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1. Introduction

Sustainability of flow chemistry and microreaction
technology

Volker Hessel *+** Sampurna Mukherjee, 1*- Sutanuka Mitra,~ Arunava Goswami,~
Nam Nghiep Tran, (¢ Francesco Ferlin.® Luigi Vaccaro, (¢

Fariba Malekpour Galogahi," Nam-Trung Nguyen 0 " and

Mare Escriba-Gelonch () #9

This critical review provides an overview of the sustamnability outeomes associated with fow chemistey, as
a new concept in process chemistry, and its refated technology and engineening leld, microreaction
technology. This study & broad 0 scope and covers cost and life cycle assessmenil methodologies
applied o Mow chemistry. The prosent review differs frorm past studes by providing a mechanisbc wew
point, Le., starting by bsting key levers (eg. mass transfer), and then unravelling thesr impact on costs and
life cyele, using reported Mow chemstng studies as examples Lo underline the sustasinability capabity. This
wiy, this feview transitbons from informing on how low chermstry and mmicromescton can improve funda-
mental prnciples in chemical engmeenng and chemistry o thelr ranslation o improved sustammabsility.
Gaps and opportunitios in the reportng of microrcacton/flow chemstry are identified. To put the reported
achievements inlo perspective, a life cycle assessment [LCA) study 5 conducted that reporls O the
effects of the key lowers, as identificd n ths stidy, for a flow chemistry reaction al the pilot scale, con-
ducted al an industrial site technology readiness level 4). This way, this study provides a quarditative fore-
cast of whal principally can be achicved when masimising the key levers, in terms of the individual LCA
ifrpact categonios and therr total average outcorme.

reactors. These devices may include commercial microcapil-
laries and fluidic connectors, commonly used in high-pressure

Microreactors are microfabricated or otherwise stroctured
devices with at least one [characteristic] dimension below
1 mm. The smallest structures typically used are a few tens of
microns, though there are exceptions with even smaller dimen-
sions. Microreaction technology utilizes microreactors for
chemical reaction engineering. Flow chemistry is a related
approach driven by chemical motivation (e, new synthesis
protocols) that typically uses readily available commercial
devices with internal sub-mm dimensions instead of micro-
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liquid chromatography, but increasingly complex commercial
full-systern equipment, which is automated, and accessible at
a price that researchers can afford.

Sustainability investigations of microreactors and flow
chemistry are crucial for their justification of use, 1o demon-
strate societal impact both via cost and environmental improve-
ments. ‘The first cost study' of microreaction processing and the
first environmenial study® using life cycle assessment were pub-
lished in 2005 and 2006, respectively. Since then, sustainability
assessments have increased and become common to monitor
the societal and industrial impacts of the technology.®® This
paper critically reviews the susiainability achievements of flow
chemistry and identifies what is still missing in terms of sos-
tainability demonstration and methodology.

Sustainability, as surveyed here, includes primarily cost and
environmental assessments. A holistic sustainability assess-
ment of a process encompasses green chemistry metries, ciren-
larity assessment, and life cycle assessment (LCAL™ Cost
assessments are Lpically given as techno-economic analysis
(T'EA), life ecycle costing (LOCC), or cash-flow analysis.
Environmental assessments are Wypically performed using life
cycle assessment (LCA). Recently, circular economy (CE)

Green Cham, 2024, 26, 39503 9528 | 9503
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metrics and environmental, social, and governance (ESG) have
complemented the sustainability tool portfolio.

While green chemistry metrics strongly emphasize design and
process development (factory gate-togate), providing efficiency
performance indicators and valuable insighis into the environ-
mental and resource efficiency of a chemical process, circularity
assessment focuses on the promotion of resource efficiency
through recycling raw materials and waste reduction (cradleto-
cradle].” In between, LCA evaluates the environmental impacts of
products and processes throughout their entire life cycle, from
maw material extraction to end-ol-life disposal (cradle-to-grave).
LCA looks back in tme [‘ecological backpack’) and green chemr
istry metrics reflect the current and near-future status, whereas
CE metrics and ESG ook deep into the future, predicting how the
sustainability of a current laboratory tool might develop when
used on an industrial scale and with new companies launched.

Flow chemistry is one of the emerging technologies, and
sustainability is a major arpument for its use. Sustainability
should be put into perspective o even larger technological
momenta that are currently changing the planet A GoogleScholar
search was conducled, restricting the search results Lo finding the
keyword in the tle only. Otherwise, the search can be done
through the whole paper test; yet this deemed to be wo unspeci-
fic, because the keyword may be used in the inroduction or
outlook sections without directly relating to the paper's contenL
The methodology chosen (“dtle only") means that the actual
manuscripl numbers are somewhat larger. However, this method
ensures sufficient data accuracy o identify wends, as mentioned
earlier. All reports in the literature are considered, meaning no
restriction has been made Lo the publication year.

Hydrogen (H,) and carbon dioxide (CO,) are likely the most
extensively invesdgated emerging technologies. Table 1 shows
29 000 ‘Hydrogen’ and 152 000 “H,' entries, respectively. Yet,
these include titles that comprise a second term after
‘Hydrogen' such as ‘Hydrogen peroxide’, for which 93 600
entries were found. As this is assumed to be the major portion
of ‘non-Hydrogen' entries, the number of ‘Hydrogen'® papers is
set here as 700 0600. For ‘Carbon Dioxide” and *C0O.*, 251 000
and 785000 entries were found, respectively. Concerning the
dual mentioning of ‘Hydrogen + LCA' and “Carbon Dioxide +
LCA’, 375 and 218 entries, respectively, were determined.

For ‘Flow Chemistry®, ‘“Microreactor', and ‘Continuous Flow'
753, 2970, and 14800 entries were [ound, respectively;
altopether there were 18 523 entries on “flow” in the under-
standing of this review.

The search [or LCA entries for emerging lechnologies was
done considering, for example, ‘Carbon dioxide LCA', ‘Carbon
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Dioxide Life Cycle Assessment’, ‘0O, LCA', and “C0y Life Cycle
Assessment’; the same as [or hydrogen as the entry. The com-
bined search for LCA and the three terms for “flow™ in
GoogleScholar does not reveal numbers that seem o be close
to the real numbers, according to the authors' expertise. ‘This
study cites aboul 60 “LCA-flow® papers; as there are more, a
total number of 70 is assumed.

it is evident that LCA studies are rare, both for the major
emerging lechnologies and “flow™ as a medium-sized emer-
ring technology; noting that “Flow + LCA" has a share that is
an order of magnitude higher than those for ‘Hydrogen + LCA*
and “Carbon Dioxide + LCA". It is assumed, however, that for
‘Hydrogen® and “Carbon Dioxide® many more sustainability
studies have been published that do not carry the acronym
LCA or the words “life cycle assessment” in their ttle.

To sum up, there is a need for more sustainability (LCA)
studies, and this manuscript aims to encourage them.
Sustainabifity achievements correlate to commercial and
societal-impact success. This review aims o assess the current
achievements of the technology in terms of its readiness level
and impact release, and o explore potential improvements
through the adoption of modern sustainability methodologies.
This review uses a classification of fundamental process
benefits of microreactor and flow chemistry, as commonly and
unanimously guoted in all reviews of the technology. This
structural element forms a narrative, through which iL is dis-
cussed how each of these benefils translates into sustainabil-
ity. In this way, the intrinsic sustainability potential is mir-
rored by its ansition Lo practical sustainability achievernents,
also showing what gaps are left This review gives a eritical
state-of-the an descripion of what has been practically
achieved for each of the commonly agreed intrinsic potental
goals of microreaction technology and flow chemistry.

2. Microreactor and flow chemistry
opportunities and their relevance to
sustainability

In lieu of the above, this review categorises flow chemistry/
microreactors in terms of sustainability according o their
intrinsic capabilities, which are extensively cited in reviews.” '*
These are briefly defined in the following, accompanied by a
listing of sostainability assessment classes addressed (eg,

costs or LCA), and a description of demonstrated examples.

Table 1 Comparing the total number of papers on three emerging technologies, including hydrogen’, ‘carbon dioxide’, and flow” as well as their

related LCA studies

“Hydrogen” ‘Carbon dioxide” Flow ‘Hydrogen' + ‘Carbon dioxide” + ‘Flow” +
Entry combined cumbined combined LCA LCA LCA
Mumber of papers 252 000 1 036 000 18523 375 218 &0
LCA share of entry papers [%)] 0.4 0021 0324
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Fig. 1 Connection between flow chemistry capabilities and sustaimateil -
ity metrics.

This break down provides details and elaboration for the prac-
titioner, Fig. 1.

2.1. Hardware capital expenditure

The microreactor literature is full of reports on low-cost micro-
fabrication approaches, in terms of ‘fast prototyping’ or ‘mass
manufacturing'; sometimes adding gquantitative cost esti-
mations and studies on the gualitative assignment of ‘low-
cost’. ‘This way, microreactors and fow chemistry equipment
have become commercial and industrial. The sustainability
auicome 5 cost reduction, for which the present review pro-
vides several examples in the following.

2.2. Mass transfer

Microreactors mix much [aster than conventional mixers,
down o the millisecond range. Mass transfer, within one
phase or between two phases, is similarly intensified.
Sustainability outcomes are less waste, lower energy consump-
tion, higher yield; relevant for costs and LCA (circularity).
Example: A microreactor was developed for HC-catalysed frue-
tose dehydration to produce HMF in a short reaction time and
at high temperature.'* The mixing time was determined as
0.03 1o 4.8 5 by particle image welocimetry monitoring. Coiled
microchannels generate Dean vortices for advanced convection
mixing. The HMF yield was 50%, which is among the best
resull reported in the literature.

2.3. Heal transfer

Microreactors can transfer heal even under thermal runaway
or explosive scenarios and change from strong (adiabatic) heat
release o a controllable isothermal operation.

Sustainability ouicomes are less waste, lower energry, higher
yield; relevant for costs and LCA (circularity).

Example: Microdevice design is essential for good heat
transfer and a common design is a plate arrangement in a
stack, with alternating plates comprising reactor and heat
microchannels. Using such an alternating stacked eommercial
microreactor, the serpentine shape of the microchannels
forces convection, which supports heat ransfer (and mass

This jourral s € The Roval Society of Chesmistry 2004
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wransler); especially at the very high Reynolds numbers studied
from 400 to 2000.'* Silver thermal paste proved 1o be effective
at intensifying conductive heat transfer between the plates; by
up o 70% and the heat mansfer coefficient reached up o 2200
W m * K ' ‘Temperature control was demonstrated for a
highly exothermic reaction, dimethyl-oxalate and ethylmagne-
sium chloride forming methyl 2-oxobutancate, which avoided
forming local hot spots.

Full control of heat ransfer {no thermal overshooting, no
hot spots) is often related w concurrent full control of mass
ransler. The Taylor flow mode of microreactors, regular gas-
liguid slugs, enahles, through both these avenues, the investi-
gation of the subtle interplay of elemental reactions during the
oxidation of isobutane Lo tertary butyl hydroperoxide (‘TBHP)
at relatively high temperature."™ TBHP as the peroxide is a ther-
mally sensitive material and easily decomposed. TBHP has a
dual function: initvating the reaction and as a kind of autocata-
lyst. Another common inidator, di-t-butyl peroxide (DTBP)
decomposes at the high temperature employed, and thus,
decreases the THHP yield. Differentiation of these sophist-
cated effects is only possible with the superior heat transfer
control provided by a microreactor.

