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Life cycle assessment of multistep benzoxazoles synthesis: from
batch to waste-minimised continuous flow systems

Jose Osorio-Tejada,® Francesco Ferlin,? Luigi Vaccaro,® Volker Hessel,*

In this contribution we have focused on the progress of synthetic methods for the preparation of 2-aryl benzoxazoles as
widely interesting materials with increasing relevance in pharmaceutical industry as well as in optical applications.
Traditional production of 2-aryl benzoxazoles clearly have some drawbacks related to the use of either strong acids and/or
toxic reagents leading to a large production of waste. Importantly, comprehensive analysis of the associated risk in terms of
safety, environmental impact and disposal cost is lacking. In this regard, the life cycle assessment (LCA) methodology is
herein applied to ultimately evaluate the environmental profile of the available routes to access 2-arylbenzoxazoles. Seven
synthetic batch approaches and two continuous-flow (CF) approaches (small and large scale) are closely compared. The
superiority of the CF technology is ultimately proven among the analysed environmental impact categories. Main finding is
that the oxygen-flow chemistry intensification fortified the sustainability of the green chemistry principles (towards
catalyst/solvent) themselves, by ensuring the regeneration of the OMS catalysts, and reducing manganese leaching to
minimum by the CPME solvent, which also provided high solvent recyclability. In this way, it adds circularity in the sense of
its 10R framework (e.g. R standing for recycle, repair, rethink, and refuse). As a result, for example, our flow approach
reduces carbon emissions by 85% in comparison to our batch approach; the latter exhibiting lower environmental impact
than the six batch approaches from literature. In addition, our flow chemistry process has lower energy consumption and

solvent load, which can share up to 88% of the environmental impacts.

1. Introduction

Most of the common green chemistry metrics such as E-factor,
Reaction Mass Efficiency (RME), Atom Economy (AE),* are
useful tool to focus and measure a specific parameter of a
process in order to optimize its efficiency minimizing the
environmental impact associated. Slightly wider metrics such as
EcoScale®> or environmental quotient (EQ)® can evaluate the
environmental profiles of processes or materials but limiting
their information on their potential environmental burden and
toxicity during and after the usage. In the real world, for a
precise picture of the actual environmental impact, it is always
more stringent the need for a comprehensive tool able to
analyse and quantify the environmental impacts of materials
and energy usage, from the initial access to feedstock to final
disposal of waste. This is true relevant productions of in bulk or
fine chemicals.”-10

Life Cycle Assessment (LCA) methodology!! fulfils these
requirements and evaluates environmental impacts of water,
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air, and soils emissions in different areas of protection, such as
ecosystems, human health, and resources scarcity. In the search
for solutions to optimise the sustainability of a chemical
production process a careful comprehensive assessment is
needed to individuate most promising routes.

Most promising is the use of innovative enabling technologies
that have proven to be effective in opening new production
routes but offering effective energetic and practical solutions as
it is the very case of flow chemistry.1214 This technology has
shown to be able to open new scenarios in terms of control of
reactivity or downstream process manipulation. Indeed, by
performing the reactions in flow, advantages such as the
increase in energy and mass transfer or the reduction or
elimination of wasteful purification could be avoided, rendering
flow procedures generally appealing. Moreover, flow chemistry
can be a bridge between academic experiments and industrial
processes because it generally provides safe, efficient,
reproducible, and scalable chemical reaction methods?>.
Anyway, it is still very rare to find reports on the actual
assessment of the sustainability advantages achieved by using a
flow technology compared to classic batch approach. In fact,
very few are the cases where chemists quantify the advance
achieved in flow by calculating appropriate mass green
metrics!®2! and it is very difficult to find more complete
examples where chemists and/or engineers quantify the
efficiency of a production strategy in flow using LCA222> and
circular economy assessments.26-2°



To evaluate the actual advance achieved in flow and therefore
its possible implementation in real cases this step forward is
needed and LCA and circular economy assessments are needed.
While green chemistry means to look at the efficiency of the
present: the newly defined flow process, LCA means to look at
the present and at the past of the process evaluating the actual
existing flow process but also its “ecological backpack”. Finally,
circularity means also to additionally look at the future of the
flow process including the possible market use and recovering
and recycling of the materials.

Therefore, it is important to carry proper LCA assessments on
processes realized in flow and possibly highlight the limits or the
opportunities available when moving from batch to flow in
order to make the final step including circularity in the process.
For these reasons we report the present study on the detailed
life cycle assessment of the available procedures for the
synthesis of 2-aryl benzoxazoles comparing the batch and the
flow approaches aiming at highlighting the importance of each
single parameter and component of the processes focusing on
the pros and cons of the different solutions.

BATCH APPROACHES

- oxidative cyclization

- condensation/cyclization

- dehydrogenative coupling
- arylation of benzoxazoles
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N
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Scheme 1. Features of the present work.

