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ABSTRACT

Biocatalysis will play a central role in future chemical processes, aiming at more
sustainable strategies while keeping efficiency and economics. The mere use of enzymes
does not assure the greenness, and quantitative environmental metrics must substantiate this.
Simple but meaningful approaches are needed, particularly when reactions are still at a
preliminary phase of research. This paper explores the use of E-Factor and a gate-to-gate
strategy to assess environmental metrics for biocatalysis at proof-of-concept stage. The
upstream part — the actual biocatalytic reaction — and the downstream — the purification of
the product — are considered, providing the complete E-Factor. As case study, the hydration
of oleic acid catalyzed by oleate hydratases (OHY) is used. Depending on the reaction
conditions (particularly, the substrate loadings), and the chosen downstream, total E-Factors
range from 15-20 to 160, mostly comprising wastewater (from the reaction media) and
solvent (from the downstream). The estimation of the Total Carbon Dioxide Release (TCR),
Kgs of CO- per Kg of product, provides a comparable data to benchmark synthetic strategies.
The timely identification of hot spots (large contributors to the environmental impact)
enables researchers to propose experiments to show that biocatalysis can be performed at

more sustainable conditions.

Key-words: Green Chemistry metrics; Biocatalysis; Gate to gate; E-Factor; Wastewater;

Oleate hydratases.
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1.- Introduction.

The XXIst century is witnessing the establishment of the Green Chemistry principles
and the quest of sustainable processes.! The need of implementing more benign systems at
industrial level, pressured by environmental concerns, is stimulating the research and
development in those areas, covering academic and industrial initiatives. Nowadays, new
chemical processes must be not only economic or efficient, but also need to fulfil the
environmental demands. Derived from that fact, the question that has then emerged is how
to determine whether a process is green or not, and which parameters need to be assessed to
reach a fair comparison among strategies. Starting from the mere qualitative use of the Green
Chemistry principles as basis for the assessment,? the scientific discussion has evolved to the
need of defining some quantitative metrics, which can serve as reliable standards for
industrialists, academics, and for the society. However, assessing the greenness of a process
is often complex and requires the analysis of many parameters, being usually time and
resource consuming. The boundaries for the assessment can be placed differently, and thus
more or less variables need to be addressed. For instance, a gate-to-gate analysis focuses on
a reaction as such, considering the impact of the synthesis and isolation of the product,
assuming that reagents, solvents, catalysts, etc., are already placed in the chemical plant, and
their environmental impact is not covered. Conversely, a broader cradle-to-gate approach
would also assess the origin of the raw materials, the land consumption to produce them, the
transportation impact, and the process as such. Furthermore, even more holistic Life-Cycle-
Assessments (LCA) take into account the entire life cycle of a product (e.g. cradle-to-grave),
and further aspects need to be considered, including the product use and ultimate disposal.

Admittedly, the broader the assessment, the better to assure that the environmental impact is
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adequately considered. However, for daily basis research at laboratory scale the resources to
conduct such holistic assessments may not be available, and simpler but still meaningful
alternatives need to be developed. In that respect, while many processes are “labelled” as
green just by qualitatively following the Green Chemistry principles, some quantitative
parameters and strategies have been proposed.?® The Sheldon’s E-Factor parameter is surely
one of the most used ones, due to its intuitiveness and simplicity of use.”® Basically, the E-
Factor represents the kilos of waste produced per kilo of product, thus reporting a rapid hint
on the environmental impact of a reaction. While initially excluding water from the
assessment, more recent works tend to determine the complete E-Factor, where “everything
but the product” is included. Importantly, the E-Factor can be distributed between processing
units (up- or down-stream), or among synthetic steps, or be allocated for chemicals and
solvents, thus providing a clear picture on what parts or materials are contributing more to
the environmental burden. This gives options to concentrate the efforts in improving the hot
spots. The E-Factor has recently been complemented by adding the influence of the energy

in the environmental impact, and the E*-Factor has been proposed.®

Among the emerging technologies aiming at establishing more sustainable chemical
processes, biocatalysis is expected to occupy a central role, as many implemented industrial
processes already showcase.!%* Modern enzyme technologies are versatile, and enable the
use of different reaction media — from aqueous to different organic solvents or even solvent-
free systems —, and in batch or continuous devices, what significantly enhances the
opportunities to integrate biocatalysis in industrial set-ups.'?>* However, the mere use of
enzymes does not warrant, as such, that a process can be regarded as green or sustainable. In

