optimal reagent for environmentally friendly chemical
processes (Yoon et al., 2010). Fortunately, and thanks to the hard work of many research groups which
paved the way for the application of transition metal complexes, organic dyes, natural pigments and
nanostructured semiconductors, that allow to collect energy from the visible part of the electromagnetic
spectrum, photo- and photoredox catalysis have both experienced a remarkable growth in the last years.

Some impressive results have been achieved, such as an extended substrate scope, and the
possibility of working under milder conditions when compared to the light-independent alternatives
(Schmermund et al., 2019; Buglioni et al., 2021; Lopez-Vidal et al., 2021; Ozgen et al., 2021). Recent
noteworthy examples of it are the combination of visible light photoredox catalysis with gold
complexes (Hopkinson et al., 2016), the use of porous NisP, to accelerate photocatalytic hydrogen
evolution reaction (HER) (Liu et al., 2020), and the use of co-catalysts in TiO, photocatalysis (Meng
etal,2019). As seen in these examples, the use of dual catalytic systems is a very interesting approach;
therefore, it is not surprising that the combination of photo- and biocatalysis is also a topic of
increasing importance. This combination led to the development of improved sustainable synthetic
pathways in which light can be a useful tool to produce and/or regenerate cofactors or cosubstrates in
situ, powering (chemo)enzymatic cascades (Meyer et al., 2021).

However, while biotransformations have been widely investigated and recognized as sustainable
tool to synthetic chemistry for the past 20 years, the combination of photo- and biocatalysis has only
recently gathered the interest of the scientific community (Schmermund et al, 2019).
Photobioreactions can be categorized into two different groups: in vitro and in vivo. Similarly, in
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the first category we can distinguish two different types, those in
which the substrate is photochemically excited and then the reaction
proceeds, catalyzed by the biocatalyst, and those in which the
biocatalyst is carried to an excited state, directly or indirectly,
forming the “active” biocatalyst (Hong, 2020; Meyer et al,, 2021).
In order to get to this “active” state, photosensitizers or
photomediators are excited by light, which means that their
electrons are promoted to the lowest unoccupied molecular orbital
(LUMO). This enables the indirect regeneration of an enzymatic
cofactor through a sacrificial electron donor, the direct transfer of
electrons to a prosthetic group of the enzyme, or the indirect transfer
of electrons to the enzyme through a mediator (Macia Agull6 et al,
2015; Lee J.-C. et al,, 2018). So far, only four types of light-driven
enzymes are known, the photosystem I and II (Chitnis, 2001; Vinyard
et al., 2013; Barber, 2016), photolyases (Sancar, 2003; Sancar, 2016),
protochlorophyllide-reductases ~ (Schoefs and  Franck, 2003;
Schmermund et al, 2020), and photodecarboxylases (Sorigué
et al, 2017). Unfortunately, the first three mentioned enzymes still
do not have wide applications in biocatalysis (Scrutton, 2017). On the
other hand, the recently discovered photodecarboxylase shows
promising results for its application in the production of drop-in
fuels via decarboxylation of fatty acids, which are present in natural
fats and oils, using blue light (Huijbers et al,, 2018; Santner et al,
2021). Despite being an interesting field; it should be taken into
account that, in comparison to the application of other fields of
photobiocatalysis, the use of photoenzymes is still in its infancy
(Bjérn, 2018).

Even though the photochemical activation of enzymes and the
photochemical regeneration of cofactors are elegant methods,
there are still many challenges related to their application, such as
the generation of highly reactive free radicals, low total turnover
numbers (TTNs), and low turnover frequencies (TOFs) of the
photocatalyst (Hollmann et al., 2010; Schmermund et al., 2019).
These issues can be addressed using different photosensitizers or
applying enzyme engineering, but this could be cost-intensive
and, in some cases, not practical or efficient. As an alternative that
do not present these issues, in vivo photobiocatalysis, for example
using autotrophic organisms such as microalgae or cyanobacteria,
is very attractive for its application in the synthesis of several
different compounds. The photosystem present in these
microorganisms, which enables the process of photosynthesis,
converts light into redox equivalents while the cell itself provides
specialized electron transport chains, controls reactive species
such as radicals, and regenerates the system in case of damage.
Usually, biotransformations carried out using microalgae are
highly selective, have good atom economy, and allow the
design of systems for cofactor regeneration (Schmermund
et al., 2019). But there are also challenges related to in vivo
photobiocatalysis, associated with its upscaling, and the difficulty
in standardizing processes, since different organisms require
diverse conditions, and usually the cultures are very sensitive
to changes in temperature, salinity, pH, light intensity, nutrient
concentration and agitation (Yen et al.,, 2019).

Photo(bio)reactor Technology
The most common way to grow microorganisms for
photobiotransformations is using open photobioreactor (PBR)
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systems, which are economical in terms of construction,
operation and maintenance, but have a poor control on
growth conditions, which makes them inadequate for the
production of fine chemicals (Chisti, 2007; Chanquia et al.,
2021). These PBRs are usually raceway-shaped shallow pools.
Conversely, closed PBRs rise as an alternative that has attracted a
great deal of attention in the last years. They demand a higher
initial investment, and also the costs related to their operation and
maintenance are higher than those of open systems; however,
they offer an excellent control over cultivation conditions, which
usually results in better productivities (Zhu et al., 2018). Closed
PBRs can have many different configurations and shapes, being
horizontal or vertical tubular vessels, flat panels or even plastic
bags, just to mention some of the most common (Chanquia et al.,
2020; Chanquia et al., 2021).