Benzoxazoles are molecular entities of general interest given
the increasingly use of this class of scaffolds in the
pharmaceutical industry.3031 Especially, 2-arylbenzoxazoles
derivatives have shown potential antitumor, antimicrobial, and
inhibitory activity,323% as well as noteworthy properties for
optical applications.3944 Traditional methods for obtaining 2-
substituded benzoxazoles, such as the condensation of 2-
aminophenol and carboxylic acid*® or the oxidative cyclization
of phenolic Schiff bases,*¢ have drawbacks related to the use of
strong acids, toxic reagents, harsh reaction conditions, and the
generation of dangerous peroxides and salt waste.47-51

In the last decade, many methods have been proposed for the
optimization of 2-arylbenzoxazoles synthesis featuring
improvements in terms of reaction time, waste generation,
milder temperature or pressure, avoidance of dangerous
compounds,>2-57 but none of them have thus far demonstrated
the reduction of the environmental impacts in a comprehensive
and analytical manner.
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Recent works have used classic green mass-balance indicators
to demonstrate the efficiency of the process in the usage of
resources such as atom and carbon economy,>8 yield,° reaction
and effective mass efficiency,%° the BioLogicTool plots,®! or the
environmental factor (E-factor)®? where, e.g a low E-factor
indicates a low waste generation.

However, when the reduction of wastes implies a change in the
production method (temperature, pressure, time, etc.) or
materials (catalysts, bases, additives, and solvents),
environmental impacts could raise or emerge due to the
increase in the energy usage in the process or during the
extraction, production, and distribution of the new materials.
For instance, the traditional route by cyclization of phenolic
Schiff bases uses manganese triacetate, a moderately toxic
reagent in a batch process with toluene at 110 °C for 1 hour.46
This process was optimized by Khalafi-Nezhad and Panahi in
20145* through replacing the toxic reagent with a base of
triethylenediamine, a relatively benign compound, but
increasing the residence time to 24 hours, which requires extra
energy and, hence, potentially higher negative environmental
impacts.

Recently, we have proposed a novel safe and fast waste-
minimized reaction protocol for 2-aryl-benzoxazoles synthesis
promoted by heterogeneous mixed valence manganese
octahedral molecular sieves (OMS) and cyclopentyl methyl
ether (CPME), 3 (Scheme 2). The OMS catalyst and its molecular
structure improves the reactivity and selectivity of the system,
while the use of CPME as reaction medium allowed a minimal
loss of 0.002% of manganese. This protocol, applied in a
continuous flow (CF) system using oxygen flow, ensured a
complete regeneration of the catalyst resulting in high
durability and reusability with excellent product yields and good
hourly productivity. In terms of environmental impacts, besides
the benefits of the use of CPME® such as low safety hazard,
stability in either basic or acidic conditions, and low tendency to
produce peroxide.®5
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Scheme 2. Description of the multistep continuous flow procedure.
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Table 1. Benchmarked approaches for 2-aryl benzoxazoles synthesis in this study

= Approach characteristics
S ) . Circularity Principles
3 Green Chemistry Principles
5 Reference Remarks (10R framework)
s Process (ref. 65)
< Pathway ) (ref. 66)
Time/Temp
Flow via OMS Safe, fast, and waste- . .
. o . Recycling R8, Repair
Ferlin et al. manganese systems . minimized reaction .
) 78 min/106 °C o 1,4,56,9,12 R4, Rethink R1,
(2019)82 and CPME medium protocol with direct .
k Reduce R2, Redesign
and Oz and Nz gas catalyst regeneration
. Safe, fast, and waste-
Flow via OMS . . . .
2 . minimized reaction Recycling R8, Repair
3| Ferlinetal. manganese systems . . .
o . 24 h/106 °C protocol with direct 1,4,5,6,9,12 R4, Rethink R1,
(2019)82 and CPME medium . .
catalyst regeneration, Reduce R2, Redesign
and Oz and Nz gas .
large scale production
. Batch via OMS Safe, fast, and waste- . .
Ferlin et al. . . L . Recycling R8, Rethink
(2019)5 manganese systemsin 70 min/106 °C minimized reaction 1,4,5,6,9 R1
CPME medium protocol
Batch via DDQ in . .
Chang et al. Mild and efficient
methanol and DCM 12 h/45 °C 3 Reduce R2
(2002)2 . protocol
medium
Batch via
° . -
@ | Nguyen etal. phosphonium acidic . .
= o 30 min/100 °C  Fast solvent-free reaction 5 Refuse RO
,g (2018)33 ionic liquid in solvent-
8 free medium
. Batch via Ru-based . . .
Khalafi and . Chemical diversity:
. catalyst with DABCO o . .
Panahi . 24 h/110 °C applicability to a wide - Rethink R1
as base in toluene
(2014)> . substrates scope protocol
medium
Batch via CuO Chemical diversity:
Saha et al. nanoparticles in DMSO applicability to a wide .
X 16 h/110 °C - Rethink R1
(2009 %5 and potassium substrates scope protocol.
carbonate medium Efficient method
= Batch via silica
_5 Praveen etal. supported pyridinium 30 min/Room .
=1 Mild process 3 Reduce R2
S (2008)3¢ chlorochromate (PCC)  temperature
>
S in dichloromethane
o
Batch via acyl chloride
with chlorobenzene New reaction path:
Wang et al. . R . . .
(2013)7 and water in 12 h/140 °C alternative arylation 8 Rethink R1
potassium carbonate method
medium

