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Chemicals and materials produced from non-renewable, petrochemical feedstocks contribute greatly to
the quality of life we currently enjoy. To ensure that quality of life is maintained in the future, it is impera-
tive that we move towards a circular economy, where care is taken to reuse or recycle materials at their
end-of-life and new chemicals and materials are sourced from renewable carbon feedstocks such as
biomass. To achieve this transition, efficient conversion methods by which biomass-derived feedstocks
can be converted to chemicals are required. The high degree of functionalisation (i.e. high content of
oxygen atoms) of biomass-derived feedstocks, makes their conversion by microbial fermentation an inter-
esting option. This article provides an overview of currently available fermentation technologies that have
the potential to play a role in the production of biobased bulk chemicals in a circular economy in the
period up to 2050. Our focus is primarily on technologies that are sufficiently mature to have been
implemented on (at least) industrial pilot scale. In addition to an overview of available technologies, we
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future circular economy. We conclude that seven fermentation processes for the production of (potential)
bulk chemicals have already reached a stage of technological maturity where they are ready to be applied
rsc.li/greenchem in a circular economy. A number of other processes may reach this stage of maturity in the coming years.

Introduction

Chemicals and materials produced by the chemical industry

. ) ; are commonplace in our everyday lives and make an important
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904, 1098 XH Amsterdam, The Netherlands Currently, the major feedstocks of organic carbon for the
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Fig. 1 Overview of the production of chemicals and materials in a circular economy in 2050 and the central role fermentation processes can
potentially play in such an economy. The central feedstock of organic carbon in the circular economy is plant-derived biomass. After cultivation,
crops are fractionated into components, such as sugars, polysaccharides or oils, which are subsequently used as the feedstock for industrial fermen-
tation processes. These feedstocks are converted by fermentation to a range of bulk platform chemicals, including (di-)alcohols, (di-)acids and (di-)
amines. The obtained bulk chemicals are then transformed further by (bio)catalytic conversions to yield other chemical building blocks and also
polymers, which are used to produce the products we use every day. Post-use, the organic carbon in these products must be reused. Following
direct reuse of the product, the preferred manner of carbon reuse is to produce new products by recycling, which can be based on either mechani-
cal or chemical recycling technologies. In instances where this is not possible, e.g. because the quality of the material is too poor, technologies such
as gasification, incineration or digestion allow the organic carbon to be released from the material in the form of the carbon-containing gasses CO,
CO, or CH4 Together with green hydrogen obtained from water using clean, solar energy, these gasses can be used as substrates for gas fermenta-
tion and can thereby be converted back into bulk chemicals. In the least preferred end-of-life option, organic carbon from products is emitted to
the atmosphere as CO, as a result of biodegradation or incineration. This CO, is reincorporated into plants by photosynthesis, replenishing the
primary feedstock of the biobased circular economy and maintaining a closed carbon cycle.

chemical industry are fossil-based (petrochemicals). Fossil
resources, however, take millions of years to form and there-
fore cannot be readily replenished in a reasonable timeframe
and thus essentially form a finite resource. To ensure a sus-
tainable future for the chemical industry and continued access
to chemicals and materials that are essential for our high stan-
dard of living, it is imperative that we transition towards a cir-
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cular economy (see Fig. 1)." In a circular economy, the con-
sumption of non-renewable resources, such as fossil fuels, for
the production of chemicals and materials is eliminated and
replaced by the use of renewable resources." The most direct
way to produce chemicals and materials from renewable
resources, is to convert them into new chemicals and materials
at their end-of-life by reuse or (mechanical or chemical)
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recycling." However, recycling by itself will be insufficient to
provide all starting materials for the chemical industry. A loss
of material will always occur as collection and recycling pro-
cesses will not reach 100% efficiency (see e.g. ref. 2 for an ana-
lysis of the maximum recycling rates likely to be achieved for
plastic waste in the Netherlands). For some chemicals and
materials, collection for recycling will not be feasible, e.g.
detergents used in soap or shampoo will always end up in
wastewater streams in very low concentrations, making their
collection nearly impossible. In addition, the global popu-
lation is projected to grow to 9.7 billion in 2050, a 23%
increase compared to today.® Together with growing per capita
incomes, this growth in population is predicted to lead to an
increase in the demand for carbon for chemicals from
450 million metric tons (MMt) per annum in 2021 to 1000
MMt per annum in 2050.* Thus, the chemical industry’s
demand for starting materials will exceed the amount of
material that can be generated by recycling or reuse alone and
other sources of renewable starting materials, in particular
sources of organic carbon, will be required. One prominent
example of a renewable carbon source is carbon from biomass,
which can be replenished within a matter of years to decades
using only carbon dioxide and sunlight required for photosyn-
thesis. Therefore, the development of biobased chemicals and
materials, and the biorefinery and conversion technologies
required to manufacture them has been a topic of extensive
research in recent decades.’ Direct capture and use of atmos-
pheric CO, as a renewable carbon source for chemicals pro-
duction is also under consideration, but is at an earlier stage
of development.®

In addition to placing demands on the type of starting
materials that can be used for chemicals and materials pro-
duction, the transition to a circular economy places
demands on the properties of the chemicals and materials
that we use and how they are produced. Chemicals and
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materials should be designed such that their active lifetime
is as long as possible (e.g. limiting single use products).
Care should also be taken to design chemicals and materials
in such a way to maximise their potential for reuse or re-
cycling at their end-of-life (see e.g. ref. 7). Incineration or
biodegradation should only be applied when the quality of a
chemical or material has decreased so much that further
reuse or recycling is no longer an option (see Fig. 1). The
carbon dioxide released upon incineration or biodegradation
serves to replenish the reservoir of renewable carbon avail-
able as biomass. In addition to considering these end-of-life
options for chemicals and materials that remain within a
controllable cycle, we must consider what happens to chemi-
cals and materials that end up in the natural environment,
whether due to inadvertent leakage or as an unavoidable
side-effect of their manner of use. These chemicals and
materials should not accumulate in or harm the natural
environment and should therefore biodegrade without releas-
ing toxic components.

The circular economy also places demands on the type of
conversion processes that can be employed to convert renew-
able starting materials to chemicals and materials. Conversion
processes should be designed so as to limit the amount of
resources consumed and the risk of exposure to toxic chemi-
cals, both for humans and the natural environment. These
demands placed on chemical conversion processes in a circu-
lar economy are in general well summarised by the twelve prin-
ciples of green chemistry.® These principles should be taken
into consideration when designing routes for the production
of chemicals in a circular economy. In particular in the case of
biomass-derived feedstocks, an important consideration is the
optimal use of heteroatoms. In contrast to petrochemical feed-
stocks, that mainly contain hydrogen and carbon atoms,
biomass-derived feedstocks typically contain significant
amounts of heteroatoms (in particular oxygen and nitrogen).
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Many end-products produced by the chemical industry also
contain heteroatoms, which are currently introduced into the
fossil-based hydrocarbon base chemicals. In the production of
chemicals from biomass-derived feedstocks in a circular
economy, a more efficient use of resources might be achieved
by designing routes that maintain the heteroatom contents of
the feedstock, rather than routes that rely on the complete
defunctionalisation of biomass-derived components (e.g. to
the petrochemical drop-in bioethylene) followed by reintroduc-
tion of heteroatoms.” The shorter routes this enables (in terms
of chemical steps) can be expected to minimise waste pro-
duction and energy consumption, leading to more efficient
overall processes. Considering the use of renewable, primarily
biomass-derived feedstocks and the desire to employ safe con-
version technologies that generate limited waste, a conversion
technology that has significant potential to be applied in the
circular economy is microbial fermentation (see also Fig. 1).
The most suitable process by which to achieve a specific
chemical conversion must be analysed by comparing techno-
economic and life cycle analyses of each available conversion
route on a case-by-case basis. Nevertheless, general advantages
and disadvantages of different conversion technologies can be
defined on a qualitative basis. One advantage of fermentation
for the production of chemicals from biomass lies in the
multi-step nature of microbial metabolic pathways. This can
allow the often highly functionalised (i.e. high content of
heteroatoms, in particular oxygen atoms) biomass-derived
molecules to be converted to a target chemical in a single
process step, which may not always be possible using chemical
conversion. In addition, sugars, one of the main biomass-
derived chemical feedstocks, are highly water soluble and
often heat labile. This makes fermentation, which occurs at
mild temperatures in aqueous media, well suited for their con-
version, in contrast to many conventional chemical processes,
which often require the use of organic solvents and high(er)
temperatures. In addition, microorganisms are often capable
of converting substrates found in impure or mixed feedstocks,
making them well suited for processing complex biomass
(-derived) feedstocks (see e.g. volatile fatty acid section below).
In certain cases, fermentation can even be used to convert
multiple different starting compounds from a chemically
heterogeneous biomass source into a single product while still
retaining a degree of the functionalisation present in the feed-
stock, a concept known as “funnelling”. This concept has been
demonstrated, for example, by the conversion of mixtures of
aromatic compounds that can be obtained from lignin to a
single product (muconic acid or a polyhydroxyalkanoate, see
e.g. ref. 10 and 11). These advantages provide fermentation
with the potential to be a key enabling technology in the tran-
sition towards the circular economy. However, fermentation-
based processes do come with their drawbacks, which include
the consumption of nutrients (other than the main fermenta-
tion substrate), the complexity of downstream processing of
the fermentation broth, the sensitivity of microorganisms
towards toxic compounds in fermentation substrates or pro-
ducts and, compared to conventional chemical processes, the
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relatively low product and substrate titres and slow reaction
kinetics, necessitating large reactor volumes, and thus leading
to lower volumetric productivities. Additionally, in many,
though not all, fermentation processes, a significant part of
the carbon present in the substrate is lost through emission as
CO, (see below).

Recent decades have seen significant advances in the devel-
opment of fermentative methods for the production of bio-
based chemicals, from laboratory scale research to industrial
development and commercialisation. This review provides an
overview on the current status of the industrial application of
fermentation for the production of (potential) bulk chemicals
from biomass. The goal is to provide an inventory of techno-
logies that are available to assist us in a transition to a fully cir-
cular economy in the coming decades, with the transition envi-
sioned to be completed by 2050. In addition to providing an
overview of available conversion technologies, we critically
discuss the potential of the produced compounds to be con-
verted to chemicals and materials that meet the requirements
for application in a circular economy. As we aim to provide an
overview of technologies with a high potential to be applied
commercially by 2050, the focus is on technologies that have
entered industrial application at pilot or demonstration scale,
at the minimum. Some particularly promising technologies
that are still at the laboratory scale of development are also dis-
cussed. For an extensive overview of potential routes to bulk
chemicals using biotechnological conversion, including
technologies that have not proceeded to commercialisation,
see e.g. ref. 12. The focus of this review is on technologies
applied for the production of (potential) bulk chemicals,
meaning fermentation-based technologies applied for the pro-
duction of specialty chemicals or pharmaceuticals or in the
food industry are excluded, unless the products have potential
alternative applications as bulk chemicals.

Biobased feedstocks for fermentation

Production of biobased chemicals and materials starts from a
biomass-derived feedstock. Biomass feedstocks are typically
complex, heterogeneous materials, containing a diverse range
of molecules such as carbohydrates, proteins, oils and fats,
and lignin. Thus, in cases where a single, homogeneous feed-
stock is required for conversion into biobased chemicals,
biomass must first be pre-treated to obtain the feedstock. The
wide range of processing technologies available falls outside
the scope of this review. Below, the main feedstocks that are
available as a substrate for fermentation are briefly presented.
The most commonly used feedstocks for the production of
biobased chemicals by fermentation are carbohydrates. Sugars
such as glucose and sucrose can be obtained from sucrose- or
starch-containing plants. Common sources of sucrose include
sugarcane and sugar beet, while common sources of starch are,
for example, corn, cassava and sorghum. Collectively, these
feedstocks are referred to as first generation biomass feed-
stocks.'® The use of these feedstocks for the production of bio-

This journal is © The Royal Society of Chemistry 2022
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fuels (e.g. bioethanol) has generated some discussion, as they
are also suitable for consumption by humans and animals,
raising concerns around competition for land use with food
and feed production."* Therefore, the use of sugars from non-
edible lignocellulosic biomass residues, such as corn stover,
sugarcane bagasse, non-food crops such as silvergrass
(Miscanthus) or forestry residues (e.g. bark or wood chips),
known collectively as second generation biomass feedstocks
has been gathering interest recently.'” Here, the challenge is to
develop efficient methods by which to obtain monomeric
sugars from these recalcitrant feedstocks and to develop
methods for the utilisation of pentose sugars present in hemi-
cellulose in addition to the glucose from cellulose.'®"”
Currently, fermentation processes based on second generation
feedstocks are mainly in the developmental phase, while most
commercial processes for the production of biobased chemi-
cals rely on the use of first generation sugar feedstocks.
Although use of first generation feedstocks for the production
of biofuels is controversial due to the potential for competition
with land use for food production, it should be noted that the
lower market volumes associated with the production of chemi-
cals and materials would make the impact of their production
from first generation feedstocks on land use lower than that of
the production of biofuels (e.g. petrochemicals only account for
16% of current demand for oil in OECD countries).'® Other
feedstocks that are, or have been, applied in fermentation pro-
cesses for the production of chemicals include vegetable oil-
derived feedstocks such as glycerol, a by-product of biodiesel
production, and fatty acids.'® The use of lignin-derived pheno-
lic compounds as a feedstock for fermentation is also being
investigated, although it is still in the developmental stages
(e.g. ref. 10). Another class of biomass-derived feedstocks that
can be converted to chemicals by fermentation consists of
gasses such as methane, syngas (a mixture of H, and CO) or
CO, that can be obtained by the anaerobic digestion, gasifica-
tion or incineration of biomass.?® This has the advantage that
biomass does not need to be fractionated prior to processing,
allowing it to be applied to streams that are not suited for iso-
lation of a single homogeneous feedstock due to their complex-
ity, e.g. mixed waste streams. However, challenges remain in
terms of obtaining a gas stream free from inhibiting impurities
and overcoming limitations caused by slow gas-liquid phase
transfer (see below). Once a suitable feedstock has been
obtained from biomass, it can be converted to the desired bio-
based chemical by fermentation. Products that can be obtained
by fermentation include short chain alcohols and diols, (di)
acids, diamines, w-hydroxyamines, triglycerides and polymers
(polyhydroxyalkanoates) (Table 1). The processes employed to
produce these molecules are the topic of the remainder of this
manuscript.