2.4. Residence lime

Microreactors can, dramatically, reduce reaction times; from
days and hours to minutes and less."® The possibility of reac-
tions occcurring on the shornest possible (intrinsic) Umescale
has been coined flash chemistry.”” "I'he [astest reactions are
completed in milliseconds.

Sustainability ouicomes are less waste and higher yield; rele-
vanl for costs and LCA (eircularity).

Example: Organolithium reactions are capable of occurring
within a few milliseconds only, which is a limescale that con-
ventional mixing can hardly cope with. Inefficient mixing in
such short intervals promotes side reactions with functional
groups in the organic reactant, g, with ketone groups,
forcing them o be protected under the reaction conditions
[which generales waste). Microreactors can mix faster, and an
organolithium reaction, based on fodine-lithium exchange of
aryl iodides with mesityllithium, leads straight to the aryl-
lithium product, a precursor o the polyphenolic bioactve
product pauciflorol E.'® As the main reaction dominates and
side reactions are absent, protection-free chemistry can be
used.

Mixing-assisted microreactor operation for polyether
polyols enabled a significant reduction in reaction Ume com-
pared to batch technology.'™ 95% conversion was achieved in
less than 1 min at an unusually high reaction lemperature.

Faster reaction limes, operation in former explosive regimes,
andfor higher yields enable flow chemistty o boost pro-
ductivity. ‘The challenge is then o maintain high productivity
when scaling-ouL Productivity principally can be increased by
reducing the reaction tme or increasing the conversion (or
baoth).

Green Charml 20024, 36, 9503 9528 | 9505
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Sustainahility outcomes are less waste and higher yield; rele-
vant for costs and LCA (circularity).

Examples: Biodiesel is mass produced well at the industrial
level, and a good benchmark for microreactors as emerging
technology. Eneyme-catalysed transesterification for biodiesel
production advances sustainability compared Lo current con-
ventional methods relying on strong acids or bases, but is
slower, which hinders the achievement of high productivity.
Using a recyclable nanomagnetic immobilised eneyme,
Candida rugosa lipase, the productivity was increased in a stal-
istical analysis (using response surface methodology-Box—
Behnken design).™ The highest immobilisation efficiency of
93% was determined for an optimised set of process con-
ditions, and the immaobilised enzyme was stable under rele-
vant process conditions. The microreactor ransesterification
increased the productvity of transforming sesame cake oil
into biodiesel 1o a maximum conversion of 97%. The biodiesel
produced fulfils industrial standards (ASTM D67S1).

2.6. Safety

Microreactors can achieve safe operation in process regimes
that may otherwise lead to thermal runaway or explosions
under conventional conditons, Fig. 2. Micro-flow operation
can shift the explosion envelope out of typical operating con-
ditions. Hazardous reactions are often road blocks o hinder
scale-up in conventional reactors, and microreactors have
proved to be safe for handling reactions using unstable inter-
mediates or hazardous reagenis and highly exothermic reac-
tions for kilogram scale synthesis.™ This enables the wan-
sition of more laboratory chemical innovations to the pilot and
production scale.

The sustainability outcome is higher predictability towards
commercial business; relevant for ESG.

Example: Thermal polymerisation of styrene is known o
release huge thermal loads in a short time, which can be pro-
blematic for industrial usage. Computation fuid dynamics
was used o delineate the thermal release in a batch reactor
and microreactor.”™ Polymerisation in the microreactor could
be kept at 150 °C, whereas the batch reactor showed a large

Batch Flowy
volume volume
—
o
Risk of . Risk of
hazardous explosions
reagents

Risk of
thermal runaway

Fig. 2 Main batch safety risks mitigated by the use of reduced volumes
in flow chemistry.
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temperature rise to 371 “C. In 6 mm wide microchannels, the
maximum lemperature difference was 25 “C. Viscosily, as
expected, has a significant effect, whereas other process con-
ditions minimally affect heat transfer. The avoidance of any
catastrophic system failure, Le., adiabatic (~maximal | tLempera-
ture release in one moment, through complete loss of ( jacket)
cooling was taken into a system design.

Reactions with three classes of heal production potential
(HPP] were computed in microreaclors, considering, as a
design case study, microchannels <500 pm;** it was found that
the smaller the microchannel, the better the heat transfer. The
heat transfer in category 1 reactions (HPF = 100 kW L ') could
not be managed in a microchannel (of common dimensions),
while category 2 reactions (HPP > 10 kW L ') could be kept
under control when microchannels were properly dimen-
sioned. Category 3 reactions (HPP < 10 kW L ') with milder
heat wansfer can be handiled even in millimeter-sized
channels.

2.7. Multi-reaction networks/product complexity

Microreactors can integrate several reactions in a confined
space and shor time, minimizing waste. They enablie the con-
tinuous synthesis of complex products; often without the need
for separation or reaction interruption.'”

Sustainability outcomes are lower energy, higher yield, and
better products; relevant for costs, LCA, and circularity.

Examples: The electrophilic amination of organofithium
intermediates with aminating reagents under mild reaction
conditions in micro-flow leads to facile C-N bond formation;
without the need for a catalyst or separation.™ Within 5 min, a
3-step integrated one-flow synthesis was conducted, including
the intermediate synthesis of an aryllithium, an aminating
reagent, and its reaction to the product. Vie a 4-step integrated
one-flow synthesis, the Swern-Moffan oxidation of cyelohexa-
nol was accomplished; at residence times as short as 10 ms
and favourable temperatures ranging from —20 Lo 20 °C, sig-
nificantly higher than for conventional baich synthesis
{50 °C),” Fig. 3.

'DHR
\ e nnann o
/ﬁ—ﬂ

{CF4C0),0

o
ol

Fig. 3 Flow chemistry applied to sequential multi-step Swern—Moffatt-
type oxidation.
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2.8. MNovel process windows

Microreactors require dedicated processes (protocols), and the
best are often far from eonventional practice. These unusual
[novel) process windows, which are unsuitable for convention-
al equipment, enable microreaciors and flow ehemistry Lo out-
perform their counterparns. The exploration of novel process
windows (NPWs) can boost the performance of microreactors
and flow chemistry, as illustrated in Fig_ 4.

Sustainability outcomes are less waste, lower energy, higher
yield, and better products; relevant for costs, LCA, and
circularity.

Example: Peroxide synthesis is challenging for conventional
processing due 1o ils explosive nature. Yel using very fast kine
tics makes any reaction highly productive. So how can this be
exploiled in a safe way? The two-stage synthesis of tert-butyl
peroxy pivalate was performed in two flow regimes, namely, seg-
mented fow and dispersed flow.®® The challenge of exploiting
the very fast kinetics is to cope with the significant heal release
of the reaction (126 kj mol '). The dispersed flow regime pro-
vides a large interfacial area for safe peroxdde production, even
al increased process lemperatures (stating an NPW), strongly
enhancing productivity; noting that peroxide synthesis is nor-
mally eonducted at room temperature or under cooling. The
comparison with an industrial patent demonstrates a microreac-
Lor space-time yield that is orders of magnitude higher.

2.9. Eecycling

In the age of circularity, recycling has become essential in all
processing, including that of flow chemistry. Flow separation,
which is a part of recyeling, still lacks being integrated into
flow chemistry reactions despite two decades of investigations.

Sustainability outcomes include reduced waste and energy
consumption; relevant for costs, LCA, and most nodably ciren-
larity and ESG.

Examples: Enezyme reuse was achieved in a continuous-flow
de-esterification using a waterfionic liquid biphasic system vig
recycling.™ Baich processing resulled in foaming because of
shear forces from heavy stirring, which meant that the separ-
ation needed for recyeling took unacceptably long. Micro-flow
processing with its ‘soft convection stirring’ did not induce
foaming, which led to fast and complete phase separation.

High e ar High temparatura High pressure "

50 &

] ; ; ?
Mews chemical
EE transformations

Explosive regsme Frocess simplificztion |

Chemical
Intensification

Procass
intensification

Fig. 4 A schematic representation of intensification features via NPWs.
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Three recycling stages were demonstrated, each showing a
gradual decline in enzyme activity, yel this was tolerable for
proof of principle.

Recycling of the process components HClL, water, and
m-butanal was demonstrated in the polycondensation reaction
of polyvinyl aleohol and sa-butanal in a membrane dispersion
microreactor.™ This produced polyvinyl butyral, a chemical
used in laminated vehicle glass. These ingredients were chasen
for their ability to bring the polycondensations o the needed
ultrahigh conversion. 99% nr-hutanal conversion was achieved,

with recycling effectively reducing HCI usage by 86%.
2.10. Designer solvents
Designer solvents enable the design of solvent capability
beyond what normal solvents can deliver; therefore, they are
also termed ‘master solvents’.™ Microreactors generally
involve small volumes, which suit the use of costly designer
solvents, and require solvent performance at the highest stan-
dards. The couse of microreactors and master solvents has
yielded significant achievements at the laboratory scale®
Fig. 5.

Sustainability outcomes are less wasle and lower energy
costs; relevant for eosts, LCA, and most notably circularity.

Example: A biphasic designer solvent system for ensymatic
bintransformation was developed Lo demonsirate automatic
purification and enzyme reuse wig recycling™ Three ionic
liquids (1Ls) were tested for the lipasecatalyzed hydrolysis of
4-nitrophenyl acetate; all with the 1-butyl-3-methyl-imidazo-
lium cation and differing in their anions, namely, tetrafluoro-
borate, bis{triffuoromethylsulfonyl Hmide, and hexafluoro-
phosphate. In the same reaction time and using water/IL
biphasic systems, the fow reactor gave higher yields (0% at
best) at the same degree of purification [(97%). An additional
benefit using the IL was much-improved recyclability of the
engymes; see below.
2.11. Automation/modularisation
Small, compact reactors like microreactors favour modularisa-
tion as a kind of ‘Lego of process modules’, Fig. 6. The oppor-

|matieral)
lonic oo Deep eubectic
Liquids Thermamprphic solvents
tolvents
DE51GNEH:
Fluorous SOL"..FEN'I'S Suwpercritical
solvents carbon diowide

Fig. 5 Classification of designer solvents used in flow chemistry.
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[ T

| e o

il

station

Step | Step Il

Fig. § Example of process automation, including pumping stations,
reactors, process conditions [Le. temperawre and pressure] and on-line
amalysers.

tunity Lo reach near-ideal process conditions requires compu-
tational intelligence to replace human operationalization;
which is the essence of ‘process automation' of flow chem-
sty Automated flow chemistry has enabled on-demand
drug production in a reconfigurable, modular system capahle
of performing a telescoped synthesis in one Aow.™ It supports
either many different reactions or the synthesis of many mole-
cules through a common building block.™ The advantages of
using fow include scalability, safety, speed, and reproducibil-
ity. Automated flow synthesis has integrated automatic design,
APl synthesis, and biological assay screening platforms.®*

Sustginability outcomes encompass the categories listed
above; relevant for ESG, contributing to achieving industrial
standards.

Exgmples: Machine learning, wig Gaussian process
regression, was used o guide electrochemical microreactor
processing Lo optimize the additive-free cyanosilylation reac-
tion of benzaldehyde to cyanohydrins® A parametric reaction
study identified reaction conditions that generated a high
yield. This avoided extensive experimental parameter screening
commonly applied, thereby reducing the number of experi-
ments. The computations maximised productivity without the
need for human expertise, through optimising the interplay
between electrical {current] and chemical engineering ([low
mate) seutings. Sensors are crucial for flow process automation,
as they perform essental metering and process control fune-
tions. & non-invasive sensor with a fast reaction Ume was
developed 1o monitor changes in phasefs) and concentration
in single- and multi-phase micro-flow.®® Also, advanced online
detection methods are needed. “T'otal internal reflection transi-
ent absorption microscopy (TIRTAM) was applied for the
detection of excited-state dynamics in Oow.™ Lastly, advanced
process monitoring is needed Lo detect and diagnose blocked
microreactors. For the parallel operation of Suzuki-Miyaura
coupling in five microreactors, a splitand-recombine-type Now
distributor (SRFD) was used lor blockage detecion™ ‘The

9508 | Green (Chern, 2024, 26, 9503 44,08
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channel resistances and sensor locations in the SRFD were
adjusted viz a pressure drop compartment model.