Its easy and almost complete recovery by distillation implies a
very low additional solvent input in each synthesis process, and
also its relatively low enthalpy of vaporization might imply low
energy requirements for its recovery. Moreover, the improved
reaction yield promoted by the OMS manganese catalyst would

reduce the emissions related to materials waste. Also, the use
of the friendly and abundant O; and N; in the CF protocol could
reduce the energy requirements for distillation and
regeneration the catalysts after the synthesis process.

Please do not adjust margins




However, the above benefits of the strategies proposed in the
novel protocol must be demonstrated by quantitative
comprehensive and trustworthy indicators as the life cycle
assessment (LCA) methodology.

To date, none of the different routes for benzoxazoles synthesis
have been evaluated through an LCA study. Therefore, the main
aim of this study is to evaluate the extent in which the strategies
proposed for this waste-minimized reaction protocol for 2-aryl
benzoxazoles synthesis, promoted by OMS manganese systems
and CPME (Scheme 2), reduced the global warming potential
and the overall environmental impact of this product through
the life cycle perspective. Additionally, the LCA results for this
protocol are benchmarked against other optimised and
conventional batch synthesis processes, summarized in Table 1.
The Chang et al. (2002)52, Nguyen et al. (2018)%3, and Khalafi-
Nezhad and Panahi (2014)>* approaches were selected due to
the similarity with our process because they also use the
aminophenol (3) as starting reagent with benzaldehyde (2a).
These processes can be referred as “optimised” as they feature
several advances in terms of sustainability such as the use of a
recoverable catalyst or ligand, or the adoption solvent-free
conditions. On the other hand, the Saha et al. (2009),5° Praveen
et al. (2008)°¢ and Wang et al. (2013)37 approaches were
selected as they can be considered representative of many
common strategies as the material used are very frequent in
these transformations.

The analysis of each proposed approach in literature relies on
the development of new chemistry ideas by providing an
attributive LCA pointing at hot spots, which can be useful to
create a combination of concrete green process chemistry
proposals (e.g., unusual process temperature, new catalysts,
recycling concepts, green reactants, etc.) to be introduced in
future scalable experiments for the synthesis of any compound.
In the remainder of this article, we describe the LCA study
methods and its application to our approach for 2-aryl
benzoxazoles synthesis for the CF and batch experiments.t3. We
also describe in detail the selected three similar optimized
protocols,52-54 and the other three different synthesis routes.>-
57 The results of the critical comparative assessment and the
scenario analyses are presented and also discussed.

2. Methods

This study followed the four phases described in the LCA
methodology.1? Firstly, the goal, scope and typology of the
study are defined. Then, the procedures for the development of
material and energy flows inventories are detailed for each of
the synthesis processes, as well as the followed methods and
assumptions. Subsequently, the impact assessment method
and the interpretation of results are described.

2.1 Goal and scope definition

The goal of this LCA study was to assess the environmental
impacts of the different routes for the synthesis of 2-aryl
benzoxazoles proposed in literature from conventional batch
processes to waste-minimized CF systems. In this study a total
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of nine different synthetic approaches were analysed. The
assessed synthesis proposals were set only to produce 2-aryl
benzoxazoles, without by-products. Hence, a cut-off approach
system model based on mass allocation was defined. The
functional unit was defined as 1 g of the final product. The
systems boundaries were defined based on a cradle-to-gate
approach, considering the emissions and resources usage for
the extraction, production and transportation of all materials
and energy and the emissions to water, air, and soils from the
process itself.

The LCA studies did not include the manufacturing of the
manual or computer support tools, machinery, or equipment
such as reactors, heat exchangers, pumps, cylinders, etc.
Regarding the data quality, in order to maintain consistency and
low uncertainty, all the process flows were referred from
European datasets for general industry practices. The system
functions definitions for each evaluated process are explained
below.

a) Chang et al. (2002)
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Scheme 3. Optimized batch routes for 2-arylbenzoxazoles.
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The first analysed pathways were the protocols based on the
use of heterogeneous manganese systems with CPME and
oxygen (Depicted in scheme 2).63 These processes from benzyl
alcohol and aminophenol were firstly tested in batch using
CPME as reaction medium and manganese OMS as catalysts
with a residence time of 70 min at 106 °C, obtaining a 94% yield.
From this optimized approach it was proposed a multistep CF
process using compressed nitrogen and oxygen as a terminal
oxidant, which besides ensures a complete regeneration of the
catalyst, allows to maintain a continuous production flow rate
up to 2.3 g per hour with a 98% yield. For these batch, CF small
scale, and CF multigram scale experiments, the obtained
product quantities (and residence times) were 0.037 g (70 min),
0.708 g (78 min), and 53.5 g (24 h), with E-factors of 42, 6.4, and
1.7, respectively. These experiments reached high yields, even
without using the wasteful silica-gel column purification step
required for the other considered protocols.