fact, environmental quantitative metrics for the process need to be provided to substantiate
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this.?>7 Despite this, however, the critical assessment of the environmental impact of a
biocatalytic reaction is not a widely established approach yet, and literature examples are
somewhat scarce.'®2® Furthermore, the environmental assessments tend to focus just on the
upstream part — that is, the synthetic step catalyzed by an enzyme —, but often overlook the
downstream unit, where the formed product is purified to be ultimately marketed. Actually,
the assessment of both parts is equally important to validate how green a process may be, and

to determine which actions can be proposed to improve it.

This paper proposes a straightforward and rapid assessment of Green Chemistry
metrics when biocatalytic reactions are still at laboratory scale, and systems can be optimized
keeping environmental standards in mind. The timely determination of the hot spots — that
is, what factors are contributing mostly to the environmental impact — may help researchers
establish experiments to diminish the waste production and/or to demonstrate that greener
conditions are possible. To this end, a gate-to-gate approach is conceived, covering both
upstream and downstream units, and depicting different scenarios to understand the
importance of the reaction conditions and the downstream choice in the ultimate
environmental impact. Complementing the gate-to-gate approach, an analysis of the Total
Carbon Dioxide Release (TCR) is conducted as well. The TCR parameter has been recently
proposed and addresses the total amount of CO- that would be generated in the worst-case
scenario, if the product and all the wastes are incinerated.?* It provides a defined and

comparable unit to evaluate the actual environmental burden that the process may generate.
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2.- Case study. Oleic acid hydration catalyzed by oleate hydratases to produce

10-hydroxy-stearic acid (10-HSA).

The hydration of oleic acid catalyzed by oleate hydratases (OHY), to afford 10-
hydroxystearic acid (10-HSA) was selected as model process. The reaction was described
almost one century ago,® and some microorganisms able to perform the hydration were
isolated in the 60s.%5 In 2009 the actual enzyme was characterized,?” and in recent years
processes with industrially-sound conditions for the hydration of fatty acids have been
reported (e.g. high substrate loadings and productivities).?83° Several updated comprehensive
reviews discuss the topic in details.®3 Despite its potential future industrial use, no

environmental studies on this reaction have been published so far.

As the first step for the gate-to-gate analysis, the “functional unit” was defined. The
emphasis is put in the reaction and product isolation, and it is assumed that all reagents,
enzymes and auxiliaries are already in the chemical processing plant (“gate), and their
associated environmental impact in their production and transportation is not considered.3*3®
The aim is the production of 1 Kg of the desired product (10-HSA), which is delivered in a
marketable (purified) form at the exit of the chemical plant (“gate”). Thus, the approach
enables the analysis of the environmental impact of the reaction as such and may help
researchers in the quest of more environment-friendly reaction conditions during their
laboratory work. Importantly, the functional unit is separated in two main sub-parts, as both
may be relevant in the environmental assessment, First, the upstream part, where the actual

biocatalytic reaction takes place, converting substrates into products, and generating
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associated wastes. Second, the downstream unit renders the desired product in the pure,

marketable form, and further associated wastes are generated as well (Figure 1).

GATE-TO-GATE

! UPSTREAM DOWNSTREAM (DSP) I
! I
I OHY P I

Oleic Acid m=r | Oleic Acid — 10-HSA | s Precipitation + filtration g 1 Kg 10-
(From oil hydrolysis) I Buffer Recrystallization of precipitate :
1 Glycerol (10% v/v) Acidification + Solvent extraction I
I

I Ethanol (2% v/v)