2.12. Scale-up/predictability

Microreactors are replicable reactor systems that ideally are
just ‘numbered-up’ similar to nature’s cells. While microreac-
tor scaling-oul reality is panly different from the ideal, i is
nonetheless true that microreactor scale-up is faster and more
facile than a conventional batch reactor setup. This viewpoint
is shared by several industrial researchers, who brought micro-
reactors o Lhe production scale.

Sustainability outcomes are faster ime to market, reduced
costs, and increased cash-flow; relevant for TEA, and most
notably ESG.

Example: Scale-up of sub-second micro-flow synthesis was
performed by numbering up of 3D-printed and laminated
metal microreactors.™ The initial one-flow-reactor synthesis
was extended o a monolithic module with 4 numbered-up 31>
printed metal microreactors (4N-PMR). As the next and final
scale-up step, 16 microreactors (16N-PMR) delivered 20 g of
three drug scaffold products within 10 min of operation. This
was achieved by stacking four AN-PMR modules. A kilogram-
scale synthesis ol Z-ethylhexyl nitrate in a microreactor was
developed wig a statistical method, specifically a Box-Behnken
experimental design, varying systematically process para-
meters.” The experimental design was studied for four factors
and at three levels. Determining key impact factors (sulphuric
acid, temperature) and optmising liquid-liquid contact by
using computational fluid dynamies led to a scaled-up micro-
reactor design, capable of producing 16 kg h * ethylhexyl
nitrate.

2.13. Supply chain and business model

As compact, modular units with easy installation/demounting
and fast start-up/shutdown capabilities, microreactors lead to
new business models, including decentralised small-scale pro-
duction, and sirengthen multi-product business models such
as campaign production.

Sustainability outcomes are new product services, a
reduction in environmental effects from transportation, perso-
nalisation of products, and improved product delivery
reliability (resilience); relevant for LCA, and most notably ESG.

Examples: New lypes of chemical producton plants (so
called “future factories”) can provide new business windows.
Containerised, mobile plants are promising for reducing the
time-to-market [“50% idea”), leading to a higher cash-flow. "
This is, i.a., due to their modular construction and o embed
smart-scale processing technologies such as microreactors.
CAPEX and OPEX analyses have heen conducted [or microveac-
torequipped container plants (Evonik Company's Evolrainer
production platform). “U'hree microreactor applications were
evaluated across chemical markel sectors: bulk chemistry, fine
chemistry, and pharmacy. Containerized chemical plants
demonstrate faster payback and higher earnings compared to
conventional technology, particularly for high-value chemical

This pourmal s & The Royal Socety of Chestiestny 20024



COpen Sooess Arhole, Pubhshed on 17 Jaly 2024, Dow nleaded on &032025 53555 A0,

Than article w hoetwed wdera Creatve Commors A toboton N onC ommmenaal 3.0 Unpored Liconoe.

Green Chemistry

products such as those in the pharmaceutical industry.
Microreactor equipment uplifis the economics.

3. Costs of flow chemistry/
microreactors

Cost studies of llow chemistry or microreactors often focus on
either capital expenditure [CAPEX) or operational expenditure
(OPEX); mrely putting an equal emphasis on both. As evident
from the above, the main benefits of using microreaction
technology are to improve OPEX costs, eg, through higher
yields, [aster development time, reducing waste, eic. The
quantification of eost improvements for chemical processes
after the implementation of microreactors or flow chemistry is
essential o demonstrate the technology's effectiveness. The
following section shows first CAPEX cost studies and thereafter
OPEX eost studies in the field.

3.1. Microreactor CAPEX costs

Innumerable microfiuidic studies have aimed, for more than
three decades, to invent new [ahrication methods for micro-
reactors, part of these comprise cost studies, as cost reduction
is a major motivation for the studies. However, many of these
innovations have not passed into today's flow chemistry and
microreactor business, but rather have been implemented in
lab-chip technology. This review retains, as previously stated,
its holistic narrative, and presents in the following microflui-
dic CAPEX cost studies around microfabrication innovations.
The hypothesis among all studies reported here is that fast
prototyping is key to reducing the [abrication costs of micro-
reactors, because chemical reactors are smallquantity cam-
paign products, as opposed o the imperative of mass manu-
facturing, which is demanded for most microfabrication (and
microelectronic) products.

3.1.1. Low-cost manufacturing. A fast-prototyping study
uses the combination of wire machining and fast laser micro-
fabrication for low-cost polymeric mictoreactor machining,
with  polydimethylsiloxane  (FDMS) and  polymethyl-
methacrylate (PMMA) as construction materials,*' Fig. 7. The
microreactor was designed for the synthesis of SnS nano-

=
e,

=

Fig. 7 Flow chemistry enables fast and precize prototyping when com-

bined with other technologies. Left: 3D printing; right: laser milling.
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particles as catalysts for the photocatalysed degradation of an
organic dye, with an achievement of 75% decomposition
instantly.

Another fastprotoyping study aimed 1o minimize all cost
contributions. ‘This included cheap construction materials
(microscope glass slides from low-cost soda-lime glass) as well
as a costeffective micromachining process (deep etching, a
simplified masking method).* This allowed microchannels to
be produced with depths of =100 pm with a very low surface
roughness, below 10 nm. These microreactor devices were
used for oligopeptide immobilisation.

A third study aimed to reduce costs via low-cost microma-
nufacturing through laser cutting of polymethyl methacrylate
(PMMA}* and proposed reusing the micromixers Lo prevent
PMMA microdevices [rom becoming plastic waste. Three
micromixers with different channel configurations, serpentine,
triangular, and a 3D arrangement, were prototyped to conduct
(nano)precipitation at optimal nucleation and growth, at the
gquality needed for drug delivery and bioremediation.
Magnetite nanomaterials were generated with a narrow par-
ticle size distribution, homogeneous morphology, and crystal-
line structure.

3.1.2. Advanced machining. Metal additive manuflacturing
and powder metallurgy processes can advance bonding pro-
cesses in microreactor fabrication towards reduced material
input. Many microstructured layers are bonded 1o metal shim
stocks.** Metal injection molding has a better cost profile than
the binderjetting additive technology, due to lower tooling
costs and faster manufacturing. The microreactor, (abricated
using those machining technigues, was designed for dimethyl
ether production.

3.1.3. Materials. Polydimethylsiloxane (POMS) is a prime
material for fast prototyping. A cost study was performed for a
POMS microreactor manufactured using an advanced print-
and-peel (PAP) method.™ The manulacturing cost is reported
to be [ifty imes lower than that of a commercial benchmark.
The microreactor was used Lo form silver nanoparticles from
silver nitrate and the fast reductant sodium borohydride. An
average nanoparticle diameter of 24 nm was obtained, which
was smaller than those produced by baich technology, ranging
from 30 o 60 nm, and commercial samples.

3.1.4. Catalysms. Caotalyst mplementation: Catalysts  are
crucial for microreactor function and sustainability, necessitat-
ing low-cost caalyst implementation technigques. Catalyst
immaobilisation was performed by loading a 110, suspension
into polymer microtubes as the support for the photo-
catalyst,*® followed by a quick thermal treatment at 285 °C.
The costs are determined by the number of catalytic coatings,
the concentration ol the catalyst precursor suspension, and
the reactor's inner diameter. The reaction rates of photo-
catalytic phenol degradation in the microtube were an order of
magnitude larger than those in a laboratory-scale batch reactor
with a catalyst slurry.

Catalyst coating technigques and the prime materials used
in fast protolyping do not always blend with each other, Le,
the coating might not be feasible and block a possible cost
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reduction. Conventional catalyst coating methods are unahle
o load catalysts firmly and uniformly on PDMS | polydimethyl-
siloxane). A casting-transfer method has been developed for
loading catalysts on the PDMS substrate.”” This optofluidic
microreactor was used for photocatalytic water splitting. “The
hydrogen production rate was higher than in a conventionally
fabricated microreactor and the durability was superior.

Catalyst durability: ‘The durability of catalysts is central, as
catalyst replacement causes material costs and a pausing of
continuous operation lowering the cash-flow. High durability
(and recyclability) was achieved for Ti0, nanoparticle-coated
#n( nanorod arrays grown in Lthe capillaries of a photocatalytic
microreactor,™ Fig. 8. T'o further reduce costs, simple catalyst
incorporation was developed by pumping a 170, sol into capil-
laries containing preformed £n( nanorod arrays. ‘The capillary
microreactors demonstrated high pholocatalylic activity in
response Lo the dye methylene blue.

Catalysts in gas-liguid-solid microreactors often exhibit
poor durability. High durability was observed for Pd nano-
catalyst™ coatings achieved via electroless deposition on a
polydopamine-functionalized surface, [ollowed by hydrogen
reduction. Almost complete reduction of all palladium fons
and uniform dispersion of the palladium nanoparticles were
achieved. This catalyst proved o have higher durability aL a
high nitrobenzene (gas-liquid-solid) conversion compared o
traditional electroless catalyst deposition. Yet, it was also
noted that microreactor operation could compromise catalyst

TiO,
nanoparticles.

Znt nanorods ZnQyTi0, core-shell nanorods

Fig. 8 T¥D: nanoparticle-coated Zn0 nanorod arrays grown in the
capillaries of a photocatalytic microreactor.
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durability; this is a [unction of reactant concentration and can
be minimised accordingly.

Catalyst regeneration: A nanosized Au/Ti0; catalyst was
regenerated in site and demonstrated reproducible conversion
and yield in more than 50 test runs. Monometallic gold {Au)
and palladium (Pd), as well as bimetallic Au-Pd nanoparticles,
were supported on titania (1i0,) by sol immobilization.™ T'he
catalytic activity of the coated microreactor was tested for the
gas-phase partal oxidaton of (bio-based] 1-butanol to
m-butyraldehyde.

Regeneration (and durability) of a catalysL was also demon-
strated for an Ag/4n0O catalyst coated on an aluminium micro-
reactor by spray pyrolysis.®' The photocatalytic degradation of
methylene blue under UV-A irradiation was investigated.

3.2, Flow chemistry OPEX cosis

The economic benefits of implementing flow chemistry on a
commercial scale are assessed in section 3.2 with a focus on
savings in OPEX costs. As Fig. 9 sugrests, sections 3.2.1-3.2.15
are structured by viewpoints based on reaction and catalyst
engineering, process design, process automation, pProcess
economics, and similar. Fig. 9 does not include all these
assels for reasons of clarity and simplicity.

3.2.1. Suoperheated processing for soybean epoxidalion.
The utilisation of unusually high reaction temperatures was
tested to massively accelerate the kinetics of hydrogen per
oxide-mediated soybean oxidation (to green plasticisers, epoxi-
dized soybean oil, ESBO), a novel process window.™ This is
only achievable in microreactors that are able to provide the
high mass transfer demanded under these conditions;
especially between the two immiscible phases used. For a pilot
plant, the prodoction costs were computed to be governed by
variable costs [91%), with material costs having the highest
share. Maximising yield is therefore key to NPW-guided
process design. The cost study also confirmed savings in per-
sonnel costs due to decreased operation and supervision times
when using microreactor operation, which offers shorter reac-
tion times compared to the batch process.