On the other hand, continuous flow reactors have been
thoroughly studied in the last 2 decades, but especially in the
last years this discipline has experienced a sharp increase in the
number of publications, as seen in Figure 1, with several different
reported applications of this technology, and a special emphasis
in miniaturized flow reactors and also in carrying out reactions
that underperform in batch (Valera et al., 2010; Plutschack et al.,
2017; De Santis et al., 2020). This is not a surprise if we consider
the many advantages that flow systems present over batch ones,
especially when considering microscale reactors (Bolivar et al.,
2011; Znidarsi¢-Plazl, 2021a; Znidarsi¢-Plazl, 2021b). Amongst
these advantages we must mention that they are adequate for
processes involving heterogeneous catalysis, such as those using
immobilized enzymes (Gkantzou et al., 2018; Thompson et al.,
2018), they have very fast mixing and heat exchange rate
(Hartman et al., 2011; Giirsel et al., 2015; Cambie et al., 2016),
large interfacial area when dealing with multiphase systems (Noél
and Hessel, 2013; Mallia and Baxendale, 2016), improved
reaction selectivity and reproducibility (Hartman et al., 2011;
Talla et al., 2015; Cambie et al, 2016), simplified or even
automated downstream processing (Webb and Jamison, 2010;
Pastre et al., 2013; Fabry et al., 2014; Ley et al., 2015; Fabry et al,,
2016), increased operational safety (Gutmann et al., 2015; Cambie
et al., 2016) and, in the case of photoreactions, a reliable scale-up
and an improved irradiation of the reaction mixture (Geyer et al.,
2006; Wegner et al,, 2011; Su et al.,, 2014; Su et al., 2016).

There are many excellent recent reviews focusing on
continuous flow chemistry, continuous flow photocatalysis and
photobiocatalysis in general, but to the best of our knowledge,
there are no articles giving an overview of the recent advances in
the combination of these disciplines, which is “photobiocatalysis
in flow” Amongst these reviews we want to highlight the
publications made by Schmermund et al. (2019), that gives an
overview on the different possible strategies for using light in
biocatalysis, and Meyer et al. (2021), which covers the most recent
advances regarding in vitro photobiocatalysis. Additionally,
Chanquia et al. (2021) describes different photobioreactors set-
ups, as well as challenges and perspectives related to them. On the
other hand, we also believe that is important to mention the
publications by Ozgen et al. (2021), that focuses on how to
overcome challenges when dealing with photo(chemo)
enzymatic reactions, and Seel and Gulder (2019) who reviewed
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FIGURE 1 | Number of relevant publications in the period 2001-2020 in which it is possible to see the growing interest in the application of continuous flow
strategies. Analysis made using “Web of Science” database searching “continuous flow reactors” as topic on the 11-08-2021.

several different relevant photocatalyzed transformations. On
the field of continuous flow chemistry and photochemistry, we
consider especially noteworthy the works made by Plutschack
et al. (2017), who wrote an astonishing guide for flow
chemistry, the thorough review made by Buglioni et al.
(2021), covering the latest innovations in photochemistry
applied in organic synthesis, the recent work by De Santis
et al. (2020), that reviews very recent developments of
biocatalysis in flow, the work by Britton et al. (2018) with
an interesting overview of immobilization methods for the
synthesis of different products, and the review made by
Cambie et al. (2016), that focuses on the applications of
continuous flow photochemistry in organic synthesis,
material science and water treatment. Additionally, a very
recent study from Znidarsi¢-Plazl (2021b) gives an overview
on heterogenization of enzymes, miniaturization of processes
and process integration.

This review aims to fill a gap that it is present in the current
literature, covering some of the latest advances and the state-of-
the-art of photobiocatalytic reactions in continuous flow in a
concise and straightforward way, as well as the most important
features and possible improvements for the different reactors
used to carry out these processes. Moreover, an outline on the
design and optimization principles of flow photocatalytic reactors
will be presented, with the goal of providing some general
guidelines to facilitate the transition of photobiocatalysis from
batch to flow.

FLOW PHOTOBIOCATALYSIS

In this section, the latest applications of flow photobiocatalysis in
selected key research fields, such as 1) organic synthesis, 2) energy
carrier production and 3) environmental biotechnology for air
and water treatment will be discussed.

Flow Photobiocatalysis in Organic
Synthesis

Until now, the main research focus of photobiocatalysis in
continuous flow has been on in vivo applications. This
approach ~ has  several  advantages, since  these
biotransformations are highly selective, have good atom
economy, and allow designing systems for cofactor
regeneration (e.g., NADPH), as shown on Figure 2 (Koninger
et al., 2016; (“)den et al,, 2021).

In this field, the number of studies regarding production of
biofuels using phototrophic organisms has been increasingly
growing in the last years (Sero et al, 2020) and, even though
most of them have covered batch photobioreactors, there are
some interesting examples regarding flow cultivation of
microalgae and production of lipids. A review published by
Fernandes et al. (2015) covers approaches and applications of
continuous cultivation of phototrophic organisms, whereas an
article by Remmers et al. (2017) quantitatively compares
continuous versus batch production of lipids in a Acutodesmus
obliquus culture. In this last case, the authors conclude that batch-
wise operation is the preferred cultivation strategy. Also (Dasan
et al., 2020), have recently developed a sequential-flow system
using several batch photobioreactors for the cultivation of
Chlorella  vulgaris, which enhances the growth of the
microalgae and the CO, fixation efficiency since it increases
the retention time. This system consists of four bubble column
photobioreactors connected in series by a continuous flow of
atmospheric air and it proved to be a good option for carbon
capture. Furthermore, when the microalgae were cultivated in
recycled medium the lipid accumulation increased and they
obtained fatty acid methyl esters (FAMEs) of good quality,
which could be used as biofuels.