Short chain alcohols

One class of compounds that can be produced from biomass-
derived sugars by fermentation is short chain alcohols. These

This journal is © The Royal Society of Chemistry 2022
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compounds have gathered interest in recent decades due to
their potential use as biofuels (e.g. bioethanol), but are also of
interest as feedstocks for the chemical industry as they can be
converted into short chain alkenes, such as ethylene, propy-
lene or (iso)butylene by dehydration (see below). These alkenes
are one of the primary feedstocks of the current petrochemical
industry, making their production from biobased alcohols a
potential way to produce “drop-in” feedstocks that can be
readily incorporated into existing petrochemical infrastructures.*!

Ethanol

Perhaps the best-known fermentation process for the pro-
duction of a biobased chemical is the conversion of plant-
derived sugars to ethanol. The industrial production of
biomass-derived ethanol was widely performed in recent
decades, primarily with the goal of using the formed bioetha-
nol as a renewable transportation fuel. However, bioethanol
production is also of interest to the chemical industry, as
ethanol can be dehydrated to yield ethylene, one of the most
important platform chemicals for the current petrochemical
industry.*> In 2016, global ethylene production stood at
approximately 150 MMt, overwhelmingly from fossil resources,
with over 60% of the produced ethylene being converted into
the polymer polyethylene.>® In addition to being a precursor of
ethylene, ethanol itself has important non-fuel applications,
e.g. as a solvent.

Ethanol is produced by fermentation from carbohydrate
substrates using Saccharomyces cerevisiae (baker’s yeast).”* One
mole of glucose is converted to two moles of ethanol and two
moles of CO,, giving a theoretical yield of 0.51 g ethanol per g
glucose (Scheme 1). Currently, commercial production of
bioethanol is primarily located in Brazil and the USA, where
sugar from sugarcane and corn starch, respectively, are the
main feedstocks.” Global production of bioethanol stood at
100 billion L (or 79 MMt) in 2020.>® Processes for bioethanol
production from corn starch typically start with a milling
process, by which starch is released from the other com-
ponents of the grain, followed by the enzymatic depolymerisa-
tion of the starch to glucose (Fig. 2). The depolymerisation
occurs in two steps: liquefication, during which starch is depo-
lymerised to oligosaccharides by oa-amylase at temperatures
>80 °C, and saccharification, during which the oligosacchar-
ides produced during liquefication are further hydrolysed by
glucoamylase at a slightly lower temperature of around 60 °C
to yield glucose. Glucose is subsequently used as the substrate
for fermentation. After 2-3 days of fermentation at around
30 °C, a fermentation broth containing 10-12% ethanol is
obtained, from which the ethanol is subsequently isolated by
distillation."® In industrial processes, around 90% of the
theoretical yield of 0.51 g ethanol per g glucose is typically
achieved, yielding 0.45 g ethanol per g glucose (1.8 mol/
mol)."

As of 2021, approximately 200 corn-based ethanol plants
were operational in the USA, with capacities ranging from
approximately 8 million L (6 kt) to 1.4 billion L (1.1 MMt) per
annum (with the majority having a capacity between

Green Chem., 2022, 24, 6373-6405 | 6377
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Could not be established from publicly available sources.

“ (Potential) applications as a bulk chemical intermediate, applications in other domains (e.g. biofuels, food, cosmetics, pharmaceuticals) are not listed. ? Estimated production capacity from

biobased feedstock

Polyhydroxyalkanoates
d

Table 1 (Contd.)
(PHAS)

Chemical
B-Farnesene
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Scheme 1 Reaction equation for the production of ethanol from
glucose by fermentation.

180 million L (142 kt) and 600 million L (473 kt) per annum).>®
Major producers include Archer Daniels Midland, Flint Hills
Resources, Green Plains, POET and Valero Renewable Fuels.>®
In sugarcane-based ethanol production, the feedstock is
crushed to extract a sugar-rich juice that can be used directly
as a substrate for fermentation.”” Alternatively, ethanol pro-
duction can be performed alongside sugar production by fer-
menting sugarcane molasses, the glucose- and fructose-rich
syrup that is obtained after removal of sucrose from sugarcane
juice by crystallisation. In 2017, there were 384 plants produ-
cing sugarcane-derived ethanol in Brazil, with a total capacity
of 40 billion L (32 MMt) per annum, an average of 104 million
L (82 kt) per annum per plant.”®

Over the last two decades or so, concerns regarding the use
of food crops for ethanol production drove efforts to establish
production of bioethanol from non-edible 2"¢ generation
lignocellulosic feedstocks such as corn stover or wood chips.'”
Production of cellulosic ethanol typically involves a pre-treat-
ment step to enhance the accessibility of the cellulose in the
biomass for hydrolysis. Subsequently, the cellulose and hemi-
cellulose are broken down to glucose and pentoses respectively
by enzymatic hydrolysis, followed by fermentation of the
released sugars to ethanol and isolation of the ethanol by dis-
tillation.'” Various companies have attempted the commercia-
lisation of cellulosic bioethanol, with projects for 20 commer-
cial plants with a total production capacity of 1 MMt per
annum of ethanol having been initiated in the last 10 years.*®
Examples of current commercial activities are the Swedish
company SEKAB, that commercialises lignocellulosic ethanol
produced from forestry residues for multiple uses,*® and the
development by the Swiss company Clariant of a Sunliquid®
facility in Romania for bioethanol production from cereal
straw at a scale of 250 kt bioethanol per annum.?* However,
various technical challenges, e.g. in the development of pre-
treatment technologies,*” have hampered the establishment of
cost-effective production of ethanol from 2"¢ generation feed-
stocks and many of the planned commercialisation projects
are lying idle or are on hold.>®?® Estimates of production
figures for 2017-2018 indicate that cellulosic ethanol
accounted for less than 1% of global bioethanol production.>®

Although the future of bioethanol for fuel applications is
uncertain due to an increasing trend towards electrically-
powered vehicles, its production, at least from 1% generation
feedstocks, is well established at multi-MMt per annum scale.
Therefore, the technology is in place for bioethanol to be an
important feedstock for the chemical industry in future. The
desirability of using bioethanol as a “drop-in” replacement for
the production of ethylene as a precursor to polyethylene in

Green Chem., 2022, 24, 6373-6405 | 6379
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Schematic representation of the steps involved in a typical process for the production of bioethanol from a first generation feedstock: corn
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Ethylbenzene Terephthalic acid
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Fig. 3 Suggested flowchart for conversion of the chemicals produced by the top 6 fermentation processes identified in this manuscript to chemical
building blocks and materials required in the circular economy. PHA, the product of the fermentation process that completes our top 7, is not
included in this scheme as it can be directly used as a material without any further chemical conversion. All chemical conversion steps shown are
either (current) industrial practice or proven at high TRL. Products are categorised as inherently biodegradable (green), chemically recyclable
(yellow), or (currently) indispensable in a circular economy despite being neither biodegradable nor (currently) chemically recyclable to monomers
(grey). Fermentation products are shown in green, blue blocks show the chemical intermediates through which they are converted to end-products.
The lines representing conversion steps are coloured according to the identity of the product of that conversion. Abbreviations: IPDA = isophorone
diamine, PPO = polypropylene oxide, PAN = polyacrylonitrile, PBAT = polybutylene adipate-co-terephthalate, PBS = polybutylene succinate, PBSA =
polybutylene succinate-co-adipate, PLA = polylactic acid, PET = polyethylene terephthalate, PS = polystyrene, PA66 = polyamide 66, PUR = poly-
urethane, PMMA = polymethyl methacrylate, PBT = polybutylene terephthalate, PPT = polytrimethylene terephthalate, SBR = styrene—butadiene
rubber, UPR = unsaturated polyester resin. PBT* and PPT* also include terephthalic acid; link in scheme omitted for clarity. Straight line: conversion
of a fermentation product to a chemical intermediate; dashed line: conversion of a fermentation product or chemical intermediate to an end-
product; dotted line: lines that cross through text boxes are dotted for clarity, dotted lines are equivalent to either a dashed or straight line.

the circular economy is debatable, as polyethylene does not
meet all criteria expected of a truly circular material (in par-
ticular due to its poor biodegradability®**°). However, com-
pounds derived from ethanol, such as ethylene, acetaldehyde
and acetic acid, have the potential to be precursors to a wide
range of other biobased bulk chemicals (see Fig. 3) and there-
fore ethanol is still a highly interesting compound for the
future circular economy.

n-Butanol

Another short chain alcohol that can be produced by fermenta-
tion is n-butanol. It has potential applications as a biofuel, but

6380 | Green Chem., 2022, 24, 6373-6405

may also be dehydrated to yield 1-butylene, a co-monomer
used in the production of certain types of polyethylene, and
additionally can be converted to 1,3-butadiene, a precursor of
synthetic rubbers.*®"®

n-Butanol can be produced by anaerobic fermentation
using various species of bacteria from the Clostridium genus
such as Clostridium acetobutylicum and Clostridium
beijerinckii.**>*° These bacteria produce a mixture of acetone,
butanol and ethanol from sugar substrates and the associated
fermentations are therefore referred to as acetone-butanol-
ethanol (ABE) fermentations.’®*° Two phases can be distin-
guished during these fermentations (Scheme 2).*! In the first,

This journal is © The Royal Society of Chemistry 2022
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Scheme 2 Schematic representation of the products formed during the two phases of ABE fermentation: acetogenesis and solventogenesis.
Ratio’s between the products formed and co-products such as CO, are omitted from this scheme.

the acetogenic phase, sugar substrates are converted to the
organic acids acetic and butyric acid. Subsequently, additional
sugar and the formed acids are converted to a mixture of
acetone, butanol and ethanol. Conventional ABE fermenta-
tions yield product mixtures containing acetone:butanol:
ethanol in a ratio of 3:6:1 by volume, with yields of around
0.3-0.35 g product per g glucose typically achieved (=
0.18-0.21 g n-butanol per g glucose, 0.44-0.51 mol/mol).**

ABE fermentation was established as an industrial process
in the UK, Canada and the USA in the 1910s, driven in large
part by the need to produce acetone for the manufacture of
explosives during WWI.*>*® In the period after WWI, emphasis
shifted towards the production of n-butanol as a precursor of
butyl acetate, which was applied as a solvent for car lacquers.
Initially, ABE plants used starch (primarily from corn), which
can be hydrolysed to glucose by the employed Clostridium
strains, as the feedstock for fermentation. Following the dis-
covery of Clostridium strains capable of metabolising sucrose
in the 1930s, sugar-containing molasses became the preferred
substrate.*” The rise of the petrochemical industry led to the
closure of most ABE plants in the 1950s and 1960s, although
industrial ABE fermentation is known to have continued until
the 1980s in South Africa and the USSR and the 1990s in
China.®*™*® The traditional industrial process of ABE fermenta-
tion was performed by directly fermenting the feedstock (corn
mash or molasses) using Clostridium under a CO, atmosphere
(the employed microorganisms are oxygen sensitive) for 2-3
days at temperatures ranging from approx. 30-40 °C.*>*
Subsequently, the obtained product mixture was separated
from the fermentation broth by distillation and fractionated in
a second distillation step to yield the pure components.
Limitations of the traditional process include the low final
concentration of products obtained, which is limited to
around 2% w/v due to the toxicity of n-butanol at higher con-
centrations, and the high energy cost associated with the
recovery and fractionation of the product mixtures by
distillation.*>** Interest in the ABE process has recently
revived due to potential use of n-butanol as a biofuel.
Commercial ABE fermentation from corn starch was re-estab-
lished in China from 2007 onwards, but soon shut down again
as n-butanol prices collapsed after the 2008 financial crisis.*®
Lignicell Refining Biotechnologies, in collaboration with UK-
based Green Biologics, opened a 40 kt per annum plant produ-
cing ABE from lignocellulosic feedstocks in Songyuan, China
in 2013."®"” In the US, Green Biologics established commer-
cial ABE production from corn feedstocks at a retrofitted
79 million L per annum (63 kt per annum) bioethanol plant in
Little Falls, Minnesota, in 2016.® However, the plant closed in

This journal is © The Royal Society of Chemistry 2022

2019, with the company quoting a failure to secure the
funding required to scale-up production and sales to a scale
where the operation would be financially viable.
status of the Songyuan plant is unclear.
Fermentative methods employing Clostridium strains that

49 The current

yield isopropanol rather than acetone as a product (isopro-
panol-butanol-ethanol (IBE) fermentations) are also under
development, providing a potential feedstock for e.g. biobased
propylene production from isopropanol, although this process
is yet to reach commercial scale production.®®

ABE fermentation has been demonstrated to be feasible at
industrial scale in the past. Development of innovative
methods for in situ product extraction and recovery and separ-
ation of the obtained products, would overcome the main
limitations of the process and enhance its potential to be
applied in a future circular economy. As is the case for
ethanol, the direct application of the butanol-derived alkenes
1-butylene or 1,3-butadiene as (co)-monomers for polymer syn-
thesis is not desirable in a truly circular economy, due to the
poor biodegradability of the resulting materials. However, for
some of the materials produced from them, in particular syn-
thetic rubbers, no obvious biodegradable alternatives exist and
they may therefore still be required for certain applications in
the circular economy. Alternatively, 1-butylene and 1,3-buta-
diene may serve as starting materials for the production of
monomers that can be applied in the production of more
readily biodegradable polymers. For example, 1,3-butadiene
could be converted to 1,4-butanediol, a precursor to bio-
degradable polyesters such as polybutylene succinate (PBS) or
polybutylene adipate-co-terephthalate (PBAT).>" However, such
a route would have to compete with the direct fermentative
production of 1,4-butanediol from biomass or its production
from succinic acid, which can also be produced by fermenta-
tion (see below).

Isobutanol

Production of isobutanol is of interest as it can be converted to
the alkene isobutylene, a monomer in the production of syn-
thetic butyl rubber and precursor to para-xylene, which can be
converted to terephthalic acid used to produce the polyester
PET.”