Wastes Wastes

Figure 1. Functional unit for the gate-to-gate assessment of the hydration of oleic
acid catalyzed by oleate hydratases (OHY) to generate 1 Kg of 10-HSA. The environmental
impact associated to the production of chemicals and catalysts, as well as to the consumed

electricity is not considered in this stage.34%

For the oleic acid hydration (upstream), reaction conditions reported in literature,
which are believed to be close to industrial applications, were taken into account.628 To that
end, an aqueous solution was employed as reaction media, with a co-solvent mixture
composed of glycerol (8 % v/v) and ethanol (2 % v/v). Under those conditions, it is reported
that 10-HSA precipitates in the form of a white solid.**=® Herein, for the downstream
processing, three scenarios were considered: i) simple filtration of the precipitated 10-HSA,
which is only washed with water and dried; ii) as the precipitated 10-HSA contains some
traces of oleic acid, a subsequent recrystallization step is suggested, using hexane: ethyl

acetate (2:1); iii) in a different approach, acidification of the reaction media with HCI and
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extraction of 10-HSA using ethyl acetate (3X), and subsequent addition of different

chemicals (NaCl, celite, sulphates) to render the pure 10-HSA (Figure 1).

By looking at the reaction set-up in qualitative terms, it could be said that the synthesis
can be considered to be a green process. Thus, the atom economy is excellent, and a biogenic
substrate is used (oleic acid), which comes from oil hydrolysis, and it is readily available
without the need of many intermediate cracking steps.3® The process proceeds in water as the
paradigm of a non-hazardous reaction media, and both glycerol and ethanol (the cosolvents)
and the enzymes are biogenic and biodegradable too. The reaction proceeds at mild
temperatures and pressures as biocatalysis is typically displayed. Unlike hexane (see below),
the process uses ethyl acetate as solvent for extraction, which is recommended in most of the
solvent rankings reported in the literature.**-*4 Herein, the (misleading) interpretation would
be that no further Green Chemistry analysis should be needed for this synthesis as the
principles are fulfilled. However, a more in-depth evaluation involving quantitative data
draws a different conclusion (see below). The timely assessment of the environmental impact

may help establish experiments and developments that can contribute to greener processes.

First of all, the upstream part (the synthetic reaction) was analyzed. To that end, the
mixture water-glycerol-ethanol was set as reaction media,*® and loadings of oleic acid in the
range of 25-200 g L™! were assumed, according to most of the prominent examples reported
in literature when industrial applications are envisioned.?833 36-3845 Whole-cell biocatalysts
overexpressing OHY were used (range of 50 g cells L). Two yields were assumed, 75 % as
a realistic framework, or 100 % as best-case scenario. The contribution of E-Factor of the

different chemicals and (co)solvents is depicted in Figure 2.
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Figure 2. Contribution to the E-Factor of the upstream part, depending on the

substrate loading (25-200 g L) and on the final yield in 10-HSA, 75 % or 100 %.

As observed, the waste generation is significantly higher at low substrate loadings,
with E-Factors in the range of 60 when 25 g L of oleic acid are added, at 75 % yield. When
the reaction is assumed to proceed at more “industrially-sound” conditions (range of 100 g
L), the process leads to more decent E-Factors (range of 10). Therefore, intensifying the
reaction (in terms of substrate loadings) may provide beneficial effects both for the
economics of the process as well as for the environmental burden associated to it.}” Given
the reaction conditions, the hugest contribution to the E-Factor is wastewater (water
containing glycerol, ethanol, traces of fatty acids, cells, etc.), which will need to be treated
before disposing it to the environment. Water shortage is becoming an increasingly important

problem worldwide, and thus the adequate treatment of water effluents needs to be carefully
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considered. In biocatalysis, the use of other water-free systems may be an alternative to
reduce water consumption.*?>14® Finally, it must be noted that the environmental impact
derived from different yields (75 vs. 100 %) results more significative at low substrate
loadings than at intensified systems, giving further arguments to the idea of enhancing

substrate loadings to reach better economics and environmental prognosis.

Although it is obvious that intensifying systems are beneficial, it must be said that
reaching high substrate loadings is not always accessible in synthetic reactions. Solubility
problems, enzyme inhibitions, or by-product formation may appear. To cope with this, an
option is to evaluate the possibility of recycling the reaction media (in this case, the
wastewater containing glycerol and ethanol) for several cycles. In Figure 3 a simulation is
performed, assuming a substrate loading of 50 g L™, 100 % yield, and several reaction media
reuses. As it can be observed, the environmental impact is considerably ameliorated in the
first three cycles, leading to upstream E-Factors in the range of 7 (mostly wastewater). Albeit
repeated recycling may be challenging, it may be realistic that at least two-three cycles could
be reached in many biocatalytic applications (assuming 10 % water loss between each cycle).
Surprisingly, not many papers deal with aqueous media recycling,}’#” and it is certainly
recommended that some experiments are included in academic research to validate an
improved E-Factor for enzymatic reactions when recycling is achieved. Likewise, the set-up
of continuous processes with media recirculation may lead to highly integrated devices that

may combine economics with decent-to-excellent environmental metrics as well. >

11
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Figure 3. Upstream E-Factors observed when reaction media are reused several

times, assuming oleic acid loadings of 50 g L%, and 100 % yield.