3.2.2. Suoperheated processing for rufinamide drog syn-
thesis. A real-case study of industrial scale-up aimed to build
on the environmental advantages of a promising reported lab-
scale flow chemistry™ for the manufacturing of the pharma-
ceatical drug rufinamide.® A mini-pilot plant was operated at
an industrial site, and aimed to carry out the reporied super-
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Fig. 9 Flow chemistry OPEX costs sorted by relevant engineering and process viewpoints.
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heated processing (a novel process window) of the threestep
flow chemistry cascade.™ Annual costs of five raw materials
used in the three steps were computed and given as a function
of the total yield of the mini-pilot flow chemistory plant,
mnging from 47 1o 83%. A cumulative cash-flow (CCF) analysis
was conducted for depreciation over ten years, with CAPEX
costs ranging [rom 0.5 to 2.0 million US$. The CCF increases
with time, breaks through (positive cash outcome) after about
2 o 4 years depreciation, and is better [or larper yields;
approximately doubling the CCF when increasing the yield
from 65 Lo $3% with hardly any CCF al 47%. The costs of the
mini-pilot plant were only 25% higher than the former lab-
scale plant, assuming 81% yield, despite the compromises
needed during scale-up. In this case, CAPEX costs increased
dispraportionally when scaling-up the microreactor plant ‘The
future achievement of the 83% wotalyield performance by the
mini-pilot plant requires improving the yield of the last step,
while the yields of the first two steps are close (o 90%.

3.23. Solvent loading and reaction time reduction (for
flow-made catalysis). The metal-organic framework [MOF)
catalyst MOF-808 was manufactured using (low chemistry reac-
s, RelevanL process parameters were the residence time,
linker concentration, volumetric ratios of modulator, and
solven,.®™ The consumption of the solvents dimethyl-
formamide (DMF) and formic acid was reduced by 84% and
67%, respectively. Highly erystalline MOF-808 nanoparticles
were synthesized with 5 min residence tme, in conlrast Lo
48 h residence time in batch reactors. The costs of the labora-
tory-scale flow synthesis of MOF-808 was determined to be
amund %3 per g, lower than the current batch method.

3.2.4. Heal transfer. A cost assessment was conducted viz a
thermodynamic analysis of the supercritical COy recompres-
sion Brayton cycle for a heat pipe-cooled microreactor, includ-
ing heal exchanger and turbomachinery design sub-codes.”™ A
maximum cycle efficiency of 52% was determined. An LCOE
score of 82 USD per MW h was caleulated. When considering
the transmission and distribution (1&0) electricity loss, the
microreactor presented an economic opporunily compared Lo
a nuclear power planL The microreactor operation would be
superior, for esample, afier 0.6 years in Hungary (high electri-
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city costs), and after 23 years in South Korea (high electricity
cosLs).

3.2.5. Catalyst costs. A holistic cost study assessed Lhe costs
of combined microwave-microreactor processing for 14 process
scenarios of the coppercatalysed Ullmann cross-coupling (o
produce 4-phenoxypyridine, a pharmaceutical intermediate
used in the production of commercial drugs like vancomycin or
vancocin,™ Dominance of material costs (reactants, catalysts,
pretreatment agents) in the OPEX costs was determined, which
outweighed CAPEX costs by far. It was determined that micro-
wave heating and the use of advanced catalysis was more econ-
omical than conventionally heated batch and continuous pro-
cesses. The combination of microwave heating and microreactor
processing is synergistic, resulting in even lower operational
costs,” Fig. 10. Different provision of microwave heating
(‘monomeode’, ‘multimode’) impacted energy costs for heating
and were compared with conventionally heated systems. Overall,
the contribution of energy costs was low. In contrast, the catalyst
costs, in particular the method of catalyst implementation, had
a strong impact on the profitability. A conventional (bead) cata-
lyst supply was more cost-effective than the use of advanced cat-
alysts, including coated and nanocatalysts. A micro-packed-bed
reactor was 20% more cost-effective than coating the catalyst on
the walls of the microchannels.

3.2.6. Enzyme activity and recycling. A biodiesel pro-
duction study determined that engyme costs outperformed all
other costs and were key to the implementation of biocatalytic
flow chemistry when benchmarking costs against those of a
real biodiesel production planL™ Enzyme catalysts are gener-
ally expensive and necessitate recycling and reuse, while ensur-
ing that the enzyme has greal reacton activity. Concerning the
latter, currently, at best, gram-scale product gquantities can be
produced, w fulfill production targets of the pharmaceutical
industry."* For biodiesel production, much greater productivity
and consequently much larger enzyme loads are required.
Immaohbilization of the enzyme is essental for both; yet this
adds a mass transfer hurdle [rom liquid-phase reactants to the
solid-phase enzyme, Fig. 11.

Costs were assessed for enszymatic biodiesel production
from sunflower oil in small packed-bed reactors with internal

TEA

Flow

chemistry [ )
! i 3y CAPEX<<OPEX
v \ HT
& J]__L Chemical

..IJ !. productivity

Fig. 10 Effect of microwave flow and advanced catalyst processing on techno-economic assessment (TEA).
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Fig. 11 Strategies for enzyme immobilization in flow chemistry.

Packed/fixed-bed -J

micro-flow. A production scenario at 10 000 L a * capacity with
32 parallel reactors was cost evaluated and demonstrated the
necessily to consider the costs of the ESI for the enzymes, Lypi-
cally a polymeric resin.®™ This enwyme supports adds even
higher costs than the eneyme itsell does. Currently available
support polymers are made for laboratory investigations so the
outcome of the biodiesel study is Lo propose some cheaper
polymer material options.

3.2.7. Enzyme loading and fixture. A cost study determined
how to achieve large enzyme loadings for economic viability in
microreactor processing.™ Threonine aldolase can make
complex, high-value pharmaceutical products with up o wo
chiral centres. It was immobilized to decrease costs by allow-
ing reuse of the costy catalyst The study demonstrated that
achieving a high number of enzymes attached per unit support
area was crucial, while retaining high activity after immobiliz-
ation and in several process runs. The support is imperative
here as it provides the total surface area available for immobil-
ization. As the supports used for immobilization are costly
themselves, compactness of the integration of diverse enzyme
supports into a fow chemistry microreactor was investigated
in terms of the integrated volume of immobilized enzymes;
either by coating or packing. The same study also assessed Lthe
impact of high enzyme loadings for the example of glucose
oxidase immobilization for gluconic acid synthesis for the
food market, with its higher production quantities al lower
price.

3.2.8. Enzyme-assisted waste-lo-value conversion. The deci-
sive role of enszyme-immaobilization costs on earnings and cash
flow was demonsrated for lipase-catalywed biodiesel pro-
duction from waste cooking 0il.** This study showed a solution
to Lhis (currently) unavoidable high cost microreactor scenario,
which was a reduction in material costs by using cheap waste
materials, Le., oil cake, Fig. 12. Earnings and cashflow for the
new biodiesel Mow chemistry process were computed. Sull, it
was determined that current commercial polymeric substrates
were insufficient for eneyme immobilization, but that future
microreactor production would demand the development of
cheaper substrates, made for purpose.

3.29. Calalyst recycling (in fine chemistry). Cost compu-
tations demonsirated that reuse of the catalyst coalings on
microstructured steel plates was prelerable to the disposal of
the used coatings and plates.®® The cost study argeted indus-
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Fig. 12 Lipase-catalyzred biodiesel production from waste cooking oil

trial-scale applications at a fine-chemistry level that necessi-
tated plates of a much larger size and number than usual for
reported  laboratory-scale  microreactor catalytic  plates.
Removal of the coatings was undertaken [or recycling pur-
poses, and several common removal methods were invest-
gated. Harsh treatment with a strong acid changes the struc-
tural properties of the coatings and the steel supporting plates
and accordingly their functonality, whereas mild conditions
do not do the job. Coating renewal rates of 90% were achieved,
requiring only a few fresh plates, which did not impact the
overall sustainability of the recycling process.

3.2.10. Scale-up of process intensification. A cost analysis
of an industrial small-scale microreactor process o produce
4-cyanophenylboronic acid, run by the Azurchem Company,
demonstrated that OPEX costs outweighed CAPEX costs by far;
with 96% share.! This cost analysis was the first published at
the tme, for a real industrial process with real cost data. The
microreactor was cost effective by achieving a great yield wia
improved mixing (mass transfer) {or expensive raw materials
andfor high-value products, namely, 4-cyanophenylboronic
acid. As a second driver, the reduction of operator costs
(labour) was identified wig the shorter flow processes. The
study pained significance by generalising esperimental find-
ings vig computed projection of case scenarios o a larger
microreactir process capacity (scale-up). Numberingup 10
times or 10 times the process intensification (meaning a faster
process) were considered, and at scaled-up productivity, the
microreactor OPEX benefils were even sTonger.

3.2.11. Process design Lo scale. A cost study was made o
score process intensification enabled via microreactors and
adsorption beds o produce hydroxy methyl furfural (HMF),
made from renewable biomass. The impact of process design,
“flowsheeting capability”, was investigated with the objectve
of maximising mass and heat transfer at different scales,™ The
study demonstrated that scaling up microreactor modules
reduced the sales price by 10% and emissions by 5% com-
pared o conventional reactors. The recovery of HMF by
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adsorption beds as an allernative o vacuum distllation
reduces the price between 10 and 50% and the C0, emissions
by up to 40%.

3.2.12. Process automation. There are, 1o the best of our
knowledge, no cost assessments on the impact of flow process
automation. This is probably because automation by itsell
does not improve sostainability, but it does it indirectly vig
opening multiple optimization routes, e.g, helping to find a
better yield. Evidently, automation saves personnel costs,™
and this has been quoted in the literature™ but not
quantified.

3.2.13. Process sheeting of modular units. Decentralized
production in modularized small-scale plants with microreac-
tors was computed o produce liquid fuels [rom bioresources
{the EU project BIOGO)™ The integrated process comprised
coupled reforming of biogas and bio-oil, methanol synthesis,
and conversion Lo gasoline. Process computing determined
carbon efficiency of 56% and energy efficiency of 42%. The
production cost of gasaline is €0.5 per L (in 1994), demonstrat-
ing compatibility with fossil fuel production and cost cornpeti-
tiveness compared o the Fischer-Iropsch moute. Another
advantage of using modular microreactors is the lme o
market, as the assessment of the construction tme and operat-
ing costs of 35 decentralized modular plants revealed com-
pared to one centralized large-scale planL

3.2.14. Holistic process design with advanced downsiream
purification. A cost and performance analysis of a pharma-
ceutical process was performed, by comparing an existing
batch plant and a hypothetical continuous, modular plant®®
The data is reliable because it comes from an industrial batch
plant operated by Sanofi, Fig. 13. The productivity of Sanofi's
drug of 100 kg per year at a price of a [ew thousand euros per
ke fits well with the capabilities of continuous-Now manufac-
turing. The assessment outcome can be considered generic for
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a multitude of drugs with similar characteristics. The generic-
ness is also supported by a high-level scenario analysis appli-
cable to the majority of drug manufacturing. Five scenarios
were compared to the relerence case at Sanofi, which were
coined intensified reaction, continuous-flow, alternative cata-
lysts, solvent switch, purification switch, product recovery, and
intensified drying. ‘This holistic economic analysis covered
process pamameters, including operation time, waste, and
resource usage. Intensified continuous-flow processing at the
millimetre scale, followed by continuous purification, emerged
as the optimal solution among the five options, also pointing
o apporiunities for further optimisation. Costs are predicted
to be decreased by 35%, the process time by 27%, and the
labour efforts by 47%.