Subsequently, the following approaches were selected for the
LCA comparison as they can be considered representative of
many common strategies as the material used (catalysts, bases,
additives, and solvents) are very frequent in these
transformations.

This journal is © The Royal Society of Chemistry 20xx



The first approach, detailed in Saha et al. (2009),%% is a general
and efficient method from haloanilide based on a frequently
used solvent dimethyl sulfoxide (DMSO), using a common Cu-
based catalyst (CuO nanoparticles) in potassium carbonate for
16 h at 110 °C, obtaining a 95 % yield, (Scheme 4, a). The catalyst
can be recovered by centrifugation, washing, and drying under
vacuum, without significantly losing its properties.

The second approach, by Praveen et al. (2008),%6 is a mild
process based on a heterogeneous catalysed oxidative
cyclization of a preformed imine (Schiff's base from o-
aminophenol and salicylaldehyde refluxed in methanol for 4-5
h) and the use of a suspension of silica supported pyridinium
chlorochromate (PCC) in dichloromethane for 30 min at room
temperature, obtaining a 91% yield, (Scheme 4, b).

The third strategy, Wang et al. (2013),57 is a an alternative
arylation method of preformed benzoxazoles using acyl chloride
as the coupling partner and chlorobenzene and water in
potassium carbonate for 12 h at 140 °C, obtaining an 82% vyield
(Scheme 4, c)

a) Saha et al. (2009)
p CuO NPs O;@
¢ =
ch03 DMSO, N
110 °C,16 h

b) Praveen et al. (2008)

o

OH
H
* MeOH,
OH

NHz 64°C,45h

PCC/Silica ©_<O:©
- Q
CH,Cly, N
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X,
)
OH OH

c) Wang et al. (2013)
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Scheme 4. Conventional routes for 2-arylbenzoxazoles.
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2.2 Inventory analysis

The elaboration of inventories for each of the nine synthesis
processes is a time-consuming task since due to the lack of data
in most experimental procedures. Indeed, generally, the energy
utilized for heating, cooling, or stirring procedures are not
measured or not documented in the publications. In addition,
some experiments do not quantify the water or solvents used
for washing the products, neither the quantity of the outputs of
these unreacted compounds. For those reasons, in order to
avoid assumptions, we estimated the quantity of energy and
materials that were not documented for each assessed process.
Another difficulty in the development of the inventories for
each process was the availability of some specific compounds in
life cycle inventories (LCl) databases. In the present study we
used the most recent and complete database Ecoinvent v3.7.1,
in which, a total of 12 compounds were not available in the
database, being necessary to create new inventories to be
included in the processes modelling. A simple solution can be
the data extrapolation from similar available compounds or the
use of generic inventories such as “market for chemical,

This journal is © The Royal Society of Chemistry 20xx

organic”, which are not generally recommended®8 since average
impacts might be distant from its real environmental profile.
Another solution for this lack of information can be the use of
retrosynthetic analysis to find simpler precursor compounds
that might be available in the database, and assuming a yield of
95% for the quantities estimation via stoichiometric
equations.®® However, through the retrosynthetic analysis the
quantity of catalysts, reagents, solvents, and the energy used,
cannot be estimated, being necessary to make assumptions,
which increases the uncertainty. Therefore, for the creation of
new inventories, we used a process-specific method by
performing a deep literature review to find detailed
descriptions to produce the target compounds, selecting the
most basic or conventional synthesis process when different
approaches were found for the same compound.

For all unavailable compounds which had to be specific
modelled, general assumptions were made regarding facilities
and transportation, considering an organic chemicals plant of
50,000 t production per year with a 50 years lifespan and
transport distances of 100 km by lorry>16t and 600 km by
train.%%.70 The process energy of 2 MJ in the form of steam and
0.333 kWh of electricity per kg of compound was assumed.871
The energy for lighting and heating offices was excluded in this
study. For the experiments and precursors inventories a solvent
recovery of 71% was considered,’? except for CPME in the OMS
manganese systems route in which a 98% recovery rate was
obtained. The solvents usage in the purification step by column
chromatography of 1 mL per gram of product was assumed.
When the solvents names were not specified, a mix of 0.5 mL of
petroleum ether and 0.5 mL of ethyl acetate was used.