Isobutanol can be produced from glucose by yeasts such
as Saccharomyces cerevisiae or Kluyveromyces lactis engineered
to convert the glycolysis product pyruvate to isobutanol
through the introduction of an artificial metabolic pathway
(Scheme 3).>® Fermentative production of isobutanol is per-
formed commercially by Gevo Inc. in the USA.>* This occurs at
a corn-based bioethanol plant in Luverne, Minnesota, that has

Green Chem., 2022, 24, 6373-6405 | 6381
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Scheme 3 Reaction equation for the production of isobutanol from
glucose by fermentation.

been retrofitted to enable isobutanol production in a side-by-
side operation alongside ethanol production. Here, corn is
initially processed as in conventional processes for bioethanol
production, but after release of the fermentable sugars by
enzymatic hydrolysis, part of the sugar stream is rerouted to
isobutanol production by fermentation with isobutanol-produ-
cing engineered yeasts.>® The formed isobutanol is continu-
ously removed from the fermentation broth by flash evapor-
ation in a tank linked to the main fermentor, thus preventing
isobutanol from accumulating to levels that would be toxic to
the microorganisms.>® Details on the yield of isobutanol
achieved using this process are not readily available. Gevo is
currently primarily targeting the biobased aviation fuels
market, by converting the formed isobutanol to isobutylene,
which can subsequently be converted to longer chain hydro-
carbons suitable for use as fuels.>® Gevo’s retrofitted plant has
the capacity to produce 5.7 million L (4.6 kt) isobutanol per
annum, alongside 57 million L (44 kt) ethanol.’” Gevo has
expressed the ambition to extend the plant so as to incorporate
the conversion of the formed isobutanol to hydrocarbon-based
fuels on site and increase the isobutanol production capacity
to 68 million L (55 kt) per annum.”® In 2020, Gevo announced
it was halting ethanol production at its Luverne facility, citing
altered economic circumstances due to the Covid-19 pandemic,
while announcing their intention to continue to pursue the
expansion of their isobutanol production capacity.>® Together
with the Indian bioenergy company Praj Industries, Gevo is also
developing and commercialising the production of isobutanol
from sugarcane and sugarbeet-derived feedstocks.®>®" Butamax,
a joint venture between BP and DuPont, has also worked on the
development of fermentation technology for the production of
isobutanol from sugar feedstocks and in 2017 announced the
construction of a retrofitted bioethanol plant for side-by-side iso-
butanol and ethanol production in Scandia, Kansas, USA.®* The
current status of the project is unclear.

The production of biobased isobutanol has been demon-
strated to be technologically feasible at a production scale of
4.6 kt per annum in co-production with bioethanol.
Developments in the coming years will demonstrate whether
isobutanol production at larger scales, and in the absence of
co-production of bioethanol, is technologically and economi-
cally feasible and can play a role in a future circular economy.

Short chain diols

In addition to the alcohols mentioned above, fermentation
processes can be employed for the synthesis of short chain

6382 | Green Chem., 2022, 24, 6373-6405
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diols such as 1,2-propanediol, 1,3-propanediol, 1,4-butanediol
and 2,3-butanediol from sugars. These diols can be applied
directly in the synthesis of biobased polymers, e.g. polyesters
or polyurethanes.

1,2-Propanediol

1,2-Propanediol (monopropylene glycol, MPG or 1,2-PDO,
Fig. 4) is of interest e.g. as a precursor of polyester resins.®*
It is currently produced petrochemically by hydration of
propylene oxide, with an estimated market volume of
2 MMt per annum in 2013 and production from biobased
feedstocks by the hydrogenolysis of glycerol is also commer-
cially established.®*®® The French biotechnology company
Metabolic Explorer has developed engineered strains of the
bacteria Escherichia coli capable of producing 1,2-PDO from
sugars. A patent application from Metabolic Explorer states a
yield of 0.35 g 1,2-PDO per g glucose (0.8 mol/mol).®® In part-
nership with Finnish forestry company UPM, Metabolic
Explorer worked on the industrial demonstration of the pro-
duction of 1,2-PDO from wood-derived cellulosic sugars.®*
However, the project was halted in 2018, with Metabolic
Explorer stating only that a bilateral decision had been taken
to stop the development.®” From the limited publicly available
information, it is difficult to estimate the potential for this
route for the production of 1,2-PDO to be developed to the
point where it can play a meaningful role in the future circular
economy.

1,3-Propanediol

1,3-Propanediol (1,3-PDO, Fig. 5) is of interest as a monomer
for the production of polyesters such as polytrimethylene tere-
phthalate (PTT), which is mainly applied in fabrics.®®®°
Petrochemical 1,3-PDO can be produced starting either from
acrolein or ethylene oxide.”®

Biobased 1,3-PDO can be produced by fermentation starting
either from glucose or glycerol.”! A number of microorganisms
are known to convert glycerol to 1,3-PDO using their native
metabolic pathways, with the best studied being bacteria from
the genera Klebsiella and Clostridium.”* The first commercial
efforts to produce 1,3-PDO by fermentation, however, focused
on its production from glucose using genetically engineered
microorganisms. Dupont Tate & Lyle Bioproducts, a joint
venture of Dupont and Tate & Lyle, perform the commercial
production of 1,3-PDO at a plant in Loudon, Tennessee, USA.”?
Their production process employs a genetically engineered

HO/\K

OH

Fig. 4 1,2-Propanediol (1,2-PDO, monopropylene glycol).

HO” " 0H

Fig. 5 1,3-Propanediol (1,3-PDO).

This journal is © The Royal Society of Chemistry 2022
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strain of the bacteria Escherichia coli. Nakamura and Whited
described the development of such a strain by Dupont and
Genencor.”” In this strain, dihydroxyacetone phosphate, which
is formed from glucose through E. coli’s natural metabolic
pathways is converted to glycerol by the action of introduced
genes originating from Saccharomyces cerevisiae and sub-
sequently glycerol is converted to 3-hydroxypropionaldehyde
by the action of introduced genes originating from the natural
1,3-PDO producer Klebsiella pneumoniae. Finally, 3-hydroxypro-
pionaldehyde is reduced to 1,3-PDO by an enzyme from
E. coli.”® A yield of 0.51 g 1,3-PDO per g glucose (1.2 mol/mol)
was reported for fermentation at 10 L scale.”® Use of an engin-
eered E. coli strain has the advantage that readily available and
cheap feedstocks such as corn starch hydrolysates can be used
as a source of glucose. At Dupont & Tate and Lyle Bioproducts’
production plant, corn starch hydrolysate from a nearby
bioethanol plant owned by Tate & Lyle is used as a
feedstock.”>’? The plant, which has been operating since
2006, is reportedly undergoing expansion to increase the
capacity from 61 to 77 kt per annum.”® After the fermentation
is complete, downstream processing involves inactivating the
engineered E. coli by treatment with hot water, removal of the
solid biomass by membrane separation and isolation of pure
1,3-PDO, which involves an ion-exchange step to remove
charged species, removal of water by evaporation and finally a
distillation process by which pure 1,3-PDO is obtained.”®

Commercial production of 1,3-PDO by fermentation start-
ing from glycerol, a by-product of biodiesel production, was
established in China by the companies Zhangjiagang Glory
Biomaterial and Shenghong Group, with each reportedly pro-
ducing 1,3-PDO in facilities with a capacity of 20 kt per
annum, with plans to increase capacity to 65 and 50 kt per
annum respectively, in 2013.”7® Publicly available infor-
mation on the processes employed and current production
volumes is limited. A patent application from Zhangjiagang
Glory Biomaterial describes the use of Klebsiella variicola for
the production of 1,3-PDO.”® Production of 1,3-PDO from gly-
cerol is also being commercialised by METEX NOOVISTA, a
joint venture between French biotech company Metabolic
Explorer and the French Société de Projets Industriels who are
building a plant for the production of 5 kt per annum 1,3-PDO
(alongside 1 kt per annum butyric acid for application in food
and feed).®>®' Although public information on the process
and strain employed is limited, Metabolic Explorer has sub-
mitted a number of patent applications describing the use of
strains of the bacteria Clostridium acetobutylicum, alone or in
co-culture with Clostridium sphenoides and Clostridium sporo-
gones, for the production of 1,3-PDO from glycerol, suggesting
such a system may be employed in their process.®* > METEX
NQQOVISTA has established an agreement with DSM for the dis-
tribution of their product as a cosmetics ingredient derived
from non-GMO biomass feedstocks.®®

Fermentative 1,3-PDO production has been established
commercially and operational for more than 15 years.
Currently, the main limitation to the scale of production is
likely the market for products obtained from 1,3-PDO, e.g.

This journal is © The Royal Society of Chemistry 2022
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PTT. In order for PTT to meet the criteria for application in a
circular economy, the development of commercial production
of terephthalic acid from renewable starting materials is a pre-
requisite.>® Alternatively, 1,3-propanediol may be used as a
building block for the production of other biobased polyesters
based on diacids that can already be produced from biomass,
such as furan-2,5-dicarboxylic acid or succinic acid (e.g. ref. 87
and 88).

1,4-Butanediol

1,4-Butanediol (1,4-BDO, Fig. 6) has interesting applications in
the production of biobased and biodegradable polymers, for
example in the synthesis of polybutylene succinate (PBS) or
polybutylene adipate-co-terephthalate (PBAT).>**° It can also
be dehydrated to yield the important solvent and chemical
intermediate tetrahydrofuran, a precursor of the polymer
polytetrahydrofuran (PTMEG), which is applied in elastic
fibres (e.g. Spandex), or butadiene, a precursor of synthetic
rubber.”®

1,4-BDO can be obtained from biomass-derived sugars
by fermentation using engineered strains of the bacteria
Escherichia coli, such as those developed by the American
company Genomatica.”® These strains were engineered by
introducing a five-step artificial metabolic pathway to convert
succinyl-CoA, a natural metabolite of glucose in E. coli, to 1,4-
BDO. With an optimised strain, yields of over 0.40 g/g
glucose (0.8 mol/mol) are achieved.”® After fermentation,
downstream processing involves heat sterilisation of the fer-
mentation fluid, cell removal by microfiltration or centrifu-
gation, membrane filtration steps and ion exchange chrom-
atography to remove charged species and biomacromolecules,
evaporation of (most of) the water and finally distillation to
obtain pure 1,4-BDO.

The 1,4-BDO production technology developed by
Genomatica is employed commercially by Novamont at a dedi-
cated 30 kt per annum 1,4-BDO plant in Bottrighe, Italy.**°°
Novamont uses the produced 1,4-BDO directly in the pro-
duction of its bioplastics products marketed as Mater-Bi,
which are composed of starch and 1,4-BDO-containing
polyesters.””°° BASF, a major producer of petrochemical 1,4-
BDO and polytetrahydrofuran, has also taken a license on
Genomatica’s technology and reported its first production of
biobased 1,4-BDO at commercial scale in 2013 and its use to
produce biobased polytetrahydrofuran in 2015.2°%*%! The scale
and location of biobased 1,4-BDO production was not
disclosed.

Although the production of biobased 1,4-BDO has been
shown to be technologically feasible, the disclosed production
capacity (30 kt per annum) is a small fraction of the global pro-
duction capacity of 1,4-BDO, which was estimated at 4.3 MMt
per annum in 2018 and biobased 1,4-BDO is used primarily in

/\/\/OH
HO

Fig. 6 1,4-Butanediol (1,4-BDO).
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products that are marketed for their low environmental
impact.'®® Presumably, the production of biobased 1,4-BDO is
currently not cost-competitive with its petrochemical pro-
duction, but if market conditions and regulation incentivise a
shift towards the use of biobased feedstocks, the technology
to produce 1,4-BDO is in place. The biodegradable polymers
that can be produced using 1,4-BDO as a monomer meet the
criteria for use in a circular economy, assuming the other
monomers used are produced from renewable resources. This
is already the case for e.g. PBS, while routes for the pro-
duction of the terephthalic acid and adipic acid monomers
required for PBT or PBAT production from biobased feed-
stocks are under development.’>'®® It is also interesting to
note that 1,4-BDO might in future be produced by the chemi-
cal reduction of succinic acid produced by fermentation (see
below). The molar yield of succinic acid production from
glucose (1.4-1.7 mol/mol) is significantly higher than that
achieved for direct fermentative production of 1,4-BDO
(0.8 mol/mol) and as chemical reduction of succinic acid in
theory yields 1 mole of 1,4-BDO per mole of succinic acid,
this route is potentially more efficient than direct fermenta-
tion to 1,4-BDO.

2,3-Butanediol

Another diol that can be produced by fermentation is 2,3-buta-
nediol (2,3-BDO, Fig. 7), of interest as a precursor for 1,3-buta-
diene, which is used to produce synthetic rubbers.?”,3%1047106
Some studies have also explored the use of 2,3-butanediol as a
building block for polyesters.'®”%°

Fermentative production of 2,3-BDO was extensively investi-
gated during WWII (due to shortages of natural rubber) and
production reached industrial pilot scale, but was halted after
the development of routes to synthetic rubber starting from
petrochemical feedstocks.''® Various bacteria from the genera
Klebsiella (K. pneumoniae, K. oxytoca), Enterobacter (E. aero-
genes, E. cloacae), and Bacillus (B. subtilis, B. licheniformis) can
produce 2,3-BDO from fermentable sugars (glucose,
sucrose)."'® Natural producers typically produce mixtures of
the three possible stereoisomers of 2,3-BDO. Genetic engineer-
ing can be used to steer production of strains to a single
stereoisomer if required, although this is irrelevant for appli-
cations such as the dehydration of 2,3-BDO to butadiene.'°
Engineering of non-natural producers such as the bacteria
Escherichia coli or Lactobacillus lactis or the yeast Saccharomyces
cerevisiae for 2,3-BDO production has also been explored.'*’
Yields obtained with these strains are typically in the range of
0.4-0.5 g/g glucose (0.8-1.0 mol/mol).