With the aim of enabling the high density cultivation of
phototrophic organisms, which is a condition for the upscaling
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FIGURE 2 | Representation of in vivo photobiocatalytic NADPH regeneration by using the photosystems present inside a phototrophic microorganism’s cell,
coupled with heterologous oxidoreductases. Ctb6 f: cytochrome b6 f complex, Fd: ferredoxin, FnR: terminal reductase, PC: plastocyanine, PQ: plastoquinone, PSI:

photosystem |, PSII: photosystem Il. Adapted from Ozgen et al. (2021).

of photobioprocesses, Hoschek et al. (2019) have introduced
capillary biofilm reactors for the continuous oxidation of
cyclohexane to cyclohexanol. The biofilm was composed by
the combination of the O, producing Synechocystis sp.,
containing a recombinant cyclohexane monooxygenase, with
the O, respiring Pseudomonas taiwanensis. In this way they
avoided O, accumulation in the reactor, which is the main
obstacle  for  the development of industrial-scale
photobioprocesses (Vonshak and Torzillo, 2004). Applying this
methodology, they achieved a density of 51.8 ghiomass dry weight X
L', a productivity of 3.76 g x m > x day " of cyclohexanol for
over a month, and a conversion of 98%. These are excellent
results, but it should be noted that the total inlet concentration of
cyclohexanol for these experiments was relatively low (1 mM).

As mentioned at the beginning of this section, in vivo strategies
are the most used in flow photobiocatalysis due to the stability
issues that photoenzymes present, and probably also because of
the difficulty of adapting a cascade or a cofactor regeneration
system to a flow setup. Nevertheless, there are interesting
examples of coupled in vitro systems, such as the one
published by Gu et al. (2020), in which they present an
integrated process of formate synthesis from CO,. In order to
achieve this, they use a hollow fiber membrane immobilized
formate  dehydrogenase coupled with a  UV/TIO,
photocatalytic NADH regeneration system. Applying this
methodology, they achieved an elevated utilization efficiency of
the cofactor, and both the initial reaction rate and the production
of formate was multiplied several times.

Flow Photobiocatalysis for H, Synthesis

Amidst the different alternatives that are studied to replace or at
least decrease the use of fossil fuels, H, is a very promising clean
energy carrier, since its combustion generates no pollutants and

also produces large amounts of energy (143 GJ x tonne)
(Kayahan et al., 2017; Bolatkhan et al., 2019). Paradoxically,
currently around 98% of industrial production of H, is
derived from non-renewable sources (Muradov, 2017), which
shows the urgent need of an alternative for the production of H,,
which would be an important step towards a circular sustainable
economy. In this context, the photofermentative production of
H, by phototrophic organisms shows great potential, since they
can produce hydrogen from organic substances using only (solar)
light (Sagir et al., 2018).

Recently, Wang et al. (2019) used a flat panel PBR with a
polymethyl methacrylate grid columnar, in which they have
grown a Rhodopseudomonas palustris biofilm for the
continuous flow photofermentative production of H,. Using
this setup under optimized conditions, the authors report a
maximum hydrogen production rate of 32.6mmol x L' x
d™', which is roughly three times higher than that reported in
previous literature (Zhang et al., 2010), and a hydrogen yield of
1.15mol H, x mol glucose™". It is also interesting to mention
some of the features of the reactor they used, such as the
modification of the column surfaces with silane, which
increased their hydrophobicity, improving the cell attachment
rate in the reactor. Zhang et al. (2019) have also worked on
continuous sustainable hydrogen production, in this case by
developing an alveolar flat panel PBR for Rhodopseudomonas
palustris biofilm formation, reporting an H, mean yield of 1.8 mol
H, x mol glucose .

More recently, Jiang et al. (2020) used corn stark pith
hydrolysate as a substrate, which is a very low cost organic
material, and a photosynthetic consortium consisting of five
bacterial strains (Rhodospirillum rubrum, Rhodopseudomonas
capsulata, ~ Rhodopseudomonas  pulastris, ~ Rhodobacter
sphaeroides, and Rhodobacter capsulatus) isolated from silt
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sewage, pig manure and cow dung as the inoculum for the
continuous photofermentative production of H, in a self-
designed long tubular PBR. They reported a maximum
hydrogen production rate of 37 mmol x L™" x d™" after 24 h
at 30°C.

Flow Photobiocatalysis in Air and Water

Treatment

Wastewater generation and atmospheric pollution have become
two of the biggest environmental concerns in the last decades, and
urgent measures are needed to decrease the impact they have on
our planet, with terrible consequences such as eutrophication of
aquatic environments, acid rain, depletion of O; in the
stratosphere, and global warming amongst others (Mudliar
et al, 2010; Mathur and Balomajumder, 2013; Choudhary
et al., 2016; Sanchez-Morales et al., 2018).

In this context, Oliva et al. (2019) studied a novel bacterial
LED-illuminated tubular PBR and compared it with a
conventional biotrickling filter for the continuous abatement
of toluene, which was chosen as a model volatile organic
compound. In this study they used an activated sludge,
consisting of both microalgae and bacteria, from a wastewater
treatment plant as inoculum for both PBRs. The average removal
efficiency was 86 + 9%, which is very similar to a conventional
biotrickling filter, which they also evaluated. The advantage of
their approach is that the conventional filter resulted to be more
sensitive towards the accumulation of secondary inhibitory
metabolites, which significantly affect the process performance.
This approach shows that the synergism between these two
different microorganism types could be wused for the
biodegradation of volatile compounds and CO, fixation.

Regarding the treatment of water (Lee S. H. et al,, 2018), have
used a submerged membrane photobioreactor working under a
semi-continuous regime for the treatment of livestock wastewater
with excellent removal efficiency of nitrogen (96%) and
phosphorus (85%), and a generated biomass concentration up
t0 3,500 mg x L' (dry weight). More recently, Sinchez-Contreras
et al. (2021) investigated the capacity of a mixed microalgae
culture to remove organic substrates from industrial effluents
while simultaneously producing carbohydrate-rich biomass in a
semi-continuous stirred tank PBR. In this case they report
removal efficiencies up to 72% of nitrogen and 100% of
phosphorus, while achieving a maximum production of
0.033gL™" x d”" of biomass.