The energy needed for heating and stirring the mixtures was
directly measured with an electric monitor in our experiments
for the 2-aryl benzoxazoles synthesis via heterogeneous
manganese systems. In addition, the necessary energy was
estimated thermodynamically, considering also heat losses by
radiation, from which we determined an electrical efficiency of
59.4% for the heating plate. Therefore, the energy for the other
synthesis processes was thermodynamically estimated and
adjusted with this efficiency rate, assuming that in all the
experiments a similar heating device was used. These energy
expenses were estimated for the complete reported
procedures for each experiment, including all required workup
and materials recovery. Regarding the energy for stirring, our
measures found that the power consumption of the stirring
motor only depends on the defined speed, that is, the
consumption is the same independently of the quantity or the
density of the mixture. In this sense, due to each experiment
uses different quantities, to establish a fair energy allocation, a
default additional power of 3.2W (measured at 700 rpm) was
assumed for 10 g of mixture and, consequently, extrapolated to
each experiment.

In the inventories were also quantified the emissions to air
during the synthesis processes (0.2% volatile input materials®®
and air and water (river) emissions after the wastewater
treatment; no emissions to the soil were counted since no
agricultural destination of the digested sludge was considered.
In this wastewater treatment, the organic compounds were

J. Name., 2013, 00, 1-3 | 7



65.8% retained in the sludge, 24.5% oxidized and emitted to air
basically in form of CO,, and the remaining 9.7% released to
river.”3 Nitrogen compounds during the sludge digestion are
mostly released to air as N2, while NO3, NH3, and N,O emissions
are negligible, thus not inventoried in this study.’* Transfer
coefficients to sludge and effluent of inorganic compounds
were based on elimination rates for each specific element.”3.75.76
The elaborated inventories for the nine compared synthesis
processes for 2-arylbenzoxazoles and the twelve unavailable
precursor compounds (CPME, K-OMS, H-OMS,
dichlorodicyanobenzoquinone (DDQ), phosphonium acidic ionic
liquid, triethylenediamine (DABCO), ruthenium(l) carbonyl
complex (RuzCls(CO)s, N-(2-bromophenyl)benzamide, copper
oxide (CuO) nanoparticles, imine Schiff’s base, silica supported
pyridine-chlorochromate (PCC), and benzo[d]oxazole) are
detailed in the electronic supplementary Information ESI1.

2.3 Impact assessment and interpretation

The impacts assessment was performed using the software
SimaPro 9.2 and the method ReCiPe 2016.7”7 Among the
included impact categories in ReCiPe, ten relevant impact
categories in chemicals production were considered:’37° global
warming, ozone formation (on human health), ozone formation
(on terrestrial ecosystems), terrestrial acidification, freshwater
eutrophication, terrestrial ecotoxicity, freshwater ecotoxicity,
human carcinogenic toxicity, human non-carcinogenic toxicity,
and fossil resource scarcity. Midpoint impact categories and
endpoint damage areas (human health, ecosystems, and
resources) under the hierarchic perspective (100 years) were
analysed. Long-term emissions, which affect scenarios beyond
100 years, were excluded due to their high uncertainties0-83
and their relation to heavy metals toxicity, therefore not very
relevant in organic chemicals processing.8* Among the impact
categories, special attention to global warming,
formation and freshwater ecotoxicity was given because they
are greatly affected by emissions to air and water caused by
material waste during the synthesis processes.

The results for the CF small scale protocol are presented and
analysed in midpoints and compared to results from the batch
experiment, which were also performed in small scales.
Subsequently, the results are weighted and normalized in
endpoint damage areas to compare our approach against the
others by a single indicator as benchmark of the global
environmental impact. The endpoints or damage assessment
refer to the potential impacts of each impact category in
protection areas such as human health, ecosystems quality and
fossil resources scarcity. In this process, midpoint
characterization results are converted to intermediate units to
be weighted and normalized to represent, in micropoints (uPts),
the relative impact of the results according to their severity in a
global context. In this endpoints comparison was also included
the CF multigram experiment to see how the higher materials
efficiency impacts the LCA results.

Given that the assumed rate for solvents recovery and power
for stirring mixtures could generate have high uncertainty, the

ozone
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extent in which these assumptions affect the results is assessed
through sensitivity analyses.

Results and discussion

The contributions of each material and energy input for the
environmental impact categories of our CF small scale approach
to produce one gram of 2-aryl benzoxazoles are depicted in
Figure 1. The contributions of K & H-OMS catalysts are not
showed in the charts because their contributions in all impact
categories were insignificant. The shares of the different inputs
in all impact categories were very diverse. The impacts of the
process itself (in light blue) are predominant in global warming,
due to the CO; emitted by the oxidation of solvent wastes in the
wastewater treatment process; in the ozone formation
category mainly due to the volatile emissions of CPME; and
freshwater ecotoxicity due to small fraction of wastes released
to rivers which are not retained in the wastewater process. The
energy spent for solvents recovery (in green) and heating (in
dark blue) have relevant contributions, especially in the
categories of terrestrial acidification, freshwater
eutrophication, and human toxicity, where both inputs account
for around the half of the impact.