3.2.15. Energy economics-by-design. A study of microreac-
tors for nuclear power confirms that the calculated levelized
cost of electricity (LOOE) is much above market acceptance.™
it is concluded that using emerging technology intrinsically
means accepting penalties from a low technological readiness
level (TRL). The study instead proposed a ‘way-oul' o guide
economic asgessment through ‘design choices’, which pro-
vided guidance vig bottom-up estimates. The so-called econ-
omics-by-design approach sets economic assessment at the
center of the design process, meaning essentially to apply the
principles that guide high TRL to low TRL. This methodology
of a “microreactor-specific code of accounts at a range of cost
equations” has been validated by existing frameworks, includ-
ing desipn-to-cost and value engineering, Fig. 14. Market entry
points are decisive for parametric design and rigorously push
technical specifications until the performance meets the finan-
cial set poinL The main outcome is o open the door o new
markets (in the case studied, it means w approach niche
markets “beyond the grid” towards remote communities), new
atributes (beyond costs alone), and speed up the design cycle

Unit operations [l Wash

Charges i) Distillate

XX Streams

3 React
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Fig. 13 Scheme of a multi-step process and interactions as proposed by Sanofi.
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Fig. 14 Benefits of the economics-by-design approach applied to flow chemisiry.

for earlier market entry (in the case studied, sequential unit
deployments). The rapid evolution of design changes in micro-
reactors, meaning they are [actory-fabricated and rapidly
deployable, is beneficial for these objectives. While TEL maotiv-
ation promaotes the economy of scale, microreactors stand for
an alternative economic model based on offsetling gains
standardization, simplification, passive safety, lower
inventories (in the case studied, this refers to radionuclides),
factory fabrication, fast installation, and low financing costs.
The economics-hy-desipn approach operates with learning rate
(LE) assumptions, specific targets, to lower the largest cost
contributors. In the case studied, this referred to changes in
the neutron spectrum, the power output, and building
SIructures.

4. Life cycle assessment, LCA
4.1. Micromachining

4.1.1. Advanced machining. From the perspective of life
cycle assessment, metal injection moulding is a better manu-
facturing choice than the binder-jetting additive technology.*®
It has a low cumulative energy demand, global warming poten-
tial, and other favourable LCA impacts, through the use of
muold plates and appropriate solvent managementL

4.1.2. Microfabrication technology and design. ‘lhe so-
called modular server—client-server methodology was used for
combining process optimization with LCA, aiming at early-
stage decision-making for microreactor design.”™ LCA and
process design modelling were connected wag an interactive
translator with the aim ol achieving symbiotic time and cost
saving automation. This approach predicted different design
and manufacturing options for microstructured reactors made
for gas-to-liguid-fuel conversion. The LCA impact of two micro-
structuring techniques for metal foils was compared, while
considering several microreactor designs. Classification was

9514 | Grean Chem, 2024, 26, 9503 9528

made into improvable and non-improvable technical para-
meters for each fabrication step.

4.2. Materials

4.2.1. Reactanis. L.CA rated the soitability of various GO,
precursors, including agueous potassium hydrogen carbonate,
hydrogen carbonate-based ionic liguids, DIMCARE, or sc-C0y
for the microreactor-enabled Kolbe-Schmitt synthesis,”™ Yield
is key for achieving a good LCA-sustainability profile. Using
the ionic liquids [EMIMHCO,] and [BMIM][HOCO,] as com-
bined solvent-reaction media led to the highest yields observed
for all flow chemistry investigations of the Kolbe-Schmitt syn-
thesis,™ Fig. 15. The IL-low chemistry has a high cumulative
energy demand (CEDR) due wo ecological backpack of the IL
compounds. Recycling is imperative 1o improve the life cycle
profile.

4.2.2, Catalysts and solvents. Seven batch approaches and
two flow chemistry approaches were compared by LCA for the
synthesis of the drug intermediates Z-aryl benzoxazoles™
Traditional chemistry is based on stoong acids or Loxic
reagents with a related waste problem. The flow chemistry
approaches demonstrated environmental benefits because
these were able o use two recycling advantages. The first is
related to the regeneration of an innovative molecular sieve
catalyst and reduction of key metal (manganese) leaching. The
second is the use of the green cyclopentyl methyl ether
[CPME) solveny, due o its high recyclability and massively
improved manganese recyclability (down o 0L002% loss).
CPME is also a solvent with a significantly lower safety hazard
compared o conventional ethers, containing fewer explosive
peroxides. As a net effect of both innovations, carbon emis-
sions are reduced by $5% In comparison with the batch
approach, which chemically mirrors the flow chemistry
process; the latter outperforming the other six batch processes
studied. The flow chemistry process has a lower energy con-
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Fig. 15 Process parameters used for the Holbe-5chmitt synthesis intensification

sumption and solvent loading, the share of which is up Lo 8%
of the environmental impact.

Multi-step fow chemistry processes use much solvent
through the agpregated process connection vig telescoping.
Solvent recycling, guided by LCA, was used to reduce Lhe
solvent loading for a three-step flow chemistry process.”™

The mpact of catalyst and solvent was also determined by LCA
for the Buchwald-Hanwig amination of an APl with a Pd-NHC
based eatalyst in both a lab-scale and a pilotscale flow chemistry
plant; NHC: N-heterocyclic carbene.™ Catalyst stability was investi-
gated under solvent recyeling conditions. Due o a higher space—
time yield, the flow chemistry was an environmental improvernent
for almost all LCA impact eategories compared o the batch syn-
thesis; as well as being more economical. The LCA, which was the
first done for complex mofecularly defined catalysts, determined
that catalyst synthesis could improve the profile of the entire fow
chemistry process if the catalyst lifetime were short.

4.3. Mass ransfer

4.3.1. Single-phase mass transfer (for waslewater). LCA
considered the environmental impact of waler sources con-
taminated by dyes from the testile industry vie remediation
using catalytically active nanocomposites made in flow. These
nanocomposites provide an alternative for the treatment of
wastewater from the textile industry due to their high activity,
fow consumption, and short reaction times. Six dilferent
designs of micromixers were modelled and evaluated for the
treatment of wastewater, Fig. 16.™ Velocity profiles, pressure

drops, and Nows were analyzed and compared under the same
mixing conditions. The study shows a high contribution of the
construction material, poly(methyl methacrylate] (PMMA) o
the environmental profile, exhibiting 44% energy consump-
tion, and 1% impact on human toxicity. The study shows that
well-designed microdevices can reduce environmental impacts
using Mow chemistry. Micromixers with different microchan-
nel designs, o force mass transfer by convection, had LCA
impacts of 7%, 69%, 77%, 66%, and 58% for the LCA cal-
egory of photochemical ozone formation.

4.3.2. Single-phase mass transfer (for fuels). An atribu-
tional life cycle assessment (LCA) was performed Lo determine
the sustainability footprint of a new process design, enabled
by microreactor technology, to utilize existing resources in a
different way.” NetMIX-microreactor technology converts
natural gas from offshore resources via a gas-to-liquid (GtL)
process combining steam methane reforming and the Fischer-
Tropsch process (FI-5MHE). The sustainability of the NetMIX-
assisted process was compared with conventional crude oil
production, with 1 M] LHY as a functional unit. An additional
assessment determined the impact to generate liquid fuel of 1
barrel volume. The latter allows one o judge the partial substi-
tution of the existing crude-oil based technology, termed ‘add-
on technology'. The synthetic {uel generated by the FI-SMR
pathway has a net-negative score for the global warming poten-
tial, GWP. The emissions score is higher than the emissions
caused by the NetMIX-microreactor process. Other life cycle
impact categories increase because of the process complexity

Fig. 16 Micromixer designs used for wastewater treatment.
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of the FI"SMHK, which causes higher energy consumption and
releases emissions. The GWP of the microreactor and conven-
tionally made fuels are —0.34 kg €0, eq. per M and 0.012 kg
L), eq. per M|, respectively, which is due Lo different yields.
The GWP score impact per daily barrel of crude fuel is reduced
from 70.3 to 64.6 kg €, eq. per barrel when adding the micro-
reactor-assisted FISMR process, while reducing 34% of the
flared gas.

4.3.3. Muliiphase mass transfer (phase-transfer chem-
istry). LCA has been applied o the green process design of a
two-phase reaction, Fig. 17, the esterification of phenol and
benzoyl chloride 1o give phenyl benzoate, including the syn-
thesis of the phase transfer catalyst used, 1-butyl 3-methyl imi-
dazolium chloride, [BMIM]JCL™ [BMIM]CI is advantageous for
product recovery. The underlying engineering mechanism is
the high surface-to-volume ratio of multi-phase microreactors,
which causes high interfacial mass transfer rates. The human
toxicily potential, HTP, is reduced by more than 60% when
replacing the interdigital mixer with a herringbone-structured
mixer. A similar trend is obhserved in global warming potential,
GWE. Yer, this improvement comes aL a price, which is the
need to synthesize [BMIM]CL Conducting this by a batch and
continuous process, Lthe HTP scores 3.5% and 1.7 o 2.8%,
respectively. ‘The GWP of this process is 4 w 4.5% for the
batch and 4 to 6.7% for the continuous process.

4.3.4. Muliiphase mass transfer (pholochemistry).
Photochemistry is considered as mass transfer, as light pene-
tration is much higher in small microvolumes compared o
large vessels,”™ An LCA study of vitamin 1); synthesis under UV-
photoflow chemistry was based on a cradle-to-gate approach,™
Fig. 14. Besides the reaction, extraction and purification by crys-
tallization were considered.® 'The flow chemistry process had a
lower environmental impact than batch processing. IL was
found that the major LCA impact was made by solvents
Consequently, incorporating recycling loops for the two solvents
used in extraction and precipitation improved the LCA profile.™

4.4. Heat transfer

4.4.1. Electromagnetic heat transfer. In continuation of the
LCA study reported in section 4.2.1, the environmental effect

Phase Il
(liquid)

m Phase | ‘
(liquid)

Phase 1l
(solid)
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Fig. 18 S5cheme of continuous flow photo-high-p.T intensification
reactor.®®

of the heating mode for the Kolbe-Schmilt synthesis of 24-
dihydrosybenzoic acid was determined. Microwave frradiation
was lested as an alternative o conventional oil-bath heating
under superheated conditions, leading to higher yields but
with the drawback of higher energy consumption.™ The rec-
ommendation is that microwave heating should only be
applied when reaction yields are much higher.