PHOTOBIOREACTORS FOR
APPLICATIONS IN CONTINUOUS FLOW

Photobioreactor (PBR) design and optimization is a major aspect
of photobiochemical processes, being the light provision to the
reactors one of the major challenges, since it decreases
exponentially with the distance from the light source in batch
(see Figure 3). In this aspect, continuous flow processes have an
edge, since light penetration is uniform regardless of the reactor
scale (Cambie et al., 2016; Loubiere et al., 2016). However, while
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numerous reviews are available for the design of continuously
operated photobioreactors for microbial cell growth and
photofermentative processes (Adessi and De Philippis, 2014;
Zhou et al., 2015; Yen et al., 2019) very little information is
available on how to design a reactor for photobiocatalytic
purposes, especially for continuous flow applications.
Nevertheless, there are some examples of novel reactor designs
for photocatalytic reactions in flow reported in literature that
have the potential to be applied in biocatalysis (Visan et al., 2019;
Sambiagio and Noél, 2020; Sundar and Kanmani, 2020).

Reactor Design and Process Optimization
The starting point for the PBR design is to study the kinetics of the
photobiocatalytic reaction of interest. This is a general principle
for any reactor design approach, as knowing the reaction kinetics
allows to choose the appropriate reactor geometry and volume to
achieve the desired conversion. In the case of a photobiocatalytic
process, this means that in a first phase it would be necessary to
determine the kinetic parameters in batch (such as the Michaelis-
Menten parameters) in order to have an estimate of the
characteristic reaction time. For photochemical reactions, these
parameters do not just depend on the reactant concentration or
the reaction rate, but also on the intensity of the incident beam of
light that is fueling the photocatalytic process. Therefore, both the
effect of the light wavelength and intensity on the reaction should
be investigated. The optimal light intensity generally lies in a
specific range, since increasing the light intensity could speed up
the reaction; however, passing a certain limit could induce light
stress in phototrophic organisms, inactivate photoenzymes or
cause early bleaching of the photocatalyst (Assil-Companioni
et al., 2020; Lakavath et al., 2020). The light source should also be
chosen in a way to deliver these optimal values while keeping the
energy consumption low.

A typical flow photocatalytic setup is shown in Figure 4,
including its main parts, namely mixing, reaction, and quenching
units (Su et al., 2014). Furthermore, inline sensors implemented
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TABLE 1 | List of relevant parameters for the design and optimization of PBR.
Parameter

Reaction kinetics
Wavelength of light
Incident light intensity
Residence time (1)
Space-time-yield (STY)

Optimal wavelength for product fo

Product formed (g)
V reactor (m3) x time (h)

STY =

) _ s

Photocatalytic STY (PSTY) PSTY = WTW
i _ moles reacted (mol)

Quantum vield (¢) ¢ = D s ansorbed”

Specific activity

inside the reactor or using flow cells at the output of the reactor
should be considered when designing a continuous process.
Using this approach, real-time measurement and monitoring
of the critical process parameters are feasible. The design
principles for photocatalytic processes in continuous flow can
be translated to PBRs if the bioprocess characteristics and
parameters are carefully assessed. Some of the most relevant
parameters for PBR design and optimization are presented in
Table 1 and will be discussed in the following sections.

Choice of Light Source

Regarding the possible visible light sources and their
characteristics (see Table 2), it is possible to list four
alternatives, each with their pros and cons. 1) Compact
fluorescent lights have been widely used in photochemistry
due to their low cost and high availability; however, they have
a short lifetime, they are highly energy-demanding, and dissipate
heat. 2) Lasers provide a high-power source of light; however,
they are too bulky and expensive. 3) Sunlight seems to be the best
choice, being low cost, greatly available and sustainable; however,
it has a highly fluctuating irradiance, which makes it difficult to

Description

Reaction rate constants, product formation rate, total reaction time

rmation, usually expressed in nm
—2 1

Optimal light intensity, generally expressed in umol photons m™ s
Necessary time for the fluid stream to pass through the whole reactor, depends on the flow rate and reactor volume

Efficiency of the catalyst, given in U/amount of catalyst used (g or mol)

use it as a continuous source of light and is not very practical on
lab scale. 4) Light emitting diodes (LEDs) have been appointed as
an optimal solution due to their high light intensity and low heat
dissipation, but unfortunately their price is still prohibitive in
some cases (Su et al., 2014). Grogan et al. (2019) have enumerated
the criteria that a PBR using LED as light source should satisfy
regarding illumination: 1) The system must be flexible regarding
its scalability using a single light source, 2) the light intensity must
be variable to be able to understand the optical power
requirements of the process, 3) the PBR should have a
powerful cooling system, so that photochemical and thermal
processes can be decoupled, and lastly, 4) the LEDs must be
monochromatic so that the wavelength used for the
biotransformation can be identified. An interesting approach
regarding wavelength optimization has been recently published
by Winkler et al. (2021), in which they use a custom-made
multichannel PBR to evaluate several wavelengths at the same
time for the photodecarboxylation of palmitic acid using
Chlorella variabilis photodecarboxylase. Another interesting
approach regarding light conditions has been performed by
Baer et al. (2016), in which they evaluated different red-green-
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TABLE 2 | Comparison of different visible light sources available for photo(bio)catalysis (adapted from Su et al., 2014).

