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ty and Ins
A B S T R A C T

Understanding the unique characteristics of continuous-flow photochemistry will lead to a paradigm
shift in the way we enhance sustainability and wellbeing. In this mini-review, we first provide a succinct
overview of working principles of this technique and discuss several recent synthetic protocols. Then,
emphasis is given to those representative examples which address environmental issues such as indoor
air pollutants and water contamination. Finally, recent progress made using this technique to deal with
rising CO2 emission, solar energy utilization and biomedical equipment is described. It is believed that
this mini-review could inspire more chemists to utilize this technique in their research, either in the
academic or industrial field.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
1. Introduction

The current challenges facing society have propelled the
demand for synthetic methods that are resource-efficient, safe
and environmentally friendly. Recently, micro-reaction technology
has gained significant popularity because of the dramatic differ-
ences in material performance at the microscopic scale, such as
precisely tuning diffusion andmixing, fastmass/heat transport and
inherent safety. Methods involving high synthesis efficiency
through miniaturization have resulted in remarkable achieve-
ments not only in academic research areas but also with industrial
applications [1,2]. On April 1 2019, the International Union of Pure
and Applied Chemistry (IUPAC) released the top ten emerging
technologies in chemistry (this is thefirst time for IUPAC to identify
ten chemical innovations that will change our world). Flow
chemistry, one of those technologies with potential to make our
planet more sustainable, was on the list.

Beyond those existing uses in the fields of organic synthesis,
analytic chemistry and the pharmaceutical industry, it is also
conceivable that the combination of this method with other
al, Chemical Science and
.

titute of Materia Medica, Chinese
techniques such as photochemistry might revolutionize synthetic
methods. As a "clean and traceless reagent", light of different
wavelengths could be used as the driving force for chemical
reactions.

Continuous-flow photochemistry, namely flow reaction under
light irradiation, facilitates reduced reaction time, improves mass-
transfer characteristics, renders scalability more straightforward
and allows for cost-effective harvesting of the product (Fig. 1) [3].
The high surface-to-volume ratio of the flow-type tube could be
used to maximize illumination and help transfer heat effectively
while addressing the issue of thermal side products. Integrated
with the advantages of flow chemistry and photochemistry, this
technique is emerging as a green and sustainable technology [4–8].

2. Synthetic approaches

This review was based on the sustainable technology point of
view andmost representative examples were published after 2016.
The application of continuous-flow photochemistry in organic
synthesis, material science and water treatment till 2016 was
summarized [3]. There are nine good reasons for researchers to
utilize this technique. Apart from intrinsic characteristics such as:
(1) fast mixing, (2) fast heat exchange, 3) multiphase chemistry,
(4) reliable scale-up and (5) increased safety, other remarkable
factors such as (6) improved irradiation of the reaction mixture,
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. A representative scheme of continuous-flow photochemistry.
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Fig. 3. The reaction scheme of borocyclopropanation under UV light under flow
condition.
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(7) improved reaction selectivity and reproducibility, (8) multistep
reaction sequences and (9) immobilized catalysts are of vital
importance to a range of sustainable chemical reactions. These
important characteristics make this technique very promising in a
wide variety of applications. Loubière and colleagues summarized
the valuable characteristics of this method, and readers interested
in the chemical engineering principle should refer to their article
[9]. Recent research has further demonstrated the synergistic
effect of flow chemistry and photochemistry, which are provided
by this protocol [10,11]. To illustrate these benefits, some examples
from the literature will be elaborated in the following paragraphs.

Taking into account the improvement of metabolic stability
and pharmacokinetic properties, introducing the trifluoromethyl
group into drug molecules has become an important field of
research in the pharmaceutical industry. To scale up, given the
diverse synthetic routes such as radical, nucleophilic and
electrophilic reactions [12], obstacles relating to costly and
unobtainable raw materials in required quantities could be
circumvented by using continuous-flow photochemistry. Stephen-
son and colleagues have used a scalable and operationally simple
radical trifluoromethylation reaction by utilizing inexpensive
trifluoroacetic anhydride (TFAA) as a CF3 source (Fig. 2) [13].