4.4.2. FElectrical heat wransfer. Electrical heating is another
alternative and was tested in a tailor-made microdevice, which
was amenahle for the pilot scale through internal numbering-
up.™ A productivity of 225 kg h ' at 4 s residence time and
32% yield was determined. The space-time yield for electrical
heat was 38 250 kg (m” h) ', while microwave heating achieved
space-time yields up to 32 550 kg (m” h) '. The conclusion is
that convective heating methods such as an oil bath or electri-
cal heating are ecologically better
irradiation.™

than microwave

4.5. Master solvents

4.5.1. lonic liguids. LCA was performed for the envirom-
mental score of master solvents, as alternatives to normal sol-
vents used in organic chemistry, as well as the possibility of
solvent-free processing.™ The master solvent choice included
the ifonic ligquid 1-hexyl-3-methylimidazolium tetrafluoro-

+

Two-phase slug flow
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borate, [CoMIMJBEF,], and a mixture of citric acid/NN-
dimethyl urea as a deep eutectic solvenL These solvent alterna-
tives were compared to commonly used solvents including
methanol, cyclohexane, acetone and methanol/water. "The test
reaction chosen was the Diels-Alder eycloaddition of cyclopen-
tadiene and methyl acrylate. The ecological and economic
optimisation (ECO) method was used for scoring; this uses
LCA together with an optimisation procedure. The life cycle
inventory is large and holiste, including the production of
reactants, solvents and auxiliary agents, synthesis and workup,
as well as recycling and disposal. This way, the enwvironmental
effects of the solvents were computed, comparing the new
master solvents to traditional solvents. AL 25 “C, 98% conver-
sion of methyl acrylate was computed with a 5.5 exo/endo ratio.
For a solveni-free route at 25 *C, 98% conversion of methyl
acrylate is achieved with a 2.9 exofendo ratio. The LCA study
showed a higher cumulative energy demand, CED, due to the
use of the solvents (acetone, eyclohexane) and additives
(DMU). A higher EF is determined in the workup, since
additional solvents are used. The ionic liguid [CoMIMBE,] is
a threal 1o aquatic organisms, classified as water hazard class
3. The additives citric acid and DMU are not hazards here,
classified as WGK-1.

4.6. Hesidence time/productivity

4.6.1. Faster reaclion kinetics with novel process windows.
A real-case study of the industrial scale-up of a reported three
step, lab-seale flow chemistry cascade can build on environ-
mental advantages, as demonstrated for a mini-pilot Dow
chemistry plant for manufacturing the anti-epilepsy drog rufi-
namide, operated at an industrial site,** Fig. 19. On the b
scale and as one of three steps of the cascade, changing from
batch to [low chemistry significantly reduced the reaction tme
from 2% to 0.17 h (about 10 min) for the 1,3-dipolar Huisgen
cycloaddition.™ A novel process window speeds up reaction
kinetics viz an unusually high temperature of 210 “C instead
of 135 “C possible under batch conditions. The laboratory
yield of rufinamide, made by a three-step process, was practi-
cally the same for batch and fow chemistry, being 79% and
B0%, respectively. The mini-pilot had only a slightly higher
environmental impact than the laboratory plant, showing that
the ‘environmental carry on' was successful. The small differ-
ence is due o wsing somewhat higher temperatures and
higher reaciant excess [or the mini-pilol plant © compensate

Sodium azide solution

2 6-difluorobenzyl
alcohol L
I Ea
O &
HCl =
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for the slight increase in internal dimensions of the mini-pilot
plant’s reaction channels and to guarantee the same pro-
ductivity as that for the laboratory-scale standard. T'he environ-
mental benefits of the mini-pilot plant are much higher than
those for the batch synthesis. T'he main winning point of the
microreactor process is the higher yield, fLe., reduction in
wasle, in two oul of three reacton steps. Yet, the last step of
the rufinamide process, the Huisgen cycloaddition is slow,
even under flow chemistty conditions, which negatively
impacts the environmental profile and requires improvement
o release the full potential of the multi-reaction network.

4.7. Safety

‘I'o the best of our knowledge, there are no LCAs on the impact
of flow chemisiry safety. Safely, in general, is not a true part of
LCA, which is primarily concerned wilh emissions (from
chemical processes). Accordingly, a study proposed a new
metric, the life cycle inherent tosicily, to adapt LCA with
inherent hazard data of all the chemical flows to the final
product.®™ Toxicily is determined for the entire cradle-to-gate
of a chemical, rather than just considering the starting
materials as in conventional toxicity. Life eycle inherent tox-
icity is different from the latter and can provide genuine infor-
mation. I'he usage of this potential for flow chemistry is yel o
be achieved.

4.%. Muolti-reartion networks/product complexity

4.5.1. Prodoct quality, novel process windows. An LCA
study was conducted Lo assess the potential of microreactor
chemistry to conduct multi-step syntheses in an end-to-end
process design. Drugs are foremost examples of products
made by multi-step synthesis™ It was imperative was o
ensure uninterrupted flow from the frst step o the final
product, also known as telescoping in fow. The LCA was made
for the flow chemistry synthesis of the antepileptic drug rufi-
namide starting [rom benzyl alcohol. Rufinamide is one of the
best-selling S-membered ring heterocyclic pharmaceuticals.
Foreground process work explored harsh operating conditions
(Le., nowel process windows) to obtain the activation needed
for the low reactivity reagenl. This enables the wse of more
environmentally [riendly chlorides instead of the commonly
used [more reactive) bromides in the first of three steps. Three
such multi-step microreacior networks were rated by green
metrics and LCA™

methyl trans-3-methoxyacrylate

F
OO
MM
[ |
- N--‘:N ;ﬂ

Rufinamide precursor

Fig. 19 5cheme of the 5-step synthesis of rufinamide precursor performed using flow chemistry.
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4.9. Novel process windows

4.9.1. Superheated processing, precursors, and heal Lrans-
fer. An LCA study provided decision support toward a green

process design for the Kolbe-Schmit synthesis of 2,4-dihy-
droxybenxoic acid from resorcinol.”™ The impact of various
kinds of process intensification was investigated based on
chemistry innovations, including different CO, precursors
such as aqueous polassium hydrogen carbonate, hydrogen car-
bonate-based ionic liguids, dimethyl carbonate, and supercriti-
cal Cy. The LCA study allowed a ranking of those impacts
and informed the selection of the best chemistry. This chemi-
cal scenario analysis was complemented by a process-thermal
study, including microwave irradiation for faster heating than
that conventionally achievable and superheated process con-
ditions (‘novel process windows') at unusually high reaction
temperatures. (L is demonsirated that convective heating, such
as on an oil bath or electrical heating, were environmentally
maore beneficial than heating by microwave irradiation. The
envimnmental performance of microreactors, under those best
heating conditions, was superior compared Lo conventional
batch reactors. ‘The holistic process study included the LCA
determination of workup procedures.

4.9.2. Superheated processing. An LCA study was con-
ducted, based on process modelling and experiments, for an
existing production process of plasticizers made of epoxidized
soybean oil (ESBO).™ Superheated processing in novel process
windows [NPWs] was used to improve the emwvironmental
profile. ESBO is produced at a yield of 75% in 300 min, while
batch operation is on a 100 g scale aL 60 to 80 °C. The Now
chemistry ESBO process has a 12% improvement in the cumu-
lative energy demand, CED. An environmental drawback, as
for the batch process, is the use of hydrogen peroxide, which
increases the human loxicity potential, HIP, above average.

=
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B =
M @
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C Acetic acid
Hydrofluoric acld
) ) ) Acetic anhydride
'E‘: ArBtic-pnmydrice Z-lschutylacetophenone
B! Isobutylbenzene Acotyl fluoride
C: Hydrofluoric acld
D: Hydrogen +Raney Nickel

: C2 -+ Palladium {11} chloride triphenylphosphine

Fig. 20 BHC's 3-step ibuprofen production process.
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Knowing these LCA hol spots and the capability of NPW and
green chemistry, a reduction of GWP and HTP by 11-12% was
computed.

4.10. Recycling

4.10.1. Enzyme recycling. Life cycle assessment (LCA) was
done for a modified fow chemistry process (Bopdan) towards

the drug ibuprofen, using enzymes in the last of three reaction
steps, and was compared to the non-engymatic Lhree-step Mow
chemistry (Bogdan, name of the lead researcher) and the
industrial BHC process (BHC company),® Fig. 20. The BHC
process has received awards for its greenness improvements
compared o previous commercial processes. A reduction of
environmental impact was demonstrated for almost all LCA
impact categories of the analysis, with the magnitude depend-
ing strongly on recyeling in the production system. When 50%
of the enzyme is recycled, the new enzyme-flow chemistry
process has a lower environmental impact in impact categories
like acidification, ecotoxicity of freshwater, human toxicity,
particulate matter, and resource depletion. AL a recycling
efliciency near 100%, virually all impact categories are
improved. ‘Then, the improvement compared o the BHC
process can range from about 30 to 95%, and o 31 o 38%
relative 1o the Bogdan process; the latter demonstrating how
important recycling of a value component in one out of three
[low chemistry steps is.

4.10.2. Construction material recycling. An LCA was made
for (nanojprecipitation at optimal nucleation and growth, at
the guality needed for drug delivery and bioremediation using
three micromixers with different channel configurations,
namely, serpentine, triangular, and a 3 arrangement.*® The
environmental assessment aimed to demonstrate thal re-
cycling of the construction polymeric material had an impact;
also from a flow chemistry process viewpoinl Assuming reuse

4-isobutylacetophonon
Hydrogen
Faney Mickel

1-[4-sobutyiphenyljethanol
Palladium {II) chioride
Triphenylphosphine

Intermediates
|.: d-<izobutylacetophenone
131 1-{d-lsobutylphenyi)ethanal
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of the micromixers in the first cycle, it was determined that
energy and water consumption were reduced by 84% and 4%,
respectively. In ‘I'8 and SB mixers, an energy consumption of
0.2 kW h is observed, whereas in 3DB mixers it is 0.3 kW h.
For reused micromixers, energy and waler consumption
declines by 95% and 50% for the second cycle, respectively.

4.11.  Process simplification

4.11.1. Chlorine-free process. An LCA study was made for a
new chlorine-free process for producing tetrafllucroethylene
{I'¥E) and hexafluoropropylene (HEP) in a microreactor, start-
ing from partally Muorinated alkanes obtained from electro-
chemical Muorination.™ Tetrafluorcethylene (ITFE} is a
common monomer for the synthesis of Nuoropolymers at the
industrial scale, and is produced vig multistep pyrolysis of
chlorodiffuoromethane, resulting in high energy demands and
large amounts of acid waste, mainly HCl and HE. In the micro-
reactor, high conversion rates of CHF;, which is used as a sur-
rogate of electrochemical Muorination (ECY) streams, and high
yields of Muoromonomers could be achieved. The conversion
is 25% al 875 “C with 0.4 s residence Uime, al a maximum
yield of 23% TFE at 875 °C in 0.4 5 and 17% I'FE and 35%
HFE at 875 °C in 2.5 5. CHF; pyrolysis needs 40% less energy
than the industrial process. IL has a 50% reduction in ozone
depletion and climate change. The 100year GWP of CHF; is
11 700 kg COy-eq. per kg, Incineration of the waste acid CHF;
requires 40% higher energy, whereas pyrolysis of CHF; by the
industrial method requires 40% less energy, and 50%
reduction in climate change and oezone depletion.

4.12. Process design (end-to-end)

4.12.1. End-toend modular process design. For Lhe
process development of an active pharmaceutical ingredient
(API) and motvated by the introduction of microreactor
technology, a study involved holistic rethinking, redesigning,
and optimization of an entire multistep process, including
downstream  purification.™ An early process development
stage of an APL, produced in low-volume with high-value at
Sanofi Company, was investigated, in the hope that it would
leave more levers than a lale-stage oplimization. The LCA
study computed through & batch and 6 fow chemistry scen-
arios that the most decisive impact factors were materials
(reactants), solvent, and catalyst. Several future process scen-
arios were taken for holspot analysis, including increased
yield, reduced solvent load/solveni recycling, and catalyst
immobilisation o favour its recycling. As a bespoke approach,
the impact of purification through multiparametric variations
was computed when changing from batch to continuous pro-
duction. The fixation of catalysts turned out 1o be a winning
ecological poing, but also indicated limits when changing pro-
tocols, as the reactant concentration needed o be changed.
Using the Pareto approach, a cost ranking of the 12 process
design options was achieved. The product cost is decreased by
35%, and the labour cost is decreased by 47%, the latter due
o a reduction in reaction Lme by 27% compared to the indus-
trial state of the ar. 5

This jourral s € The Roval Society of Chesmistry 2004

Wiewy Article Onling

Critical Review
4.13. Process automation/control/modularisation
There are, 1o the best of our knowledge, no LCAs [or cost
assessments) on the impact of flow process automation. This
is probably because automation by itself does not improve sus-
tainability, but it does so indirectly by opening multiple optinm-
ization routes, eg, helping to find a better yield. Evidently,
aulomation saves personnel costs and increases safety, and
this has been quoted in the literature,"™ but not quantified.