Light source

Compact fluorescent lamp (CFL), high pressure Hg

Vis-LED 400-700 nm
Laser Discrete wavelengths
Sunlight 5% UV, 43 %Vis, 52% NIR

blue (RGB) ratios while keeping the overall photon flux density
constant for the continuous cultivation of different algae in a
bubble column PBR. Also, the light position needs to be
optimized in order to allow for optimal irradiation. Generally,
the light source is provided externally to the reactor, and a mirror
collector can be used to harvest as much light as possible. In this
regard, Heining et al. (2015) have proposed an alternative
approach where wireless light emitters (WLEs) can be used as
internal light source to optimize light absorption in a PBR for
cultures of phototrophic microorganisms. In their work, the
authors have reported a duplicated growth rate by using WLEs
compared to an externally illuminated PBR. Hobisch et al. (2021)
have implemented WLEs in a recent work to improve the light
distribution and the product formation in a bubble column
reactor using cyanobacteria as whole-cell biocatalysts. By using
floating WLEs, the product formation rate could be doubled
compared to when using an external light source, and specific
activities up to 65.5 U gary cenl Weight_l were obtained. The internal
illumination approach would be very interesting and promising
also for continuous flow applications, e.g., in a packed bed
reactor.

Reactor Material Selection

Since the light distribution is a crucial parameter for PBR design,
it is not only necessary to find the best possible light source, but
also to optimize the reactor geometry to allow for a homogeneous
light distribution, as well as choosing an ideally transparent
material to maximize transmission. One of the most used
materials in photocatalytic applications is certainly glass,
which is available in many variants according to the desired
properties (e.g., cut-off wavelength and chemical resistance).
Despite its excellent optical properties, glass is very fragile and
very difficult to mold and shape via micromachining, which
makes it difficult to use for customized reactors. Polymeric
materials are also widely used, such as polymethylmethacrylate
(PMMA), polydimethylsiloxane (PDMS), perfluoroalkoxyalkane
(PFA), or polytetrafluoroethylene (PTFE). These materials allow
for very high transmission, they are cheap and can be easily
treated with additive manufacturing techniques to realize
customized reactors (Cambie et al., 2016). The chemical
resistance is not as high as for glass, however since in
biocatalytic applications mostly water-based reaction media are
used, this is not an issue. It is also important to consider that the
material of choice should be chemically inert and the
compatibility with the biocatalyst should be assessed, as the
leaching of the reactor material into the reaction solution may
reduce enzyme activity and/or stability.

Emission wavelength

Continuous between 360-600 nm

Advantages Disadvantages

Low cost, high availability
Compact and adaptable
Low cost and energy input
High intensity

Cheap source

Inefficient, short lifetime, heat dissipation
Expensive if high power is needed

Expensive, large
Variable irradiance

Form of the Biocatalyst Preparation

Another crucial parameter to take into consideration in the PBR
design would be the form of the catalyst, namely if it is used free
or immobilized. Using the free biocatalyst avoids mass transfer
limitations, however the removal of the biocatalyst from the
reaction solution may be not trivial. Therefore, immobilized
biocatalysts are often preferred, due to the ease of handling,
separation and the possibility of reusing the biocatalyst over
numerous cycles. However, in this case mass transfer
limitations need to be considered, as well as lower catalytic
activities of the immobilized biocatalysts compared to their
free forms that might arise due to conformational changes
during the immobilization process (Zhu et al, 2020). In
biocatalytic flow applications, many progresses have been
achieved in the immobilization of both isolated enzymes and
whole-cells, which have been summarized in excellent reviews
(Kim and Herr, 2013). For continuous flow applications, the most
common immobilization methods to this day are 1) covalent or
noncovalent binding, either onto particles or on the reactor’s
surface; and 2) encapsulation in a biocompatible matrix, such as
sodium alginate, and carrier-free cross-linking (De Santis et al.,
2020). Even some phototrophic organisms have been
immobilized, for example for the photofermentative
production of H,, with good results in terms of productivity
(Tsygankov and Kosourov, 2014). The question remains, if these
immobilization technologies could be applied in the future to
other type of photobiocatalytic processes, especially in flow
reactors, but the immobilization strategy needs to be evaluated
case-by-case specifically for the biocatalyst and the process
at hand.

Reactor Design

The next step for bringing the batch process to continuous flow
would be to choose the reactor geometry, considering both the
evaluated kinetics, the nature of the catalyst (if free or
immobilized) and other needs of the process (e.g., how many
phases are involved in the reaction). With regards to the reaction
kinetics, the reactor should be dimensioned in a way that the
available residence time is greater than the characteristic reaction
time. The parameter that considers this relation is the so-called
“first Damkohler (Da;)” number:

-
DaI =—

t;
Where “t” indicates the residence time inside the reactor and “t,”
is the reaction time. A Daj greater than 1 ensures that all the
components in the reaction volume have enough time to react.
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For tubular reactors or microreactors, the residence time can be
easily adjusted by varying the flow rate or the volume of the
reactor. The reactor should be also designed to achieve optimal
mixing. This implies that the characteristic mixing time needs to
be shorter than the reaction time to avoid concentration
gradients, which could promote the formation of side products
and a decrease of the overall yield. This relation is considered by
the “second Damkohler (Daj)”’number:

—

m
DaH = t_r
Where “t,,” is the characteristic mixing time, which depends on
many different parameters (such as the reactor volume/geometry,
stirring speed, flow rate, viscosity of the fluid, and diffusivity of
the compounds). For values of Day; lower than 1, the process is
kinetics-limited, while for Daj; greater than 1 the process is
diffusion-limited. The mixing efficiency and t,, can either be
determined via empirical correlations or experimentally, using
colorimetry assays or mixing-sensitive reactions (Kockmann
etal., 2006). The mixing behavior in the reactor can be improved
by using a higher flow rate or introducing numerous bends and
complex channel geometries in the reactor (e.g., split-and-
recombine or staggered herringbone structures Hessel et al.,
2005), with the purpose of achieving a higher chaotic advection
and the formation of secondary flows that promote a higher
level of mixing. Another valid solution would be implementing
mixing sections before the reactor inlet, e.g., by using
micromixers. The mass transfer is especially limiting for
multiphasic systems, e.g., in presence of gas/liquid reactions
or when using an immobilized biocatalyst. In these cases, it is
especially important to improve mixing in order to increase the
contact between phases and facilitate the interfacial mass
transfer (Kashid et al., 2011). Other dimensionless numbers
that are important for the reactor design (e.g., Day; and Dayy) or
for the characteristic flow behavior (Re and Bo) will not be
discussed in this work as they are not in line in the purpose of
this review. However, for the reader that wants to delve deeper
into continuous reactor design, we refer to other
recommendable works available in literature, such as de
Bellefon (2004); Su et al. (2014); Loubiere et al. (2016).