The South Korean company GS Caltex is in the process of
commercialising biobased 2,3-BDO produced by fermentation

OH

X

OH

Fig. 7 2,3-Butanediol (2,3-BDO).
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of cassava and sugarcane-derived sugars, operating a demon-
stration plant with an annual capacity of 300 t."'°"***> However,
the company is marketing the product for cosmetics and agro-
chemical applications, not as a bulk chemical. It remains to be
seen whether this technology can be scaled to a point where it
can be employed for the production of 2,3-BDO for bulk
chemical applications in future.

Glycerol

Glycerol (propane-1,2,3-triol, Fig. 8) is of interest as a com-
ponent of antifreeze and various personal care products and
also as a possible precursor of 1,2-PDO (see above). Currently,
glycerol is produced commercially from triglycerides (vegetable
oil) as a by-product of soap or biodiesel production and the
global glycerol market size was estimated at 2.8 MMt in
2020.113,114

Glycerol can be produced from sugars by fermentation
using the yeast Saccharomyces cerevisiae. The production of gly-
cerol (as opposed to ethanol) is favoured by addition of sul-
phite to the fermentation broth or by performing the fermen-
tation at a pH of above 7.''® Fermentative production of gly-
cerol was performed industrially in Germany during WWI at a
scale of 12 kt per annum and it has been reported that glycerol
production by fermentation occurred commercially in China
in 2001, at a scale of 10 kt per annum."*>"'*® Depending on the
fermentation conditions used, typical yields for the production
of glycerol by yeast fermentation lie in the range of
0.2-0.35 g/g sugar (0.4-0.7 mol/mol)."*® The widespread com-
mercial production of glycerol by fermentation would likely
only be of interest if significant changes in market conditions
were to make its production from vegetable oils unattractive.

Organic acids

Another class of molecules that are interesting building blocks
for the production of biobased materials are organic mono-
carboxylic acids, dicarboxylic acids and hydroxy carboxylic
acids. These compounds are of interest as building blocks for
biobased polymers such as polyesters or polyamides.

Volatile fatty acids

The term volatile fatty acids (VFAs) refers to saturated fatty
acids with chain lengths ranging from two to five or six carbon
atoms. VFAs have applications as chemical building blocks
and as food/feed additives.'’” Currently, VFAs are produced
petrochemically, with reported production volumes ranging
from 90-105 kt per annum for butyric acid to 14-17 MMt per
annum for acetic acid.'”’

Ho/\(l/\ou
H

Fig. 8 Glycerol.
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VFAs can also be produced from biomass, as they are
formed as intermediates during the process of anaerobic
digestion, where biomass is converted to methane and carbon
dioxide by consortia of microorganisms in the absence of
oxygen.''”"'® This relatively poorly understood process pro-
ceeds through the initial conversion of the biomass-derived
substrate into VFAs by acidogenic microorganisms, followed by
the conversion of VFAs into methane and carbon dioxide by
methanogenic microorganisms. By tuning the fermentation
conditions, the production of methane by methanogens can
be inhibited, causing VFAs to accumulate.'’”''® VFA pro-
duction is of particular interest as it can be applied to rela-
tively impure feedstocks, as opposed to the relatively pure feed-
stocks that are required for most other processes covered in
this manusecript. This makes it well suited for processing
highly heterogeneous biomass streams, e.g. municipal organic
waste or sewage sludge.''”''® A disadvantage of VFA pro-
duction is that it leads to a mixture of products, necessitating
purification procedures if production of a pure compound is
required.

French company Afyren and Dutch company Chaincraft are
exploring this technology commercially."**'*° As of 2021,
Afyren is offering a range of 7 VFAs (acetic, propionic, butyric,
isobutyric, valeric, isovaleric and caproic acid, Fig. 9) at over
99% purity for certain applications.’*’ The company is in the
process of constructing their first commercial production facil-
ity, a 16 kt per annum plant in Carling Saint-Avold, France, in
a joint venture with investment fund BpiFrance SPI Fund."*?
As of 2021, Chaincraft offers 5 fatty acids: the VFAs butyric,
valeric and caproic acid, and also the C7 and C8 acids hepta-
noic and octanoic acid (Fig. 9)."** Production of these longer
chain fatty acids is achieved in a two-step process, where short
chain VFAs are formed in a first reactor vessel and sub-
sequently subjected to chain elongation in a second vessel.">*
Such chain elongation processes involve a mixed culture fer-
mentation, where the addition of an electron donor, e.g
ethanol to the VFAs, leads to the extension of their chain
length.'*>'?® Chaincraft currently operates a demonstration
plant in Amsterdam, the Netherlands, with a capacity of 2 kt
per annum and is aiming to construct a commercial plant
with approximately 20 kt per annum capacity by 2023."*”
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Fig. 9 Volatile fatty acids that are currently targeted for commercial
production by fermentation.
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Production of VFAs by mixed-culture fermentation appears
highly promising for applications where the produced VFAs
are applied directly as mixtures (e.g. as feed additives). It
remains to be demonstrated that the technology can be
employed cost-effectively at scale for the production of fatty
acid streams of sufficient purity to be employed as bulk chemi-
cal building blocks.

The shortest VFA, acetic acid, can also be produced as
the sole product of fermentation of sugars. Here, sugars
are first fermented to ethanol by Saccharomyces cerevisiae.
Subsequently, ethanol is converted to acetic acid by acetic acid
bacteria.'*®'?® Such processes are well known from their appli-
cation in the production of vinegar in the food industry.
Development of efficient downstream processing technologies
to obtain concentrated acetic acid from the dilute fermenta-
tion broth will be required if such processes are to be
employed for production of acetic acid for bulk chemical appli-
cations.'® Such a two-step fermentative route would also have
to compete with the chemical oxidation of bioethanol pro-
duced by fermentation to acetic acid.

Glycolic acid

An organic acid that is of interest for the production of poly-
mers is glycolic acid (Fig. 10), the precursor of the bio-
degradable polyester polyglycolic acid (PGA)."*" Glycolic acid
can be industrially produced from petrochemical resources
through the reaction of formaldehyde and carbon monoxide
or of chloroacetic acid and sodium hydroxide.'**

Biobased glycolic acid can be produced by fermentation
using strains of bacteria such as Escherichia coli or
Corynebacterium glutamicum or yeasts such as Saccharomyces cer-
evisiae or Kluyveromyces lactis that are engineered so as to
reduce glyoxylic acid, an intermediate in their central carbon
metabolism, to glycolic acid."** The French company Metabolic
Explorer, is developing methods for the fermentative production
of glycolic acid. After originally halting this development in
2013, Metabolic Explorer announced its intention to pursue it
again in 2019."**"%” A patent application from Metabolic
Explorer describes the development of engineered E. coli strains
capable of producing glycolic acid in a yield of approximately
0.4 g/g glucose (0.9 mol/mol)."*® The current status of the devel-
opment is unclear and it remains to be seen whether the
technology is suitable for industrial-scale application.

Lactic acid

Probably the best-known organic acid that is produced com-
mercially by fermentation is lactic acid. Lactic acid is of signifi-
cant interest as the precursor to polylactic acid (PLA), a bio-
based and biodegradable polymer."*® Lactic acid currently also
finds application as a food additive and cosmetics ingredi-

(o)
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Fig. 10 Glycolic acid.
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ent."*® Lactic acid is a chiral molecule and an important
aspect for its production is the enantiomeric purity of the
obtained product. For application in PLA synthesis, this is of
importance as the final polymer properties are dependent on
the ratio of p- and r-lactic acid used to produce the polymer."*°
For food and cosmetics applications, enantiomeric purity is
also of importance, as the p-enantiomer is harmful to
humans.'*! Fermentative processes can yield lactic acid in
high enantiomeric purity (of either enantiomer), in contrast to
chemical processes that typically yield racemic mixtures.'*?

Lactic acid can be produced from sugars by various species
of bacteria, e.g. members of the Lactobacillus genus or Bacillus
coagulans.*>"*'*3 Sugars from various feedstocks can be
used, with first generation feedstocks such as sugarcane, sugar
beet and corn or cassava starch being applied in industrial
practice."™ In contrast to many of the other processes
described in this review, certain lactic acid bacteria are capable
of producing lactic acid through metabolic pathways where all
of the carbon atoms from the sugar substrate end up in the
lactic acid product (Scheme 4).'*! This allows yields of approxi-
mately 0.90 g lactic acid per g glucose (1.8 mol/mol) to be
achieved in industrial practice."*® During conventional lactic
acid production processes (see Fig. 11), fermentation takes 2-4
days, during which the pH is maintained at 5-6 by addition of
calcium hydroxide."*® Downstream processing involves, after
removal of biomass by filtration, converting the formed lactate
to the acid form by addition of sulphuric acid, leading to the
precipitation of calcium sulphate (gypsum) as a by-product.**?
Formation of this by-product is undesirable from both the
economic and environmental point of view and processes for
the isolation of lactic acid that do not involve gypsum for-
mation have been developed.'*® To obtain highly pure lactic
acid for use in the chemical industry (e.g. for PLA synthesis),
the crude product is purified by distillation after esterification
with methanol or ethanol.'*® The obtained lactate esters are
hydrolysed and the alcohol removed by evaporation to obtain
pure lactic acid.

HO o
@OH —_— 2 \/U\
OH
OH on OH

Scheme 4 Reaction equation for the production of lactic acid from
glucose by fermentation. Fermentation processes typically yield a single
enantiomer of lactic acid. As either enantiomer can be accessed by fer-
mentation, the enantiomer produced is not defined in this scheme.
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Lactic acid had an estimated market volume of 750 kt per
annum in 2015, with the vast majority (approx. 95%) produced
by fermentation.'*®'"” Major producers include Corbion
(headquartered in the Netherlands, with plants in The
Netherlands, Brazil, Spain, Thailand and the USA),
Natureworks LLC (USA), Galactic (headquartered in Belgium
with, plants in Belgium, China and the USA) and Henan
Jindan Lactic Acid (China)."*”"**° In 2020, Corbion announced
plans to expand its lactic acid manufacturing facility in
Rayong, Thailand from a capacity of 120 kt per annum by
building a second plant with a capacity of 125 kt per annum,
making it the largest lactic acid production facility in the
World.151,152

Industrial production of lactic acid is already well estab-
lished and is in a position to expand further. PLA, as a bio-
based and biodegradable polyester is of high interest as a
material for the future circular economy. The future growth of
lactic acid production for bulk chemical applications will likely
depend on the growth in demand for PLA as a substitute for
current petrochemical polymers.

3-Hydroxypropionic acid

3-Hydroxypropionic acid (Fig. 12) is of interest as its dehydra-
tion leads to the formation of acrylic acid, a precursor of acry-
late-based polymers.">® As an w-hydroxy fatty acid, 3-hydroxy-
propionic acid also might also be used as a building
block for the production of biobased polyesters, e.g. poly(3-
hydroxypropionate).'>*

3-Hydroxypropionic acid can be produced from fermentable
sugars using engineered strains of bacteria such as Escherichia
coli or Corynebacterium glutamicum or from glycerol using
engineered strains of the bacteria Kiebsiella pneumoniae.™>
From glucose, yields of 0.50-0.55 g/g (1.0-1.1 mol/mol) have
been reported.'> In an R&D collaboration, BASF, Novozymes
and Cargill demonstrated the production of 3-hydroxypropio-
nic acid by fermentation and its conversion to acrylic acid at
industrial pilot scale, but the status of the development is
unclear as no updates have been released since BASF exited
the collaboration in 2015.">*™” From publicly available infor-
mation, it is hard to evaluate the potential of this technology
to be applied at industrial scale.

Malonic acid

Malonic acid (propanedioic acid, Fig. 13) is a diacid which is
of interest as a (precursor to) polymer building block(s) of
interest for e.g. coating applications.’®® Patents from the
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Fig. 11 Schematic representation of the steps involved in a typical process for the production of lactic acid from sugars by fermentation.
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Fig. 12 3-Hydroxypropionic acid.
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Fig. 13 Malonic acid.

American company Lygos describe the production of malonic
acid by the fermentation of glucose, employing engineered
microorganisms (e.g. the bacteria Escherichia coli or the yeasts
Saccharomyces cerevisiae or Pichia kudriavzevii).">*'®® These
strains were developed by the introduction of a malonyl-CoA
hydrolase enzyme that can release malonic acid from malonyl-
CoA, which occurs in nature as an intermediate in fatty acid
biosynthesis.’*>"®° Lygos is commercialising the production of
malonic acid by fermentation using P. kudriavzevii."®" Pilot-
scale production was announced in 2015 and further demon-
stration of the process under conditions mimicking those for
commercial production in 2017."°*'%® Lygos’ CEO has stated
the company intends to produce malonic acid at a scale of 20
kt per annum by 2024."*® The coming years will be crucial in
demonstrating the feasibility of the production of biobased
malonic acid by fermentation as a commercial process.