Once the upstream part was studied, the different options related to the downstream
processing were subsequently assessed. As stated above, three main scenarios were
considered for the downstream.®¢8 In the simplest one, 10-HSA precipitates from the
reaction media, and a simple filtration and washing with water is assumed (Figure 4, first
column). Connected to that, and to remove traces of oleic acid present in the precipitated
product, a subsequent recrystallization step was included. In this case, the precipitate is
dissolved in hexane: ethyl acetate (2:1) and crystals are obtained upon solvent evaporation
(Figure 4, second column).®® Finally, in a different approach, the aqueous reaction media was
acidified to pH 2 with HCI, and extracted with ethyl acetate (3X), which upon evaporation

and drying rendered the 10-HSA (Figure 4, third column).

12
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Figure 4. Environmental analysis of downstream options, according to literature,®-38
and at different 10-HSA loadings (25-100 g L™). First column: precipitation and washing;
second column: after precipitation and washing, subsequent recrystallization step using
hexane: ethyl acetate (2:1); third column: acidification and extraction of the reaction media

with ethyl acetate (3X).

Results depicted in Figure 4 are explanatory on the significative impact that the
downstream unit may have when it comes to environmental metrics. While most research
papers dealing with biocatalysis only refer to the E-Factor related to the synthetic upstream
— in publications where environmental metrics are provided —, the contribution of the
downstream to the impact is often not considered. The environmental impact is particularly
relevant when popular extractive methods are applied, as a surplus of extractive solvent (3X)

leads to rather high E-Factors. As an example, at substrate loadings of 25 g L2, the extractive

13
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E-Factor is in the range of 130 (mostly related to solvent use). Solvent recycling (assuming
10 % loss per cycle) may certainly be mandatory to reach better figures,!” and some
experiments at laboratory scale would be recommended to validate that option. However, it
must be noted that when extraction is intended, the previous acidification of the reaction
aqueous media may hamper its further recyclability, as an acidic wastewater effluent is
generated. The subsequent wastewater treatment of the acidic effluent may add further
environmental impacts. From a different perspective, the situation results different when
other downstream units are foreseen (Figure 4). Thus, the precipitation + washing step leads
to wastewater formation (presumably with traces of reaction media, oleic acid, 10-HSA, etc.)
which may even be considered for recycling (as washing agent for two-three cycles). In that
case, E-Factors in the range of 30 can be observed (Figure 4, no recycling). When the process
is combined with the recrystallization step, the environmental burden created by the solvents
increases the E-Factor to the range of 60. The environmental impact improves significantly,
once again, when higher substrate loadings are considered. Thus, at 100 g L more
reasonable E-Factors in the range of 10-15 may be reached for those approaches. Finally,
while ethyl acetate is a recommended solvent for virtually all ranking lists, and may have a
biogenic origin, the use of hexane adds significant (hazardous) environmental burden to the
approach.®#* This timely identification may help find alternatives for recrystallization that
could avoid such solvents. Likewise, recovery and recycling of the crystallization solvents
appears as a must as well if environmental concerns are considered. Laboratory experiments

can show the validity of this option at early states of the development.

Once both parts of the functional unit — upstream and downstream — are assessed

(Figure 1), the total E-Factor for the production of 1 Kg of 10-HSA was summarized (Figure

14



272 5). Following the criteria, different substrate loadings were modelled, and upstream and
273 downstream contributions were separated to provide a clear overview of the actual

274  contributions of each part.

140 =«
M E-Factor (synthesis)

120 o W E-Factor (work-up just precipitation)

M E-Factor (work-up precipitation + recrystallization)

g

B E-Factor (work-up extraction)

E-Factor (kg kg'!)
[0.2]
(]
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40 o

20 -«

0 -

25g/L 50g/L 100 g/L
Substrate loadings

275
276 Figure 5. Total E-Factor for the production of 1 Kg 10-HSA when different substrate

277  loadings are set, and several scenarios for downstream processing are considered.