A mixed acetonitrile solution (20 g) of tris(bipyridine)rutheni-
um(II) chloride (photocatalyst), pyridine N-oxide (sacrificial redox
reagent), the substrate N-Boc-pyrrole (Boc = tert-butyloxycar-
bonyl) and TFAA was flowed in the reactor (10mL volume) under
blue light-emitting diodes (LED) light with a reaction time of
10min to afford 71% yield (mixture of the mono-functionalized
and doubly functionalized product with the ratio of 3:2),
demonstrating the advantage of using highly efficient light
irradiation of the reaction solution. In comparison, a similar
reaction scale (18 g) under the conventional batch type gives 57%
yield with long reaction time of �15 h. Additionally, higher
intensity light sources could increase both reaction rates and
yield. More recently, Harper and colleagues developed a laser
driven continuous stirred tank reactor (100mL) to drive photo-
chemical cross-coupling reactions at high rates, fabricating
products with a scale of a kilogram per day [14]. Unravelling the
intrinsic relationship between light source and reaction rate could
help to design versatile flow reactors with the possibility of
scaling-up. The reaction of photocatalytic oxidation of methionine
towardmethionine sulfoxide has been explored in industrial scale,
namely, a Corning advanced-flow G1 photoreactor could produce
the final product with the productivity of 5.1 kg per day whereas

[(Fig._2)TD$FIG]

Fig. 2. The reaction scheme of trifluoromethylation by using continuous-flow
photochemistry.
6 tons products could be obtained in a day by using a Corning
advanced-flow G3 photoreactor [15]. Another recent example
regarding visible light induced nickel Negishi reaction has been
reported by using a Corning G1 photoreactor, with the maximum
level of products could reach to 270 g per day with the aim to
support preclinical medicinal experiments [16]. Those examples
have demonstrated that continuous-flow photochemistry was a
practical and efficient technology in industrial field.

In a similar manner, using xanthone as an organic photosensi-
tizer and N,N-diisopropylethylamine (Hünig’s base), the photo-
redox borocyclopropanation reaction of styrenes derivatives has
also been developed under flow type [17]. Starting with styrene
and diiodomethylpinacol (I2CHBpin) via a Simmons-Smith reac-
tion, using a custom-made photoreactor consisting of UV-A lamps
(350 nm) and flow reactors, the borocyclopropane product could
be harvested at 78% yield with the residence time of 1 h (Fig. 3). On
the contrary, no reactionwas observed after 1 h using a batch type
reactor, and the product obtained was at 58% yield after 18 h,
illustrating the superior character of flow-type reactions.

Apparently, the flow device is highly adapted with specific
purpose in the application, those representative device photos
have shown its characters from laboratory scale to industrial scale
(Fig. 4).

3. Addressing environmental issues such as indoor air
pollutants and water contamination

Using continuous-flow photochemistry to address environ-
mental priorities such as indoor air pollutants and water
contamination has been widely performed. For each scenario, this
strategy is based on the photocatalytic process under flow type.

Air pollution harms humans and is a challenge to the goal of
sustainable development. Particularly, indoor air pollution is one of
Fig. 4. (a) The custom-built apparatus in the Xie’s laboratory: the tube is wrapped
around the beaker; (b) left: A Corning G1 reactor with the LED lights, right: the LED
lights are illuminating.
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Scheme 1. Production of superoxide and hydroxyl radicals.
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Scheme 2. The process of photo-Fenton reaction.
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the top environment risks, because, in general, people spend
the majority of their time indoors and health effects such as the
irritation of the nose and throat, headaches, dizziness, fatigue
(immediate effects) and respiratory diseases, heart disease and
cancer (long-term effects) may develop. For the most part, volatile
organic compounds (VOCs) such as aliphatic and cyclic hydro-
carbons, aromatic hydrocarbons, alkene, benzene, toluene, alde-
hydes and different inorganic compounds such as NOx, SOx and
NH3 are the sources of indoor air pollution. Relying on continuous-
flow photochemistry, a flow system consisting of a solid
semiconductor catalyst that is activated by photoradiation for
air purification is recognized as a cost-efficient approach [18–20].
In this context, photocatalytic oxidation (PCO) is an innovative and
promising approach given that most PCO reactors use anatase TiO2

as the catalyst that is activated by UV light.
By virtue of the annular reactor that is coated with TiO2

powders, Zhang and colleagues described their efforts to remove
VOCs under flow in an effective way (Fig. 5) [21]. Formaldehyde
was selected as the target pollutant as this compound is a typical
indoor VOC that is commonly found in modern building materials
and household products. Activated by ultraviolet (UV) light, the
TiO2 catalyst produces h+ and e�, which are powerful oxidizing and
reducing agents, respectively. Consequently, organic compounds
found in air such as formaldehyde, can be converted into benign
and odorless complexes, i.e., H2O and CO2. Themodification of TiO2,
integrated with different types of flow reactors, could help to
maximize the potential of continuous-flow photochemistry for
indoor air purification [22–24].