The production of most of materials utilized in the process had
relevant contributions, where o-aminophenol (in yellow) had
the highest impacts in most of the impact categories, except for
the categories of freshwater eutrophication and fossil resources
scarcity in which the ethanol production has higher impacts.
The O3 and N; released into air do not cause negative impacts,
but their production and transportation do. However, the
contributions of O, and N, were very low, i.e., 0.341% and
0.093%, respectively, of the total 19.76 g CO, eq emitted per
functional unit. Besides their low impacts, the use of these
friendly gases in the CF protocol allowed the automatic
regeneration of the catalyst, unlike the batch process, where
the catalysts must be separated from the product and solvents
and be placed in a Schlenk pressure tube and heated at 100 °C
during 1 h to regenerate them.

For the above reasons, in order to analyse the extent in which
the CF protocol allows to reduce the environmental impact, the
totals of Figure 2 were normalized to 1.0 and compared to the
batch experiment following the same OMS based route in
Figure 2.

From Figure 2 we can affirm that the strategy of introducing a
CF process using O, and N, can reduce carbon emission by 85%,
and, in general, obtain environmental impacts reductions
between 76% (e.g., ozone formation, TE) and 89% (e.g.,
freshwater eutrophication). As expected, the energy required
to recover the catalysts (in light purple) had very relevant
contributions in most of the impact categories for the batch
approach. This energy consumption, together with the energy
spent for solvents recovery and for heating (and stirring),
represents most of the impacts, except for the category of
freshwater ecotoxicity where energy shares the 38.8% of the
impact. In this category, as well as in global warming, the impact
of the batch process itself has relevant contributions mainly due

This journal is © The Royal Society of Chemistry 20xx
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to the fraction of unreacted benzyl alcohol that is released to
rivers and the CO; emitted for the oxidation of ethanol wastes.
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Figure 1. ReCiPe midpoints characterization shares — 1 g of 2-aryl benzoxazoles via CF small scale OMS system
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Figure 2. ReCiPe midpoints characterization — 1 g of 2-aryl benzoxazoles via CF and batch OMS systems

In general, the high impacts of the batch process due to the process more quantities of solvents are used per functional unit
energy consumption in the categories related to toxicity issues than in the CF process.

are associated to copper used in the electricity distribution In both approaches the high recovery rate of 98% for the CPME
network. Despite both processes are performed at the same made the contribution of its production and wastes very low in
temperature, the energy inputs for heating and recover the LCA of OMS manganese systems route. Though, this route
solvents are higher in the batch approach because in this requires higher process temperature (106 °C) than other mild
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reaction approaches, therefore it is possible that other protocol
be more environmentally friendly than the proposed method.
In this sense, to perform a simple comparison of the overall
environmental impacts, the nine approaches are assessed with
the ReCiPe endpoint method throughout a weighted
aggregation in a single score.

Firstly, the impact categories contribution to damage areas for
the CF small scale process are presented in Figure 3, where 83%

Journal Name

of the total 315.86 pPts are final impacts on human health. The
global warming impact category contributes to 93% and 71% of
the total damage on human health and ecosystems,
respectively. This high contribution is because global warming
greatly affects the availability of water for drinking and food
production, causing damage to human health and living species.

Figure 3. Midpoints to endpoints- single score for the CF small-scale OMS approach

The global warming impact category was also the main
contributor to the single scores in the other evaluated
approaches in this study. Therefore, the endpoints analysis
basically represents the benchmark of the approaches on the
global warming impacts. In Figure 4, the previous two
processes, including the results for a CF multigram scale, are
compared against other six batch approaches proposed in
literature. To reduce the complexity of the chart, inputs with

8 | J. Name., 2012, 00, 1-3

contributions lower than 0.5% of the total single score were not
included, such as the chemical factory, solvents used in column
chromatography, and catalysts in most of the approaches.
Solvents used in the reaction or for washing the product were
not grouped since in some approaches they had high
contributions, being relevant the identification of the specific
solvent name.

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Please do not adjust margins

Journal Name

ARTICLE

0.5
Ferlin et al. (2019) [CF small]
Ferlin et al. (2019) [CF multigram]
Ferlin et al. (2019) [Batch]

Chang et al. (2002) [Batch]
Nguyen et al. (2018) [Batch]
Khalafi and Panahi (2014) [Batch]

Saha et al. (2009) [Batch]
Praveen et al. (2008) [Batch]
Wang et al. (2013) [Batch]

m Synthesis process
o-aminophenol
M Electricity to recover solvents

m Benzyl alcohol
H Ethanol
M Electricity to regenerate catalyst

H Methanol m Dichloromethane
m Soda ash Hm Phosphonium acidic ionic
M Toluene H Triethylenediamine (DABCO)

Potassium carbonate
W Amine Schiff base
M Chlorobenzene

Ethyl acetate

Silica supported PCC

mPts

25 3.0 35 4.0 4.5 5.0 5.5 6.0 6.5

m CPME

M Electricity for heating (and stirring)