Possible Reactor Geometries

When it comes to choosing the right reactor geometry for a
specific photobiocatalytic application, some examples already
used in flow photocatalysis could be adapted to an
investigated process (Su et al, 2014; Sambiagio and Noél,
2020). Some typical reactor geometries are depicted in
Figure 5 and the different characteristic measures are
summarized in Table 3. In this review, we do not consider the
classic stirred tank reactor due to the poor light distribution, as
previously shown in Figure 3. The coil reactor is the easiest and
mostly used one in flow photochemistry: It consists of a flexible
tube (generally PTFE) wrapped directly around a light source, in
order to maximize the irradiated surface. Due to the small
channel diameter (generally < 1mm) the light distribution
within the reactor is more homogenous than inside a batch

Photobiocatalysis in Flow

reactor, resulting in shorter reaction times and consequently
less side-product formation due to over-irradiation, often
observed in batch. The catalyst can be either immobilized on
the tube walls or pumped through in the reaction solution. The
throughput of the reactor can also be easily adjusted by increasing
the reactor length. Another type is the packed bed reactor, which
is a viable option if the biocatalyst is immobilized on solid
particles or entrapped in a matrix (e.g., sodium alginate). It
consists of a transparent tube packed with the immobilized
biocatalyst. The reactor length and diameter can be sized to
accommodate the desired reaction volume; however, the reactor
wall needs to be thin and of a transparent material that allows
almost 100% transmission of the incident light. Light distribution
can be maximized by using mirror collectors, however the
intrinsic problem with a photocatalytic packed bed reactor is
still the poor light distribution inside the core section of the tube.
In fact, if an external light source is used, the catalyst particles in
the core of the reactor might not absorb enough light to catalyze
the reaction, resulting in dark areas and a decrease in the overall
yield. Moreover, depending on the size of the catalyst, back-
pressure and mass transfer could be limiting parameters for the
overall process efficiency. These drawbacks make photocatalytic
packed bed reactors difficult to scale up. A variant of the packed
bed reactor that allows for higher illumination efficiency is the
annular reactor. In this case the reactor is built in a tube-in-tube
mode around a light source, with a chosen active area thickness
that allows for optimal light distribution. However, both back-
pressure and mass transfer can still be an issue, especially if the
fluid is not properly distributed along the reactor length. Other
two possibilities are the flat plate and the chip-like microreactor.
In the first case, the catalyst can be packed between two flat
surfaces kept at a fixed (short) distance, while the light source can
be placed at the desired distance outside the reactor. This can be
also used to maximize the harvested light; however, it might result
in high back pressures if the reactor is too tightly packed.
However, a homogenous fluid distribution can be achieved by
using multiple fluid ports at both ends of the reactor. Finally, the
chip microreactor is already an established geometry in flow
chemistry, as it can be easily machined with custom-made
channel shapes and from transparent materials, such as silicon
or PDMS. Such reactor can also be applied to the
photobiocatalytic processes, where again the catalyst can be
either immobilized or pumped through as a suspension.
Moreover, scale-up can be easily carried out by connecting
multiple microreactors in parallel, following the so-called
numbering up approach.

Process Optimization

After having chosen the reactor geometry, the main parameter to
consider in order to optimize productivity of a given PBR is the
space-time-yield (STY), meaning the amount of product formed/
reagent converted over the reactor volume and operating time
(see Table 1). The productivity can be increased by improving the
mass transfer by ensuring intensive mixing inside the reactor and
by optimizing the light distribution to minimize the extent of dark
areas. In addition, the flow rate could be increased, given that still
enough residence time is provided for the reaction to achieve the
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]

Coil reactor

D

5
St

Flat panel reactor

FIGURE 5 | Selected photoreactors commonly used in flow photocatalysis that could be applied in photobiocatalytic applications. (A) Coil reactor. (B) Packed bed

reactor. (C) Annular reactor. (D) Flat panel reactor. (E) Chip microreactor.

Packed bed reactor

Annular reactor

.

Chip microreactor

TABLE 3| List of characteristic measurements for the different reactor geometries presented in this work. For the coll, the surface area/volume ratio was estimated for a coil

with length of 1 m and ID of 1 mm.

Reactor type Characteristic measure

Coil ID<1mm
Packed bed ID <20 mm
Flat panel Thickness < 20 cm

Thickness < 20 cm
ID<1mm

Annular reactor
Chip microreactor

desired yield, or the reactor length can be increased to have a
higher processed volume. In the specific case of PBRs, also the
photocatalytic space-time-yield (PSTY), meaning the ratio
between the STY and the lamp power needs to be
optimized. This implies that the energy required to power
the lamp needs to be minimized to keep the environmental
impact of the process low: therefore, only efficient light
sources (such as LEDs) should be used. Also, as mentioned
before, the amount of light that is delivered to the process
must be maximized to reach a high quantum yield, meaning a
high product formed vs. absorbed photons ratio. This can be
achieved by finding the optimal light intensity and position, as
well as considering the optimal reactor geometry and material
to decrease the extent of unabsorbed photons (Sundar and
Kanmani, 2020). Also the reaction kinetics needs to be

Surface area/volume References
[m? x m™9]
4,000 (—)
400 Zheng et al. (2020)
200 Rokhmat et al. (2017)
50 Jung et al. (2005)
10* Hartman et al. (2011)

considered, since there could be other reactions in
competition with the photochemical transformation of
interest or the catalyst could undergo inactivation after a
certain time, in both cases the quantum yield would be
reduced (Loubiere et al., 2016).