Succinic acid

Succinic acid (butanedioic acid) is of interest as a component
of biobased polymers, for example polybutylene succinate
(PBS), and as a precursor to biobased chemicals such as 1,4-
BDO.'**

Succinic acid can be produced from fermentable sugars
using various microorganisms that are natural producers of
the compound, such as the bacteria Anaerobiospirillum succini-
ciproducens, Actinobacillus succinogenes, Mannheimia succinici-
producens and Basfia succiniciproducens.'®> These organisms
produce succinic acid from fermentable sugars and carbon
dioxide under anaerobic fermentation conditions. Succinic
acid is produced with a high theoretical yield of 1.12 g/g
glucose (with 12 moles of succinic acid being formed from
7 moles of glucose and 6 moles of CO,) (Scheme 5). Strains of
the bacteria Escherichia coli and Corynebacterium glutamicum
and the yeast Saccharomyces cerevisiae modified to produce
succinic acid also exist.'® The actual yield achieved varies
depending on the fermentation conditions and producing
organism, e.g. with glucose as a substrate, yields of up to
0.9-1.0 g/g (1.4-1.5 mol/mol) are reported for the natural pro-
ducer A. succiniciproducens, while with engineered E. coli
strains yields of up to 1.0-1.1 g/g (1.5-1.7 mol/mol) have been
reported.®® Succinic acid production under aerobic fermenta-
tion conditions is also possible using engineered E. coli strains
(e.g. ref. 167). The choice of host microorganism and fermenta-
tion conditions has important implications for the down-
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Scheme 5 Reaction equation for the production of succinic acid from
glucose by fermentation.

stream processing of the formed succinic acid. When fermen-
tations are performed at neutral pH, as is required when using
natural succinic acid producers or E. coli, the formed succinic
acid has to be neutralised by addition of a base during fermen-
tation. Examples of bases that can be applied include calcium
hydroxide, ammonia, sodium hydroxide and magnesium
hydroxide.'®>'®® This has the disadvantage that the acid form
of succinic acid has to be regenerated from the formed succi-
nate salt during downstream processing, which is achieved
either by addition of a mineral acid or by electrodialysis."®>"®
Alternatively, engineered yeast strains that are tolerant to low
pH can be employed for fermentations under acidic con-
ditions, enabling the direct isolation of succinic acid from the
fermentation broth in the acid form."®

Commercial production of biobased succinic acid by the
fermentative conversion of sugars was established by a
number of companies in the 2010s. (Former) producers
include LCY Biosciences (formerly BioAmber) and GC
Innovation America (formerly Myriant) in North America and
Roquette (formerly Reverdia, a joint venture of DSM and
Roquette) and Succinity, a joint venture of BASF and Corbion,
in Europe.'®™7> Each of these manufacturers established a
somewhat different process for succinic acid production, and
all established plants with a production capacity of at least 10
kt per annum succinic acid during the 2010s. However, these
companies have struggled to establish consistent and econ-
omically viable production. BioAmber was formed in 2010
from a joint venture between US-based Diversified Natural
Products Green Technology and France-based Agro-Industrie
Recherches et Developments. Together, they opened the first
biobased succinic acid demonstration plant in Pomacle,
France, in 2010, with a capacity of 3 kt per annum.'”®
BioAmber later applied an engineered, acid-tolerant yeast
strain, co-developed with Cargill, in a biobased succinic acid
plant with a capacity of 30 kt per annum in Sarnia, Canada,
which opened in 2015."7%'”® BioAmber went into bankruptcy
in 2018, after which the Sarnia plant was acquired by Taiwan-
based LCY Biosciences.'”* As of 2021, LCY had restarted pro-
duction of succinic acid at the Sarnia plant, reporting that suc-
cinic acid production has reached 18 kt per annum."”> Corn
syrup is used as the feedstock for succinic acid production.'””
Myriant Technologies was a US-based producer of succinic
acid, which employed modified E. coli strains for the pro-
duction of succinic acid from a sorghum starch feedstock in a
14 kt per annum plant in Lake Providence, Louisiana, that
opened in 2013."% Myriant’s Lake Providence plant was closed
in 2016, however, and in 2018, Myriant was renamed GC
Innovation America and the focus of the company was
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changed from biobased chemical production to technology
scouting for its Thailand-based parent company PTT Global
Chemical.'”®'”” Reverdia was a joint venture between The
Netherlands-based DSM and France-Based Roquette that was
established in 2012 and operated a 10 kt per annum plant for
the production of succinic acid from corn-starch derived
sugars in Cassano Spinola, Italy, with a process based on con-
version by an engineered, acid-tolerant yeast strain.'”"'’® In
2019, the dissolution of the Reverdia joint venture was
announced, with Roquette taking over full responsibility for
succinic acid production, marketing and sales and DSM taking
on a role solely as a technology licensor.’”® Succinity, a joint
venture between German chemical company BASF and The
Netherlands-based Corbion, opened a 10 kt per annum succi-
nic acid plant in Montmelo, Spain in 2014."® In contrast to
other succinic acid producers, Succinity applied a natural suc-
cinic acid producing organism in their production process,
using a proprietary strain of the bacteria Basfia succiniciprodu-
cens. As of March 2019, Succinity’s succinic acid plant was
reportedly not operational.'®*

Although various companies have established the fermenta-
tive production of succinic acid at industrial scale, they appear
to have struggled to establish consistent commercial pro-
duction. The former CEO of Myriant, Cenan Ozmeral, cited
the difficulty of competing with petrochemical products as the
main reason for the struggles faced by succinic acid produ-
cers.'®" Nevertheless, the industrial-scale fermentative pro-
duction of biobased succinic acid has been demonstrated by
multiple companies at >10 kt per annum scale, indicating that
its production at commercial scale is technically feasible if
market factors change so as to stimulate the use of products
based on it. As a monomer for biobased and biodegradable
polyesters, such as PBS, succinic acid has great potential as a
building block in the circular economy.

Adipic acid

Adipic acid (hexanedioic acid) is another dicarboxylic acid of
interest for the production of biobased polymers. Adipic acid
is widely applied as a starting material for the production of
nylon 6.6, polyurethanes and plasticizers. It is also a starting
material for the production of the biodegradable polymers
polybutylene adipate-co-terephthalate (PBAT) and polybutylene
succinate adipate (PBSA). Adipic acid is produced by oxidation
of the petrochemical feedstock ketone-alcohol (KA) oil, a
mixture of cyclohexanol and cyclohexanone, with global con-
sumption of adipic acid estimated at approximately 3 MMt in
2016.'%

Production of biobased adipic acid can be achieved by
chemical conversion, where glucose is chemo-catalytically con-
verted to glucaric acid followed by hydrodeoxygenation to
adipic acid, direct fermentative conversion of sugars, glycerol
or fatty acids to adipic acid, or fermentative conversion of
sugars to either cis,cis-muconic acid or p-glucaric acid, both of
which can subsequently be chemically converted to adipic acid
(Scheme 6).'° Vvarious synthetic metabolic pathways for the
direct fermentative production of adipic acid have been
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Scheme 6 Routes that have been explored for the production of adipic
acid from biomass-derived substrates involving fermentation, from top
to bottom: direct adipic acid production by the fermentation of fatty
acids using engineered yeasts; adipic acid production from glucose by
fermentation to cis,cis-muconic acid using engineered E. coli, followed
by hydrogenation to adipic acid; adipic acid production from glucose by
fermentation to p-glucaric acid using engineered E. coli followed by
hydrodeoxygenation to adipic acid.

explored (see ref. 183 for an overview). Of these, the technology
that has been demonstrated at the most advanced scale was
developed by the US-based company Verdezyne (see also, dode-
canedioic acid) and relied on the production of adipic acid
from longer chain fatty acids sourced from plant oils (e.g. palm
kernel or coconut oil) using an engineered yeast strain.'®* This
technology was demonstrated at 300 L pilot scale, prior to
Verdezyne entering bankruptcy in 2018 when its main investor
decided to withdraw funding.'®*'®® Fermentative production
of precursors of adipic acid, cis,cis-muconic acid or p-glucaric
acid, that can be converted chemically to adipic acid has also
been explored. Glucose can be converted to cis,cis-muconic
acid or p-glucaric acid using engineered strains of the bacteria
Escherichia coli or the yeast Saccharomyces cerevisiae, while the
production of cis,cis-muconic acid from various lignin-derived
aromatic monomers using strains of the bacteria Pseudomonas
putida has also been explored.'® It is interesting to note that
cis,cis-muconic acid itself has also been proposed to have
potential applications as a biobased building block for e.g. ter-
ephthalic acid or e-caprolactam.'®®

Fermentative production of adipic acid and its precursors is
still in the developmental stage. The potential for biobased
adipic acid to be used as a substitute for its petrochemical
counterpart in the production of polymers that are already on
the market makes it a highly interesting development to follow
in future.

Dodecanedioic acid

The dicarboxylic acid dodecanedioic acid (Fig. 14) is applied in
the production of coatings, adhesives and engineering plastics
such as the polyamide nylon 6.12."%” It is also a potential
monomer for the production of aliphatic polyesters.'®®
Dodecanedioic acid is currently produced commercially at an

This journal is © The Royal Society of Chemistry 2022
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Fig. 14 Dodecanedioic acid.

estimated volume of 70 kt per annum in 2018, with petrochem-
ical production from butadiene and biobased production from
fatty acids both contributing a substantial share of the
market.'®”

The Chinese biotechnology company Cathay Industrial
Biotech produces dodecanedioic acid from fatty acids using a
bacterial strain, with production exceeding 10 kt per annum in
2012."%° Although details of the Cathay process, which was
first developed as long ago as the 1990s, are not publicly avail-
able, it accounts for a significant portion of the total market
volume of dodecanedioic acid, demonstrating that commercial
production by fermentation from fatty acids is feasible.
According to news reports from Cathay, the company has two
facilities in China producing dodecanedioic acid, as well as
other long chain diacids: a 40 kt per annum facility in Jinxiang
and a 30 kt per annum facility in Wusu (capacity for total
diacid production).'®® The US-based company Verdezyne also
invested in the development of biobased dodecanedioic acid,
with patents describing the development of microorganisms
capable of producing dodecanedioic acid by fermentation of
fatty acid streams containing dodecanoic acid (lauric acid),
which is the predominant fatty acid in palm kernel and
coconut oils."”*™*** This is achieved using strains of the yeast
Candida tropicalis engineered so as to block the p-oxidation
pathway responsible for fatty acid degradation and include a
heterologous pathway for the conversion of fatty acids to
diacids through w-hydroxylation followed by oxidation of the
o-hydroxy functionality to the carboxylic acid. These patents
also describe the production of decanedioic acid (sebacic acid)
from decanoic acid (capric acid, which also occurs in coconut
and palm kernel oils). Yeasts with a partially blocked
f-oxidation pathway that enabled the production of shorter
diacids such as octanedioic acid (suberic acid) were also
described. Verdezyne attempted the commercialisation of
dodecanedioic acid production based on this technology,
demonstrating ton scale production and announcing the con-
struction of a first commercial plant in 2014."°%'%°
Construction of this plant started in Nusajaya, Malaysia in
2017."°® The plant had a planned capacity of 14 kt per annum
for dodecanedioic acid from palm kernel-oil sourced dodeca-
noic acid."®® However, with the plant almost complete,
Verdezyne went into bankruptcy in 2018, when its largest
investor pulled out of the project.'®” Reportedly, the equip-
ment installed in the plant was put up for sale, no information
as to its final destination was found."®

Production of biobased dodecanedioic acid by fermentation
is established as a commercial process. The lack of publicly
available details on the process employed, makes it hard to
evaluate the potential contribution to the circular economy in

This journal is © The Royal Society of Chemistry 2022
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2050. In addition, the use of fatty acids originating from tropi-
cal oils is associated with tropical deforestation and therefore
the development of alternative feedstocks for this process is to
be preferred.

Itaconic acid

Itaconic acid (2-methylidenebutanedioic acid, Fig. 15) is a
dicarboxylic acid with potential applications in the production
of alternatives to acrylate polymers.'*® Itaconic acid also has
interesting potential applications as a building block for
polyesters.'*’

Itaconic acid is produced by fermentation of glucose by the
fungus Aspergillus terreus, with typical yields of around 0.5 g/g
glucose (0.7 mol/mol)."*® Fermentative production of itaconic
acid was first established in the 1960s, with a typical process
employed by the pharmaceutical company Pfizer involving fer-
mentation at around 37 °C for 4 days. Currently, commercial
itaconic acid production is located primarily in China invol-
ving companies such as Zhejiang Guogang Biochemistry and
Qingdao Kehai Biochemistry.”°>*°" Data on the process para-
meters and production capacity is scarce, though a global pro-
duction capacity of 50 kt per annum was reported for 2013.%°>
Future development of biobased itaconic acid production will
likely depend on the development of the market for polymers
derived from it.

Citric acid

Citric acid (2-hydroxypropane-1,2,3-tricarboxylic acid, Fig. 16)
is a tricarboxylic acid that is produced industrially by fermen-
tation of sugars using the fungi Aspergillus niger or Aspergillus
wentii. Currently, the major application of citric acid is as an
additive to food, drinks or detergents, functioning as a pH-
modifier or chelator.?®® Citric acid is also of interest as a
potential bulk chemical as it can be converted chemically to
itaconic acid (see above). Production of citric acid in 2018
exceeded 2 MMt.>**

The first industrial processes for the production of citric
acid, developed in the first half of the 20™ century, were based
on surface fermentation, but nowadays the majority of citric
acid is produced by submerged fermentation processes.*’®
Typical fermentation processes use sugars from molasses or
glucose from starch hydrolysates as a feedstock and yield

(o]

HO
Y
(e]

Fig. 15 Itaconic acid.

Fig. 16 Citric acid.
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0.7-0.9 g citric acid per g glucose (0.7-0.8 mol/mol) after 7
days of fermentation.’”® Typical downstream processing
involves the precipitation of citrate from the cleared fermenta-
tion broth as a calcium citrate salt, followed by regeneration of
citric acid by addition of sulphuric acid. Major producers of
citric acid include Archer Daniels Midland, Cargill (both USA),
Citrique Belge (Belgium), Tate & Lyle (UK), Jungbunzlauer
(Switzerland), Gadot Biochemical (Israel), Weifang Ensign
Industry, RZBC Group, Huangshi Xinghua Biochemical, and
COFCO Biochemical (all China).***

Production of citric acid by fermentation on industrial scale
is well established. Its use as a bulk chemical in future will
likely be dependent on the availability of techniques for its
conversion to itaconic acid that allow this route to be cost-com-
petitive with the direct production of itaconic acid by fermen-
tation and on the development of markets for itaconic acid-
derived polymers. As the production of citric acid is already
established at industrial scale, other opportunities to convert
citric acid to bulk chemical building blocks should also be
explored.

Amines

Diamines and wo-hydroxyamines are of interest as building
blocks for polyamide and polyimide polymers. A limited
number of biobased amines produced by fermentation are
already produced commercially or in the process of being
commercialised.

1,5-Pentanediamine

1,5-Pentanediamine (Fig. 17) has potential applications in the
production of polyamides, providing a biobased alternative to
the 6-carbon diamine hexamethylenediamine, an important
polyamide and polyurethane building block.