H Benzaldehyde

m Dichlorodicyanobenzoquinone (DDQ)

m Diethyl ether

B N-(2-bromophenyl)benzamide

M Sodium chloride, brine solution
Benzo[d]oxazole

Figure 4. Endpoints- single score — 1 g of 2-aryl benzoxazoles via different routes

Despite the better E-factor of the CF multigram scale
experiment, this experiment obtained the same environmental
score than small scale one. This was because the multigram
scale experiment was performed in a long 24 h run, therefore,
the lower impacts generated by the higher material usage
efficiency was compensated by the higher energy usage for
heating the system during more time. In this sense, the
contribution of the energy for heating increased from 13.4% to
51.7%. However, this high share of the heating input in this
approach gives a broad opportunity to reduce its environmental
impact through the use of clean energy sources to heat the
system, since in this case the energy used came from a
European electricity mix which generates significant negative
impacts due to its distribution networks and the use of 38%
from fossil energy sources.®>

Among the batch approaches, the one using OMS manganese
system obtained the best environmental profile. Similarly to the
CF multigram approach, the majority of the impacts in this
approach are energy related, being possible to reduce even
more its impacts. Yet, in the scenario where zero impacts of
energy inputs were assumed, the protocol proposed by Wang
et al>3 via acyl chloride would be the best route among the batch
approaches since in this case the energy input shares 80% of the
impacts due to the required 12 h of heating and stirring for the
reaction at 140 °C.

The approach using phosphonium liquid®® requires high
temperature, but the energy consumption share was very low
because it is a fast reaction process. This shows the relevance of
time reaction in the energy consumption where also stirring had
relevant impacts such as the 22% share of the total energy
related impacts in the Wang et al., (2013) approach.

The fast and mild approaches where energy contribution was
very low also have opportunity for further optimizations since

This journal is © The Royal Society of Chemistry 20xx

the high impacts of solvents used for the reactions and for
washing the final products. This is evident in the Nguyen>3 et al
approach using phosphonium liquid where 88% of the impacts
are related to the high quantity of diethyl ether used to wash
the product and its related emissions due to its corresponding
wastes. Similarly, the mild approaches via DDQ>2 and via PCC3%
have very low impacts related to energy consumption, but they
have high impacts because the use of solvents, such as
dichloromethane (49.5% share in DDQ approach) and ethyl
acetate (39% share PCC approach).

According to the previous analyses, among the nine
benchmarked approaches, the experiment with the worst
environmental profile, performed by Khalafi & Panahi>* (2014)
using Ru-catalyst, would get significant impacts reduction if
clean energy and solvents optimization is applied. However, in
this experiment, as well as in the other approaches affected by
the solvents usage and their process wastes,>2:55:57 assumptions
of lower solvent quantities usage cannot be guessed because it
depends of each experiment. Yet, these high solvent usage
impacts could be reduced up to 66% if a higher recovery rate
were assumed, such as a 90%. That is, the solvent wastes would
be reduced from 0.29 to 0.10 kg/kg. Also, this reduction in
solvent waste would automatically decrease the emissions of
the synthesis processes since a lower quantity of organic
compounds would end in the wastewater treatment processes.
Additionally, it is important to note that further optimization in
the energy quantity can be obtained by a modification of the
assumption made for the stirring input. The stirring motor
consumption was assumed 3.2 W for a default quantity of 10 g
of mixture and extrapolated to each quantity. Otherwise, if
considering the same stirring power for 14.1 g (in Praveen et al.,
(2008)), and for 0.5 g (in Wang et al., (2013)), the energy
required per gram of product in the last experiment would be
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unfairly overestimated. However, despite this assumption
allowed a fair allocation of this input to the functional unit, the
contribution of this input in each approach could change if the
default stirred quantity or the assumed speed change.

In accordance with the above, a scenario is proposed with a
combination of input optimizations that would benefit all the
approaches to different degrees through a sensitivity analysis.
In this sense, the recovery rate of solvent was improved from
71% to 90%. In this regard, to balance the experiments

Journal Name

conditions, the 98% recovery rate for CPME in the OMS
manganese systems was reduced to 90%, but at the same time
the assumed recovery rate for the ethanol used in this route
was improved. Regarding the energy for stirring, this input was
optimized by assuming that the 3.2W was consumed for stirring
40 g instead of 10 g of mixture. In addition, the energy from grid
electricity was replaced for solar photovoltaic electricity. The
results for this scenario are presented in Figure 5.
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Figure 5. Optimized scenario Endpoints- single score — 1 g of 2-aryl benzoxazoles via different routes.

All the approaches obtained significant improvements in their
environmental profiles, except for the CF small scale approach
because it was more affected by the reduction of the CPME
recovery rate than by the improvement of the ethanol recovery
rate, as well as using solar electricity since the energy
contribution was not very high. In contrast, given that in the CF
multigram scale approach the energy had a relevant
contribution, this approach obtained the best environmental
impact in this scenario.