Water research is critical for a sustainable future, and
identifying better solutions to current societal challenges includ-
ing water pollution, is crucial. Because of the large surface-to-
volume ratio of flow reactors, the efficiency of the mass transfer
and photon transfer of photocatalytic water purification could be
improved dramatically [25]. Notably, advanced oxidation process-
es (AOPs) in continuous-flow photochemistry have attracted
research interest because they could serve as an efficient means
for water decontamination [26]. By far, two strategies have been
used the most when integrating with a flow reactor, namely, the
catalysis by TiO2 and the iron catalyzed photo-Fenton reaction.
Generally, the former is a heterogeneous photocatalysis and the
latter is a homogeneous photocatalysis.

For conventional water treatment using AOPs, hydroxyl radicals
(OH

�
) play an important role in degrading various types of

contaminants due to their strong oxidative activity in aqueous
solutions. The photoexcitation of TiO2 produces an electron-hole
pair and consequently, superoxide and hydroxyl radicals are
generated (Scheme 1).

Using a custom-built photocatalytic reactor containing two
TiO2-coated glasses as the top cover, Zhang and colleagues
observed that the process of 30% degradation of the model
pollutant, methylene blue, only took 5min, with a reaction rate
[(Fig._5)TD$FIG]

Fig. 5. (left) Schematic of the annular photocatalytic reactor; (right) Processes in
the photodegradation of formaldehyde. Reproduced with permission [21].
Copyright 2008, Elsevier.
constant two orders higher than the bulk reactor [27]. As
illustrated by these researchers, this sophisticated system has a
potential to help tackle the problem of water pollutants given its
high efficiency of mass/photon transfer.

Compared to the TiO2 catalyst using UV light, the photo-Fenton
reaction could be activated by visible light because of the
absorbance of iron-hydroxy and iron-organic complexes in
aqueous solution. Likewise, the super oxidative activity of hydroxyl
radicals is the key for water decontamination (Scheme 2).
Although the research on flow systems taking advantage of
photo-Fenton reaction is scarce [28], chemists could find niche
applications in purifying wastewater in the near future.

The Schmuki group has led a research initiative—flow-through
photocatalysis taking advantage of nanotubes as a photoactive
membrane—that aims to decontaminate toxics from water more
effectively (Fig. 6) [29,30]. Notably, Schmuki and colleagues have
exploited the unique functional properties of TiO2 and fabricated
vertically oriented, both-side-open nanotubes to achieve a free-
standing membrane. The model pollutant (methylene blue) has
been tested for its photocatalytic decomposition under UV light,
demonstrating the effectiveness of TiO2 membrane for water
purification [29]. More recently, the same group has fabricated
both-side-open Ta3N5 nanotubemembranes to degrademethylene
blue under visible light or solar illumination [30]. It is anticipated
that this approach using a range of sophisticated nanoscale
materials to assemble micro-reactors could optimize the photo-
catalyst required for sustainable water remediation.

4. Recent representative examples of solving sustainability
issues

4.1. Photoreduciton of CO2

Global energy demands and climate change are the two great
challenges facing the 21st century. As a climate-changing small
molecule, CO2 has spawned broad-based research due to its low
reactivity and pronounced stability, in addition to the possibility of
[(Fig._6)TD$FIG]