1,5-Pentanediamine is commercially produced by the
Chinese company Cathay Industrial Biotech using a fermenta-
tion process starting from glucose.>*® Relatively few details of
the employed process are publicly available, though a patent
application from Cathay describes the use of engineered
strains of the bacteria Escherichia coli for 1,5-pentanediamine
production.””” In 2016, Cathay announced the construction of
a new plant with a production capacity of 50 kt per annum in
Wusu, China.”® In addition, a production capacity of “multi-
thousands” t per annum is reported for Cathay’s initial plant
in Jinxiang, China.>*® A second news report, from 2018,
announces the expansion of Cathay’s 1,5-pentanediamine pro-
duction facility in Wusu from a capacity of 50 kt per annum to
100 kt per annum.'® Cathay uses the produced 1,5-pentane-
diamine in the production of biobased polyamides marketed
as PA5X.>*°

HZN/\/\/\NHZ

Fig. 17 1,5-Pentanediamine.
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Fig. 18 6-Aminohexanoic acid.

Although the production of biobased 1,5-pentanediamine
seems successful, the lack of publicly available information on
the employed process makes it difficult to assess its potential
to contribute to the circular economy in 2050.

6-Aminohexanoic acid

6-Aminohexanoic acid (6-aminocaproic acid, Fig. 18) is of
interest as it can be converted to e-caprolactam, which is used
to synthesise the polyamide nylon-6 (or PA6).

Fermentative production of 6-aminohexanoic acid can be
achieved using engineered strains of microorganisms such as
the bacteria Escherichia coli, and the American biotech
company Genomatica is in the process of commercialising its
production. Genomatica holds patents on microorganisms
(e.g. E. coli) engineered so as to produce 6-aminohexanoic acid
from glucose via a synthetic pathway, where adipoyl-CoA is
first formed through a “reverse degradation” pathway (a meta-
bolic pathway naturally employed for degradation of a com-
pound run in reverse to enable its synthesis) and subsequently
converted to 6-aminohexanoic acid in two steps, involving con-
version to the aldehyde 6-oxo-hexanoic acid, followed by trans-
amination to 6-aminohexanoic acid.?'° In the first months of
2020, Genomatica, in collaboration with Italian nylon-6 produ-
cer Aquafil, announced the production of nylon-6 from mono-
mers derived from its fermentation process at 1 t scale.*'" In
November 2020, the partners announced plans to build a dem-
onstration facility for the technology, citing plans to produce
50 t of nylon-6 in the first production runs.*'?

Commercial production of biobased 6-aminohexanoic acid
is yet to be established and thus it remains the question how
successful the technology will be at commercial scale. Its
potential to offer a direct replacement for nylon-6 precursors
currently sourced from petrochemicals, seems highly
attractive.

Amino acids

Another class of molecules produced industrially using fer-
mentation is amino acids. Various naturally occurring amino
acids can be produced by fermentation using bacteria such as
Corynebacterium glutamicum or Escherichia coli.**>*'* The total
market volume for amino acids was 10.3 MMt in 2021, with
their main applications being as food or feed additives.*"*> Two
amino acids are produced by fermentation at a scale of over 1
MMt per annum: -glutamic acid and r-lysine.

L-Glutamic acid

L-Glutamic acid (Fig. 19) is industrially produced by fermenta-
tion, with a market volume of 2.9 MMt per annum reported for

This journal is © The Royal Society of Chemistry 2022
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Fig. 19 L-Glutamic acid and L-lysine.

2014.>'® The main application of i-glutamic acid and its
sodium salt monosodium glutamate (MSG) is as flavour
enhancing agents in food.>"”

L-Glutamic acid is produced from fermentable sugars using
Corynebacterium glutamicum, with yields of up to 0.6 g/g sugar
reportedly achieved.>'® Following the fermentation, i-glutamic
acid is crystallized from the fermentation broth by adjusting
the pH to approx. 3, after which it is commonly converted to
its monosodium salt by addition of sodium hydroxide.>'®
L-Glutamic acid producers include Ajinomoto, Kyowa Hakko
Bio (Japan), Evonik (Germany), Hefei TNJ Chemical Industry,
Global Bio-chem Technology Group Company, Ningxia Yipin
Biological Technology, Sichuan Tongsheng Amino Acid and
Suzhou Yuanfang Chemical (all China), and Ottokemi
(India).>*°

Various potential applications of r-glutamic acid as a
chemical building block have been envisioned. For example,
t-glutamic acid was listed on the US Department of Energy’s
list of Top Value Added Chemicals from Biomass in 2004, pri-
marily as a potential precursor to 5 carbon atom diols (1,5-
pentanediol) and diacids (1,5-pentanedicarboxylic acid).?*° This
report also indicated that the chemistry for the conversion of
L-glutamic acid to these target chemicals required significant
development and it is not apparent that this has successfully
been achieved. Routes for the conversion of r-glutamic acid to
succinonitrile, a precursor to the polyamide building block
1,4-diaminobutane have also been studied.?*! 1-Glutamic acid
can be readily produced at significant scale, but development
of relevant applications will be required in order for it to play a
major role as a building block in a circular economy.

1-Lysine

L-Lysine (Fig. 19) is produced industrially by fermentation with
an annual production volume of 1.9 MMT per annum reported
for 2013.>*> The main application of r-lysine is as an animal
feed additive.

t-Lysine is produced from sugars and ammonia by fermen-
tation using modified strains of Escherichia coli or
Corynebacterium glutamicum.”'® Industrially applied strains
reportedly yield 0.55-0.60 g/g sugar substrate.>** Major r-lysine
producers include Ajinomoto and Kyowa Hakko Bio (Japan),
Archer Daniels Midland (USA), Changchun Dacheng, COFCO
Biochemical, Global Bio-chem Technology Group Company,
Shandong Shouguang Juneng Golden Corn and Sunrise
Nutrachem (all China), Cheil Jidang (South Korea) and Evonik
(Germany).>**

Lysine is a potential precursor to building blocks for poly-
amides such as 1,5-pentanediamine, 5-aminovaleric acid or
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e-caprolactam.”® 1t should be noted though that direct fer-
mentative production of 1,5-pentanediamine (see above) and
production of e-caprolactam via fermentative production of
6-aminohexanoic acid (see above) may provide more efficient
routes to these compounds. The fermentative production of
-lysine at ~2 MMt per annum scale is already established, its
potential for use in the circular economy likely depends on the
development of the market for products derived from it and the
development of competing technologies for their production.

Other amino acids

Other amino acids produced at scale by bacterial fermentation
include -threonine (market volume 200 kt per annum in 2009)
and r-phenylalanine (market volume 20 kt per annum in
2009).>™  1-Glutamine, -leucine,
t-isoleucine, 1-histidine, r-proline, r-serine, r-tyrosine and
L-tryptohan are all produced by fermentation with market
volumes below 10 kt per annum for 2009.>**

L-arginine,  t-valine,

Isobutylene

Isobutylene (Fig. 20) is a precursor to synthetic butyl rubber
and also to para-xylene, which can be converted to terephthalic
acid, one of the monomers used in the production of
PET.>>??° The global market for petrochemical isobutylene was
estimated to be 12 MMt in 2015.%*’

Although a number of naturally occurring microorganisms
are capable of producing isobutylene in low amounts, efficient
production requires the use of artificial metabolic pathways in
engineered microorganisms, such as the bacteria Escherichia
coli.**® Theoretical yields of such metabolic pathways range
from 0.21-0.31 g/g glucose (0.7-1.0 mol/mol).>**

The French company Global Bioenergies is in the process
of commercialising the production of isobutylene from sugar
feedstocks using engineered E. coli.*° Patent applications
from Global Bioenergies describe a number of artificial meta-
bolic pathways for isobutylene production that can be intro-
duced into recombinant microorganisms and it is unclear
which pathway is to be employed in the E. coli used in the envi-
sioned commercial process.”**>*® Global Bioenergies states
that isobutylene formed during the fermentation evaporates
into the gaseous phase, preventing accumulation of toxic pro-
ducts in the fermentation broth and simplifying downstream
processing.>*° Global Bioenergies has operated their isobutyl-
ene process in a 10 t per annum pilot plant at Pomacle-
Bazancourt, France, since 2015, and at a 100 t per annum dem-
onstration site in Leuna, Germany, since 2017.>%7>%8

The potential for direct fermentative production of isobutyl-
ene to play a role in the 2050 circular economy will depend on

P

Fig. 20 Isobutylene.
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the success of further scale-up efforts and on whether the
technology is competitive with the production of isobutylene
by chemical dehydration of isobutanol (see isobutanol section
above).

Terpenes

Terpenes are a class of alkenes composed of one or more iso-
prene units (CsHg, Fig. 21). A well-known and commonly
applied terpene is natural rubber (largely consisting of cis-1,4-
polyisoprene), which is harvested from the rubber tree (Hevea
brasiliensis).>*® In addition, to meet the global demand for
rubber, some synthetic polyisoprene is produced by polymeris-
ation of isoprene produced from petrochemical feedstocks.>**
The total polyisoprene market volume (including both natural
and synthetic polyisoprene) stood at approximately 16 MMt in
2020.%*

Biobased isoprene can be produced from glucose or gly-
cerol by fermentation using engineered strains of the bacteria
Escherichia coli or the yeast Saccharomyces cerevisiae, with a
maximum theoretical yield of 0.25-0.30 g/g (0.7-0.8 mol/mol)
achieved from glucose depending on the production pathway
employed.>! The commercial exploitation of such processes
has been explored by the US chemical company Dupont, in
collaboration with tyre producer Goodyear,>*> US biotech
company Amyris, in collaboration with the Brazilian chemical
company Braskem and tyre producer Michelin,>** Japanese
chemical company Ajinomoto, in collaboration with tyre pro-
ducer Bridgestone®** and US-based GlycosBio, in collaboration
with Malaysia-based Bio-XCell.**> No evidence was found that
any of these initiatives proceeded beyond the research & devel-
opment stage. A report from Dupont stated an isoprene yield
from their fermentation process of 0.11 g/g glucose (0.3 mol/
mol).>*®

A terpene that has been produced commercially through
fermentation of biobased feedstocks is the 15-carbon terpene
B-farnesene (Fig. 21).>*” p-Farnesene is of interest as a polymer
building block and as a base oil for lubricants.>*

p-Farnesene can be produced by fermentation from glucose
using engineered strains of the yeast Saccharomyces cerevi-
siae.”*® Researchers from the biotechnology company Amyris
reported the development of such strains, reporting a yield of
approximately 0.2 g/g glucose (0.2 mol/mol) for p-farnese pro-
duction, corresponding to roughly two-thirds of the maximum
theoretical yield for the strain (approx. 0.3 g/g, 0.3 mol/
mol).**°

Amyris produced p-farnesene commercially at a facility in
Brotas, Brazil, using sugarcane-derived sugar as a feedstock.>*°

X)J\ NS NS =

isoprene p-farnesene

Fig. 21 Isoprene and p-farnesene.
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Opened in 2013, the Brotas plant has a reported capacity of 33
kt per annum and was sold to Dutch chemical company DSM
in 2018, along with Amyris’ IP portfolio related to p-farnese
production, with Amyris’ CEO stating the company will focus
on the production of smaller volumes of specialty products
for the health, personal care and flavour and fragrance
markets.””" Considering this development, the future of fer-
mentation-derived p-farnesene as a biobased chemical build-
ing block is unclear.

Triglycerides and fatty acids

Triglycerides (oils) provide an important feedstock for the
chemical industry as they are important starting points for the
production of surfactants, lubricants and medium chain
diacids for polymer synthesis. Nowadays, plant oils are the
main source of triglycerides for the chemical industry.>*>

A number of oleaginous yeasts such as Yarrowia lipolytica,
Cryptococcus curvatus, Lipomyces starkeyi and Rhodosporidium
toruloides produce large volumes of triglycerides when grown
on fermentable sugars (over 70% of dry cell weight has been
reported for engineered strains).”>® This provides a potential
method for the production of oils that does not necessitate the
land use, irrigation and deforestation associated with the pro-
duction of (tropical) plant oils. Another advantage of using
microbial oils, is that the fatty acid composition of the oils can
be controlled.”® By varying cultivation conditions of the
microbes and by interfering directly in fatty acid-biosynthesis,
it is already possible to produce oils containing fatty acids
with altered chain-length and altered degrees of saturation.>**

Production of triglycerides using oleaginous yeasts is
in the early phases of commercialisation by companies such
as Switzerland-based Cultivated Biosciences,>*® Netherlands-
based NoPalm Ingredients**® and US-based C16 Biosciences.>®”
Though currently in the developmental stages, this technology
may provide an important chemical feedstock in future.

Polyhydroxy alkanoates (PHA)

As an alternative to producing small molecules that can serve
as the building blocks for polymers, fermentation of a range of
biomass-derived substrates (sugars, oils, glycerol) can be
applied for the direct production of polymers of the polyhy-
droxyalkanoate (PHA) class.

PHA is accumulated as granules in a number of different
bacteria and archaea.>*® The PHA can subsequently be isolated
and processed into plastic materials. PHA yields vary from
0.3-0.4 g/g glucose from sugar substrates to 0.6-0.8 g/g for
plant oil substrates.”®® PHA is produced commercially by a
number of suppliers, with (former) producers including
Kaneka (Japan), Bio-on (Italy), Daminer Scientific (USA),
Newlight Technologies (USA, by methane fermentation, see
below), Cheil Jedang (South Korea), TianAn Biopolymer
(China) and Tianjin GreenBio Materials (China).2°°72%¢

This journal is © The Royal Society of Chemistry 2022
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Feedstocks used for commercial production of PHA include
vegetable oils, sugar beet and sugar cane processing waste,
sugars from corn or cassava starch and bio-derived methane.
Global production of PHA was estimated at 36 kt per annum in
2020.2°72%8 The role of PHA production in a future circular
economy will likely depend on the degree of market uptake of
PHA-based products.

Fermentation of biomass-derived
gasses

Most of the fermentation processes described above rely on
the use of a relatively well-defined biomass-derived substrate,
e.g. sugar-rich syrups or molasses, glycerol or fatty acids, as a
starting material for fermentation. For very recalcitrant or
heterogeneous biomass-derived feedstocks, the effort required
to obtain such a well-defined substrate might be prohibitive.
Such feedstocks can, however, be transformed into relatively
homogeneous gas streams by processes such as anaerobic
digestion (CH, and CO,), gasification (H,, CO, and CO,), or
combustion (CO,). Certain microorganisms can metabolise
these gasses and thus can be applied to convert such biomass-
derived gas streams into added-value chemicals. In particular,
significant effort has been made to establish the fermentative
conversion of syngas (mixtures of CO and H,), and in some
cases also CO,, into added-value chemicals.