Among the batch approaches, the route via acyl chloride
obtained the highest reduction rate due to this approach had
very high contribution of the energy used for heating and
stirring. The other route via Ru-catalyst also had very high
reduction rate, but in a lower degree because this approach
does not need stirring and the electricity for heating did not
have as much contribution as the solvent had. Although, despite
the considered electricity from multi-Si solar photovoltaic
570kWp open ground installation is not zero environmental
impacts, it has about 78% lower environmental impacts than
the European grid electricity (compared on single scores from
the endpoints results for the impact categories considered in
this study), which make this input the main contributor to the
impact reductions.

8 | J. Name., 2012, 00, 1-3

Regardless of the important impacts reductions caused by the
90% recovery rate, the fraction of new dichloromethane,
diethyl ether or ethyl acetate that must be added in each run
still has large contributions in the environmental impacts.

Conclusions

This study allowed to perform a hotspot analysis of a
comprehensive environmental impact analysis of different
routes for the 2-aryl benzoxazoles synthesis through the LCA
methodology. It compares an own flow chemistry approach, its
batch equivalent, and six different batch approaches reported
in literature; being three similar optimised and three others.
Our main purpose was to show how innovations in green
chemistry and circularity motivation finally pays off into real
sustainability benefits. It helps the economic growth of flow
chemistry, as industry increasingly needs to support their
developments and products by a good environmental profile.

Among the analysed batch approaches, including ours, root in
sustainability thinking steered by the 12 Principles of Green
Chemistry and related later formulated, more complex green
chemistry concepts. Yet, with our batch process we go a step
further. First, we prepare to benefit from circularity

This journal is © The Royal Society of Chemistry 20xx
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approaches, by allowing recycling of the solvent and reuse of
the catalyst we employ (as measures of circularity’s 10R
framework). This is fully exploited in our flow approach and, in
addition, we profit of process intensification from the
microfluidic processing by virtue of maximising transport
processes. The outcomes achieved underline that a holistic and
up-to-date approach, both on the chemistry and chemical
engineering/process tool side, can massively optimise the
environmental friendliness; in our case by a trifold sustainability
approach. The 12 Principles of Green Chemistry are meanwhile
three decades old and were majorly postulated to enhance
safety of chemical plant operation on the background of
chemical pollution and even plant operation disasters at that
time. Even microreactors and flow chemistry turn to be almost
two decades old, and achieve better process outcome when
guided by sustainability principles and assessment.

One key green principle employed is the use of an advanced
catalyst, based on OMS manganese systems. OMS catalysts
have been claimed to improve reactivity and selectivity, thus
having high productivity. The use of oxygen flow and its
favourable mass transfer by means of the multiphase
microfluidics ensure the regeneration of catalysts. Another key
green principle employed is the use of an advanced solvent,
CPME, proposed as a friendly solvent reaction medium, which
exhibits only a minimal metal leaching from catalysts and has
high solvent reusability. The results of this optimised synthesis
approach were benchmarked against other three recently
optimised approaches and three conventional routes presented
in literature. These different approaches have been proposed
basically in order to replace the use of strong acids and toxic
reagents and to reduce waste with the use of recyclable
materials. However, our life-cycle results show that the benefits
of each optimisation is undermined by high environmental
impacts due to the production of the new materials or the
higher energy usage for additional heating and stirring
requirements. The life-cycle impacts assessment also shows
that inefficient material usage (by low yield) causes a secondary
negative contribution to the environment, besides producing
waste. The waste additionally increases the global warming,
ozone formation and freshwater ecotoxicity due to the
emissions to air and water after the synthesis processes.
Besides the recovery rate, the quantity and type of solvents
used are relevant: altogether this sums up to 88% of the
environmental impact in the process based on a phosphonium
acidic ionic liquid and using diethyl ether to separate the
product.

The flow chemistry approach generated an average of 20 g CO,
eq per gram of 2-aryl benzoxazole, which represents an 85%
emissions reduction in comparison to the batch equivalent
approach. This is caused by a common advantage of continuous
flow approaches to provide higher yield than the batch ones. A
specific flow advantage is the use of the environmentally
friendly Oz and N3 flows, which reduce the energy consumption
to heat the mixtures and to regenerate the catalyst. These
features are even evident for the equivalent batch approach,
using the same OMS manganese systems and CPME solvent. In
a scenario analysis it is shown that even if the solvent

This journal is © The Royal Society of Chemistry 20xx

disadvantage is taken away from the other six approaches (by
assuming a higher solvent recovery rate), the high energy
related impacts still cause an overall inferior environmental
profile. Only when assuming using renewable energy and 90%
solvent recovery rate, one batch approach was finally much
better than the others. Yet, in this scenario, the scaled-up flow
approach obtained the best results given the ease solvent load
optimisation per unit of reagents in this multigram experiment.
As an outlook, main future promise lies in the reduction of the
solvent quantity and replacement of the current solvents
dichloromethane, diethyl ether, and ethyl acetate with greener
solvent types.
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