Fig. 6. The scheme of flow-through photocatalytic experiments using nanotube
membrane. Reproduced with permission [29]. Copyright 2007, ACS publications.
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Fig. 7. The setup of continuous-flow photochemistry for the photoredox-catalysed
synthesis of α-amino acids. Reproduced with permission [31]. Copyright 2017,
Springer Nature.
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Fig. 8. The setup employed for the solar experiment with the aim to compare the
conversion in both the non-doped reactor and the LSC-PMs. Reproduced with
permission [33]. Copyright 2017, Wiley-VCH.
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its chemical transformation to commodity and high-added-value
chemicals in an atom-efficient manner. Despite numerous
fundamental problems that must be addressed in order to convert
CO2 into valuable C1��Cn products and intermediates, the use of
continuous-flow photochemistry in this competitive arena is
relatively rare. In a recent publication, using photoredox activation
in flow condition and through a single-electron reduction route,
CO2 was found to couple with appropriately chosen amines to
produce α-amino acids in a feasible way (Fig. 7) [31]. The
incorporation of a commercially available organic photoredox
catalyst, para-terphenyl, and the amine substrate into a flow
system to mix with CO2 gas has evolved from intuitive efforts by
Jamison, which foster the formation of carbon–carbon bonds in a
flow reactor. The photoreduction of CO2 to α-amino acids involves
two major steps: the single-electron reduction of CO2 and radical–
radical coupling to produce the final products. The knowledge
gained from this approach could enable the construction of
different structures through C-H functionalization.

Taking advantage of 1,2,2,6,6-pentamethylpiperidine as a
photocatalyst, under an atmospheric pressure of CO2, the direct
β-selective hydrocarboxylation of styrenes was carried out under
continuous-flow condition by the same group [32]. It should be
noted that this strategy can be used to optimize parameters that do
not readily vary in traditional batch-type conditions and,
apparently, the short-path length of light and superior mixing of
this technology could improve the efficiency of photochemical
transformation.

4.2. Solar energy utilization

Dwindling supplies of fossil fuels have led to the quest for new,
clean and sustainable energy sources. Converting solar light into
chemical energy is one attractive avenue. An overarching theme
has been to develop a device by which chemicals can react with
sunlight in an efficient and inexpensive way. Similar to a leaf on a
tree, a user-defined photomicroreactor was reported by Noël and
colleagues (Fig. 8) [33]. Intriguingly, a luminescent solar concen-
trator (fluorescent dye Lumogen F red 305, LSC) associated with
polydimethylsiloxane was used to build optimizing devices (LSC-
PhotoMicroreactors, LSC-PMs) consisting of microchannels capa-
ble of capturing direct and diffuse sunlight and then converting it
into light with a narrowerwavelength.Whenmethylene blue (MB)
was employed as the photocatalyst, based upon a pertinent
benchmark reaction, i.e., the [4 + 2] cycloaddition of singlet oxygen
to 9,10-diphenylanthracene (DPA) in flow reaction, a converting
efficiency (solar light to chemical energy) was reached as high as
10%. It is anticipated that solar-driven photocatalytic trans-
formations under flow would be observed consistently from a
number of targeted studies and these transformations provide a
sufficient basis to incorporate continuous-flow photochemistry
into a variety of sustainable technologies.
4.3. Biomedical devices

The advancement of efficient flow reactors could develop into
applications for biomedical and microfluidic devices since at the
micro-scale, propelling liquids in a controllable manner is an
important issue.Morespecifically,using thephotochemicalprotocol
to control themovementof liquids extends the scopeof continuous-
flowphotochemistry. Inspiredbythe structural characterof arteries,
Yu and colleagues developedaphotodeformable tubular device that
is triggered by standard LED light [34]. The composition is a linear
liquid-crystal polymer, and the shape can be adjusted by lightwhile
maintaining its robustness. The photodeformation produces capil-
lary forces such that a diversity of liquids moves forward when
exposed to light and can even travel uphill. Previous reports have
suggested that light-induced capillary forces can drive the move-
ment of liquids. However, the slow speed of movement, the less
suitable types of liquids and potential contamination by added
photosensitive compounds create hurdles for their application.
However,Yuandhercolleaguesdemonstratedthespeedatwhichthe
movement of hexane reaches 5.9mm/s and a silicon oil slug could
move a long distance (> 50mm); they also employed a diversity of
liquids including nonpolar and polar liquids, liquids for biomedical
engineering, and complex fluids such as liquid–solid fluidmixtures
andevenpetrol.Furthermore, theydemonstratedfeasibilitywithout
any contamination found. The uniqueness of this kind of devicewill
surely be examined further by researchers studying micro-pumps,
and thiswill underpin thedevelopmentofnewtechnologies, suchas
micro-reactors, laboratory-on-a-chip devices and micro-optome-
chanical systems.