4.14. Scale-up/predictability

4.14.1. Process development towards commercialization.
An LCA study aimed o elevate the role of environmental
assessments within the early phase of process development of
drugs (active pharmaceutical ingredient, APIs). IL was impera-
tive to shonen the development tme o enahle faster market
launch for new drugs. The hypothesis is that it is beneficial to
rethink, redesign, and oplimite process strategies as early as
possible, while implementing these al a later stage reduces
their potential, as the processes are already established. An
environmental study conducted life-cycle-based process optim-
ization and intensification of a pharmaceutical production
process targeting a high-value APL™ The LCA study was holis-
tic by considering diverse enabling [unctions in a broad scen-
arin, including the changeover from batch o flow-chemistry
processing, using new catalysts, and following various process
options.

Influential factors on the Sanofi APL production process are
the supply of KIM, solvent, and catalyse These strategies bring
ecological improvements along with enhanced yield, a
reduction in solvent demand/solvent recycling, and Mxation/
change of the catalyst. Shifting from a batch to a continuous
process has improved overall sustainability and efficiency of
the process due to changing the catalyst. A cost saving poten-
tial of 33% has also been achieved by transitioning from APl
manufacturing process AP o CP 52, Better heal management,
a higher reaction rate, lower environmental impacts, and
reduced human health risks are also expected.

In CP 5a, an 34% recovery rate is observed along with a
reduction in AP, GWPF, and HTF between 66 and 64%. A
reduction in TETP by 71%, NLTP 65%, POFP 91%, MDP 85%,
ODP 26%, TAP 99%, FEP 52%, and FDP 67% has been
observed.

4.14.2. Scale-up predictability. With the same generic
ambition of predicting the performance of a whole class of
reactions in one example, a multi-criteria decision supported
by life cyele management, was developed Lo score the sustain-
ability of process design and its scaleup.™ Three industrial
cases are investigated, including an intensified reaction of
renewable feedstock by epoxidation and transesterification,
and the recovery of a catalyst from large-scale plate coating
(relative Lo the scale of the microreactor used). Directions for
the processes investigated themselves were determined to
[acilitate transfer 1o the pilot scale and beyond; this is also
informative for opporunities for the whole class of reactions,
as Lthe innovations are generic scenarios, Fig. 21. Epoxidation
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Fig. 21 Correlation between cost and enwironmental efficiency for
alternative scenanos.

is achieved by using minimum oxidative media and favourable
use of supercritical processing with waste oil and methanol.
Flow chemistry epoxidation reduces the global warming poten-
tial, GWP, by 12% and the human toxicity potential, HTP, by
11%. Continuing with flow chemistty innovations, it is com-
puted to achieve a 70% reduction in GWE.

4.15. Achievemeni summary of seclions 4.1-4.13

This review analyses all references used in sections 4.1-1.14 o
determine if the LCA studies do report benefits compared Lo

conventional (bateh) technology or just report on the emerging
microreactor/flow chemistry LCA outeome, Fig. 22, Only 38%
of these LCA papers report impact improvements against the
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benchmark, most of these are related to energy savings (51%),
while 44% report improvement due Lo recycling (waste
reduction).

Among all LCA impact categories, in aboul the hall aof
cases, climate change (GWP] is determined as the most influ-
ential category, while the ozone Loxicity potential (ODP) is
13%, and the eutrophication and human toxicity poltentials
are 6% each. In 25% of the studies considered here, the most
influential category is not specifically defined. There is clearly
a lack of reportng in the literature.

5. Potential of sustainability for
future flow chemistry

5.1. Micromachining

A vision is given for the sustainability potential (eosis and
LCA) of flow chemistry, when being used (‘future’). Following
the classifications of key levers, Table 2 lists the key processing
issues listed in sections 2.1-2.13, their reasoning, and key
levers for costs and LCA for microreactors/flow chemistry.

11 of 13 key processing issues can lead to cost benefits.
From the beginning of investigations, the microreactorflow
chemistry technology was supported by industry for that
reason, and this motivation is also instrumental to process
intensification, which also fuels microreactors/flow chemistry.
As a second source of motivation, the concept of green chemy
istry has drawn attention o key sustainability levers for micro-
reactors/flow chemistry, meaning research that can impact the
LCA. 9 of 13 key processing issues can comprise benefits lor
LCA. The missing 7 assignments for costs and LCA, do not
(necessarily) mean that there is no impact, but that the poss-
ible impact is indirect and complex, meaning it is difficult o
trace. One main reason these 7 key processing issues are dis-
connected [rom direct impact on cost and LCA key levers is
that microreactors/flow chemistry have their rools in microflui-
dies. Here, key levers are producing and handling large

B Nt defined
25%
i
! ) GWP
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Fig. 22 Statistics about the references in this review, showing the types of parameters considered (left) and the main categories that benefited from
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Table 2 Impact of key processing issues of microreactors/flow chemistry on key levers for costs and LCA

Section Koy processing issee Reasoning Costs key lever LCA key lever

2L Hardware capital cxpenditure Facilitated transition bateh-to-flow and vse of best Costs Indirect, complex
equipmerit

2.2, Mass transfer Much faster mixing Crists Waste, enerpy, vield

23 Heat transfer Much faster heat transfer; even under thermal runaway  Costs Wasle, encrgy, yield
or cxplosive seenarios

24 Reaction tme Diramatic redueed reaction times Costs Yichd, waste,

produoctivity

2.5 Productivity Boosted productivity felimination of transfer Costs Productivity
limitations, and intensified pocessing)

26 Salcty Safe opemtion in former explosive or thermal ronaway . Costs Productivity
mgimes

2.7 Multi-reaction networks/ Connect, in o tight space and within a short tme, Indirect, complex Yield, cnergy, new

product complexity several resctions to a8 complex product produocts
2.8 Movel process windows Boost reactivity and other performance Costs Yield, cnergy,
produoctivity

29 Recycling Increased circularity by reusing non-eonverted Costs Wasle, encrgy
material

2.10. Besigner solvents Extruordinary dissolution ability and performance Costs Wasle, encrgy
beyond dissolution

2141 Auvtomation/-modularisation Highly controlled and standarndised processing Indirect, complex Indircet, complex

212 Scale-upf-predictability Equalling-up and facilitsted reaction modelling Cost, time-to-market,  Indirect, complex

cash-flew
211 Supply chain!business model  Compact, tmnsportable, casy installstion/demounting . Mew product services  Indirect, complex

and fast start-up/shutdown

amounts of data (‘process automation’] at low costs; this is
instrumental in the aim of using microlluidics o intensify
analytics. This explains the three respective section entries 2.1,
2.11, and 2.12.

As listed in Table 2, LCA-relevant key levers of microreac-
tors/flow chemistry are yield, waste, productivity, and energy
efliciency. While a higher yield will automatically reduce
waste, their dual listing is stll required, as recycling can also
reduce waste (at constant yield) and regain the reactanL
Productivity is also LCA-relevany, as al a higher productivity
yield the energy efficiency might be lower than at the pilot and
laboratory scales; noting that the latter might also be higher,
ey, for reasons of energy integration. Energy efficiency in this
context refers only o the capability of the microreactors/low
chemistry to transfer heat or cooling o the reaction medium
(assuming the same energy source as for the batch reaction;
typically, aL this time still fossil energy).

LCA- and cost-relevant levers each take roughly one third of
the reporied key levers in Table 2. The last third (including
process aulomation) has an indirect, complex impact on LCA
and costs that is difficult to rack.

This study demonstrates the impact of four LCA key levers on
the final LCA outcome. The latier is determined in terms of the
individual outcomes, the LCA impact categories, the olal outcome,
and the averaged normalised LCA result. A fow chemistry reaction
that the authors of this study have previously conducted research
on provides detailed reponing, including an LCA, and operates at
an industrial site (THL 4). Very few examples of that scale and open-
ness in information are reported in the fiterature. ‘The reaction was
guided by a &-membered indusrial consorium.

This Huisgen dipolar cycloaddition has heat duties (heating
to 175 “C), known scaled-up productivity, and a yield (55%)

This jourral s € The Roval Society of Chesmistry 2004

that still leaves room for improvement. o illustrate what is
achievable by advanced sewing of the key levers, we extend
here the previous LCA study by a pamametric estrapolation
using the four key levers beyond the achievements of the
former pilot study, Table 3, meaning, eg, the yield is
increased from &0% 1o 100% (and also lower for reasons of sys-
tematics) and the productivity is considered from 100 o 200%.

This is to justily this study, compare the latter reported
present studies, and to guide future investigations, by having
information about the gap. The assessment is performed per
kilogram of final rufinamide intermediate produced, using the
Ecoinvent database and environmental footprint (EF 3.0
gquantification methodology. Each impact gquantification is
normalised by the former LCA wo obtain a non-dimensional
value, from which a global sustainability coeflicient is aver-
aged. Whilst values above one (invariant] denote a relatve
increase in environmental impacts, values below one exhibit
global environmental benefits.

For the rufinamide base case, 55% yield, 0% recycling,
100 g h ' productivity [*50%'), and 60% energy efliciency were
taken according to the process data of our pilot plant at an
industrial site.™ Yield was varied from 60 (o 100%, pro-
ductivity from 100 to 200% assuming 5% energy efliciency
improvement per 25% scale increase, waste {rom 0 Lo 100% re-
cycling, and energy efficiency from 20 1o 100%, Tahle 3.