Acetogenic bacteria, such as Clostridium autoethanogenum,
Clostridium carboxidivorans and Clostridium ljungdahlii, can
convert mixtures of CO, + H, and/or CO into short to medium
chain alcohols and fatty acids, with the product most exten-
sively explored for industrial application being ethanol
(Scheme 7).**° These bacteria grow optimally under strictly
anaerobic conditions and use the natural Wood-Ljungdahll
pathway to fixate CO or CO, as acetyl-CoA, which is sub-
sequently converted further to the alcohols and/or acids.>”°
Major challenges for the fermentation of syngas and syngas-
related feedstocks are the limited gas-liquid mass transfer of
the gas components and thermodynamic limits at which aceto-
gens operate resulting in low growth and product formation
rates as well as low biomass and product titres compared to
sugar-based fermentations.?>>”*”® Reactor designs that facili-
tate the gas-liquid mass transfer, e.g. trickle bed reactors or
pressurised fermenters, cell immobilization, in situ product
recovery, and microbial strain engineering have been used to
overcome these intrinsic disadvantages.”’**”> Another chal-

A
6 CO + 3HO0 ——= 2 " Son + 4 CO,

B
2 Co, +6 H, ——= 2 oy + 3 H,0

Scheme 7 Reaction equations for the production of ethanol from

carbon monoxide (A) or mixtures of carbon dioxide and hydrogen (B) by
fermentation with acetogenic bacteria.
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lenge is the relatively low growth rates and low final biomass
density obtained with acetogenic bacteria. The composition of
the substrate gas and fermentation medium is of importance
to steer production towards ethanol and minimize production
of acetic acid as a co-product.”?*%%?7>27% For the production of
ethanol, titres of up to 48 g L7', have been reported for
C. ljungdahlii, with a conversion of 90% of CO and 70% of H,
from the gas substrate.””” For C. carboxidivorans P7 titres of up
to 24 g L™ ethanol have been reported, with conversion of
54% of CO and 68% of H, from the gas substrate.>***”®

Extensive efforts have been made to employ such fermenta-
tions in industrial processes for the production of ethanol
from biomass-derived gas streams. In such processes, an
organic feedstock, e.g., waste biomass, is thermochemically
gasified, resulting in a crude mixture of mainly CO, CO,, H,
and traces of impurities like methane, hydrogen cyanide,
hydrogen sulphide, tars, ethane, ethylene and aromatics.>”®*%°
The heat that is released during gasification can be used to
generate electricity, which can be fed back to the power grid or
used to operate the plant.>”**%! Following gasification, the gas
mixture is cooled, compressed, and cleaned before being fed
to the fermentation reactor, where it is converted to
ethanol.?”®*8°

Attempts at commercialisation of this process started in the
early 2000s with a pilot plant in Fayetteville, Arkansas, USA,
operated continuously from 2003-2008 by Bioengineering
Resources (BRI) on various waste streams, for example
biomass or spent tires.”**>® Efficiencies of >284 L (0.224 t)
ethanol per dry ton of biomass or >568 L (0.448 t) ethanol per
ton of tires or hydrocarbons were achieved, at a plant capacity
of about 150 000 L (118 t) ethanol per annum.**>%¢ Following
a takeover of BRI by INEOS, a 30 million L (24 kt) per annum
commercial-scale follow up was planned in Vero Beach,
Florida, USA, but it would never run as intended due to
various troubles upstream of the fermentation.”*”*®® The pres-
ence of 15-200 ppm hydrogen cyanide in the syngas stream
initially inhibited the fermentation process and only after
installing additional scrubbers to remove it, could sufficiently
low concentrations (<5 ppm) be achieved.*®*®?®*° In the end,
feedstock handling (due to the high water content of the agri-
cultural residues), and syngas clean-up remained bottlenecks
for commercialisation.?®® In 2016, INEOS announced it was
selling its entire ethanol business because of changing market
conditions and a revised company strategy, abandoning syngas
fermentation entirely.”*° During approximately the same
period, Coskata used proprietary strains of C. carboxidivorans,
Clostridium ragsdalei and a proprietary Clostridium coskatii
strain for the production of ethanol from syngas.>®’ The
company operated a demonstration plant for the production of
ethanol from syngas from various sources, including wood
biomass, sorted MSW and natural gas, for over 15000 h from
2009-2011.>°"2* Following this, Coskata set out plans for a
61-295 million L (48-232 kt) ethanol per annum commercial
plant. The initial intent was to produce syngas from 2/3 wood
biomass and 1/3 natural gas, however Coskata switched focus
fully to reforming natural gas after noticing that elimination of
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the biomass-to-syngas production chain would halve the costs
and remove the scale-limiting factor of biomass transport.>?®
No reports have been found that the plant was actually built.
In 2016, Coskata became Synata Bio,*** after which no further
activities regarding syngas fermentation were reported.

The experiences of BRI/INEOS and Coskata/Synata Bio high-
light the challenges associated with gasification of biomass for
the production of a fermentable gas feedstock. The only
company that is currently producing ethanol from CO-rich gas
streams at commercial scale, LanzaTech, founded in New
Zealand in 2005, currently employs non-biomass derived gas
streams for their processes.”’®® Lanzatech operates multiple
industrial-scale plants producing ethanol from CO-rich indus-
trial off-gasses from steel mills using a proprietary strain of
C. autoethanogenum.**** In recent years, LanzaTech demon-
strated on a pilot scale that their ethanol platform can be
expanded to gas derived from biomass, such as municipal
solid waste (in collaboration with Sekisui Chemical) and wood
biomass (in collaboration with Aemetis and InEnTec) and
higher TRL plants are in development.>®*” Conversion of
biomass can also be integrated more indirectly into the gas fer-
mentation process. In an industrial-scale demonstration plant
planned for the end of 2022 gas fermentation will be used by
LanzaTech and ArcelorMittal to capture off-gasses coming
from waste wood bio-coals burned in the blast furnace during
steel production.>®® This plant is expected to produce
80 million L (63 kt) of ethanol per annum.>*® This process
demonstrates how gas fermentation, in combination with
energy production, can be used to maximize the output of
biomass-derived carbon.

In addition to ethanol, acetogenic bacteria have the poten-
tial to produce other compounds from gasified biomass either
through naturally occurring or genetically engineered meta-
bolic pathways.>”>?”® Coskata worked on the development of
the production of propanol**® and butanol’*° from syngas
using microbial co-cultures. LanzaTech worked on the com-
mercialisation of the co-production of 2,3-butanediol or 1,3-
butadiene, and ethanol from CO-rich waste gas.**’ The
company also holds many patents on (syn)gas fermentation
technology and engineered proprietary bacterial strains to
produce chemicals, including isopropanol and acetone.?°*~3
On a commercial scale however, syngas fermentation is cur-
rently only used to produce ethanol for application in fuels or
conversion to higher-value chemicals, such as ethylene.*°%3

Another development that is of interest in this context is
the industrial application of phototrophic microorganisms (i.e.
microorganisms capable of photosynthesis) such as algae and
cyanobacteria in the production of chemicals. Such processes
are being commercialised, for example by the Netherlands-
based Photanol, who are employing cyanobacteria for the con-
version of CO, to organic acids such as lactic acid and glycolic
acid in a 10 t per annum demonstration plant opened in
2020.%°87311 US-based Algenol worked on employing cyanobac-
teria for the production of ethanol and reported the operation
of a 48 t per annum demonstration facility in Florida in
2015.%'> Algenol also reported the construction of demon-
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stration facilities in India, in collaboration with India-based
Reliance Industries (2015), Mexico, in collaboration with
Mexico-based BioFields (2009) and Texas in collaboration with
US-based Dow Chemical (2009).>"*7*'> However, no reports
were found indicating these plants had reached full oper-
ational status. Both Photanol and Algenol currently focus on
the use of CO, extracted from the atmosphere or emitted by
traditional industries such as power plants, chemical plants or
oil refineries as a feedstock. It will be of interest to discover
whether these technologies can be applied for the conversion
of CO, obtained from waste biomass by combustion in future,
providing an outlet for heterogeneous waste biomass streams.
However, it must first be demonstrated that they can be oper-
ated successfully at commercial scale in their current form.

Another approach for the conversion of bio-derived waste
gasses by fermentation that is being commercialised is the
production of polyhydroxyalkanoates (PHAs, see also the poly-
hydroxyalkanoates section) through fermentation of methane
(biogas).>'®*'” Newlight Technologies produces polyhydroxy-
butyrate (PHB) from greenhouse gas (methane) and air with a
proprietary methanotroph.>**32° Since 2013, the company
started producing on a commercial scale and expanded its pro-
duction capacity by opening a new commercial-scale plant in
California in 2020.**%*'#32! Newlight Technologies production
capacity reportedly stood at 45 t per annum in 2015, infor-
mation on current capacity following the opening of their new
plant was not found.*”* Mango Materials is developing a
similar technology by fermenting raw biogas, a mixture of
CO,, CH, and H,S, obtained from a water treatment plant, and
is close to PHB production at demonstration scale (5 t PHB per
annum).**?

Gas fermentation of (biomass-derived) waste gasses is emer-
ging as a commercially viable technology with the commercial
scale production of ethanol from CO-rich industrial off-gasses
and PHB from methane. Higher TRL plants should start oper-
ations soon that will demonstrate whether (syn)gas fermenta-
tion can be successfully implemented on a commercial scale
for the conversion of highly heterogeneous biomass or organic
waste streams into new chemicals. Fermentation of gas feed-
stocks into chemicals other than ethanol and PHB on a com-
mercial scale is not yet emerging and might be something for
a distant future.

Discussion

A range of fermentation technologies could play an important
role in the production of bulk chemicals from biomass in the
circular economy in 2050. The production of various short
chain (di)alcohols (e.g. ethanol, n-butanol, 1,3-PDO, 1,4-BDO),
organic (di)acids (e.g. succinic acid, lactic acid, adipic acid,
3-hydroxypropionic acid) and recently also w-amino acids from
biomass-derived feedstocks is already operated on a commer-
cial scale or has been demonstrated at pilot or demonstration
scale. Typically, first generation biomass feedstocks have been
applied for these processes. It is clear that fermentative pro-
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cesses have significant advantages for the conversion of
biomass-derived feedstocks, with the mild reaction conditions
and aqueous medium employed making them well suited to
the conversion of sugars to added-value chemicals. The reten-
tion of heteroatoms present in the biomass-derived substrates
makes fermentation an interesting option when considering
the production of heteroatom-containing building block mole-
cules such as diols, diacids, or diamines. The polycondensa-
tion polymers produced from these building blocks are highly
suitable for application in a circular economy as the presence
of hydrolysable bonds means they can be selectively converted
back to monomers by chemical recycling (e.g. hydrolysis), a
feat that is challenging for most non-polycondensation poly-
mers. This provides fermentation with the potential to play a
major role in the production of such building blocks in a
future circular economy. Nevertheless, efforts to commercialise
fermentation processes for bulk chemical production have
faced their challenges. The most likely explanation for this
seems competition with chemicals derived from fossil
resources, both in terms of direct cost-competitiveness, when
“drop-in” molecules are targeted, and market development
when biobased alternatives to petrochemical products are envi-
sioned. Some fermentation processes also need to compete
with chemical processes for production of the target molecules
from biobased feedstocks. In future, intelligent combinations
of chemical and fermentation technologies may be developed
to find the optimal route for production of biobased
chemicals.

A disadvantage of many of the available fermentation pro-
cesses is the fact that carbon from the sugar substrates is lost
in the form of CO,, limiting the theoretical yield of product in
terms of carbon efficiency. In this context, it is of interest to
note that of the processes described above, a number of those
that have come furthest in the process of commercialisation in
recent decades (lactic acid, succinic acid, citric acid) involve
processes where loss of carbon from the substrate is limited or
absent and where markets are targeted where petrochemical
products are not well established (biodegradable polymers) or
accepted (food). One obvious exception to this pattern is
bioethanol, which is produced commercially at approximately
80 MMt per annum scale, despite the fermentation process
displaying a limited theoretical yield and targeting the fuel
market, where petrochemical products are well established.
However, it is likely that bioethanol production would not have
reached such large volumes without assistance from stimu-
latory regulatory frameworks in e.g. the US, EU and Brazil (see
e.g. ref. 324-326). This highlights the role governmental bodies
can play in stimulating the adoption of novel technologies
required for the transition to a circular economy.

Production of bulk chemicals from second generation
biomass feedstocks is attractive from the point of view of
enabling the valorisation of currently under-utilised agricul-
tural and forestry waste streams. However, further develop-
ment efforts are required to overcome technological challenges
related to biomass handling and pre-treatment and the
co-valorisation of hemicellulose and lignin streams.

This journal is © The Royal Society of Chemistry 2022
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Fermentation starting from first generation feedstocks has the
advantage that fermentable sugars can more easily be
extracted from the biomass and issues related to competition
with land use for food production may be less problematic for
chemicals production than for biofuel production due to the
lower associated market volumes. Fermentation using
biomass-derived gas streams may also play a role in valorising
heterogeneous biomass waste streams.