Regarding light harvesting and usage, a recommendable
review has been published by Hutton et al. (2017) covering
advances about the use of carbon nanodots (CNDs) as
photosensitizers for solar-driven catalysis. CNDs have
many advantages that makes them very tempting to use as
light-harvesters, such as 1) low price, 2) excellent surface to
volume area, 3) good photostability and 4) tunable properties.
Even though CNDs are starting to be competitive when compared
to other photosensitizers, there are still challenges to tackle, such
as the short half-life of their excited states, uncertainty in the
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easy-MedChem

vapourtec

FIGURE 6 | Different commercially available photoreactor setups. (A): Corning®‘s AdvancedFlow™ photoreactor, consisting of different glass microreactors
connected in series for easy scale-up, available for different light sources. (B): UV150 photoreactor from Vapourtec Ltd., coil reactor made of a small fluoropolymer coil
wrapped around a light source. It can be interfaced with the other flow systems available at Vapourtec, as shown in figure. (C): Lucent360™ reactor from HepatoChem
Inc., usable both in batch and flow. The reactor is inserted in a thermally insulated chamber that is irradiated with light, set at the desired wavelenght and intensity.

structure of CNDs and in the synthesis mechanisms of them,
amongst others. Still, this is an exciting technology that in the
future could be coupled with a biocatalyst to perform a process in
continuous flow.

Finally, the specific activity is also a very significant parameter
for process optimization. This is generally used in biocatalysis not
only to consider the conversion of the starting material, but also
to correlate it to the amount of biocatalyst used. Therefore, a
compromise needs to be reached between the amount of
biocatalyst used to save resources and to achieve a significant
production rate. The specific activity can also be improved by
means of protein engineering, as shown by the recent advances in
the field (Schmermund et al., 2019; Seel and Gulder, 2019).

To assist the process design, many lab-scale photoreactors are
commercially available from various suppliers, for example,
Advanced-Flow™ reactors from Corning Inc.; Photochemical
reactor UV-150 from Vapourtec Ltd; or the Lucent360™
reactor from HepatoChem Inc., all shown in Figure 6. Even
though these PBRs are not explicitly meant for photobiocatalysis,
they could still be adapted as such. Reliable open-source systems
are also available, for example the already mentioned platform
from Winkler et al. (2021) but also the 3DP system realized by

Bose et al. (2021), which also allows for an easy exchange of
reactor vessels and light sources. Since for open-source projects
all files, parts and codes are available, these systems are easily
adaptable to the process at hand. Moreover, due to the increase in
knowledge about additive manufacturing, tailor-made
photoreactors can be realized via 3D printing also for specific
purposes (Capel et al., 2018; Maier et al., 2020). By combining 3D
printed parts with low-cost microcontrollers and electronics, it is
possible to realize customized and integrated processes, where
some selected process parameters (e.g., concentration,
temperature and light intensity) can be controlled and
investigated (Valotta et al, 2021). The compatibility of 3D
printed parts and biocatalysts has already been proved in
literature (Peris et al., 2017; Ye et al,, 2019), but still to this
day remains an open, non-explored possibility for
photobiocatalysis. For the reader that wants to delve deeper
into illumination advances and reactor design, we also
recommend the review by Williams and Kappe (2020), dealing
with advances in the field of flow photochemistry.

As a closing remark, it is relevant to mention the advances
made with mathematical simulations, which can also help to
better understand the influence of different parameters on the

Frontiers in Catalysis | www.frontiersin.org

10

January 2022 | Volume 1 | Article 816538


https://www.frontiersin.org/journals/catalysis
www.frontiersin.org
https://www.frontiersin.org/journals/catalysis#articles

Chanquia et al.

reactor, leading to the design of better PBRs and control systems.
Regarding this subject it is worth noticing the very recent work by
Skoneczny et al. (2021), who have formulated a mathematical
model of a continuous-flow PBR and could investigate the
influence of the dilution rate, incident irradiance, influent
nitrogen concentration and bioreactor thickness on its steady-
state properties for the synthesis of neutral lipids. Also (Borella
et al,, 2021), have retrieved kinetic growth parameters from a
culture of the cyanobacterium Arthrospira maxima under a red/
blue LED light using increasing light intensities, and
implemented them on a mathematical model, which was able
to acceptably reproduce the experimental data. Based on their
simulations, they were able to increase the biomass productivity
around 15% by adjusting the residence time. Even though the
productivity using the colored LEDs was comparable to that
obtained using a white LED, the photosynthetic efficiency was
much higher, with values up to 33.42 + 1.58%, which results in a
much more energy-saving process.