The LCA results, gained in this way of consecutive LCA
(CLCA), demonstrated that the acidification potential [AP)
exhibited the highest reduction for yield variations, while
human toxicity (H1},.) and water usage (WU}, and human tox-
icity (H'T,.) and energy usage [CELY), were only affected o a
minor degree, Table 3. The cumulative energy demand [CELDy)
is majorly reduced lor waste variation, while the climate

Grean Cherr, 2024, 26, 9503 9573 | 957
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Table 3 Relative potential effects of the environmental impacts on the LCA when processing key processing issues of microreactors/fiow chem-
istry. (lmpact categories: AP acidification, GWP climate change, FET ecotoxicity: freshwater, CEDf energy rescurces: non-renewable, EPw eutrophi-
cation: freshwater, EPt eutrophicatione terrestriall HTc human toxicity: carcinogenic, HTnc human toxicity: non-carcinogenic. CEDm material
resources: metals/minerals, Ph photochemical ozone formation: human health, WU water use)

Impact categorics
AP GWP FET CEDf EPw FPt HTe HIme CEDm Ph WU Awerage Mozt affected category
Yicld, % 6 106 1.0 LM L7 1415 103 103 105 102 .06 105 104 AP
o 099 o0 098 099 098 099 099 098 099 100 098 099
B0 0493 098 095 D94 093 096 096 093 gy 095 093 095
oy DB DGy 092 089 DLE9 094 093 BB 096 91 DE9 Doz
106 085 09 089 086 OB 092 091 (85 095 DER  ER (B9
Productivity, % 125 108 0% 103 1o¥ 106 101 101 107 098 105 107 103 GWP
150 117 093 107 L15 Li4 bz 1402 L15 096 Li0 134 108
175 126 091 111 123 13 14 1M 123 095 116 122 112
a0 136 0B9 16 132 129 107 1407 131 095 1L2Z 130 118
Waste, % a0 D98 w099 097 099 096 098 099 a1 D97 DoE 04y CED;
40 0495 09 097 D93 098 092 096 (098 LR2 093 09 094
a0 093 o0 09 090 0 098 089 095 096 s 90 091 09
0 0491 087 094 DEe 097 085 093 095 .64 DE6 091 (ORE
100 0BS B4 093 B3 09h 081 091 094 56 DEY DE9 (RS
Encrgy cfficicncy, % 200 148 026 140 122 048 174 147 L60 1.71 133 186 132 GWT
a0 112 DRE2 L0 Les OBV 118 112 115 1.18 108 122 1.08
B0 094 1L.09 095 0497 107 091 0% 092 09 096 089 096
100 090 115 092 09 1.1 085 091 0.8R 86 093 DAl 094
15 impacts, while a strong loss of 329% is delermined for lower
%10 energy efficiencies than the base. Noting that the heat duty is
=]
£ moderate for the reaction chosen, some microreacior-con-
10 ducted reactions are known (o have a larger heat duly; yet this
52 i also holds for the levers of yield, waste, and productivity.
1 s L i ,
i Amaong all seenarios, energy efficiency exhibits the highest
E-Eﬂ span [39%) between best and worst scenarios, but only when
E'H considering 20% as low energy efficiency. Productivity vari-
2 ation has 18% span, yet this is based on our assumptions (see
1% - above] and these will vary from equipment o equipment.
(70 7059 90106 IES A0 175200 0. 40 160, 90 I00L10 A0 BT 190 ‘I'hen waste variation would have the largest impact with 15%
Wi, W Productiviiy, | Wasto, % N span, followed by yield with 12% span. The lesson learned is
efikckamcy,

Fig. 23 Mormafized global reduction of the environmental impacts of
alternative scenarios when compared with the LCA of the rufinamide
process. Positive values denote a reduction of environmental impacts,
while negative denote an increase.

change (GWP] is based on the energy efficiency variation and
productivity.

Fig. 23 plots the relative (%-wise) variations of the average
environmental impact for the four key levers. Yield and waste
variation give 11 and 15% reduction in the average environ-
mental impacts, respectively. Productivity variation gives 18%
difference. Lower energy efficiency aL a smaller scale was
assumed, while yield mildly decreased on a higher scale. The
productivity impact would be minor, and even absent when
considering ideal numbering-up (‘equalling-up®), which this
study did not do because “scaling-out’ is the reality in indus-
trial laboratories, as reported by the Lomeza pharmaceutical
company. ‘I'he energy efficiency variation above the base case
set value gives 6% decrease in the average environmental

8522 | Greer Charm, X324, 26, 9503 9528

that oplimising one of the four parameters has an impact, but
it is clearly advised Lo oplimise more Lthan one for 2 substantial
impact.

6. Perspective: flow chemistry/
microreactors need more societal
engagement

The perspective for future flow chemistry is o Integrate Most
modern societal and industrial trends, and foremost the green
energy transition.”™ This puls photoflow chemistry into focus,
to finally use sunlight as a renewable energy source.™ Yel the
system integration of flow chemistry with electrochemistry,™
plasma chemistry,™ and microwave activation™ also provides
pathways Lo profit from the renewable energy transition.

While photoflow chemistry studies have advanced consider-
ably and the other named hybridtechnology studies were
taken up, one cannot claim that a ‘flow chemisty ransition®
has waken place; this means Loday's Mow chemistry activities
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are still largely like those when the field emerged in the years
2004-2006. The Now chemistry community may follow up on
using the momentum of the green energy wansition by being
maore involved in respective projects.

The same is advised for using microreaction technology
directly for the green energy tansition, which means to design
and test reactors for making hydrogen or other energy carriers
from renewable resources.™ This has been investigated since
the start of the field in 1998-2001," and while some academic
progress and also industrial translation has been achieved, the
real breakthrough is still to occur.

Extraction is a field that is much underexplored in indus-
trial translation. While there is a vast demonstration of the
benefits of microfluidics for most relevant extraction appli-
cations, such as to gain and recycle critical minerals,™ this
has never been transferred to the industrial scale. This
remains an unused opportunity, as the technology readiness
level is advanced, Le., industrial microreactor equipment is on
the market and used by industry."™ The main reason for this
gap is that microreactors/flow chemistry, while well accepted
by the pharmaceutical industry, are only occasionally applied
o other branches of the chemical industry and rarely to indus-
tries outside chemistry. ‘The advice here is that the flow chem-
istry community needs Lo proactively engape more with the
mining, biomass, and other large-scale industries that provide
notable opportunities for {contdnuous-flow) extraction.

This assessment could list more global societal movements
that provide opporunities for fow chemistry and microreac-
tors. A pronounced one is ‘process automation’, following the
tend of industrial digitalization (‘Industry 4.0') and the
deployment of artificial intelligence and guantum comput-
ing."™ More megatrends are listed in the compilation of the
sustainable development goals (SDG's) of the United
Nations,'™ yet this perspective reached end-point and asks for
conclusion.

To sum up, this review shows that the contribution of
envimnmental engineers and scientists, social scientists,
business school researchers, and economists o the feld is
small. It was always small bul seems o have declined even
maore over the last decade. Prosperous mega-lechnologies like
hydrogen splitting (rom water receive considerable pull from
those scientists outside the traditional felds of chemical
engineering and chemistry. Flow chemists may increase their
awareness of those communications and societal engagement,
moving across boundaries outside their traditional pharma-
ceutical markeL

7. Conclusions

This review critically studied microreactor- or flow chemistry-
based sustainability assessments, which over about 15 years,
have contributed knowledge, but still left gaps to be filled in
future research. Owverall, the number of sustainability-based
papers specifically addressing this wopic is low compared o
the total number of microreactor and flow chemistry papers.
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This gap is shared with major emerging technologies around
hydrogen and carbon dioxide, topics of highest societal emi-
nence. Yel, the sheer mass of papers and investigations means
there is better coverage of sustainability.

The sustainability assessments in this study are classified
by key levers, which are fundamental characteristics of micro-
reactors/flow chemistry. These include microreactor machin-
ing, microdevice design, operating conditions, microprocess
design, total process design, and so fonh. This aims o link
the sustainability assessment outcomes with the information
provided in many reviews in the field, mirroring the knowledge
of users, to narrow the above-mentoned gap and knowing that
the fundamental characteristics motivate new researchers to
enter the field.

Several microreactor studies are still driven by cost argu-
menits and these studies often straddle the boundary between
microreactor engineering and microfluidics. These heavily use
inventons in microfluidic fabrication technologies, which has
been a decent research Lopic over the last three decades. Low-
cost manufacturing technigues, including rapid prototyping,
and the use of cheap construction materials are an ongoing
topic in these cost assessments. ‘The gap noted is that these
studies most often do not quantify the cost effect in a suitable
engineering way (e, as a lechno-economic assessment, TEA),
so the cost issue is often only objective and not the goal (a
goal splits inlo several objectives), and it does not reach the
companies that produce and sell microreactor/flow chemistry
equipment. The consideration of machining costs must also
include the recyclability of key materials within a microreactor,
foremost catalysts. Conversely, this requires considering the
durability of those key materials (catalysts) during microreactor
operation. It is a lack of communication hetween scientific
communities, crossing discipline borders, that hampers the
use of these valuable studies.

The microreactor/flow chemisty community, on ils own,
does not conduct sufficient cost or TEA studies. ‘These are actu-
ally very rare. Sustainability assessment is better developed
with life cycle assessment (LCA) studies. Some (ten) studies
have determined a clear view of how microreactors/flow chem-
istty can improve the life cycle. Yel the assessment lacks
details and bandwidth. It lacks reponing based on industrial
data. Information in the literature is still proficient enough to
guide [uture developments of emerging technology. It has con-
tributed to industrial success, and it will continue.

Many LCA studies investigate the impact of different micro-
reactor and process designs, targeting improved OPEX costs.
Some LCA studies address how microreactors and flow chem-
istry facilitate entirely new ways lo process. A multitude of
environmental assessments studies have elucidated the
process side of microreactor and flow chemistry.

The lesson learnt is that communication between those
practising the technology and sustainability researchers
should be improved. Yet, this gap exists for virtually all techno-
logy and science fields and thus is not a specific lack of aware-
ness in this field. This common drawback is due to having sus-
tainability studies with diverse and often non-holistic motiv-
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ations; the latter is what this study is asking for. "This has o do
with the different research communities involved, including at
least three of these — microreaction technology, flow chemistry,
and microfluidics. The microfluidic community is focused on
CAPEX cost studies, being confined to the device level, while
the Mow chemistry community is interested in improving
OPEX costs.

Another drawback of reported sustainability studies is that
these Lypically consider lab-scale devices, while iL would be
necessary Lo judge industrial operaton at the production
scale. This is obviously also due o the lack of disclosure of
microreactor studies at scale; mostly for reasons of protecting
industrial intellectual property. A final shortcoming identified
in this study is that some key levers, including sale processing
and process automation, are nol assisted by sustainability
assessmenis. Admittedly, assessing this is more complex than
evaluating other enabling factors.

8. Outlook

The LCA and sustainability approach guidance should be more
widely used for the development of a Now chemisty process;
this is only found in rare cases, as demonsirated for a three-
step flow chemistry reaction network, in which the reactants
were selected and the whole synthesis pathway was designed
based on green chemistry metrics and LCA criteria,™

The rareness is because most fow chemists work on the lab
scale, and a prediction of costs at the industrial scale is
beyond their expertise and research interests and is the
domain of chemical engineers. Only very rarely do chemists
and chemical engineers unite to publish a cost [or other sus-
tainability) study.™

This leaves a large gap in opportunity. Flow chemistry and
microreactor researchers and practitioners can profit much
from LCA and other sustainability assessments, when realising
that it is an integral methodology for process design, even at
the early stages of innovation, and can be used as a decision
support ool for R&D projects in industry and in the academic
setting."™ In addition to the relevant sustainability literature
in the field, a consideration of recent achievements is valuable;
for example, learning can be taken from the recent approach
of integrating a screening LCA into the development of a
chemical (recycling) process."™

A uniform methodological approach for life cycle assess-
ment and lechno-economic assessment [costs) would aid
increased transparency, comprehensiveness, and comparabil-
ity, as demonstrated for recycling.'™ Ongoing, new sustainabil-
ity assessmenis are designed with the aim of being more accu-
mate, holistie, and so on. A modified green chemisiry metrics
approach has been proposed vig the 12 green chemisiry prin-
ciples and their metric combination.'™ The idea is to avoid
the resource intensive data collection common to LCA, but
rather use readily available data from the globally harmonized
system of classification and labeling of chemicals {GHS).

9524 | Green Chern, 2024, 26, 9503 9528
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A holistic exploitation of all circular process oppornunities,
as [orecasted by the 10R sustainability framework (eg, R
standing for recycle, repair, rethink, and refuse), is still
lacking. As an exception, scarcely reported in fow chemistry, a
catalyst was regenerated, which was a new approach to the
more [requently used normal solvent and catalyst recycling
strategies.”™

To support the sustainability holism, microreactors/flow
chemistry are on the verge of being applied (circularity
economy metrics, CEM; environmental, social and governance,
ESG)7 It is revealed that major microreactor benefits — safety,
aulomation, and scale-up — have large potential for the emer-
Fing CEM and ESG.
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