278

279 Two main waste streams are produced in the process, wastewater (coming from the
280  reaction media), and solvents (eventually coming from recrystallization or from extraction).
281  Cumulative E-Factors are in the range of 160 if loadings of 25 g L™ are set, and extractive
282  methods are used without recycling. To put it in clearer numbers, this implies 160 Kg of
283  waste per Kg of the desired product (10-HSA)! The environmental burden results more
284  acceptable at higher substrate loadings, with E-Factors in the range of 15-20, depending on

285  the chosen options. If recycling systems are applied, more acceptable figures can be expected,
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although, as noted above, the previous acidification step in the extraction alternative may

hamper the recycling of the reaction media in that case.

Wastes are produced in any (bio)chemical process, and they must be placed
somewhere in our planet. Thus, some considerations on the fate of the wastes need to be
made. Herein, two main working lines can be depicted, one for the wastewater effluents, and
another one for the organics (mainly solvents). The first one is treated in different wastewater
treatment units, and finally released to the environment. The second one is ultimately
incinerated, generating CO> as the main product. In some cases, when wastewater results to
be highly recalcitrant, incineration for that fraction is considered as well. A recent paper
proposes the use of the “Total Carbon Dioxide Release” (TCR) concept, as Kg CO2 produced
per Kg product.?* In this way, each synthetized product can have a particular “CO; currency”,
which can enable better comparisons among products, syntheses, etc. The TCR is calculated
assuming the worst-case scenario, in which both the wastewater and the solvents are
incinerated, and the product (1 Kg) is included as well, as it is assumed that sooner or later it
will be converted to CO> again. Following this useful theoretical approach, for the oleic acid
hydration system, the TCR was calculated considering two options, either incineration of all
wastes, or incineration of the organic part only, as it can be assumed that a wastewater
containing cells, glycerol, ethanol, and rests of fatty acids should be treated efficiently with
milder approaches than incineration. The system is modelled assuming a substrate loading of
100 g L. To further illustrate the importance of recycling, reaction media and solvents, the

systems was simulated involving several recycling cycles (Figure 6).
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Figure 6. Determination of the Total Carbon Dioxide Release (TCR) considering
either the incineration of all wastes (water and organics), or only the organic part, and
assuming several recycling loops of solvents, reaction media, etc. Data estimated for oleic

acid loadings of 100 g L.

Interestingly, data retrieved from the TCR analysis follow the same patterns as those
obtained for the E-Factor. Assuming the extractive approach (one single use of solvents and
water), the observed TCR is in the range of 90 Kg CO2 Kg product, while TCRs in the range
of 10 are assumed when the precipitation approach is taken (washing with water only). When
wastewater is not incinerated, the TCR improves in all systems. It must be noted, however,
that probably some fossil fuel energy will be used for the wastewater treatments, and thus

intermediate values between the two values could be expected. Likewise, it must be noted
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that some of the released CO will be biogenic (e.g. coming from the substrate, use of
biogenic (co)solvents, etc), and thus the actual impact of CO. release may be more limited in
this particular case. The TCR determination results an excellent tool to validate (bio)catalytic
processes at laboratory scale, and to be able to put forth better environmental alternatives

when research is performed.

6.- Concluding remarks.

Biocatalysis has excellent prognoses to become a green and sustainable alternative
for future chemical processes. However, the mere qualitative application of the Green
Chemistry principles is misleading, as not all enzymatic processes — or in other words, not
all reaction conditions — are green per se. Using the E-Factor and performing a gate-to-gate
analysis of the intended reaction, carefully covering both upstream and downstream
environmental impacts, may help researchers identify hot spots to improve, and to show that
actually greener reaction conditions may be reached. In general, intensification of the
process, in terms of substrate loadings may align industrial interests with environmental
impacts. Moreover, a “culture of recycling” must be created in the community, to show at
laboratory scale that reaction media and solvents can be reused for several cycles. Finally,
the Total Carbon Dioxide Release (TCR) analysis is an excellent tool to compare different
synthetic approaches, and to pinpoint the proper conditions with limited environmental

impact.
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