The fermentation processes described in this review are at
different stages of development. Depending on the current
level of development, the feedstock used, the yield of product
and the availability of competing (chemical) technologies to
produce the target compound from biobased feedstocks, we
have ranked the discussed processes by their potential to con-
tribute to the circular economy in 2050 (see Table 2). We
identified seven fermentation processes that are already
sufficiently technologically advanced that they can be readily
adopted for the production of bulk chemicals: the production
of ethanol, lactic acid, succinic acid, 1,3-PDO, itaconic acid,
1,4-BDO and PHA. These processes vary in the extent that the
products produced from them have obvious outlets available
in the production of circular chemicals and materials. Lactic
acid, succinic acid, 1,3-PDO and 1,4-BDO can be converted
into renewable polyesters of high interest for the future circu-
lar economy, but which have not yet obtained a large share of
the polyester market. Use of these chemicals as building
blocks in the circular economy will depend on the develop-
ment of the market for products derived from them. The same
holds true for PHA, which differs from the abovementioned
chemicals in that a polymeric product is derived directly from
fermentation, but shares the characteristic that future pro-
duction will likely depend on market development for PHA-
based products. The production of itaconic acid by fermenta-
tion has been established for decades. However, the market
volume remains relatively small (~50 kt per annum) and
further development of the market for itaconic acid-derived
polymers is required if it is to play a major role in a future cir-
cular economy. Of all the discussed products, ethanol is the
molecule currently produced at the largest scale by fermenta-
tion (~80 MMt per annum). This established scale of pro-
duction has led many to view ethanol as a prime candidate
platform molecule for biobased chemicals production. In par-
ticular, its conversion to ethylene as a “drop-in” replacement
of this fossil-based platform chemical has gathered interest.>*
In the opinion of the authors, this development should be
viewed critically. Although “drop-in” replacements are attrac-
tive from the point of view that we can make use of existing
infrastructure for their further processing, transitioning to a
circular economy necessitates that we re-evaluate whether the
materials we use meet the criteria for circular use.
Polyethylene, the main product produced from petrochemical
ethylene, performs rather poorly in this sense, as it cannot be
easily selectively depolymerised to its monomer (i.e. ethylene),
making chemical recycling challenging (polyethylene can be
deconstructed by pyrolysis, but this typically yields a complex
mixture of products®®”). Furthermore, polyethylene is not
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Table 2 Ranking of fermentation processes based on their potential to be applied for the production of bulk chemicals in the 2050 circular
economy. The ranking is the expert opinion of the authors and is based on the scale of production demonstrated, the availability of competing (bio-
based) technologies suitable for a circular economy, feedstock used and yield of product (including carbon efficiency) and the application potential
of the produced chemicals. Where possible, carbon efficiencies have been calculated based on the yields reported in this manuscript. Where yields
were given as a range, the highest value was used to calculate carbon efficiency. Note that carbon efficiencies are often based on yields reported for
laboratory scale fermentations, as opposed to the actual industrial fermentation processes. Carbon efficiency = (carbon from biomass-derived sub-
strate in product/added carbon from biomass-derived substrate) x 100

Cat I: mature (>10 kt per annum) technology, high potential for industrial application in circular economy in 2050

1 Ethanol (from sugar) Technology mature, ~80 MMt per annum production primarily for biofuels. Potential
precursor to “drop-in” bio-ethylene. Application will depend on market development.
Carbon efficiency: 59%

2 Lactic acid Technology mature (~750 kt per annum), development primarily dependent on market for
products. Carbon efficiency: 90%

3 Succinic acid Technology demonstrated by multiple (former) producers at >10 kt per annum,
development primarily dependent on market for products. Carbon efficiency: 98%

4 1,3-propanediol Technology mature, ~100 kt per annum reported capacity. Product mainly used in relatively
niche markets. Carbon efficiency: 60%

5 Itaconic acid Technology mature, estimated capacity of 50 kt per annum in 2013. Future will depend on
market development. Carbon efficiency: 58%

6 1,4-Butanediol Industrially applied at 30 kt per annum scale, which is limited compared to petrochemical

counterpart. Potential competition from production of 1,4-butanediol from succinic acid.
Carbon efficiency: 53%

Polyhydroxyalkanoates (PHA) Technology mature, commercially produced by various companies. Estimated production
capacity of 36 kt per annum. Future will depend on development of market for PHA-based
products. Carbon efficiency from glucose: 56%

CAT-II: established at scale for food/feed applications. Bulk chemical applications proposed, but further development of follow-op chemistry

~

required.

8 Citric acid Technology mature, >2 MMt per annum production, primarily for food applications, not
extensively investigated for chemical applications. Carbon efficiency: 84%

9 L-Lysine Technology mature, produced at ~2MMt per annum, mainly for animal feed applications.
However, main outlets as a bulk chemical (1,5-pentanediamine and e-caprolactam) face
competition from more direct routes via fermentation (entries 14 and 21). Carbon efficiency:
74%

10  r-Glutamic acid Established as industrial process at ~3 MMt per annum scale, mainly for food applications.

Production technology is established, but chemistry for conversion to building blocks needs
to be developed. Carbon efficiency: 61%

Cat III: industrial-scale demonstration achieved, further development required for commercial application or information required to fully

evaluate potential missing

11  n-Butanol Acetone-butanol-ethanol fermentation established commercially in 20" century, closed-
down due to competition from petrochemical sources. Relatively low yield due to toxicity of
product, necessitating in situ product removal, presents a challenge for future implemen-
tation. Carbon efficiency: 34%*“

12 Dodecanedioic acid Industrially produced at estimated capacity of 70 kt per annum, relative scarcity of
information makes judging potential difficult. Reliance on tropical oil-derived substrates is
problematic. Little information available on efficiency.

13 Isobutanol Industrial production established at 5 kt per annum capacity alongside ethanol. Scale-up
and stand-alone production are the next challenges. Little information available on
efficiency.

14  1,5-Pentanediamine Industrially produced at an estimated capacity of at least 50 kt per annum, relative scarcity
of information makes judging potential difficult. Little information available on efficiency.

15  Ethanol (from gas fermentation) Currently commercially produced from fossil-based off-gasses. Development of production

from bio-derived gasses halted after first commercial plants were constructed, impurities in
gasses presenting a major problem. Purer bio-derived gas streams may enable it in future.

16  p-Farnesene Commercial production in a 33 kt per annum plant established in 2010s. Plant sold in 2018,
current status of the development is unclear. Carbon efficiency: 44%

Cat IV: currently in developmental stages

17  Volatile fatty acids Demonstration plants operational, commercial plants planned (36 kt per annum total
capacity planned). Promising technology for production of mixtures of volatile fatty acids.
Purification is potential challenge for production of pure fatty acids.

18  Malonic acid Pilot scale production achieved, commercial scale planned (20 kt per annum by 2024). Little
information available on efficiency.
19  2,3-Butanediol Demonstration plant operational, 300 ton per annum. Development currently mainly

targeted at cosmetics, agrochemical applications, not bulk chemical applications. Carbon
efficiency: 67%

20  Isobutylene Production established at 100 ton per annum scale, of interest as direct “drop-in” for
petrochemical isobutylene. Competition from production of isobutanol followed by
conversion to isobutylene. Little information available on efficiency.

21  6-Aminohexanoic acid Pilot-scale production achieved (1 t). Demonstration plant planned. High potential impact
as drop-in alternative to petrochemical analogue in nylon-6 synthesis. Little information
available on efficiency.

=22 Triglycerides High potential as source for chemicals of over 6 carbon atoms, currently in early
developmental stages.
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=22 Ethanol and organic acids (from CO, using

cyanobacteria)
=22 Glycolic acid
=22 Glycerol
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Demonstration plants (10-50 t per annum) operational. Commercial scale production of
bulk chemicals using phototrophic microorganisms yet to be demonstrated.

Current status of development is unclear. Carbon efficiency: 32%

Operated industrially during WWI, not currently being explored commercially. Unlikely to be

attractive due to competition with production of glycerol from oils. Carbon efficiency: 34%

Cat V: halted in developmental stages

=22 1,2-Propanediol

=22 3-Hydroxypropionic acid
=22 Adipic acid

=22 Isoprene

Halted in developmental stages, reasons unclear. Carbon efficiency: 41%
Presumed halted in developmental stages, reasons unclear. Carbon efficiency: 55%
Halted in developmental stages due to bankruptcy

Halted in developmental stages. Carbon efficiency: 24%

“Carbon efficiency for the production of n-butanol. If the acetone and ethanol products are also valorised, total carbon efficiency of the ABE

process is higher.

inherently biodegradable. Nevertheless, the scale at which
ethanol production has been established and the relative sim-
plicity (and therefore versatility) of the produced molecule,
still make it of interest as a platform chemical in the circular
economy.

Some suggestions as to how the chemicals produced using
the top 6 fermentation processes identified in this manuscript
can be converted to chemical building blocks and materials
required in the circular economy are given in Fig. 3. PHA, the
product of the fermentation process that completes our top 7,
is not included in this scheme as it can be directly used as a
material without any further chemical conversion. The pro-
duced materials are categorised as biodegradable at end-of-life
(e.g. polybutylene succinate, PBS), chemically recyclable to its
constituent monomers (e.g. polyethylene terephthalate, PET),
and materials that are neither biodegradable nor recyclable
yet, but are crucial to various aspects in a circular economy
that at end-of-life will enter the long carbon cycle by e.g.
incineration.***

Biodegradable materials like PBS, PLA, PBAT and PBSA are
preferentially applied in short cycle applications that have a
high chance of littering into the environment, e.g. convenience
food packaging. Materials that can be efficiently and selectively
recycled back to their constituent monomers, such as poly-
esters and polyamides will form the bulk of materials pro-
duced, allowing the majority of carbon used for materials pur-
poses to be kept in controlled, closed-cycle carbon loops.
Based on the examples of polymers given in Fig. 3, a wide
range of products can be produced, including beverage bottles
(PET), textile fibres (PET, PPT, polyamides), foams and cush-
ions (polyurethanes, polystyrene), electrical and electronic
components (PBT, polyamides), engineering plastics (PMMA),
etc. Materials that are neither biodegradable nor chemically
recyclable should only be applied when no suitable alternative
exists, e.g. rubbers used for the tyres of electric vehicles (SBR,
butyl rubbers), unsaturated polyester resins that are used for
the construction of wind turbines, or carbon fibre used for
lightweight components of aeroplanes or cars. The chemical
conversions shown in Fig. 3 allow the top 6 fermentation pro-
ducts identified in our review to be converted to these
materials using conversions that are current or past industrial
practice or have at least been proven at an industrial scale.

While currently fossil derived polyolefins, such as poly-
ethylene (PE) and polypropylene (PP) make up more than

This journal is © The Royal Society of Chemistry 2022

50% of the total amount of plastics,**® they are not included

in this flowchart as they are neither biodegradable, nor can
be chemically recycled to their respective monomers with
sufficiently high selectivity (see also above).’*® Chemical re-
cycling with high selectivity to the constituent monomers
has only been shown for condensation polymers such as
polyesters and polyamides (by e.g. hydrolysis or glycolysis)
and for certain specific vinyl polymers like polystyrene (PS)
and polymethyl methacrylate (PMMA) via pyrolysis.>***** The
focus on back-to-monomer chemical recycling is based on
the principle that mechanical recycling options (to initial
application quality, such as food packaging) are limited for
mixed, polluted, contaminated and or (partially) degraded
materials. Chemical recycling allows for (extensive) purifi-
cation of the monomers, followed by de-novo production of
virgin polymer for highly demanding applications, including
food packaging.

A further three fermentation processes were identified in
our review that are performed at >1 MMt/per annum scale for
applications other than bulk chemicals production (feed or
food): the production of citric acid, i-lysine and r-glutamic
acid. Although potential applications for these molecules in
the production of bulk chemicals have been proposed, the con-
version processes required to convert them into chemical
building blocks and/or applications for the obtained building
blocks, are not well established. Developing methodologies to
convert these molecules into biobased building blocks and to
develop applications for them should be an important R&D
priority in the coming decades.

The other fermentation processed discussed require further
development or validation at industrial scale before they can
be deemed mature enough to employ in the future circular
economy (or, in a few cases, it is hard to judge their potential
due to a lack of publicly available information, see Table 2). In
particular, we highlight fermentation using gas streams
obtained from the gasification, digestion or incineration of
biomass waste as a technology with transformative potential.
The ability to convert heterogeneous waste streams of insuffi-
cient quality for use in conventional fermentation processes to
a single chemical could greatly contribute to the full use of
waste materials that is required in a circular economy. It is
interesting to note that such a technology could not only be
applied to biomass waste, but potentially also to waste streams
containing synthetic (biobased) polymers. Thus, this techno-
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logy may also be a way in which to ensure the use of waste
streams where the quality of the polymer material has declined
to the extent that mechanical or chemical recycling techno-
logies can no longer process it. Developments in the coming
years will demonstrate whether this technology can be success-
fully applied in a commercial setting.

Further research & development in the coming decades
may increase the efficiency of fermentation processes that are
currently not viable or lead to novel processes for the pro-
duction of compounds that are currently not accessible
through fermentation. Further development of precision
genome editing techniques and high throughput screening
technologies combined with increasingly advanced compu-
tational tools for the design of improved metabolic pathways
and enzymes involved in them will facilitate the development
of novel microbial production strains.**>**® Incorporating
electrochemistry or microwave irradiation into fermentation
processes may increase their efficiency and therefore econ-
omic viability.**”**® These technologies may allow new, cur-
rently unforeseen, fermentation processes to progress into
industrial application and contribute to the circular economy
in 2050.

Conclusions

Fermentation processes for the production of bulk chemicals
have the potential to play an important role in the future circu-
lar economy. The overview presented here demonstrates that
seven processes have reached a state of maturity where they are
ready to be applied on an industrially relevant scale in such an
economy, once market conditions provide sufficient demand
for the products obtained from them. The products of these
fermentation processes have a number of important (poten-
tial) applications that make them highly suited for use in a cir-
cular economy, where controlling carbon loops (by cascaded
recycling and reducing uncontrolled emissions) and limiting
environmental persistence (by designing inherent biodegrad-
ability) are crucial. High carbon atom economy and hetero-
atom retention are necessary to not only make circular pro-
ducts, but also ensure optimal use of the renewable feed-
stocks. For instance, while lactic acid fermentation is highly
efficient, and the end-product polylactic acid (PLA) is safe,
recyclable and degradable, ethanol fermentation, despite its
limited carbon efficiency, will continue to play a major role
due to the scale of operations and the extensive product tree
based on ethylene chemistry. In addition to these seven pro-
cesses, several other promising processes are still in develop-
ment, and the coming years will be crucial in determining
whether these processes can also be applied successfully in an
industrial setting at large scale. Considering this, the authors
expect that the role of fermentative processes in bulk chemical
production will only increase in the coming decades, assum-
ing that the transition towards a circular economy in 2050
leads to a sustained drive towards the use of renewable carbon
sources for chemicals production.
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