Targeted drug delivery, providing effective pain relief by
delivering medication directly, is a technology to satisfy patients
with less or no need for oral medication. Intriguingly, Schmuki and
colleagues have used Fe3O4-filled TiO2 nanotubes as a movable
photocatalyst, integrating a violet-blue fluorescent marker as a
model drug by cross-linking, to create an effective temporally and
spatially controlled drug release system [35]. Irradiated by UV
light, magnetic TiO2 nanotubes could release the model drug with
site selectivity. Furthermore, taking advantage of its photocatalytic
activity, the potential of this specific system to kill cancer cells
(HeLa tumor cells) has been exploited.

5. Summary and outlook

The present work illustrates the benefits inherent in continu-
ous-flow photochemistry combined with the advantages of flow
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chemistry and photochemistry. A number of recent developments
working to tackle environmental issues such as indoor air pollution
and wastewater, rising CO2 emissions, solar energy utilization and
biomedical equipment could foster striking progress in sustain-
ability.

As illustrated, the desire to improve quality of life by addressing
air/water pollution has provoked intense research on the
development of methods capable of tackling emerging contam-
inants. Results have demonstrated that continuous-flow photo-
chemistry could help to achieve a healthier indoor environment
and cleaner water, and it will continue to evolve and serve as a
powerful strategy for environmental issues. Second, owing to its
abundance and nontoxicity, CO2 could serve as an ideal carbon
source to produce α-amino acids, which would be a sustainable
approach to produce various organic compounds. Given the
combination of utilizing gases and photochemistry in flow,
photoreduction of CO2 is particularly appealing because this
process proceeds under a flow-type reactor and can remove the
scale limitations encountered with batch-type reactors. It is cost-
effective and has a minimal environmental impact, yet it can
produce valuable chemicals. Third, to achieve environmental
sustainability, the conversion of solar light into chemical energy in
an effective and economically viable manner holds great potential.
Through continuous-flow photochemistry, the converting efficien-
cy (from solar light to chemical energy) has improved to a stage
permitting us to fully exploit direct and diffuse sunlight when
integrated with luminescent solar concentrators. Solar-driven
continuous manufacturing of commodities could inspire new
perspectives on using solar light as an affordable, reliable and
secure source of energy. Last, in developed and developing
countries alike, the need for smart solutions to manipulate
biomedical devices is ever-increasing. The microtube can sponta-
neously change shape upon the LED light irradiation in a controlled
manner and consequently, drive the liquid to move forward.
Because light can provide contactless spatial and temporal control,
this strategy of flow under light could facilitate a generation of
biomedical devices with unprecedented functionalities. A few
groups have made important inroads into continuous-flow
photochemistry to target sustainability issues with new solutions.

The growing understanding of continuous-flow photochemis-
try has allowed more consideration of the energy efficiency of
this technique. UV light has three different bands: UV–A
(320�420 nm), UV–B (275�320 nm) and UV–C (200�275 nm).
By identifying suitable UV light with the specific wavelength for
the flow reaction, changing the shape of the UV lamp to match the
flow reactor to ensure UV light could arrive precisely where it is
needed and consequently, minimize scattering loss of the UV light,
which will most likely enhance the light-harvesting efficiency.
Furthermore, UV light is most commonly produced by the Sun and
is delivered to the Earth's atmosphere. People could optimize the
converting efficiency (solar light to chemical energy) through
exploring novel luminescent solar concentrators (LSC) [36]. LED
lights are an eco-friendly lighting choice, since they provide
relatively narrow emission bands (�20 nm) [37]. Notably, compact
fluorescent light (CFL) lamps (including UV lamps) generate a lot of
heat, but LED lights produce less than 10% of that. Less heat means
less energy being wasted. A ballast (transformer) is not needed for
LED lights, so there is less energy needed for LED lights to function.
In most cases, LED lights use 40%–80% less current than
fluorescent, incandescent and halogen lighting. With the least
amounts of energy and hazardous materials and waste, LEDs are
the best energy-efficient alternative compared to CFL lamps.
Interestingly, a recent paper has shown that LED lights could act as
a reaction parameter. As for the perfluoroalkylation reaction in a
continuous-flow photoreactor, by screening irradiation wave-
lengths (16 LED arrays with different bands), the wavelength-
selectivity of reactions has been revealed [38]. Undoubtedly, light
sources with high-energy efficiency and with selectivity for
specific reaction are vital for the study of continuous-flow
photochemistry.