Scale-Up

Unlike typical thermal reactions, for photo(bio)catalytic reactions
scale-up in the common sense of enlarging the reactor size (e.g.,
diameter/length) is rather limited due to the decreasing
penetration depth of light in the reactor with increasing
distance from the light source. In fact, it could be possible to
switch from microreactors (ID < 1 mm) to mesoreactors (ID >
1 mm), however further optimization of the process parameters is
needed, since the yield of the reaction is not directly scalable with
the channel diameter. Three other possibilities are available to
generate larger amounts of products: 1) running the process
longer, or so-called “scale-out approach” 2) increasing the
flowrate or the length of the reactor, and 3) using multiple
units in parallel, also called numbering-up (Anderson, 2012;
Sambiagio and Noél, 2020). Scaling out is probably the easiest
approach, as no further optimization of the process conditions is
required. However, it is not an option in case the catalyst or other
species involved prone to photodegradation over time (Sambiagio
and Noél, 2020). The second option is similar to the first, however
further optimization is needed since changing the flowrate means
changing the flow behavior inside the reactor, which might
negatively affect yield. Moreover, increasing the flowrate or the
reactor length could also result in higher pressure drop in the
system. The third option can be distinguished in external and
internal numbering up: the first refers to using multiple separate
units in parallel, the second to increasing the number of channels
inside one reactor. This strategy is quite convenient, since the
channel size is left unchanged and therefore the reaction outcome
and flow behavior are unaffected. However, it is crucial to design
an appropriate fluid delivery system to avoid flow
maldistributions that might affect the residence time in the
reaction unit (Saber et al, 2010) and reduce the overall
performance of the system.

When to Go Flow?

Despite the many enumerated advantages of continuous
processes, the possibility of bringing a biotransformation from
batch to flow needs to be assessed on a case-to-case basis.

Photobiocatalysis in Flow

In general, for kinetic screening purposes, it is still
recommendable to start from batch, especially in biocatalysis
where the activity assay methods are well established and the
reactions can be quickly screened in 96-well plates or small vials.
However, if the final goal is to increase productivity, going flow is
definitely worth considering (Valera et al., 2010; Hartman et al.,
2011).

The main advantage of flow reactors compared to traditional
batch reactors is indeed the higher surface area, due to their
smaller characteristic dimensions (Su et al., 2014). As a result, the
distances for the compounds to diffuse in the reaction solution
are shorter and therefore mass transfer is enhanced, meaning that
a better mixing can be obtained. This is particularly interesting for
very fast and mixing-limited reactions, since the formation of
local concentration gradients and consequently byproducts is
prevented, resulting in a higher yield (Cambie et al., 2016). It is
also advantageous in case of multiphase reactions because higher
interfacial contact, and therefore higher transport rates can be
achieved (Plutschack et al, 2017). Most importantly, in the
specific case of photochemical reactions, the higher surface
area and smaller inner dimensions in flow reactors can
increase the light penetration and improve the light
distribution, due to the reduced light diffusion path from the
light source. This is a major asset of flow reactors, as shown in
Figure 3. The light intensity can vary much more drastically
within a flask, causing dark zones to be formed which can lower
the overall reaction yield (Cambie et al., 2016). Moreover, the
light exposure time can be precisely controlled by adjusting the
flow rate and reactor volume, which can be particularly
advantageous to avoid over-irradiation degradation of the
catalyst or the compounds involved in the reaction (Knowles
et al., 2012).

Improved heat transfer is another advantage that comes with
the flow reactor geometry. Even though temperature is not the
driving force of photochemical reactions, it is still important to
keep the photoreactor at a constant and controlled temperature,
especially for thermally unstable biocatalysts. Therefore, fast heat
exchange is needed to compensate the possible heat dissipation of
the light source (Cambie et al., 2016).

However, there are some limitations to continuous
applications. Solid handling has been often appointed as an
issue for the implementation of continuous equipment, but a
discernment between different cases needs to be addressed. For
reactions involving the precipitation of one of more species, or in
the case that one or more reagents are in suspension due to
solubility limits, the clogging of the reactor channels or other
reaction equipment (e.g., mixers and pressure regulators) is
highly likely, therefore batch reactors would be preferable
(Plutschack et al., 2017). Inline filters are available and could
be used to clarify the incoming stream before entering the reactor,
however filter cleaning and exchange after a certain operating
time needs to be planned into the operating procedure.
Nonetheless, in case the (photo)biocatalyst is immobilized on
solid carriers, continuous reactors such as packed beds can be
more advantageous as higher biocatalyst loadings can be achieved
and thus the reaction time can be decreased, thereby improving
the overall process efficiency (Zhu et al., 2020).
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Another limitation from continuous flow arises when dealing
with a slow reaction which is kinetics-limited. In fact, if the
mixing or mass transport rate have little effect on the kinetics, it
might still be more convenient to stay in batch. The same applies
if the reaction is already reported to be satisfactory in batch with
regards to yield, scale, and reaction time. Nevertheless, it should
be considered that when dealing with a photobiocatalytic system,
the improved light distribution that flow systems provide might
result in a more efficient reaction. (Plutschack et al., 2017).

CONCLUSION AND OUTLOOK

Taking into account the urgent need of the world of heading
towards a sustainable circular economy, bluntly evidenced by the
latest UN report regarding global warming (IPCC, 2021), it is
clear that a change is mandatory in the way we produce and
manufacture goods, and chemical processes are not an exception.

In this context, the combination of biocatalysis and
continuous flow chemistry has already given good results,
increasing the efficiency and productivity of several processes
thanks to some of its great characteristics, such as an excellent
temperature control, high surface to volume ratio, and good mass
transfer, amongst others. These features result in higher
productivities, a better use of the available resources and the
possibility of working under milder conditions, which ends up
being much more environmentally advantageous when compared
to classical strategies. Although the application of continuous
flow in photobiocatalysis is a discipline that it is still taking its first
steps, it already caused a great sensation in the community, with
several articles proposing it as a solution for some of the
challenges that photobiocatalysis entails (Schmermund et al,
2019; Meyer et al,, 2021; Ozgen et al., 2021).

We believe that the future studies on flow photobiocatalysis
will be dedicated to the design of more efficient reactors. The
greatest challenge is still to develop new technologies for a
better light provision, which should include the optimization
of low-impact light sources and transparent materials to
increase the quantum vyield. Another issue is the
photobiocatalyst lifetime, however, with the recent
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