To avoid the potential clogging of the flow reactor, people prefer
to use large amounts of solvents. This, in turn, causes the light
absorption to decrease because of the decreasing of the
concentration according to the Bouguer–Lambert–Beer's law (A
= elc, e: the molar extinction coefficient; l: the path length of light
propagation; c: the concentration), resulting in low-energy
efficiency. Apparently, there are two factors to ensure flow-type
photoreaction runs smoothly, (1) with maximum light absorption
(high concentration) and (2) without reactor clogging (low
concentration) should be considered simultaneously, and then a
compromise way may be used. Concomitantly, insights into the
relationship between the amount of solvents (concentration) and
the yield of final products could be gained via research endeavours,
with the aim of reducing solvents/energy waste. Takahashi and
colleagues have reported that the yield of vitamin D3 from
provitamin D3 through continuous-flow photolysis was quite high
(HPLC-UV: 60%, isolated: 32%), and also claimed that the
concentration of provitamin D3 was relatively high (30mmol/L),
namely, without high dilutions [39]. Nevertheless, this result may
underline that the amount of solvents should be explored
systematically, and that the effectiveness of continuous-flow
photochemistry could be improved by exploiting experimental
conditions.

The choice of solvent provides the basis of running photoreac-
tion under flow type in a cost-effective, reliable and safe way. First,
a simple strategy could be helpful to select the suitable solvent:
measuring the UV–vis spectra of starting materials in different
kinds of solvents and identifying the system with the highest
overall absorbance. By doing so, the photoenergymay be harvested
to the maximum extent. Second, currently, active pharmaceutical
ingredients (APIs) have been manufactured by this technology
[8,40,41]. In this regard, for the safety of the patient, appropriate
selection of the solvent is primarily important because residual
solvents could bring health risks. Based on the classification of
United States Pharmacopoeia (http://www.usp.org), solvents are
evaluated for their possible risk to human health and categorized
into the three classes that follow. Class 1: solvents should be
avoided, such as C6H6, CCl4, CH2ClCH2Cl and others (known human
carcinogens). Class 2: solvents should be limited, such as CH3CN,
C6H5Cl, CHCl3, DMF, CH3OH and others (nongenotoxic animal
carcinogens or possible causative agents of other irreversible
toxicity). Class 3: solventswith low toxic potential to humans, such
as C2H5OH, CH3COOC2H5, CH3COCH3 and (C2H5)2O. To prompt
continuous-flow photochemistry in pharmaceutical industry, the
use of less toxic solvents is critical. Third, for safety concerns,
attention should be paid to autoignition temperatures and
flashpoints of selected solvents and, in particular, it is increasingly
important when reactions are highly exothermic. The suitable
solvent can lead to safe and environmentally benign processes in
the flow reactor, andmeet the twelve principles of green chemistry
that were first articulated in 1998 [42].

If photocatalysts are being used in the flow reactions, it is
imperative to consider the sustainability of photocatalysts and
to maximize the potential of continuous-flow photochemistry.
(1) The high stability and the excellent lifetime of photocatalysts
will definitely help the subsequent scale-up and industrial
processes. (2) With the superior catalytic activity, it is accessible
to fabricate target molecules without harsh conditions. Chemists
prefer to usemild experimental conditions, and to alleviate energy
usage and reduce environmental footprint. (3) In most cases, batch
processes recycle heterogeneous catalysts, such as Ru/Ir photo-
catalysts, and reuse them in the next run if there is no sign of
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deactivation. Whereas under flow type, with the deliberating
reactor design, the integration of photocatalysts with flow reactors
(packed bed reactors, catalytic membrane reactors and others)
may bring dramatic results in terms of catalyst sustainability [43].
Certainly, this area needs input from chemical engineers.

Undoubtably, the fascinating emergent characteristics of this
method are only constrained by the imagination of the chemists
adopting it. In the future, it will be crucial to promote cross-
disciplinary development of the potentialities among the fields of
chemistry, engineering, materials science, biotechnology and even
artificial intelligence (AI) [44].
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